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Oligomers of the SARS-CoV-2 nucleocapsid (N) protein are characterized by pronounced instability resulting in
fast degradation. This property likely relates to two contrasting behaviors of the N protein: genome stabilization
through a compact nucleocapsid during cell evasion and genome release by nucleocapsid disassembling during
infection. In vivo, the N protein forms rounded complexes of high molecular mass from its interaction with the
viral genome. To study the N protein and understand its instability, we analyzed degradation profiles under
different conditions by size-exclusion chromatography and characterized samples by mass spectrometry and

Furin cryo-electron microscopy. We identified self-cleavage properties of the N protein based on specific Proprotein
convertases activities, with CI" playing a key role in modulating stability and degradation. These findings allowed
isolation of a stable oligomeric complex of N, for which we report the 3D structure at ~6.8 A resolution. Findings
are discussed considering available knowledge about the coronaviruses’ infection cycle.

1. Introduction

Nucleocapsid proteins are essential components of the viral particle,
as they are deputed to genome protection and virion structural stabili-
zation (Muriaux and Darlix, 2010; McBride et al., 2014). In the Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the nucleo-
capsid (N) protein typically occurs in globular units of high molecular
weight suggesting that it assembles with a high oligomerization index in
vivo (Klein et al., 2020; Yao et al., 2020; Turonova et al., 2020). These
oligomers might represent a genome-packing building block expected to
behave as a self-assembling structural unit, a typical feature of nucleo-
capsid proteins (Ye et al., 2020). This self-assembling process is thought
to be promoted by the protein-genome interactions exploiting the high
affinity of nucleocapsid proteins for nucleic acids (Chen et al., 2007; Ye
et al., 2020).

Structurally, the N protein has two main domains: the N-terminal

domain (NTD), which binds RNA and recognizes specific sequences or
structures within the viral genome, and the C-terminal domain (CTD),
primarily responsible for dimerization (Morse et al., 2023). The NTD has
a globular structure with a positively charged surface that facilitates
interaction with the negatively charged RNA, while the CTD is highly
flexible, allowing N proteins to form dimers and subsequently higher-
order oligomers essential for genome packaging. Moreover, the N pro-
tein has large intrinsically disordered regions (IDRs) flanking the NTD
and CTD (Cubuk et al., 2021). These flexible regions allow for dynamic
interactions with other viral or host proteins, providing adaptability and
resilience in different cellular environments (Wu et al., 2023).

This combination of well-ordered domains (NTD and CTD) and
disordered regions (IDRs) gives the N protein a high degree of flexibility,
which is functionally advantageous for RNA interaction and host factor
binding. However, this flexibility presents challenges for obtaining high-
resolution structural data for the full-length protein and its functional
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oligomers, as the disordered regions tend to form variable structures in
solution, complicating crystallization and 2D/3D classification in crys-
tallography or cryo-Electron Microscopy (cryo-EM) studies,
respectively.

While engaged with the genome by forming the nucleocapsid, the N
protein further contributes to the virion stabilization by specific pro-
tein—protein interactions with the capsid and the matrix (He et al.,
2004). This enhances the nucleocapsid cohesion and has a further role in
the static stabilization of the whole virion (Muriaux and Darlix, 2010;
McBride et al., 2014). During infection, after the receptor-mediated
adhesion to the cell surface of the host, the virion is embedded into a
membrane vesicle gaining entrance into the cell (Wang et al., 2004;
Shang et al., 2020). This process of fusion is followed by the disaggre-
gation of the vesicle and the release of the virion into the cytosol (Wang
et al., 2004; Shang et al., 2020). The intracellular release is a critical
step, during which the vesicle dismantlement takes place and the whole
capsid falls apart into its components. While our understanding of this
process is sufficiently elucidated with respect to the capsid, especially
considering the common fate with the membrane’s vesicle, the disag-
gregation of the nucleocapsid remains a puzzling process, particularly
when considering its tight packing. The compactness of the nucleocapsid
structure suggests the presence of specific chemical-physical signals that
might trigger the disassembling to allow the subsequent steps of
replication.

As common in SARS-CoV (Wang et al., 2004; Huang et al., 2009),
also the N protein from SARS-CoV-2 is not only characterized by pro-
nounced instability leading to consequent protein degradation but also
exhibits an intrinsic tendency to aggregate, often forming higher-order
oligomers (Perdikari et al., 2020). These properties have significantly
limited structural studies of this protein in its full-length form (Kang
et al., 2020; Zinzula et al., 2021; Jia et al., 2022) and precluded further
investigations into its possible oligomeric states.

