
 1 

 

Assembly of SARS-CoV-2 ribonucleosomes by truncated N* variant of 
the nucleocapsid protein 
 
 
 
Armin N. Adly1, Maxine Bi2, Christopher R. Carlson1, Abdullah M. Syed3, Alison Ciling3, 

Jennifer A. Doudna3-7, Yifan Cheng2,9, and David O. Morgan1* 

 
 
 
1Department of Physiology, University of California, San Francisco CA 94143  
2Department of Biochemistry & Biophysics, University of California, San Francisco CA 

94143  
3J. David Gladstone Institutes, San Francisco CA 94158 
4Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720  
5Howard Hughes Medical Institute, University of California, Berkeley, CA 94720 
6Innovative Genomics Institute, University of California, Berkeley, CA 94720 
7California Institute for Quantitative Biosciences (QB3), University of California, 

Berkeley, CA 94720 
8MBIB Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 
9Howard Hughes Medical Institute, University of California, San Francisco, CA 94143 

 

 

 

*Correspondence: David.Morgan@ucsf.edu 

 

Running title: SARS-CoV-2 ribonucleosome assembly by N* variant 

 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Abstract 
 

The Nucleocapsid (N) protein of SARS-CoV-2 compacts the RNA genome into viral 

ribonucleoprotein (vRNP) complexes within virions. Assembly of vRNPs is inhibited by 

phosphorylation of the N protein SR region. Several SARS-CoV-2 variants of concern 

carry N protein mutations that reduce phosphorylation and enhance the efficiency of 

viral packaging. Variants of the dominant B.1.1 viral lineage also encode a truncated N 

protein, termed N* or Δ(1-209), that mediates genome packaging despite lacking the N-

terminal RNA-binding domain and SR region. Here, we show that Δ(1-209) and viral 

RNA assemble into vRNPs that are remarkably similar in size and shape to those 

formed with full-length N protein. We show that assembly of Δ(1-209) vRNPs requires 

the leucine-rich helix (LH) of the central disordered region, and that the LH promotes N 

protein oligomerization. We also find that fusion of a phosphomimetic SR region to Δ(1-

209) inhibits RNA binding and vRNP assembly. Our results provide new insights into the 

mechanisms by which RNA binding promotes N protein self-association and vRNP 

assembly, and how this process is modulated by SR phosphorylation. 

 

 

Introduction 
 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent 

of the COVID-19 pandemic, is an enveloped betacoronavirus with a ~30 kb single-

stranded positive-sense RNA genome packaged inside a ~100 nm virion (1-3). 

Compaction of the genome into the nucleocapsid depends on the nucleocapsid (N) 

protein, the most abundant viral protein in an infected cell (4-6). 

 

Following infection and genome unpackaging, the first two-thirds of the SARS-CoV-2 

genome is translated to produce numerous nonstructural proteins, including RNA-

dependent RNA polymerase and other proteins responsible for rearranging membranes 

of the endoplasmic reticulum (ER) to assemble the replication-transcription complex 

(RTC). The RTC is a network of double-membrane vesicles that scaffold viral RNA 
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synthesis and shield it from host innate immunity (7-10). The final third of the viral 

genome is then transcribed to produce short subgenomic RNAs encoding the four 

structural proteins that form the virion: spike (S), membrane (M), envelope (E), and 

nucleocapsid (N) (11-13). Subgenomic transcription involves a template-switching 

mechanism in which viral RNA polymerase transcribes a structural protein gene from 

the 3’ end of the genome. When it encounters a transcription-regulating sequence 

(TRS) at the end of a structural gene, the polymerase switches to a TRS located at the 

5’ end of the genome to complete synthesis of a short negative-sense RNA, which is 

transcribed to a positive-sense RNA for translation (11,14). The S, M, and E proteins 

contain transmembrane domains that insert into the ER membrane at sites of viral 

assembly. The N protein accumulates in the cytoplasm at RTCs, where it likely plays a 

role in subgenomic transcription, and at nearby sites of viral assembly, where it 

packages the genome (7,8,15-22). 

 

Cryo-electron tomography of intact SARS-CoV-2 virions has revealed that each virus 

contains 35 to 40 discrete viral ribonucleoprotein (vRNP) complexes, which are likely to 

be distributed along one copy of the genome (23,24). These vRNPs are ~15 nm in 

diameter and are estimated to contain roughly 800 nt of RNA and 12 copies of N 

protein. When combined in vitro, purified N protein and viral RNA form 15 nm vRNP 

particles that closely resemble the vRNP structures observed within virions (25,26). 

 

Assembly of vRNP complexes requires multiple N protein regions that mediate protein-

RNA and protein-protein interactions (25,27-31). The 46 kDa N protein contains two 

globular RNA-binding domains, the N- and C-terminal domains (NTD and CTD), flanked 

by three regions of intrinsic disorder (Fig. 1A) (32-38). In solution, N protein exists 

predominantly as a dimer through a high-affinity dimerization interface on the CTD (38). 

N protein dimers can self-assemble into tetramers and higher-order oligomers that are 

likely to be important in vRNP assembly. Oligomerization depends on multiple N protein 

regions in the central and C-terminal disordered regions (33,37-45). Among these, a 

leucine-rich helix (LH, aa 215-234) in the central disordered linker was shown in recent 

biophysical studies to self-associate and promote N protein oligomerization (30,46). 
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The stability of vRNP complexes depends in part on multivalent interactions between a 

long RNA and multiple N proteins (25,29,47). However, N protein oligomerization and 

vRNP assembly can be promoted in vitro with small RNA molecules that are unlikely to 

crosslink multiple N protein dimers, suggesting that vRNP formation depends, at least in 

part, on N-N interactions that are stimulated by RNA binding (25,26,30,31). Consistent 

with this possibility, RNA binding to the NTD induces conformational changes that 

enhance LH-mediated self-association of N protein (46,48). 

 

The central disordered region also contains a conserved serine/arginine (SR)-rich 

sequence (aa 176-206), which contributes to RNA binding and is regulated by 

phosphorylation (4,21,27,49-51). The SR region is densely phosphorylated at multiple 

sites by host cell kinases in the cytoplasm but not inside the virion (21,52-56), implying 

that N is dephosphorylated at sites of virus assembly. Phosphorylation of N disrupts 

vRNP formation and appears to act as a structural switch to regulate the two major 

functions of N protein: unmodified N binds RNA to form compact vRNPs inside virions, 

whereas phosphorylated N maintains RNA in a less compacted state that may facilitate 

RNA transcription at the RTC (25,26,29,57-59). 

 

Over the course of the pandemic, increasingly transmissible genetic variants of SARS-

CoV-2 have emerged. Many of these variants carry N protein mutations that appear to 

improve viral packaging and infectivity, likely by enhancing the formation of vRNPs (60-

64). All SARS-CoV-2 viral lineages contain independently arising mutations within the 

SR region of N protein, suggesting a strong link to viral fitness. Using a virus-like 

particle (VLP) system to assess the packaging of viral RNA by cultured cells, Syed et al. 

(61,63) showed that variant point mutations in the SR region increase production of 

VLPs while reducing phosphorylation of N. Treatment with kinase inhibitor also 

enhanced VLP assembly, suggesting that reduced phosphorylation is responsible for 

improved viral packaging. Conversely, reduction of phosphorylation by kinase inhibition 

or SR point mutation lessened RNA replication, supporting a role for phosphorylated N 
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protein in efficient genome transcription (61). These results point to an adaptive conflict 

between the roles of phosphorylation in the two functions of N protein. 

 

This adaptive conflict between assembly and replication might be resolved in part 

through the evolution of a truncated N protein termed N* or Δ(1-209), encoded by the 

B.1.1 lineage that includes the Alpha, Gamma, and Omicron variants (65-68). Mutations 

in this lineage create a new TRS that generates a short subgenomic RNA encoding a 

~23 kDa truncated version of N protein that is produced in addition to full-length N 

protein. Δ(1-209) is translated beginning at methionine 210 and therefore lacks the 

entire SR region and its phosphorylation sites, as well as the N-terminal RNA-binding 

domain (NTD), but retains the C-terminal dimerization and RNA-binding domain (CTD) 

(Fig. 1A). Recent work suggests that Δ(1-209) can package RNA and assemble 

infectious VLPs even in the presence of cellular kinase activity (61). These results 

suggest that a combination of Δ(1-209) and full-length N in infected cells provides a 

fitness benefit by allowing Δ(1-209) to function as a kinase-independent RNA packaging 

specialist in parallel with phosphorylated full-length N protein’s facilitation of RNA 

transcription. 

 

In our previous work, we developed methods for the reconstitution of SARS-CoV-2 

vRNPs from purified N protein and viral RNA fragments (25,26). Here, we applied these 

methods to test the hypothesis that the Δ(1-209) variant retains the RNA packaging 

function of full-length N protein. We show that Δ(1-209) and viral RNA assemble into 

vRNPs similar in size and shape to those formed with full-length N protein, despite 

lacking the NTD and SR region. We explore the biochemical properties, composition, 

and regulation of these vRNPs, providing new insights into the role of the disordered 

central linker region in packaging, and how its modification by phosphorylation regulates 

N function.  
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Results 
 
vRNPs formed by Δ(1-209) resemble those formed by full-length N protein 
 
We showed previously that full-length N protein and viral RNA form vRNP complexes in 

vitro that are similar in size and shape to vRNPs formed in virions (25,26). These 

vRNPs are estimated to contain 12 copies of N protein, or 6 N protein dimers. Assembly 

of vRNPs depends on multiple regions of N protein that promote numerous protein-

protein and protein-RNA interactions. 

