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ARTICLE INFO ABSTRACT

Keywords: The nucleoprotein (NP) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is abundantly
SARS'COV'Z' expressed during infection, making it a diagnostic target protein. We analyzed the structure of the NP in solution
NUCIEOPH"EG_IH using a recombinant protein produced in E. coli. A codon-optimized Profinity eXact™-tagged NP cDNA was
:;c,rgairl:):enanve cloned into pET-3d vector and transformed into E. coli T7 Express. The recombinant protein was first purified via

chromatographic step using an affinity tag-based system that was followed by tag cleavage with sodium fluoride,
resulting in proteolytic removal of the N-terminal tag sequence. The digested sample was then loaded directly
onto a size exclusion chromatography run in the presence of L-Arg-HCI, resulting in removal of host nucleic acids
and endotoxin. The molecular mass of the main NP fraction was determined by mass photometry as a dimeric
form of NP, consistent with the blue native PAGE results. Interestingly, analysis of the purified NP by our newly
developed agarose native gel electrophoresis revealed that it behaved like an acidic protein at low concentration
despite its alkaline isoelectric point (theoretical pI = 10) and displayed a unique character of concentration-
dependent charge and shape changes. This study should shed light into the behavior of NP in the viral life cycle.

High level soluble expression

1. Introduction

The nucleoprotein (NP) of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is a dimeric protein and assembles into nucle-
ocapsid that protects the viral nucleic acids [1-3] and is a potential
antigenic site of viral detection [4]. It consists of five domains, three of
which are intrinsically disordered regions (IDR) [5]. The molecular
weight, structure and assembly in solution have been studied by various
techniques, including X-ray crystallography [6,7] and NMR [8-10],
while the purity and molecular weight of the polypeptide constituting
the complex SARS-CoV-2 structure have been studied by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [11]. Different
from SDS-PAGE, native gel electrophoresis is a simple high-throughput
technology, although not quantitative, for studying the heterogeneity
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of protein structure and changes in size in solution [12]. It does not
require a sophisticated instrument and analytical software. While a
native polyacrylamide gel (Native-PAGE) based on Tris-Glycine buffer
system is commercially available, it is essentially designed to analyze
acidic proteins with isoelectric points below the pH of Tris-Glycine
running buffer of 8.3. The basic proteins with a pI above 8.3 may be
analyzed by reversing the polarity, which however does not always give
reliable data [13-15].

To overcome the shortcomings associated with the Tris-Glycine
Native-PAGE, we have developed a native gel electrophoresis using
agarose gel and histidine/MES buffer system at pH 6.1 [14-24], in which
samples are applied in the center position of the horizontal (flat) gel so
that the acidic proteins migrate toward the anode and the basic proteins
migrate toward the cathode. We then explored its applications for the
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analysis of protein complexes using various analytical techniques,
including blotting, zymography and Ferguson plot [21-24]. We have
applied the agarose native gel electrophoresis to study solution prop-
erties of highly purified NP expressed in E. coli and analyzed the elec-
trophoresis results along with the solution molecular weight of the
purified NP by mass photometry [25], as reported in this paper.

2. Materials and methods

Bovine Serum Albumin (BSA) with molecular weight (MW) of 66,500
and isoelectric point (pI) of 4.7 was given from Proliant Biologicals
(Ankeny, IA, USA).

UltraPure agarose was purchased from Thermo-Fisher Scientific
(Waltham, MA, USA). Research grade 2-(N-morpholino) ethanesulfonic
acid (MES) was purchased from Chemical DOJIN (Kumamoto, Japan).
TCEP, GelGreen fluorescence dye, and Quick CBB (Coomassie brilliant
blue) PLUS were purchased from FUJIFILM Wako Pure Chemical
(Osaka, Japan). r-Histidine (His) was purchased from Nacalai Tesque
(Kyoto, Japan).

2.1. Construction of the expression vector

The synthetic gene coding for N-terminal Profinity eXact tagged
mature NP was designed on the basis of codon preference in E. coli [26,
27]. A codon optimized Profinity eXact tag was added to the 5’ end of
the gene coding for the mature NP (Accession number MN908947)
(Fig. S1). This synthetic gene was digested with Ncol and BamHI re-
striction enzymes (TaKaRa Bio, Kusatsu, Japan) and then subcloned into
Ncol/BamHI digested pET-3d expression vector (Merck, Rahway, NJ,
USA) to produce the pET-3d-eXact-NP that encodes the eXact
tag-SARS-CoV-2 NP fusion protein (Fig. STA).

2.2. Expression and purification of recombinant SARS-CoV-2
nucleoprotein

The construct of pET-3d-eXact-NP was transformed into E. coli T7
Express lysY/Iq (NEB). Positive clones were selected on a Luria-Bertani
(LB) agar plate with antibiotics (100 pg/mL ampicillin and 34 pg/mL
chloramphenicol). For recombinant fusion protein expression, the
selected clones were grown overnight in 10 mL of 2 x YT broth con-
taining 2% glucose and antibiotics (2 x YTG) at 37 °C. The overnight
cultures were then diluted 1:50 in fresh 200 mL of 2 x YTG and grown at
37 °C until the OD 600 nm reached approximately 0.6-0.8. Recombinant
fusion protein expression was then induced by the addition of isopropyl-
p-p-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, and
the cells were incubated for 3 h at 30 °C with 125 rpm shaking. To
determine the expression level of target protein, the total amounts of cell
protein were analyzed on 10-20% SDS-polyacrylamide gel (e-PAGEL,
ATTO, Tokyo, Japan) followed by protein staining with commassie
brilliant blue (Aproscience, Tokushima, Japan).