To understand the bases for the N protein instability, we character-
ized the degradation profiles under different conditions, identifying a
specific correlation of this instability with the presence of Chloride (Cl).
Further studies based on mass spectrometry confirmed the protein
identity and excluded the presence of potential contaminants that might
have been responsible for its degradation. The results shown here sug-
gest the N protein having Cl™-related self-cleavage properties based on
specific Proprotein convertases activities. Proprotein convertases are a
group of enzymes identified for cleaving precursor proteins at specific
sites activating or modifying protein function (Seidah and Prat, 2012).
Specifically, in chemical-physical conditions in which CI is absent, the
degradation activity is drastically reduced, and the N protein occurs in a
dominant state with a high oligomerization index.

In vivo, the N protein forms rounded complexes resulting from its
interaction with the viral genome (Klein et al., 2020; Yao et al., 2020). In
this work, micrographs revealed the oligomeric state of the assembly
occurring in absence of CI, resembling the in vivo structure, with a
characteristic rounded shape and an approximate diameter of ~160 A.
We have structurally characterized this complex by cryo-electron mi-
croscopy single-particle analysis (cryo-EM SPA) to obtain its
intermediate-resolution 3D structure, which is further supported by
cryo-electron tomography (cryo-ET) on intact virions. With respect to
cryo-ET, our findings align with previous cryo-ET studies (Klein et al.,
2020; Yao et al., 2020). Results show new insights on the properties of
the N protein and have implications with respect to the viral infection
cycle, also providing essential hints for biomedical applications.

2. Materials and methods
2.1. Heterologous expression and cell culturing
Escherichia coli (BL21) competent cells were transformed with a

pET21a plasmid containing the gene for a full-length Nucleocapsid
protein with 6x Hi-tagged in the C-terminal (GMV-V-2019nCoV-029,
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Genemedi). Pre-cultures were grown in 50 mL Luria Bertani (LB) media
at 25 °C for 12 h, and then transferred to 1.5 L flask until reaching the
optical density (ODgoo nm) of 0.6. Protein expression was then induced
by the addition of 1 mM Isopropyl-p-D-thiogalactopyranoside (IPTG)
and the transformed cells were grown in LB media at 37 °C for 24 h
under shaking.

2.2. Nucleocapsid protein isolation

Bacterial cells were harvested by centrifugation (5000x g, 10 min at
4 °C), resuspended in a 50 mM Phosphate Buffer pH 7.5 (Buffer A — BA)
added with 100 U DNase I (DNase I recombinant, RNase-free Roche),
and disrupted using a French Pressure Cell (3x 1100 psi). Intact cells
were removed by low-speed centrifugation (5000x g, 10 min at 4 °C) and
the final cytosolic and membrane fractions were separated by a high-
speed centrifugation step (48000x g, 10 min at 4 °C). Considering that
the larger amount of protein was found associated to the membrane
fraction, most likely due to its natural interaction with biological
membranes required during viral replication and assembly, we per-
formed the N protein isolation from the membrane fraction. The pellet
obtained was then resuspended in BA and subject to mild solubilization
at room temperature for 60 min under slow stirring with 10 % (w/v) n-
dodecyl-f-D-maltoside (B-DDM) at a final detergent concentration of
~1.4 % and a protein concentration of ~20 mg/ml. The sample was then
centrifuged (48000x g, 10 min at 4 °C) and the fraction in solution was
injected into a NiNTA column (5 mL HisTrap HP, GE, Healthcare),
washed for 25 column volumes at 1 mL/min with 50 mM Tris-Acetate
buffer pH 7.5 (Buffer B — BB) and eluted at the same flow with 50
mM Tris-Acetate buffer pH 7.5, 300 mM Imidazole (Buffer C — BC). The
eluted protein fraction was concentrated in protein concentrators of 100
kDa cutoff (Vivaspin 20, Sartorius) then subjected to a step of Size
Exclusion Chromatography (SEC) with a Superose 6 column (10/300
GL, GE, Healthcare) in BB at a flow rate of 0.5 mL/min. This step allowed
to remove the imidazole and the presence of any contaminant. The
resulting SEC pool, corresponding to the N oligomer, was concentrated
(as described above) to either 0.2 mg/mL or 0.8 mg/mL protein to
perform the experiments on diluted or concentrated N protein, respec-
tively, and used for further SEC characterization experiments or stored
at —80 °C after flash freezing in liquid nitrogen. In these studies, all
chromatography columns were subjected to the ReGenFix procedure
(https://www.regenfix.eu/) for regeneration and calibration before
every run.