 

To test the ability of Δ(1-209) to form vRNPs in vitro, we mixed purified N protein (Fig. 

S1) with a 600-nt RNA fragment from the 5’ end of the genome (5’-600) and analyzed 

the resulting RNA-protein complexes by gel electrophoresis on a native TBE gel (Fig. 

1B, left). Both full-length N (WT) and Δ(1-209) bound RNA, forming a large species near 

the 1000-nt marker, suggesting that the truncated N protein was assembled into vRNPs. 

 

In our previous work, we showed that vRNP assembly can also be achieved using a 

short, 72-nt stem-loop (termed SL8) from within the 5’-600 region (25). Unlike the large 

600-nt RNA, which can serve as a scaffold to bind multiple copies of N protein, the short 

SL8 stem-loop RNA does not seem to engage in multivalent protein interactions, 

resulting in a less stable vRNP that is primarily dependent on protein-protein 

interactions between N proteins. We mixed WT or Δ(1-209) protein with SL8, 

crosslinked with 0.1% glutaraldehyde to stabilize the resulting complexes, and assessed 

vRNP formation by native gel electrophoresis (Fig. 1B, right). WT and Δ(1-209) bound 

SL8 RNA to produce vRNP complexes of similar sizes. 

 

vRNP complexes were purified for further analysis by velocity sedimentation on a 

glycerol gradient as described previously (25,69). WT or Δ(1-209) were mixed with SL8 

RNA and separated by centrifugation on a 10–40% glycerol gradient containing 0.1% 

glutaraldehyde crosslinker to stabilize the RNA-protein complex during centrifugation (a 

technique known as gradient fixation, or GraFix) (70). Individual fractions were then 
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analyzed by native gel electrophoresis (Fig. 1C). Both WT and Δ(1-209) generated a 

broad vRNP peak migrating at the same size (at the 1000-nt marker) as in gel 

electrophoresis of unpurified samples. Peak fractions (7 and 8) of purified complexes 

were pooled and analyzed by mass photometry (Fig. 1D; note that our mass photometry 

figures provide representative examples, but we cite in the text the mean mass ± SD 

from 2 or 3 experiments listed in Table S1). For WT, we observed a broad peak 

centered at 736 ± 7 kDa, representing vRNP complexes with a likely stoichiometry of 6 

N protein dimers bound to approximately 8 stem-loop RNAs (predicted mass of SL8: 

23.1 kDa; predicted mass of WT dimer: 91.2 kDa; total predicted mass: 732.3 kDa). For 

Δ(1-209), we observed a broad peak at 727 ± 4 kDa, indicating that vRNP complexes 

assembled by the truncated N variant are remarkably similar in mass to the vRNP 

complexes formed by WT protein, despite the loss of half of the protein’s mass. These 

results might suggest that Δ(1-209) vRNPs incorporate roughly twice as many N 

proteins to form a similarly sized complex (predicted mass of Δ(1-209) dimer: 46.4 kDa). 

 

As in our previous work, negative stain electron microscopy (EM) of the GraFix-purified 

WT vRNP revealed discrete heterogeneous 15 nm particles (Fig. 1E, left) that are 

similar in shape and size to vRNP complexes observed within virions by cryo-electron 

tomography (23-26). Negative stain EM of GraFix-purified Δ(1-209) revealed discrete 

structures that closely resemble vRNPs assembled with WT protein. Together with the 

mass photometry data, these surprising results indicate that the Δ(1-209) protein 

assembles vRNPs that are wild-type in size and general morphology despite major 

differences in the size of N protein and the likely number of N proteins in the complex 

(Fig. 1E, right). The RNA-binding NTD and SR region are not required for vRNP 

formation by Δ(1-209), suggesting that the RNA-binding groove on the CTD is sufficient 

for vRNP assembly. 

 
The leucine-rich helix is critical for Δ(1-209) vRNP assembly 
 

Recently, Zhao et al. (30,46) demonstrated that the LH of the central disordered linker 

can self-assemble into trimers and tetramers that promote the formation of higher-order 
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N protein complexes. In our previous work, we showed that deletion of the LH disrupts 

vRNP assembly in vitro (25). Here, we addressed the role of the LH in assembly of 

vRNPs formed by the Δ(1-209) protein, whose sequence begins just before the LH (Fig. 

1A). We removed the LH to create an additional deletion mutant, Δ(1-233). 

 

Mutant N proteins (Fig. S1) were mixed with SL8 RNA, crosslinked, and analyzed by 

native gel electrophoresis (Fig. 1B, right). As seen previously, deletion of the LH in full-

length N protein disrupted vRNP assembly, resulting in a laddering of ribonucleoprotein 

subcomplexes on the gel. The Δ(1-233) mutant also displayed a major defect in vRNP 

assembly, suggesting that the LH is also required for the formation of vRNPs with Δ(1-

209). 

 

GraFix purification of the Δ(1-233) mutant in complex with SL8 RNA revealed a clear 

shift toward lower molecular mass species when compared to Δ(1-209), suggesting that 

Δ(1-233) vRNPs were not fully assembled and contained subcomplexes (Fig. 1C). Mass 

photometry analysis of fractions 22+23 from Δ(1-233) confirmed the presence of 

subcomplexes (Fig. 1D; Table S1). Δ(1-233) formed major species at 188 ± 2 kDa, 242 

± 6 kDa, and 305 ± 11 kDa. 188 kDa is the mass expected for three N dimers bound to 

three SL8 RNAs (predicted mass of SL8: 23.1 kDa; predicted mass of Δ(1-233) dimer: 

41.4 kDa; predicted mass of complex: 193.5 kDa), and the stepwise ~50-60 kDa 

increases in molecular mass are consistent with the addition of an N dimer bound to 

one SL8 RNA. Negative Stain EM of the GraFix-purified Δ(1-233) complex (fractions 

22+23) revealed a smaller overall structure that is distinct from that of fully formed vRNP 

complexes assembled with WT or Δ(1-209) (Fig. 1E). These data suggest that protein-

protein interactions mediated by the LH promote the formation of stable vRNPs by both 

the WT and Δ(1-209) proteins. 

 

The leucine-rich helix mediates N protein oligomerization 

 

In the absence of RNA, N protein self-assembles into higher order oligomers through 

low-affinity protein-protein interactions that depend on the LH and other regions 
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(30,31,38-40,42,46,71). RNA binding is thought to stimulate these interactions (see 

Introduction). We used mass photometry to explore RNA-independent N protein self-

assembly by the truncated Δ(1-209) protein (Figs. 2A, 2B, and S2; Table S1). This 

method requires dilution to low protein concentrations (~100 nM), where oligomerization 

of WT N protein is minimal. To capture the weak protein-protein interactions contributing 

to N protein oligomerization, samples were crosslinked with 0.1% glutaraldehyde before 

dilution. 

 

For WT N protein, the majority of molecules were found in a dimer at 95 ± 4 kDa 

(predicted mass: 91.3 kDa), with a small population existing as tetramers at 195 ± 6 kDa 

(predicted mass: 182.5 kDa). Deletion of the LH (ΔLH) significantly reduced the 

tetramer population, confirming that the LH plays a critical role in RNA-independent N 

protein oligomerization. 

 

Some SARS-CoV-2 variants have evolved mutations in N protein that enhance the 

protein-protein interactions mediating vRNP assembly (30,46,51). An excellent example 

is the G215C point mutation found in the delta variant, in which the glycine immediately 

N-terminal of the LH is substituted with a cysteine. This mutation induces 

conformational changes in the LH that enhance N protein oligomerization (30,46). 

These structural changes occur even in the absence of covalent disulfide bonds, as 

replacing the cysteine with a serine (G215S) has a similar effect. Mass photometry 

revealed that both the G215C and G215S mutations enhanced oligomerization (Figs. 

2A, 2B, and S2; Table S1). Compared to WT, the G215C and G215S mutations shifted 

the predominant oligomer from dimer to tetramer, with additional smaller populations 

assembling into hexamers and octamers. 

 

Analysis of crosslinked Δ(1-209) protein revealed a heterogeneous mixture dominated 

by tetramers (observed mass: 105 ± 1 kDa; predicted mass: 92.8 kDa), with hexamers, 

octamers, and decamers also appearing as distinct peaks. In contrast, the mass 

distribution for Δ(1-233) showed a significant reduction in the tetramer population in 
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favor of dimers, once again pointing to the critical role of the LH in N protein 

oligomerization. 

 

The enhanced oligomerization of Δ(1-209) compared to WT suggests that deletion of 

the NTD and SR region improves N protein self-association in the absence of RNA. This 

finding raises the possibility that the NTD acts as an antagonist to LH self-association, 

and deletion of the NTD in Δ(1-209) frees the LH to self-associate (see Discussion). 