2.3. Denaturing polyacrylamide gel electrophoresis (PAGE)

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) with a 10 % (w/v) separating and a 4 % (w/v) stacking gel was
used (Farci et al., 2022). Isolated cell fraction, NiNTA pool, and SEC pool
were denatured with RotiLoad (Roth), boiled for 5 min, and centrifuged
for 5’ at room temperature before loading. After the electrophoretic
separation, the gels were stained with Coomassie Brilliant Blue G-250 to
allow visualization.

2.4. Mass spectrometry

The gel bands for the SEC pool were excised from SDS-PAGEs and
digested with trypsin prior to further processing according to (Farci
et al., 2022). LC-MS/MS using an Ultimate 3000 nano UHPLC system
(Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos
(Thermo Fisher Scientific) mass spectrometer was used to analyse the
extracted peptides. Data analysis was performed with MaxQuant soft-
ware (version 1.5.3.28). The obtained data were searched using the
Andromeda search engine (Cox et al., 2011) against FASTA databases for
Uniprot entries for E. coli, SARS-CoV-2, and common contaminants. A
false discovery rate of 1 % was used at both peptide and protein level. To
determine the most abundant peptides, intensity-based absolute
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quantification (iBAQ) values were used.
2.5. Bioinformatic analyses

The N sequence was screened for post-translational modifications
using the tools available on the DTU Health Tech web platform, spe-
cifically the NetNGlyc 1.0 (Gupta and Brunak, 2002) (https://services.
healthtech.dtu.dk/services/NetNGlyc-1.0/) and the ProP 1.0 (Duckert
et al., 2004) (https://services.healthtech.dtu.dk/services/ProP-1.0/).

2.6. Sample preparation for cryo-electron microscopy

Grids preparation and data acquisition have been done at Umeé Core
Facility for Electron Microscopy (UCEM) and Swedish National Cryo-EM
facility, Ume&, Sweden.

Considering the protein’s pronounced instability and intrinsic ten-
dency to aggregate, during grid preparation we tested several conditions
(e.g., grid’s type, protein concentration) to reduce these tendencies.
Quantifoil 2/2 + 2 nm C holey carbon grids were glow-discharged prior
to use. Purified N protein samples were blotted and vitrified using a
Vitrobot plunge-freezing machine (Mark IV, Thermo Fisher Scientific) at
4 °C and 100 % humidity (blot force 0, blotting time 5 s, wait time 1 s,
drain time O s), and placed in autogrid prior to image acquisition.

Datasets were acquired with a Titan-Krios TEM (Thermo Fisher Sci-
entific) at an operating voltage of 300 kV and equipped with a Cs-
corrector (cs 2.7 mm), a Quantum GIF energy filter (slit width set to
20 eV), and a post-GIF K2 camera (Gatan) in counting mode. Images
were automatically recorded by the EPU software v2.8.0 at a nominal
magnification of 165000x, yielding a final image pixel size of 0.82 A.
Image defocus was set in EPU to vary between —1.5 pm and —3.0 pm,
the total electron dose used to acquire a single image was ~59.5 elec-
trons/A2 (dose per fraction was ~1.5 electrons/i\2).

2.7. Single-particle data processing

The cryoSPARC software v.3.2.2 (Punjani et al., 2017) was used
during the whole data processing workflow as described below. First,
8636 movies (.tif files; 0.82 A, 300 kV, 2.7 mm and total exposure dose
59.5 e/A%) were imported, patch motion corrected, and the contrast
transfer function (CTF) was estimated for each micrograph. Micrographs
with extensive motion, large ice thickness, and poor CTF fit were
excluded remaining 8459 micrographs. Particles were picked using an
automatic blob picker (circular blobs with 120-180 A diameter; mini-
mum distance separation of 0.5 diameters). Inspect particle picks job to
perform to exclude over-picked particles such as ice contaminants or low
signal-to-noise-ration (SNR) picks. The 2847315 picked particles were
extracted using a box size of 512 pixels, binned 4x (to 128 pix Fourier
crop size). One round of 2D classification with 30 classes (0.6 window
inner radius and 0.7 window outer radius) was used to exclude obvious
junk particles, cutting down to 1637450 particles used on further pro-
cessing steps. Next, 12 rounds of 2D classification were performed
separating particles into 200 different classes with a window inner size
of 0.6 radius and 0.7 window outer radius. Next, 399714 particles were
re-extracted at full box size (512px). 3D classification was performed
generating 200 different volumes out of 278626 particles. All 200 vol-
umes were superimposed for comparison. 52 out of the 200 3D classes
(= 95686 particles) contained the same structural features at low reso-
lution and were therefore segregated into a single group for further
steps. Ab-initio 3D reconstruction job was performed to obtain an initial
common 3D volume to all 95686 particles. The ab-initio volume shared
similar features to the 3D classes previously analyzed. Non-uniform
refinement on the same particle stack yielded a first 3D volume at
~6.8 A resolution (EMD-17430). The resolution has been estimated
according to the 0.143 Gold-standard Fourier shell correlation (FSC)
criteria. Further data processing was performed by local refinement
dividing into four main subregions of the obtained 3D volume. No
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symmetry was imposed. Unfortunately, the final 3D model did not show
any significant improvement (EMD-16868), confirming the many
conformational states and high dynamic of the protein, therefore this
map was not used for further analyses and not mentioned in any part of
the results. Isosurface visualization was accomplished using the Chimera
software (Pettersen et al., 2004). A scheme for the cryo-EM analysis has
been provided in Sup. Fig. la.

2.8. Cryo-electron tomography data processing

Raw tilt series of SARS-CoV-2 virions were obtained from the
EMPIAR database (5; https://doi.org/10.6019/EMPIAR-10453) and
processed by the etomo software (imod and PEET) (Cope et al., 2011).
Gold particles were used as fiducial markers and only tomograms with
minimal alignment errors (between 0.1 and 0.2 nm) were selected for
the final reconstruction, which was calculated using weighted back-
projection algorithms (Cope et al., 2011).

For subtomogram averaging on 3D reconstructions, sub-tomograms
with a size of 256° voxels were manually selected and extracted from
regions corresponding to the N protein inside the virion particle. Sub-
tomogram alignment and averaging with missing-wedge compensation
was performed with the PEET software without imposing any symmetry.
Absolute values of cross-correlation were used for alignment potentially
helping to prevent noise by reinforcing to match features in the refer-
ence. Isosurface visualization was accomplished using the Chimera
software (Pettersen et al., 2004). A scheme for the cryo-EM analysis has
been provided in Sup. Fig. 1b.

3. Results

3.1. In absence of CI the stability of N increases leading to a dominant
oligomer

The full-length N protein of SARS-CoV viruses is intrinsically un-
stable (Wang et al., 2004; Huang et al., 2009; Zinzula et al., 2021), a
property that makes it undergoing degradation and to aggregate into
higher-order oligomers (Perdikari et al., 2020) in relatively short time.
This fact has severely limited the in vitro studies only to its truncated
forms (Kang et al., 2020; Zinzula et al., 2021; Jia et al., 2022) so that, so
far, a structure of the full-length N is still missing. These properties also
precluded almost completely the characterization of the possible N
oligomeric states. We performed the isolation of the full-length N protein
under the conditions reported in literature (Kang et al., 2020; Zinzula
et al., 2021; Jia et al., 2022). Accordingly, most of those conditions led
to heterogeneous samples with extended degradations occurring within
a few hours after protein elution. To these features, persistent oligo-
merization/aggregation properties, even under denaturing conditions,
were also observed (Fig. 1a).

Aiming at overcoming these problems, we developed a procedure for
stabilizing the N protein possibly preserving its supramolecular orga-
nization. A batch purification screening let to assess the effect of inde-
pendent multiple conditions on the protein, identifying a critical role
played by CI” (Sup. Table 1) and allowing the selection of Cl'-free buffer
conditions based either on Phosphate Buffer or Tris-Acetate (Sup.
Fig. 2). On the selected conditions, the protein concentration promoted
degradation in Phosphate Buffer, while in Tris-Acetate this property was
significantly limited hence it was chosen for further steps of character-
ization (Sup. Fig. 2). Samples resulting from Tris-Acetate isolation, when
characterized by denaturing electrophoresis, resolved in a reduced
amount of oligomers and a main monomeric band instead of the two
observed for the conditions above (Fig. 1b vs Fig. 1a). In Tris-Acetate,
the N protein appeared significantly more stable, and its degradation
was less pronounced showing a chromatographic profile with a domi-
nant form carrying a high oligomerization index likely influenced by the
length of the possible bound nucleic acid (the elution peak, centered at
~8.8 mL, is equivalent to an apparent mass of ~800 kDa). Interestingly,


https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/
https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/
https://services.healthtech.dtu.dk/services/ProP-1.0/
https://doi.org/10.6019/EMPIAR-10453)