 

Fusion of phosphomimetic SR region disrupts vRNP assembly by Δ(1-209) 
 

In our previous work (25,26), we observed defects in vRNP formation with a 

phosphomimetic full-length N protein (the 10D mutant, in which 10 serines and 

threonines in the SR region are replaced with aspartic acid), as well as with N protein 

that had been phosphorylated in vitro. We found that phosphomimetic and 

phosphorylated N proteins form elongated, heterogeneous vRNPs, maintaining RNA in 

an uncompacted state that might support N protein’s role in viral transcription. 

 

To provide further mechanistic insight into the function of N protein phosphorylation and 

dephosphorylation during coronavirus infection, we added the SR region or 

phosphomimetic SR region to the N-terminus of Δ(1-209), creating the Δ(1-175) and 

Δ(1-175)-10D proteins (Figs. 3A and S1). We mixed SL8 RNA with Δ(1-175) or Δ(1-

175)-10D protein, crosslinked the resulting complexes, and analyzed vRNP formation 

by native gel electrophoresis (Fig. 3B). Δ(1-175) vRNPs shifted to a larger species than 

Δ(1-209) vRNPs, potentially representing an over-assembled vRNP complex containing 

more N protein dimers bound to additional RNAs. Native gel analysis also revealed a 

decrease in free SL8 RNA in the Δ(1-175) sample compared to Δ(1-209), corroborating 

SR involvement in RNA binding. Δ(1-175)-10D had a major defect in vRNP assembly 

with the SL8 RNA, resulting in a smeared band and the disappearance of a sharp, 

discrete vRNP band on native gel electrophoresis. 
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The GraFix-purified Δ(1-175) complex migrated as a uniformly high molecular mass 

species (Fig. 3C, top). Analysis of peak fractions (7+8) by mass photometry indicated 

that these vRNPs were similar in mass to vRNPs assembled with Δ(1-209) (705 ± 4 

kDa) (Fig. 3D, top; Table S1). Purification of the Δ(1-175)-10D complex by GraFix 

revealed a clear shift toward lower molecular mass species, with lower bands 

representing subcomplexes (Fig. 3C, bottom). Mass photometry of fractions 19-22 

further confirmed the defect in vRNP assembly with Δ(1-175)-10D (Fig. 3D, bottom), as 

indicated by a series of small peaks separated by the combined mass of a single N 

dimer and RNA molecule. Negative stain EM of the GraFix-purified Δ(1-175) sample 

revealed discrete particles similar to vRNPs assembled with Δ(1-209). In contrast, the 

Δ(1-175)-10D mutant formed poorly defined complexes with a smaller, more diffuse 

structure (Fig. 3E), confirming the inability of the 10D phosphomimetic mutant to form 

stable, compact vRNPs. These data show that the addition of a phosphomimetic SR 

region to the N-terminus of Δ(1-209) inhibits vRNP formation. 

 

We tested the possibility that the phosphomimetic mutations in Δ(1-175)-10D inhibit 

vRNP formation by disrupting LH-mediated oligomerization of N protein. Mass 

photometry revealed that multimerization of the Δ(1-175) and Δ(1-175)-10D proteins 

was similar to that seen with Δ(1-209) (Figs. 2A, 2B, and S2; Table S1). Thus, the 

phosphomimetic mutation, and presumably phosphorylation, does not have a major 

impact on RNA-independent N protein interactions that promote vRNP formation. 

 

Phosphorylation of SR region inhibits RNA binding 
 

The SR region has been implicated in N protein oligomerization and RNA binding 

(27,42,44,49-51). In our previous work, we found that deletion of the SR region in full-

length N protein prevented vRNP formation (25). We also observed that the 10D 

phosphomimetic mutation had a greater effect on the behavior of RNA-dependent 

condensates than an SR deletion, suggesting that phosphorylation does not simply 

inhibit the function of the SR region but has additional antagonistic effects (26). We 

hypothesize that the dense array of negative charges on the phosphorylated (or 
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phosphomimetic) SR region blocks RNA binding to the SR region and also creates a 

disordered polyanion that binds to positively-charged RNA-binding sites on the protein, 

thereby interfering with RNA binding and vRNP formation. In the case of Δ(1-209), the 

major RNA binding site is on the CTD. 

 

To investigate the effects of phosphomimetic mutations on RNA binding, we used 

fluorescence polarization to measure equilibrium binding of a fluorescent 10-nt RNA (of 

random sequence) to N protein mutants (Fig. 4A). Δ(1-209) bound the RNA with a 

dissociation constant KD of 468 ± 41 nM, whereas Δ(1-175) N had a KD of 114.0 ± 9 nM. 

The addition of the SR region therefore caused a ~4-fold increase in affinity, consistent 

with previous evidence that the SR region contributes to RNA binding. In contrast, Δ(1-

175)-10D bound with a KD of 1049 ± 52 nM, representing a ~2-fold decrease in affinity 

for RNA relative to the Δ(1-209) protein. These results are consistent with the idea that 

phosphorylation blocks RNA binding to the SR region but also has additional inhibitory 

effects on RNA binding at other sites. 

 

We also tested RNA binding affinity with Δ(1-175) N protein that had been 

phosphorylated in vitro by SRPK, GSK3, and CK1 (Fig. 4B), the kinases implicated in 

the sequential phosphorylation of N protein (55). Phosphorylated Δ(1-175) bound the 

RNA with a KD of 1942 ± 199 nM, representing an ~8-fold lower affinity compared to 

unphosphorylated N (KD = 247 ± 26 nM). These results suggest that a phosphorylated 

SR region disrupts vRNP assembly by inhibiting protein-RNA interactions. 

 

The leucine-rich helix is critical for virus-like particle assembly by Δ(1-209) 
 

To compare the ability of N protein mutants to support viral assembly in live cells, we 

used a recently developed method for the production of virus-like particles (VLPs) by 

expression of the four SARS-CoV-2 structural proteins plus a luciferase reporter RNA 

(Figs. 5A, 5B) (61-63). Luminescence is used as a measure of luciferase mRNA 

expression in receiver cells, thereby serving as a marker of the efficiency of VLP 

packaging and assembly. 
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The VLP system allows analysis of the impact of phosphorylation on the packaging 

function of N protein. The SR region of N is phosphorylated by a kinase cascade 

beginning with SRPK-mediated phosphorylation at S188 and S206, which primes N 

protein for sequential phosphorylation by GSK3 and CK1, resulting in a potential total of 

14 phosphorylated residues (4,21,25,26,52,54-56). Treatment of VLP-producing cells 

with GSK3 inhibitor (CHIR98014) allows analysis of the effects of phosphorylation on 

VLP production.  

 

As seen previously (61), treatment with GSK3 inhibitor greatly enhanced VLP assembly 

by wild-type N protein (Fig. 5B). Similarly, SR mutations that reduce phosphorylation 

(R203M, S188A/S206A) enhanced VLP assembly, and packaging by these mutants 

was unaffected by kinase inhibition. 

 

The truncated Δ(1-209) protein was also capable of packaging RNA and producing 

infectious VLPs, as seen recently (61). Δ(1-209) lacks the phosphorylated SR region, 

and thus its packaging function was not affected by GSK3 inhibition. 

 

Deletion of the LH from full-length N protein reduced VLP assembly ~2-fold in untreated 

cells and ~8-fold in cells treated with kinase inhibitor. Similarly, Δ(1-233) showed ~6-fold 

reduced VLP assembly relative to Δ(1-209) in both untreated and CHIR98014-treated 

cells. These data suggest that the LH is important for viral assembly and RNA 

packaging, consistent with evidence in vitro that removal of the LH weakens N protein 

self-association and disrupts vRNP formation. 

 

Δ(1-175) displayed ~9-fold lower packaging than Δ(1-209) in the presence of kinases, 

consistent with our finding that phosphomimetic mutations of the SR region disrupt 

vRNP formation in vitro. Treatment with kinase inhibitor resulted in the expected 

increase in packaging, boosting Δ(1-175) VLP assembly to levels comparable to those 

of Δ(1-209). Δ(1-175)-S188A/S206A produced ~3-fold higher VLP assembly than Δ(1-

209) in both untreated and CHIR-98014-treated cells. This suggests that the 
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unphosphorylated SR region promotes packaging, consistent with evidence that the SR 

region is an RNA-binding site that helps drive vRNP formation. 

 

 

Discussion 

 

Our findings provide new mechanistic insight into the current model for SARS-CoV-2 

vRNP assembly and its phosphoregulation. We show that the truncated Δ(1-209) 

protein from the B.1.1 lineage assembles vRNPs similar in size and shape to those 

formed with full-length N. Assembly of these vRNPs depends on the self-associating 

leucine-rich helix of the central disordered linker. Surprisingly, however, assembly does 

not require the major RNA-binding sites of the NTD and SR region, leaving only the 

CTD as the sole major RNA binding site involved in vRNP assembly by Δ(1-209).  