D. Farci et al. Journal of Structural Biology 217 (2025) 108162

Fig. 1. Stability profiles of the N protein under different isolation conditions: In the image a) under the main conditions reported in literature, and, in
particular, in the presence of Cl’, the protein pool is composed by monomers (m), several degradation bands (c), and higher oligomers (0). In the lanes A, B, and C are
1x, 2x, and 3x loaded samples, respectively. The image b) shows the optimized isolation of N pool in CI-free Tris-Acetate buffer at the first (Ni-NTA - lane A) and the
second (SEC - lane B) chromatography step. In lanes C and D is indicated the exhaustive degradation of the N protein after 3 days of incubation at 4 °C (10x and 1x
loaded samples, respectively). The lanes M are the molecular marker. With m is indicated the monomer (full length) of N; with c;, c3, c¢3 and c4 are indicated the
degradation fragments in decreasing size order; with o; and o, are indicated the oligomerization bands likely resulting from a strong interaction of the full length (m)
or the heavier degradation band (c;), respectively.

this condition also showed a significant void volume peak indicating reached partial (diluted protein in Tris-Acetate) or exhaustive proteol-

possible high molecular assemblies occurring between oligomeric par- ysis (concentrated protein in Tris-Acetate) after 72 h at 4 °C (Fig. 2b and
ticles. This isolation procedure led to a minimal presence of monomers c). The exhaustive proteolysis was further evidenced by denaturing
and degradations (Fig. 2a). electrophoresis (Fig. 1b, lanes C and D). Moreover, the same degradation
However, even in the absence of CI, the isolated protein pools profiles occurred regardless of the presence of protease inhibitors
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Fig. 2. The N protein is destabilized by time and concentration: The image shows the SEC profiles of the N pool after a first Ni-NTA step in Tris-Acetate and CI"-
free conditions. In a) the main part of the protein pool separates in a peak centered at ~8.8 mL (apparent mass ~800 kDa) preceded by a significant void volume
component indicating possible assemblies/aggregates of particles. The inset shows a gel of the injected pool (A), the resulting SEC pool (B, elution peak centered at
~8.8 mL) that was also subjected to cryo-EM analysis, and the molecular marker (M). In b) the protein pool as obtained in (a) has been reinjected immediately (black-
continuous line) or after 72 h at 4 °C (dashed-blue line). The latter profile shows an increased degradation and less interactions between oligomers. In c) the protein
pool as obtained in (a) has been analysed under the same timing conditions as in (b) but concentrated about 10 times (see material and methods for details). The
profile shows a much more pronounced degradation with respect to (b) that is visible at t, (black-continuous line) and goes to exhaustion after 72 h at 4 °C (ts,
dashed-blue line). Degradation as in (b) and (c) occurred also in the presence of protease inhibitors cocktails (Roche, data not shown). In d) the protein pool has been
analysed in the same conditions as in (c) but in presence of EDTA (to black-continuous line; t3 dashed-blue line) showing a minimal effect as a chelator. All profiles
and isolations performed for these experiments are Cl free in Tris-Acetate buffer.
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cocktails (Roche) in either diluted of concentrated samples (data not
shown). Finally, EDTA had no influence on the oligomeric profiles,
allowing to exclude the need of metal ions for the assembly formation
(Fig. 2d).