 

The precise structure of the SARS-CoV-2 ribonucleosome remains mysterious. Our 

previous work (25) suggested that six N protein dimers organize several hundred bases 

of RNA, much of which is folded into a heterogeneous array of double-stranded stem-

loops and other secondary structures (72,73). Although our reconstituted vRNPs appear 

uniform in diameter and general morphology, our analyses by negative-stain EM and 

cryo-electron microscopy suggest that these vRNPs are highly heterogeneous, 

precluding high-resolution structural analyses. We speculate that the densities in our 

EM images represent flexible RNA stem-loops organized by a dynamic protein 

framework held together by low-affinity protein-protein interactions. Our new evidence 

that the Δ(1-209) protein organizes vRNPs of normal size provides new clues and new 

questions. The vRNP appears to maintain its size when one of the two major RNA-

binding sites of the N protein is missing, suggesting that the number of N proteins in the 

vRNP is increased, by unknown mechanisms, to provide additional RNA-binding sites.  

 

Previous evidence suggests that the binding of small RNA molecules induces a 

conformational change in N protein that promotes oligomerization and initiates the 

assembly of higher-order vRNP complexes (30,31). In an NMR study, Pontoriero et al. 
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(48) found that the leucine-rich helix undergoes a resonance shift in response to short 

stem-loop RNA binding to the NTD, suggesting a regulatory mechanism by which 

intramolecular interactions between the NTD and LH are disrupted by RNA binding. In 

other recent studies, Zhao et al. (46) similarly found that small oligonucleotide binding 

induces conformational changes that enhance N protein self-association at the LH. 

Here, we found that Δ(1-209) is capable of forming vRNPs despite lacking the NTD, and 

that Δ(1-209) exhibits improved self-association compared to full-length N. We 

speculate that RNA binding to the NTD promotes N protein self-association and initiates 

vRNP assembly by releasing the LH from an inhibitory interaction with the NTD. Given 

that Δ(1-209) doesn’t require the NTD to form vRNPs, the NTD and SR may serve as a 

regulatory switch that unleashes the LH to promote RNA-dependent oligomerization.  

 

The SR region contributes to vRNP formation, probably by serving as an additional RNA 

binding site adjacent to the NTD. The presence of the SR region in the Δ(1-175)-

S188A/S206A mutant enhances VLP assembly when compared to Δ(1-209), suggesting 

that the SR region is important for packaging. In our previous work, we showed the SR 

region is required for vRNP formation with full-length N, as deletion of the SR or 

replacement of the SR region with a random linker caused defects in vRNP formation 

(25). According to the model described above, deletion of both the NTD and SR in the 

Δ(1-209) mutation rescues this defect by unleashing the LH, suggesting that the SR 

region is not essential for vRNP formation. The SR region not only contributes to RNA 

binding, but also has been shown to cooperatively enhance the RNA binding affinity of 

the NTD and CTD (27,49-51). We therefore speculate that by increasing the RNA 

binding activity of the NTD, the SR may improve the NTD’s ability to act as a regulatory 

switch and release the LH.  

 

Our evidence suggests that phosphorylation of the SR region inhibits vRNP formation 

not simply by weakening RNA binding to the SR region, but also by promoting an 

inhibitory interaction with the RNA-binding site at the CTD. Our results are consistent 

with previous studies showing that phosphorylated N protein cannot form compact 

vRNPs for packaging, instead maintaining RNA in an elongated, uncompacted state 
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(25,26). Phosphorylation inhibits the assembly of VLPs but also appears to be important 

for efficient viral genome replication, revealing a trade-off between the opposing effects 

of phosphorylation (61). The Δ(1-209) mutation has been implicated as an evolutionary 

strategy to resolve the adaptive conflict between replication and assembly. By removing 

the SR region and its associated phosphorylation sites, Δ(1-209) may provide a fitness 

benefit by complementing highly phosphorylated full-length N protein with kinase-

independent assembly by truncated N (61). 

 

The processes of N protein-mediated RNA packaging and transcription represent 

important targets for viral inhibition. The development of strategies to reduce viral 

infectivity requires a molecular understanding of the viral replication cycle and the 

specific architecture and regulation of viral packaging. The LH has been shown to 

interact with Nsp3, a transmembrane protein localized to double-membrane vesicles at 

the RTC (17,74-76). Therefore, in addition to driving vRNP formation by promoting N 

self-association, the LH may also mediate N protein’s interaction with the RTC. Given 

the high conservation of the disordered central linker region in betacoronaviruses, 

inhibition of the LH represents a promising target for novel coronavirus antiviral 

therapies. 

 

 

Experimental Procedures 
 
N protein expression and purification 
Full-length and mutant N proteins were prepared as described previously (25,26). The 

‘wild-type’ N protein used in these studies is from the 2019 WH-Human 1 strain. Briefly, 

codon-optimized synthetic DNAs encoding N protein were ordered as gBlocks from 

Integrated DNA Technologies (IDT) and inserted into pET28a expression vectors by 

Gibson assembly. A 6xHis-SUMO tag was added to the N terminus of all N protein 

constructs. N protein mutants were constructed by site-directed mutagenesis and 

Gibson assembly. N protein vectors were transformed into E. coli BL21 Star (Thermo 

#C601003) for expression and grown in TB+Kanamycin to OD600 = 0.6 at 37°C. Protein 
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expression was induced with 0.4 mM IPTG at 16°C overnight. Cells were harvested, 

washed with PBS, snap frozen in LN2, and stored at -80°C until lysis. N protein was 

purified under denaturing conditions to remove nucleic acids. Thawed cells were 

resuspended in buffer A (50 mM HEPES pH 7.5, 500 mM NaCl, 10% glycerol, and 6 M 

urea) and lysed by sonication. Lysed cells were centrifuged at 30,000 rpm for 30 min to 

remove cell debris, and clarified lysate was bound to Ni-NTA agarose beads (QIAGEN 

#30230) for 45 min at 4°C. Ni-NTA beads were washed three times with ten bed 

volumes of buffer A and eluted with buffer B (50 mM HEPES pH 7.5, 500 mM NaCl, 

10% glycerol, 250 mM imidazole, and 6 M urea). The eluate was concentrated in 

centrifugal concentrators (Millipore Sigma #UFC803024), transferred to dialysis tubing 

(Spectrum Labs #132676), and renatured by overnight dialysis in buffer C (50 mM 

HEPES pH 7.5, 500 mM NaCl, 10% glycerol). Recombinant Ulp1 catalytic domain 

(expressed and purified separately from E. coli) was added to renatured proteins to 

cleave the 6xHis-SUMO tag. Cleaved protein was injected onto a Superdex 200 10/300 

size-exclusion column equilibrated in buffer C. Peak fractions were pooled, 

concentrated, frozen in LN2, and stored at -80°C. 

 

RNA preparation 
The template for in vitro transcription of 5’-600 RNA was ordered as a gBlock from IDT 

and inserted by Gibson assembly into a pUC18 vector with a 5’ T7 promoter sequence. 

An insert containing the 5’-600 DNA plus the 5’ T7 sequence was excised by EcoR1 

digestion and purified by size-exclusion chromatography on a Sephacryl 1000 column 

equilibrated in TE buffer (10 mM Tris pH 8, 1 mM EDTA). Peak fractions of the purified 

DNA insert were pooled and stored at -20°C. The SL8 template was generated by PCR 

of synthetic DNA (IDT) to contain a 5’ T7 transcription start site. PCR-amplified DNA 

was purified and concentrated by spin column (Zymo Research #D4004) before being 

used to generate RNA. 

 

All RNA synthesis was performed using the HiScribe T7 High Yield RNA synthesis kit 

(NEB E2040S) according to the manufacturer’s protocol. Following incubation at 37°C 

for 3 h, in vitro synthesized RNA was purified and concentrated by spin column (Zymo 
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Research #R1018). To promote formation of proper RNA secondary structure, all 

purified RNAs were heat denatured at 95°C for 2 min in a preheated metal heat block 

and then removed from heat and allowed to cool slowly to room temperature over the 

course of ~1 h. RNA concentration (A260) was quantified by nanodrop. 

 
Preparation of ribonucleoprotein complexes 
The day before each experiment, N protein was dialyzed into reaction buffer (25 mM 

HEPES pH 7.5, 70 mM KCl) overnight. The day of analysis, RNA was heat-denatured 

and cooled slowly to allow for proper secondary structure formation. To assemble vRNP 

complexes, 256 ng/μl RNA was mixed with 15 μM N protein in a total volume of 10 μl 

and incubated for 10 min at 25°C. RNA concentration was 256 ng/μl, regardless of RNA 

length, to ensure that all mixtures contained the same nucleotide concentration. 

Samples containing SL8 stem-loop RNA were crosslinked by addition of 0.1% 

glutaraldehyde for 10 min at 25°C and then quenched with 100 mM Tris pH 7.5. 

Samples containing 5’-600 RNA were not crosslinked. After assembly, vRNP complexes 

were analyzed by gel electrophoresis. 

 
RNA gel electrophoresis 
After assembly, the 10 μl vRNP mixtures were diluted 1:10 in dilution buffer (25 mM 

HEPES pH 7.5, 70 mM KCl, and 10% glycerol). Diluted vRNP mixture (2 μl) was loaded 

onto a 5% polyacrylamide native TBE gel (Bio-Rad) and run at 125 V for 80 min at 4°C. 

Another aliquot of diluted sample (1 μl) was denatured by addition of 4 M urea and 

Proteinase K (40 U/ml; New England Biolabs #P8107S), incubated for 5 min at 65°C, 

loaded onto a 6% polyacrylamide TBE-Urea Gel (Thermo Fisher), and run at 160 V for 

50 min at room temperature. Gels were stained with SYBR Gold (Invitrogen) and 

imaged on a Typhoon FLA9500 Multimode imager set to detect Cy3. 