3.2. The N protein shows a self-cleavage degradation profile

Based on the above observations, the N protein undergoes several
steps of proteolysis. The full-length form (~45 kDa) is first cleaved to a
main ~36 kDa fragment which is further split into three fragments of
~24, ~17, ~15 kDa (Fig. 1b bands c;, ¢y, c3, and c4, respectively).
Moreover, the ~45 kDa full-length form and the ~36 kDa fragment are
both subjected to a stable dimerization that partially persists to dena-
turing conditions and is likely more significant in native conditions, as
shown by two less representative bands at apparent masses of ~90 and
~70 kDa (Fig. 1b bands o0; and o0,, respectively). Degradation profiles
were characterized by Mass Spectrometry (MS) to confirm the identity of
the protein and of its fragments, as well as the possible presence of
proteases. This analysis assigned to the N protein all the bands resolved
by SDS-PAGE, with no potential contaminants responsible for the
observed degradation (Table 1). Therefore, these results suggested
possible self-cleavage properties associated with the N protein that,
according to the data shown in the previous paragraph, are further
enhanced by CI'. We next investigated the characteristic parts of the N
sequence that were not covered by the MS analysis (see scheme in
Table 1 and Sup. Table 2). This approach led to the identification of two
regions, one at the C-terminal and the other at the N-terminal side,
characterized by boxes with multiple Lysine (K) or/and Arginine (R)
residues, and a third central region localized between the first two and
rich in Serines (S) (see scheme in Table 1). Considering that the

Table 1
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molecular weights of the fragments resulting from a possible cleavage in
the two K/R-rich boxes are compatible with those of the experimental
fragments observed by the SDS-PAGE (Fig. 1b), we investigated whether
these two regions could be specific protease cleavage sites. The two sites
rich in K and R were found to be highly specific for the cleavage of
Proprotein convertases (PCs) (Seidah and Prat, 2012; Garten, 2018), a
possibility also supported by the positive influence of Cl" on the cleavage
(Seidah and Prat, 2012; Garten, 2018). The signal sequences for the two
regions are YRRATRR (with a score of 0.507 on a threshold of 0.5) and
KKPRQKR (with a score of 0.815 on a threshold of 0.5), in which the
terminal R, residues 93 and 262 respectively, correspond to the actual
cleavage sites. Furthermore, the cleavage site in position 262 was
identified as specific for Furin cleavage, a main representative and the
most characterized of the PCs family. Next, to identify the possible
meaning of the third-central S-rich region, localized between the two
cleavage sites (see scheme in Table 1), we investigated a masking effect
due to N-glycosylation, which would make this region not easily
accessible to the MS analysis. Prediction analyses for N-glycosylation
hint at the sequence NSSRNST (residues 192-198 localized at the end of
the S-rich region) as a possible site of N-glycosylation in the residues 192
and 196 (Sup. Table 2). The S-rich region sits into a more extended and
flexible one characterized by the presence of possible PCs key reactive
residues found in the non-consecutive order DXnHXmNXhS (with n, m
or h a number > 0 of residues X), a characteristic that, together with N-
glycosylation, is highly conserved in PCs (Garten, 2018). Among
different possible sites in which the reactive residues can be located,
there is one having consecutive residues D and H (residues 144 and 145).
Similarly, also the residues N and S are found to be consecutive in two
sites of the N-glycosylation region NSSRNST (residues 192-193 and
residues 196-197, respectively). These properties make the region

Scheme of the degradation pattern and MS results. The string from light to dark grey to is a schematic representation of the N protein sequence. In a darker
background are indicated the regions not covered by the MS analysis and that are common between all the analysed bands. The two putative PCs cleavage sites are
outlined by scissors. In the catalytic domain, the N-glycosylation site, the DH and NS regions crucial for the activity, and the position of the putative key residues are
also indicated. The numbers from 50 to 400 give an indicative reference of the sequence regions. The line scheme below indicates the size range of the possible
degradation products with respect to the N monomer. The associated table provides the MS details for every analysed band and shows the agreement between the
calculated masses inferred from the theoretical degradation pattern and the apparent masses measured by electrophoresis. In the table, the letters m, ¢ and o represent
the monomer, the specific cleaved form and the specific bands of oligomerization, respectively, as also done in Fig. 1.