 

Glycerol gradient centrifugation 
Glycerol gradients were assembled as previously described (69), with slight 

modifications. Briefly, 10 to 40% glycerol gradients (dialysis buffer containing 10% or 

40% glycerol) were poured and mixed with the Gradient Master (BioComp). Fresh 0.1% 
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glutaraldehyde was added to the 40% glycerol buffer prior to gradient assembly. vRNP 

samples (140 μl of 15 μM N with 256 ng/μl RNA) were gently added on top of the 

assembled 5 ml gradients, and samples were centrifuged in a prechilled Ti55 rotor at 

35,000 rpm for 17 h. Gradient fractions were collected by puncturing the bottom of the 

tube with a butterfly needle and collecting two drops per well. For analysis by negative 

stain electron microscopy and mass photometry, indicated fractions were combined, 

and buffer exchanged using centrifugal concentrators (Millipore Sigma #UFC510024). 

Concentrated samples were then re-diluted 1:10 with dialysis buffer (0% glycerol) and 

re-concentrated. Samples were diluted and re-concentrated three times. 

 
Mass photometry 
Mass photometry experiments were performed using a OneMP instrument (Refeyn). A 

silicone gasket well sheet (Grace Bio-Labs) was placed on top of a microscope 

coverslip and positioned on the microscope stage. Reaction buffer (10 μl) (25 mM 

HEPES pH 7.5, 70 mM KCl) was first loaded into the well to focus the objective, after 

which 1 μl of vRNP complex sample was added to the reaction buffer, mixed, and 

measured immediately. Crosslinked samples containing SL8 RNA were diluted 1:10 

before a second 1:10 dilution directly on the coverslip.  

 

The mass photometer was calibrated with NativeMark Unstained Protein Standard 

(Thermo #LC0725). Mass photometry data were acquired with AcquireMP and analyzed 

with DiscoverMP software (Refeyn). Mass photometry data are shown as histograms of 

individual mass measurements. Peaks were fitted with Gaussian curves to determine 

the average molecular mass of the selected distributions. Each condition was 

independently measured at least twice. 

 
Negative stain electron microscopy 
2.5 μl of vRNP samples were applied to a glow-discharged Cu grid covered with 

continuous carbon film and stained with 0.75% (w/v) uranyl formate. A Tecnai T12 

microscope (ThermoFisher FEI Company), operated at 120 kV, was employed to 

analyze these negatively stained grids. Micrographs were recorded at a nominal 
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magnification of 52,000× using a Gatan Rio 16 camera, corresponding to a pixel size of 

1.34 Å on the specimen. All images were analyzed using ImageJ. Micrographs were 

labeled with a corresponding scale bar of 20 nm, and particles were manually extracted 

individually using cropped boxes for illustration. 2D averaging of particles was not 

performed due to their heterogeneity. 

 
Fluorescence Polarization 
Fluorescence was measured on a K2 Multifrequency Fluorometer. Fluorescent N10 RNA 

(a 10-nt degenerate sequence, tagged with a 3’-FAM fluorescent dye) was ordered from 

IDT. Undialyzed N protein constructs were diluted 1:10 in reaction buffer (25 mM 

HEPES pH 7.5, 70 mM KCl) and concentrated using centrifugal concentrators (Millipore 

Sigma #UFC510024). 10 nM fluorescent RNA was mixed with 10 μM N protein in 90 μl 

reaction buffer, added to a 3x3 mm quartz cuvette (Hellma #1052518540), and 

incubated for 5 min. Protein concentration was gradually reduced by serial dilutions with 

a solution of reaction buffer containing 10 nM N10 RNA to keep fluorescent RNA 

concentration constant. The volume in the cuvette was maintained throughout all 

titration experiments by adding 90 μl dilution buffer to the sample cuvette, mixing by 

pipetting, and removing an equal volume of solution. RNA was excited with polarized 

light at 488 nm and emission was recorded at 520 nm. Data from three independent N 

protein titrations were fit to a one-site binding curve using GraphPad Prism to determine 

KD. 

 

N protein was phosphorylated in vitro for fluorescence polarization analysis. Protein 

kinases were purchased from Promega (SRPK1: #VA7558, GSK-3β: #V1991, CK1ε: 

V4160). 15 μM Δ(1-175) N protein and 80 nM SRPK, GSK3, and CK1 were mixed in 

100 μl kinase reaction buffer (25 mM HEPES pH 7.5, 35 mM KCl, 10 mM MgCl2, 1 mM 

DTT, 0.5 mM ATP). The reaction was incubated for 30 min at 30°C and quenched with 

5 mM EDTA. A separate control reaction lacking ATP was prepared in the same way. 

Both reactions were diluted 1:10 in reaction buffer (25 mM HEPES pH 7.5, 70 mM KCl) 

and concentrated using centrifugal concentrators (Millipore Sigma #UFC510024). 10 nM 

fluorescent RNA was mixed with 10 μM N protein in 90 μl reaction buffer, added to a 
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3x3 mm quartz cuvette (Hellma #1052518540), and incubated for 5 min. Protein 

concentration was gradually reduced by serial dilutions, while keeping RNA 

concentration and cuvette volume constant. RNA was excited with polarized light at 488 

nm and emission was recorded at 520 nm. Data from two independent N protein 

titrations were fit to a one-site binding curve using GraphPad Prism to determine KD. 

 

Virus-like particle (VLP) Assay 
 

VLPs were produced and analyzed as previously described (61,63). 293T cells were 

plated at 50,000 cells/well in 150 μl of DMEM containing 10% FBS and 1% 

penicillin/streptomycin in 96 well plates and incubated for 24 h. 1.5 μg of plasmids 

encoding N protein (0.33), Firefly luciferase with packaging signal T20 (0.5), Spike 

(0.0033), and M-IRES-E (0.165) at indicated mass ratios were diluted in 75 μl room 

temperature Opti-MEM. 4.5 μl of 1 mg/ml polyethylenimine (pH 7.0) was diluted in 75 μl 

Opti-MEM and used to resuspend plasmid dilutions. The diluted plasmid transfection 

mix was incubated at room temperature for 20 min. For transfection into 96 well plates, 

18.75 μl of resulting transfection mix was added to each well and mixed by pipetting up 

and down carefully. For GSK3 inhibition, 17 μl of 12.5 μM CHIR98014 in media was 

added to wells immediately after adding the transfection mix. Control wells were treated 

with 17 μl of additional media. 2 days after transfection, 65 μl of supernatant was filtered 

using a 96-well filter plate (Pall 0.45 μm AcroPrep™ Advance Plate, Short Tip filter 

plates, polyethersulfone) by centrifuging the filter plate at 100xg for 2 min. 50 μl of 

1x106/ml 293T-ACE2/TMPRSS2 cells was added to the VLP-containing filtrate and 

incubated for 24 h. The supernatant was removed and 20 μl of Promega passive lysis 

buffer (1X) was added to the cells. The cells were then incubated on a shaker for 20 

minutes. Using a Tecan Spark, 30 μl of luciferase assay buffer was dispensed into each 

well and mixed for 30 s by shaking. Luminescence was measured using the auto 

attenuation function and 1000 ms integration time. 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

Data availability 

All data are included in the article, or available from the corresponding author D.O.M. 

 

Supporting information 

This article contains supporting information. 

 

Conflict of interest 

The authors declare that they have no conflicts of interest with the contents of this 

article. 

 

Acknowledgments 

We thank Henry Ng and Emmy Delaney for discussions, technical assistance, and 

comments on the manuscript, and Hayden Saunders and Arthur Charles-Orszag for 

technical assistance.  

 

Funding and additional information 

This work was supported by grants (to D.O.M.) from the National Institute of General 

Medical Sciences (R35-GM118053) and the UCSF Program for Breakthrough 

Biomedical Research, which is funded in part by the Sandler Foundation. Funding was 

also provided by the National Institutes of Allergy and Infectious Diseases (R21-

AI159666 to J.A.D.), the Howard Hughes Medical Institute (Y.C. and J.A.D.) and the J. 

David Gladstone Institutes (J.A.D.).  

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

References 
 
1. Fung, T. S., and Liu, D. X. (2019) Human Coronavirus: Host-Pathogen Interaction. Annu 

Rev Microbiol 73, 529-557 

2. Masters, P. S. (2006) The molecular biology of coronaviruses. Adv Virus Res 66, 193-
292 

3. Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020) A 
pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 
579, 270-273 

4. Bouhaddou, M., Memon, D., Meyer, B., White, K. M., Rezelj, V. V., Correa Marrero, M., 
et al. (2020) The Global Phosphorylation Landscape of SARS-CoV-2 Infection. Cell 182, 
685-712 e619 

5. Laude, H., and Masters, P. S. (1995) The coronavirus nucleocapsid protein. in The 
Coronaviridae (Siddell, S. G. ed.), Plenum Press, New York. pp 141-163 

6. Masters, P. S. (2019) Coronavirus genomic RNA packaging. Virology 537, 198-207 

7. Scherer, K. M., Mascheroni, L., Carnell, G. W., Wunderlich, L. C. S., Makarchuk, S., 
Brockhoff, M., et al. (2022) SARS-CoV-2 nucleocapsid protein adheres to replication 
organelles before viral assembly at the Golgi/ERGIC and lysosome-mediated egress. 
Sci Adv 8, eabl4895 

8. Snijder, E. J., Limpens, R., de Wilde, A. H., de Jong, A. W. M., Zevenhoven-Dobbe, J. 
C., Maier, H. J., et al. (2020) A unifying structural and functional model of the 
coronavirus replication organelle: Tracking down RNA synthesis. PLoS Biol 18, 
e3000715 

9. Snijder, E. J., van der Meer, Y., Zevenhoven-Dobbe, J., Onderwater, J. J., van der 
Meulen, J., Koerten, H. K., et al. (2006) Ultrastructure and origin of membrane vesicles 
associated with the severe acute respiratory syndrome coronavirus replication complex. 
J Virol 80, 5927-5940 

10. V'Kovski, P., Kratzel, A., Steiner, S., Stalder, H., and Thiel, V. (2021) Coronavirus 
biology and replication: implications for SARS-CoV-2. Nat Rev Microbiol 19, 155-170 

11. Kim, D., Lee, J. Y., Yang, J. S., Kim, J. W., Kim, V. N., and Chang, H. (2020) The 
Architecture of SARS-CoV-2 Transcriptome. Cell 181, 914-921 e910 

12. Sawicki, S. G., Sawicki, D. L., and Siddell, S. G. (2007) A contemporary view of 
coronavirus transcription. J Virol 81, 20-29 

13. Sola, I., Almazan, F., Zuniga, S., and Enjuanes, L. (2015) Continuous and Discontinuous 
RNA Synthesis in Coronaviruses. Annu Rev Virol 2, 265-288 

14. Finkel, Y., Mizrahi, O., Nachshon, A., Weingarten-Gabbay, S., Morgenstern, D., 
Yahalom-Ronen, Y., et al. (2021) The coding capacity of SARS-CoV-2. Nature 589, 125-
130 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

15. Almazan, F., Galan, C., and Enjuanes, L. (2004) The nucleoprotein is required for 
efficient coronavirus genome replication. J Virol 78, 12683-12688 

16. Bost, A. G., Carnahan, R. H., Lu, X. T., and Denison, M. R. (2000) Four proteins 
processed from the replicase gene polyprotein of mouse hepatitis virus colocalize in the 
cell periphery and adjacent to sites of virion assembly. J Virol 74, 3379-3387 

17. Cong, Y., Ulasli, M., Schepers, H., Mauthe, M., V'Kovski, P., Kriegenburg, F., et al. 
(2020) Nucleocapsid Protein Recruitment to Replication-Transcription Complexes Plays 
a Crucial Role in Coronaviral Life Cycle. J Virol 94, e01925-01919 

18. McBride, R., van Zyl, M., and Fielding, B. C. (2014) The coronavirus nucleocapsid is a 
multifunctional protein. Viruses 6, 2991-3018 

19. Stertz, S., Reichelt, M., Spiegel, M., Kuri, T., Martinez-Sobrido, L., Garcia-Sastre, A., et 
al. (2007) The intracellular sites of early replication and budding of SARS-coronavirus. 
Virology 361, 304-315 

20. V'Kovski, P., Gerber, M., Kelly, J., Pfaender, S., Ebert, N., Braga Lagache, S., et al. 
(2019) Determination of host proteins composing the microenvironment of coronavirus 
replicase complexes by proximity-labeling. Elife 8, e42037 

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

22. Zuniga, S., Cruz, J. L., Sola, I., Mateos-Gomez, P. A., Palacio, L., and Enjuanes, L. 
(2010) Coronavirus nucleocapsid protein facilitates template switching and is required 
for efficient transcription. J Virol 84, 2169-2175 

23. Klein, S., Cortese, M., Winter, S. L., Wachsmuth-Melm, M., Neufeldt, C. J., Cerikan, B., 
et al. (2020) SARS-CoV-2 structure and replication characterized by in situ cryo-electron 
tomography. Nat Commun 11, 5885 

24. Yao, H., Song, Y., Chen, Y., Wu, N., Xu, J., Sun, C., et al. (2020) Molecular Architecture 
of the SARS-CoV-2 Virus. Cell 183, 730-738 e713 

25. Carlson, C. R., Adly, A. N., Bi, M., Howard, C. J., Frost, A., Cheng, Y., et al. (2022) 
Reconstitution of the SARS-CoV-2 ribonucleosome provides insights into genomic RNA 
packaging and regulation by phosphorylation. J Biol Chem 298, 102560 

26. Carlson, C. R., Asfaha, J. B., Ghent, C. M., Howard, C. J., Hartooni, N., Safari, M., et al. 
(2020) Phosphoregulation of Phase Separation by the SARS-CoV-2 N Protein Suggests 
a Biophysical Basis for its Dual Functions. Mol Cell 80, 1092-1103 e1094 

27. Chang, C. K., Hsu, Y. L., Chang, Y. H., Chao, F. A., Wu, M. C., Huang, Y. S., et al. 
(2009) Multiple nucleic acid binding sites and intrinsic disorder of severe acute 
respiratory syndrome coronavirus nucleocapsid protein: implications for 
ribonucleocapsid protein packaging. J Virol 83, 2255-2264 

28. Cubuk, J., Alston, J. J., Incicco, J. J., Singh, S., Stuchell-Brereton, M. D., Ward, M. D., et 
al. (2021) The SARS-CoV-2 nucleocapsid protein is dynamic, disordered, and phase 
separates with RNA. Nat Commun 12, 1936 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

29. Lu, S., Ye, Q., Singh, D., Cao, Y., Diedrich, J. K., Yates, J. R., 3rd, et al. (2021) The 
SARS-CoV-2 nucleocapsid phosphoprotein forms mutually exclusive condensates with 
RNA and the membrane-associated M protein. Nat Commun 12, 502 

30. Zhao, H., Nguyen, A., Wu, D., Li, Y., Hassan, S. A., Chen, J., et al. (2022) Plasticity in 
structure and assembly of SARS-CoV-2 nucleocapsid protein. PNAS Nexus 1, pgac049 

31. Zhao, H., Wu, D., Nguyen, A., Li, Y., Adao, R. C., Valkov, E., et al. (2021) Energetic and 
structural features of SARS-CoV-2 N-protein co-assemblies with nucleic acids. iScience 
24, 102523 

32. Chang, C. K., Hou, M. H., Chang, C. F., Hsiao, C. D., and Huang, T. H. (2014) The 
SARS coronavirus nucleocapsid protein--forms and functions. Antiviral Res 103, 39-50 

33. Chen, C. Y., Chang, C. K., Chang, Y. W., Sue, S. C., Bai, H. I., Riang, L., et al. (2007) 
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 

34. Fan, H., Ooi, A., Tan, Y. W., Wang, S., Fang, S., Liu, D. X., et al. (2005) The 
nucleocapsid protein of coronavirus infectious bronchitis virus: crystal structure of its N-
terminal domain and multimerization properties. Structure 13, 1859-1868 

35. Jayaram, H., Fan, H., Bowman, B. R., Ooi, A., Jayaram, J., Collisson, E. W., et al. 
(2006) X-ray structures of the N- and C-terminal domains of a coronavirus nucleocapsid 
protein: implications for nucleocapsid formation. J Virol 80, 6612-6620 

36. Kang, S., Yang, M., Hong, Z., Zhang, L., Huang, Z., Chen, X., et al. (2020) Crystal 
structure of SARS-CoV-2 nucleocapsid protein RNA binding domain reveals potential 
unique drug targeting sites. Acta Pharm Sin B 10, 1228-1238 

37. Luo, H., Ye, F., Sun, T., Yue, L., Peng, S., Chen, J., et al. (2004) In vitro biochemical 
and thermodynamic characterization of nucleocapsid protein of SARS. Biophys Chem 
112, 15-25 

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

39. Chang, C. K., Chen, C. M., Chiang, M. H., Hsu, Y. L., and Huang, T. H. (2013) Transient 
oligomerization of the SARS-CoV N protein--implication for virus ribonucleoprotein 
packaging. PLoS One 8, e65045 

40. Cong, Y., Kriegenburg, F., de Haan, C. A. M., and Reggiori, F. (2017) Coronavirus 
nucleocapsid proteins assemble constitutively in high molecular oligomers. Sci Rep 7, 
5740 

41. He, R., Dobie, F., Ballantine, M., Leeson, A., Li, Y., Bastien, N., et al. (2004) Analysis of 
multimerization of the SARS coronavirus nucleocapsid protein. Biochem Biophys Res 
Commun 316, 476-483 

42. Hurst, K. R., Koetzner, C. A., and Masters, P. S. (2009) Identification of in vivo-
interacting domains of the murine coronavirus nucleocapsid protein. J Virol 83, 7221-
7234 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26 

43. Luo, H., Chen, J., Chen, K., Shen, X., and Jiang, H. (2006) Carboxyl terminus of severe 
acute respiratory syndrome coronavirus nucleocapsid protein: self-association analysis 
and nucleic acid binding characterization. Biochemistry 45, 11827-11835 