PCs Catalytic domain

o o [ oM NNN S S SSSSSSNSSNSSSS N Nss

PCs DXnH NXhS PCs (Furin)
cleavag’e_‘)f N-Glyc ‘x’ cleavage
N-| E o i — c
50 100 150 200 250 300 350 400
44.03-45.49 kDa
8.21-9.64 kDa 14.01-17.17 kDa 16.25-17.71 kDa
23.38-27.54 kDa
33.24-35.12 kDa
D Description Acronym  Organism Gel Apparent Mass Calculated Coverage Unique
Band (kDa) Mass averaged (%) peptides
(kDa)
PODTC9  Nucleocapsid N Severe acute respiratory syndrome m 44,5 44,8 92 78
protein coronavirus 2
PODTC9  Nucleocapsid N Severe acute respiratory syndrome c 35 34,2 77 42
protein coronavirus 2
PODTC9  Nucleocapsid N Severe acute respiratory syndrome [ 24 25,5 81 55
protein coronavirus 2
PODTC9  Nucleocapsid N Severe acute respiratory syndrome c3 17 17 74 44
protein coronavirus 2
PODTC9  Nucleocapsid N Severe acute respiratory syndrome Cy4 15 15,6 74 51
protein coronavirus 2
PODTC9  Nucleocapsid N Severe acute respiratory syndrome 01 90 - - -
protein coronavirus 2
PODTC9  Nucleocapsid N Severe acute respiratory syndrome 0y 70 — 67 78
protein coronavirus 2
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between the two K/R-rich boxes a potential PCs catalytic domain sup-
porting the hypotheses about the self-cleavage activity of N (see scheme
in Table 1).

3.3. N oligomers occur as a non-symmetric round particle

The oligomeric pool separated by size-exclusion chromatography
(main peak centered at ~8.8 mL in Fig. 2a) occurred as relatively ho-
mogenous fields of pseudo-spheric particles when analysed by cryo-EM
(Fig. 3), which is notable given the known protein’s pronounced insta-
bility, leading to degradation and an inherent tendency to aggregate into
higher-order oligomers (Perdikari et al., 2020). In vivo, the N protein was
observed to form rounded complexes resulting from its interaction with
the viral genome (Klein et al., 2020; Yao et al., 2020; Turonova et al.,
2020). Here, we investigated the N oligomeric structure by cryo-EM
single-particle analysis. The data set, initially composed of ~3 million
particles from a total of ~8500 movies, yielded ~96000 particles that
allowed solving the N oligomer structure at ~6.8 A resolution (Fig. 4).
The N oligomer appears with a pseudo-spherical shape and a diameter of
~160 A. The surface is rough and strongly anisotropic with regions
differing in their degree of irregularity and porosity (Fig. 4). Several
well-defined holes can be observed (Fig. 4, green highlights), in agree-
ment with what already observed in situ at lower resolution (Klein et al.,
2020; Yao et al., 2020), and among them two are found to be contiguous
(Fig. 4) eventually opening the way into two internal cavities. Another
characteristic feature is also represented by a pseudo-tubular protrusion
representing a possible nucleic acid strand emerging from the particle
(Fig. 4, red highlight). More of these formations emerge when observing
the structure at lower sigma. Considering the knowledge from previous
cryo-ET studies and our single-particle map, we attempted subtomo-
gram averaging of N oligomers in intact virions. The final subtomogram
averaging map, even if its lower resolution does not allow clear corre-
spondence with the single-particle analysis, shows features such as a
rough surface, holes, cavities as well as dimensions that are coherent
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with the ones observed by single-particle analysis (Sup. Fig. 3).
4. Discussion

In SARS-CoV-2 the Nucleocapsid protein is shown to be the most
abundant during the viral infection cycle. Being the most crucial struc-
tural component providing cohesion, stability, and protection to the
viral genome (Cong et al., 2020), the N protein is a characteristic antigen
with extensively conserved regions (Caruso et al., 2022). Therefore,
together with the Spike protein and the Envelope protein (Noori and
Sardar, 2022; Cubisino et al., 2024), it has been a main target for clinical
detection and pharmacological studies (Bai et al., 2021).

However, the N protein is also known for its physiological role in the
viral infection cycle being essential as RNA-binding protein during
nucleocapsid assembly and as a regulation factor for RNA metabolism
(replication and transcription) (Cong et al., 2020). Because of these
multiple functions and, in particular, of its involvement in the genome
super-packing, the N protein of Coronaviruses is shown to be highly
dynamic (Cubuk et al., 2021; Bai et al., 2021; Caruso et al., 2022) and
prone to degradation (Wang et al., 2004; Huang et al., 2009). These
properties limited the studies of full-length N proteins including their
structural characterization. Consequently, high-resolution structural
studies were performed only on its N-terminal or C-terminal truncate
versions (Kang et al., 2020; Zinzula et al., 2021; Jia et al., 2022). Here,
by analysing by MS the degradation pattern and the sequence coverage
of each natural fragment, we identified two regions of the N protein that
are putatively important elements of the instability and one region
resembling a PCs active site. The first two regions, both rich in K and R
residues, are ideal recognition sites for PCs, and one of these seems to be
highly specific for Furin. The degradation pattern associated with the N
protein and the MS analysis did not indicate the presence of protease
contaminant in the sample, suggesting a possible self-cleavage activity.
This observation was further confirmed by the presence of a third re-
gion, rich in S residues, carrying specific features for the PCs active site.