44. Luo, H., Ye, F., Chen, K., Shen, X., and Jiang, H. (2005) SR-rich motif plays a pivotal 
role in recombinant SARS coronavirus nucleocapsid protein multimerization. 
Biochemistry 44, 15351-15358 

45. Zuwala, K., Golda, A., Kabala, W., Burmistrz, M., Zdzalik, M., Nowak, P., et al. (2015) 
The nucleocapsid protein of human coronavirus NL63. PLoS One 10, e0117833 

46. Zhao, H., Wu, D., Hassan, S. A., Nguyen, A., Chen, J., Piszczek, G., et al. (2023) A 
conserved oligomerization domain in the disordered linker of coronavirus nucleocapsid 
proteins. Sci Adv 9, eadg6473 

47. Forsythe, H. M., Rodriguez Galvan, J., Yu, Z., Pinckney, S., Reardon, P., Cooley, R. B., 
et al. (2021) Multivalent binding of the partially disordered SARS-CoV-2 nucleocapsid 
phosphoprotein dimer to RNA. Biophys J 120, 2890-2901 

48. Pontoriero, L., Schiavina, M., Korn, S. M., Schlundt, A., Pierattelli, R., and Felli, I. C. 
(2022) NMR Reveals Specific Tracts within the Intrinsically Disordered Regions of the 
SARS-CoV-2 Nucleocapsid Protein Involved in RNA Encountering. Biomolecules 12, 
929 

49. Grossoehme, N. E., Li, L., Keane, S. C., Liu, P., Dann, C. E., 3rd, Leibowitz, J. L., et al. 
(2009) 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 

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

51. [preprint] Reardon, P. N., Stuwe, H., Shah, S., Yu, Z., Hughes, K., and Barbar, E. J. 
(2023) Modifications to the SR-rich region of the SARS-CoV-2 nucleocapsid regulate 
self-association and attenuate RNA interactions. BioRxiv 
https://doi.org/10.1101/2023.05.26.542392 

52. Nikolakaki, E., and Giannakouros, T. (2020) SR/RS Motifs as Critical Determinants of 
Coronavirus Life Cycle. Front Mol Biosci 7, 219 

53. Peng, T. Y., Lee, K. R., and Tarn, W. Y. (2008) 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 

54. Wu, C. H., Yeh, S. H., Tsay, Y. G., Shieh, Y. H., Kao, C. L., Chen, Y. S., et al. (2009) 
Glycogen synthase kinase-3 regulates the phosphorylation of severe acute respiratory 
syndrome coronavirus nucleocapsid protein and viral replication. J Biol Chem 284, 5229-
5239 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27 

55. Yaron, T. M., Heaton, B. E., Levy, T. M., Johnson, J. L., Jordan, T. X., Cohen, B. M., et 
al. (2022) Host protein kinases required for SARS-CoV-2 nucleocapsid phosphorylation 
and viral replication. Sci Signal 15, eabm0808 

56. Zhu, P., Stanisheuski, S., Franklin, R., Vogel, A., Vesely, C. H., Reardon, P., et al. 
(2023) Autonomous Synthesis of Functional, Permanently Phosphorylated Proteins for 
Defining the Interactome of Monomeric 14-3-3zeta. ACS Cent Sci 9, 816-835 

57. Iserman, C., Roden, C. A., Boerneke, M. A., Sealfon, R. S. G., McLaughlin, G. A., 
Jungreis, I., et al. (2020) Genomic RNA Elements Drive Phase Separation of the SARS-
CoV-2 Nucleocapsid. Mol Cell 80, 1078-1091 e1076 

58. Savastano, A., Ibanez de Opakua, A., Rankovic, M., and Zweckstetter, M. (2020) 
Nucleocapsid protein of SARS-CoV-2 phase separates into RNA-rich polymerase-
containing condensates. Nat Commun 11, 6041 

59. Verheije, M. H., Hagemeijer, M. C., Ulasli, M., Reggiori, F., Rottier, P. J., Masters, P. S., 
et al. (2010) The coronavirus nucleocapsid protein is dynamically associated with the 
replication-transcription complexes. J Virol 84, 11575-11579 

60. Johnson, B. A., Zhou, Y., Lokugamage, K. G., Vu, M. N., Bopp, N., Crocquet-Valdes, P. 
A., et al. (2022) Nucleocapsid mutations in SARS-CoV-2 augment replication and 
pathogenesis. PLoS Pathog 18, e1010627 

61. [preprint] Syed, A. M., Ciling, A., Chen, I. P., Carlson, C. R., Adly, A. N., Martin, H., et al. 
(2023) SARS-CoV-2 evolution balances conflicting roles of N protein phosphorylation. 
SSRN http://dx.doi.org/10.2139/ssrn.4472729 

62. Syed, A. M., Ciling, A., Taha, T. Y., Chen, I. P., Khalid, M. M., Sreekumar, B., et al. 
(2022) Omicron mutations enhance infectivity and reduce antibody neutralization of 
SARS-CoV-2 virus-like particles. Proc Natl Acad Sci U S A 119, e2200592119 

63. Syed, A. M., Taha, T. Y., Tabata, T., Chen, I. P., Ciling, A., Khalid, M. M., et al. (2021) 
Rapid assessment of SARS-CoV-2-evolved variants using virus-like particles. Science 
374, 1626-1632 

64. Wu, H., Xing, N., Meng, K., Fu, B., Xue, W., Dong, P., et al. (2021) Nucleocapsid 
mutations R203K/G204R increase the infectivity, fitness, and virulence of SARS-CoV-2. 
Cell Host Microbe 29, 1788-1801 e1786 

65. Leary, S., Gaudieri, S., Parker, M. D., Chopra, A., James, I., Pakala, S., et al. (2021) 
Generation of a Novel SARS-CoV-2 Sub-genomic RNA Due to the R203K/G204R 
Variant in Nucleocapsid: Homologous Recombination has Potential to Change SARS-
CoV-2 at Both Protein and RNA Level. Pathog Immun 6, 27-49 

66. [preprint] Mears, H. M., Young, G. R., Sanderson, T., Harvey, R., Crawford, M., Snell, D. 
M., et al. (2022) Emergence of new subgenomic mRNAs IN SARS-COV-2. BioRxiv 
https://doi.org/10.1101/2022.04.20.488895 

67. Parker, M. D., Stewart, H., Shehata, O. M., Lindsey, B. B., Shah, D. R., Hsu, S., et al. 
(2022) Altered subgenomic RNA abundance provides unique insight into SARS-CoV-2 
B.1.1.7/Alpha variant infections. Commun Biol 5, 666 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 28 

68. Thorne, L. G., Bouhaddou, M., Reuschl, A. K., Zuliani-Alvarez, L., Polacco, B., Pelin, A., 
et al. (2022) Evolution of enhanced innate immune evasion by SARS-CoV-2. Nature 
602, 487-495 

69. Zhou, C. Y., and Narlikar, G. J. (2016) Analysis of Nucleosome Sliding by ATP-
Dependent Chromatin Remodeling Enzymes. Methods Enzymol 573, 119-135 

70. Kastner, B., Fischer, N., Golas, M. M., Sander, B., Dube, P., Boehringer, D., et al. (2008) 
GraFix: sample preparation for single-particle electron cryomicroscopy. Nat Methods 5, 
53-55 

71. Yu, I. M., Gustafson, C. L., Diao, J., Burgner, J. W., 2nd, Li, Z., Zhang, J., et al. (2005) 
Recombinant severe acute respiratory syndrome (SARS) coronavirus nucleocapsid 
protein forms a dimer through its C-terminal domain. J Biol Chem 280, 23280-23286 

72. Cao, C., Cai, Z., Xiao, X., Rao, J., Chen, J., Hu, N., et al. (2021) The architecture of the 
SARS-CoV-2 RNA genome inside virion. Nat Commun 12, 3917 

73. Huston, N. C., Wan, H., Strine, M. S., de Cesaris Araujo Tavares, R., Wilen, C. B., and 
Pyle, A. M. (2021) Comprehensive in vivo secondary structure of the SARS-CoV-2 
genome reveals novel regulatory motifs and mechanisms. Mol Cell 81, 584-598 e585 

74. Bessa, L. M., Guseva, S., Camacho-Zarco, A. R., Salvi, N., Maurin, D., Perez, L. M., et 
al. (2022) The intrinsically disordered SARS-CoV-2 nucleoprotein in dynamic complex 
with its viral partner nsp3a. Sci Adv 8, eabm4034 

75. Koetzner, C. A., Hurst-Hess, K. R., Kuo, L., and Masters, P. S. (2022) Analysis of a 
crucial interaction between the coronavirus nucleocapsid protein and the major 
membrane-bound subunit of the viral replicase-transcriptase complex. Virology 567, 1-
14 

76. Wolff, G., Limpens, R., Zevenhoven-Dobbe, J. C., Laugks, U., Zheng, S., de Jong, A. W. 
M., et al. (2020) A molecular pore spans the double membrane of the coronavirus 
replication organelle. Science 369, 1395-1398 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

Figure legends 
 
 
Figure 1. vRNPs formed by Δ(1-209) resemble those formed by full-length N 
protein. 
(A) Schematic of N protein domain architecture, including the N-terminal extension 

(NTE), N-terminal domain (NTD), serine/arginine region (SR), leucine-rich helix (LH), C-

terminal domain (CTD), and C-terminal extension (CTE). Schematics comparing WT,  

ΔLH, Δ(1-209), and  Δ(1-233) N protein mutants are also shown. Mass is that of 

monomeric N protein. (B) 15 μM N protein constructs were combined with 256 ng/μl 5’-

600 RNA (left) or SL8 RNA (right) and analyzed by native (top) and denaturing (bottom) 

gel electrophoresis. SL8 ribonucleoprotein complexes were crosslinked (+XL) prior to 

native gel electrophoresis. Gels were stained with SYBR Gold to visualize RNA species. 