50 A
| = _ |
6.0A 68A

Fig. 3. Characterization of the N oligomers by cryo-EM. In a) a micrograph from a grid with a relatively homogeneous field of N particles is shown. A few typical
particles are highlighted (yellow circles); in (b) the main representative 2D classes are shown; in ¢) and d) are shown the FSC plot and the local resolution map

respectively. Scale bars are indicated.
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Fig. 4. Structure of N oligomers at intermediate resolution. The N assembly appears as a rounded particle with a rough and heterogeneous surface as show by
different preferential views. The green highlights show the main details of the surface holes that provide access to the internal cavities and the red highlight shows a

possible nucleic acid strand emerging from the particle. The scale bar is indicated.

Not coincidentally, this region is the highly dynamic and still not
characterized; in fact, it is the one localized between the N- and the C-
terminal fragments, the only extensively studied regions so far. The
occurrence of degradation activities on viral proteins during the infec-
tion cycle is not unusual (Bessa et al., 2022; V'kovski et al., 2021), and
the role of Furin in the degradation of the SARS-CoV-2 S protein has also
been reported (Peacock et al., 2021). Furthermore, proteolytic events
involving the N protein have been observed in human-derived cell lines
(Lutomski et al., 2021), suggesting potential functional significance and
eventually highlighting the need for a deeper understanding of this
process. Accordingly, in the present study, the susceptibility of the N
protein for Cl” has been identified and described, showing the Cl to act
on the protein strongly enhancing its otherwise slow degradation
(Fig. 2). This property of Cl suggests both a triggering and a modulation
mechanism aimed at regulating the degradation rate on the base of the
Cl levels, which is a precise signal of localization and moment of the
infection cycle. In the absence of Cl signal, the N protein has been found
in a relatively stable and homogenous oligomeric “default” state. This
state is characterized by a low rate of degradation and, in agreement
with previous reports (Klein et al., 2020; Yao et al., 2020; Turonova
et al., 2020), by a characteristic rounded shape as independently shown
here by cryo-EM single-particle analysis and tomography. However,

while these particles on one side are here found to be highly reproduc-
ible giving homogeneous preparations, on the other they are charac-
terized by intrinsic dynamics that did not allow obtaining high-
resolution cryo-EM maps and the consequent structural modelling.
The observed results suggest that the N dynamics might be at the base of
precise mechanisms of stabilization/destabilization expected to be
relevant in vivo. Through these complex transitions, the N protein is able
to drive the passage between the high oligomeric state with structural
function and the dimeric/monomeric/fragmented state with biochem-
ical function, as typically occurs in different moments of the infection
cycle. The first state aims at interacting with the genomic RNA pro-
tecting it through a tight packing and limiting its accessibility; this state
contributes to building a viral particle able to contrast the environ-
mental stressors during the extracellular part of the viral infection cycle.
Contrarily, the second state aims at promoting the unpacking of the
genome and the interactions with replication and transcription factors,
while other N copies interact with different machineries of the host
which are related to several aspects of the infection (Cong et al., 2020;
Cubuk et al., 2021). In this context, the transition between the two states
must be triggered by specific signals among which the Cl seems to play a
pivotal role. According to these observations, previous reports showed
the retention of CI in the structure of the N protein C-terminal dimers
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(Jia et al., 2022), supporting this form as the one occurring after CI"
interaction on the oligomer and likely to be equivalent to one of the
forms that we observed here under exhaustive degradation (Fig. 2).

5. Conclusions

The present findings provide evidence for the complex oligomeric
transitions to which the N protein is subjected in vivo, passing from
packed viral particle to virion disassembling and vice versa. The peculiar
properties of the N protein emerged by the present work and the related
elusive structural dynamics connected to its oligomeric form suggest
how further structural insights of this complex might be solved only by
acquiring large cryo-EM single-particle analysis datasets of samples in
stabilizing buffer conditions. Most likely, only the application of deep
neuronal networks can be meaningful to further segregate the cryo-EM
data and interpreting the conformational landscape of this large com-
plex. This is a challenge that could potentially bring to important ad-
vances into different aspect of this pandemic pathogen.
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