RNA length standards are shown on the left (nt). 256 ng/ul RNA was used to ensure all 

mixtures contain the same nucleotide concentration, regardless of RNA length. (C) 

Native gel analysis of vRNP complexes separated by glycerol gradient centrifugation in 

the presence of crosslinker (GraFix). 15 μM WT (top), Δ(1-209) (middle), or Δ(1-233) 

(bottom) was mixed with 256 ng/μl SL8 RNA, and added on top of a 10-40% glycerol 

gradient. 0.1% glutaraldehyde was added to the 40% glycerol buffer. RNA length 

standard shown on left (nt). (D) Selected fractions from the GraFix analyses in C were 

analyzed by mass photometry. Top, fractions 7+8 of WT in complex with SL8 RNA; 

middle, fractions 7+8 of Δ(1-209) in complex with SL8 RNA; bottom, fractions 22+23 of 

Δ(1-233) in complex with SL8 RNA. Data were fit to Gaussian distributions, with mean 

molecular mass indicated above each peak. Representative of at least two independent 

experiments (Table S1). The small peaks at the lower detection limit are likely to be 

artifacts seen in the analysis of GraFix fractions. (E) Negative stain electron microscopy 

of GraFix-purified vRNPs (combined fractions from C), with manually extracted images 

of single particles below. Left, WT in complex with SL8 RNA; middle, Δ(1-209) in 

complex with SL8 RNA; right, Δ(1-233) in complex with SL8 RNA. Scale bars are 20 

nm. N, nucleocapsid; vRNP, viral ribonucleoprotein; WT, wild type. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.16.553581doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.16.553581
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30 

 
Figure 2. The leucine-rich helix mediates N protein oligomerization. 
(A) Mass photometry analysis of indicated N protein mutants in the presence of 

crosslinker. N protein (15 μM) was crosslinked with 0.1% glutaraldehyde prior to dilution 

and analysis. Data were fit to Gaussian distributions, with mean molecular mass and 

corresponding oligomeric state indicated above each peak. Representative of two 

independent experiments (Table S1). Parallel analysis of non-crosslinked samples in 

Fig. S2. (B) Mass photometry counts (as a percentage of total signal) were calculated 

for each detected oligomeric species in the indicated N protein mutants. Total percent 

does not equal 100 due to background signals at other masses. Means calculated from 

two independent experiments (Table S1). LH, leucine helix; N, nucleocapsid; WT, wild 

type. 

 

 

Figure 3. Fusion of phosphomimetic SR region to Δ(1-209) disrupts vRNP 
assembly. 
(A) Schematic comparing Δ(1-209) and Δ(1-175) proteins. Mass is that of monomeric N 

protein. (B) 15 μM N protein mutants were mixed with 256 ng/μl SL8 RNA, crosslinked 

(XL), and analyzed by native (top) and denaturing (bottom) gel electrophoresis. RNA 

length standards shown on left (nt). (C) 15 μM Δ(1-175) (top) or Δ(1-175)-10D (bottom) 

was mixed with 256 ng/μl SL8 RNA and separated by glycerol gradient centrifugation in 

the presence of crosslinker (GraFix). Fractions were collected and analyzed by native 

gel electrophoresis. RNA length standard shown on left (nt). (D) Selected fractions from 

the GraFix analyses in C were analyzed by mass photometry. Top: fractions 7+8 of Δ(1-

175); bottom: fractions 19-22 of Δ(1-175)-10D. Representative of two independent 

experiments (Table S1). (E) Negative stain electron microscopy of GraFix-purified 

vRNPs from C, with manually extracted images of single particles below. Left, fractions 

7+8 of Δ(1-175) in complex with SL8 RNA; right, fractions 19-22 of Δ(1-175)-10D in 

complex with SL8 RNA. Scale bars are 20 nm. N, nucleocapsid; vRNP, viral 

ribonucleoprotein. 
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Figure 4. Phosphomimetic SR region competitively inhibits RNA binding. 
(A) Fluorescence polarization of 10-nt RNA binding to Δ(1-209), Δ(1-175), or Δ(1-175)-

10D protein. Indicated concentrations of N protein mutants were incubated with 10 nM 

N10 RNA (a degenerate 10-nt RNA oligo with a 3’-FAM modification) and fluorescence 

polarization was recorded. Data points represent mean ± SEM of three independent 

experiments. KD of each mutant is shown. (B) Fluorescence polarization of 10-nt RNA 

binding to Δ(1-175) protein phosphorylated in vitro. Δ(1-175) protein was incubated with 

the indicated kinases in the absence (blue) or presence (red) of ATP, mixed with 10 nM 

N10 RNA, and analyzed by fluorescence polarization. Data points represent mean ± 

SEM of three independent experiments. KD of each mutant is shown. CK1, casein 

kinase 1; GSK3, glycogen-synthase kinase 3; N, nucleocapsid; SRPK, serine-arginine 

protein kinase. 

 

 

Figure 5. The leucine-rich helix is critical to virus-like particle assembly by Δ(1-
209). 
(A) Schematic of the process for production and analysis of SARS-CoV-2 virus-like 

particles (SC2-VLPs). VLPs carrying luciferase (Luc) and packaging (T20) RNA were 

generated in 293T cells expressing wild-type (WT) or variant N protein. VLPs were 

added to 293T receiver cells expressing viral entry factors ACE2 and TMPRSS2, and 

luminescence due to luciferase expression was measured. (B) VLPs were generated 

with the indicated N protein, in the absence (blue) or presence (red) of 1.25 μM CHIR 

98014, a GSK3 inhibitor. Data points represent mean (± SD) of 6 independent 

transfections. E, envelope; GSK3, glycogen-synthase kinase 3; LH, leucine helix; M, 

membrane; N, nucleocapsid; RLU, relative luminescence units. 
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Figure S1. Analysis of N protein deletion mutants. 
SDS-PAGE of N protein constructs used in this study, stained with Coomassie Blue. 

Molecular weight markers shown on the left (kDa). 
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Figure S2. Oligomerization of uncrosslinked N protein mutants. 
Mass photometry analysis of indicated N protein mutants in the absence of crosslinker, 

analyzed in parallel to the crosslinked preparations shown in Fig. 2. Data were fit to 

Gaussian distributions, with mean molecular mass and corresponding oligomeric state 

indicated above each peak. Representative of two independent experiments (Table S1). 

LH, leucine helix; N, nucleocapsid; WT, wild type. 
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Table S1. Summary of mass photometry results (kDa). 
 
 

 

 

 

 

 

peak rep 1 rep 2 rep 3 mean ± SD rep 1 rep 2 rep 3 mean ± SD rep 1 rep 2 mean ± SD
1 742 737 728 735.7 ± 7.1 727 731 723 727 ± 4 189 186 187.5 ± 2.1
2 246 238 242 ± 5.7
3 312 297 304.5 ± 10.6

peak rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD
1 92 97  94.5 ± 3.5 95 98 96.5 ± 2.1 96 95 95.5 ± 0.7 98 100 99 ± 1.4
2 190 199 194.5 ± 6.4 194 199 196.5 ± 3.5 198 187 192.5 ± 7.8 200 201 200.5 ± 0.7
3 296 300 298 ± 2.8 298 305 301.5 ± 4.9
4 394 381 387.5 ± 9.2 401 402 401.5 ± 0.7

peak rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD
1 55 54 54.5 ± 0.7 49 47 48 ± 1.4 60 58 59 ± 1.4 57 60 58.5 ± 2.1
2 104 105 104.5 ± 0.7 87 85 86 ± 1.4 117 114 115.5 ± 2.1 112 115 113.5 ± 2.1
3 157 159 158 ± 1.4 175 173 174 ± 1.4 173 171 172 ± 1.4
4 209 219 214 ± 7.1 238 230 234 ± 5.7 225 239 232 ± 9.9
5 263 267 265 ± 2.8

peak rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD
1 702 707 704.5 ± 3.5 133 135 134 ± 1.4
2 197 195 196 ± 1.4
3 254 243 248.5 ± 7.8

peak rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD
1 89 90 89.5 ± 0.7 89 91 90 ± 1.4 88 88 88 ± 0 90 90 90 ± 0
2 175 179 117 ± 2.8

peak rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD rep 1 rep 2 mean ± SD
1 52 54 53 ± 1.4 49 47 48 ± 1.4 56 57 56.5 ± 0.7 57 55 56 ± 1.4
2 94 82 88 ± 8.5 96 99 97.5 ± 2.1 98 95 96.5 ± 2.1
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