The induced cells were harvested by centrifugation at 8,000 g for 3
min at 4 °C. The cell pellets were washed with 20 mM HEPES-NaOH pH
7.1, 0.3 M sodium acetate (binding buffer) and frozen at —80 °C until
protein purification. Prior to purification, frozen samples were sus-
pended in 20 mM HEPES-NaOH pH 7.0, 0.3 M sodium acetate, 0.5 M L-
Arg, 1 x Bugbuster (Merck), protease inhibitor cocktail (Nacalai Tesque)
and sonicated on ice for 10 min by a sonicator, UD-100 (TOMY SEIKO,
Tokyo, Japan), until it was completely fragmented. The supernatant was
recovered by centrifugation at 15,000 g for 20 min at 4 °C and used for
the purification. The expressed fusion proteins were purified by chro-
matography, the Profinity eXact affinity column (Superflow crosslinked
agarose coupled to a unique substilisin mutant, BioRad Laboratories)
according to the manufacturer’s instructions. Briefly, supernatant was
loaded to the column equilibrated with binding buffer and incubated
with rotating for 20 min at room temperature (RT). Then the column
was extensively washed with the 20 mM HEPES-NaOH pH 7.1, 0.3 M
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sodium acetate, 0.5 M L-Arg-acetate pH 7.0 and incubated with 20 mM
HEPES-NaOH pH 7.1, 0.3 M sodium acetate, 0.5 M L-Arg-acetate pH 7.0,
0.1 M sodium fluoride as elution buffer for 60 min at RT to cleave NP
from the prodomain/Profinity eXact fusion tag by immobilized S189
subtilisin BPN. The tag-free recombinant protein was released at RT and
analyzed on SDS-PAGE. NP was concentrated by ultrafiltration using
Vivaspin Turbo 4 10,000 MWCO (SARTORIUS, Goettingen, Germany).
Profinity eXact elution fraction was applied to the Vivaspin Turbo and
centrifuged at 7,500 g at RT. Then, concentrated fraction was collected.

2.3. Size exclusion chromatography

NP (2-3 mg/mL, 500 pL) was separated by Superdex 200 increase
10/300 GL column (Cytiva, Marlborough, MA, USA) using AKTA pure
25 system. The column was eluted using the buffer (50 mM Tris-HCl,
150 mM NaCl, 400 mM L-Arg-HCl, pH 7.6) at a flow rate of 0.5 mL/
min and 0.5 mL of fractions were collected. Highly purified recombinant
protein was analyzed on SDS-PAGE and stained with commassie brilliant
blue (CBB) or SilverQuest Silver Staining (Thermo Fisher Scientific).

3. Qualitative and quantitative analysis of NP product

The purified NP was further analyzed on agarose native gel elec-
trophoresis (see below) for DNA/RNA detection using CBB and GelGreen
fluorescent dye staining. The fluorescent signals were monitored using
ImageQuant LAS500 analyzer (Cytiva). The analytical assay for dsDNA
and RNA quantification was done using Qubit dsDNA or RNA HS (High
sensitivity) and on the Qubit Fluorometer according to the kit protocols
(Thermo Fisher Scientific). UV absorbance spectroscopy of the NP
samples was performed using DS-11+ Spectrophotometer (DeNovix,
Wilmington, DE).

3.1. Nuclease treatment

The purified NP was 10-diluted with TBS (50 mM Tris-HCl, pH7.6,
0.15 M NaCl) + 5 mM MgCl, and treated with 0.28 units/pL of Benzo-
nase (Merck, USA) at 25 °C for 1 h. The NP samples (250 ng/lane) before
and after nuclease treatment were analyzed by 1% agarose-native gel
electrophoresis (see below) for protein and DNA/RNA analysis.

3.2. Mass photometry

Mass photometry (MP) is based on interferometric scattering mass
spectrometry (iISCAMS), as a means for detecting single protein particles
and measuring their mass or the complexes they form in solution [25].
The MP experiments were carried out on an OneMP instrument (Refeyn,
Oxford, UK) calibrated with calibrated with BSA (67 kDa), human IgG
(150 kDa), catalase (236 kDa), and urease (552 kDa) at RT, i.e.
approximately 20 °C. Microscope coverslips (24 x 50 mm, Fisher Sci-
entific, and 24 x 24 mm, Globe Scientific) were prepared by washing the
coverslips consecutively with ethanol and water and then drying under a
stream of clean nitrogen. The high concentration protein stocks were
diluted with PBS buffer and filtered through 0.22 pm filters. Purified NP
(2.5 pg/mL = 55 nM) were incubated after dilution for approximately
10 min at RT before being loaded into flow chambers formed by stacked
coverslips: note that such a low protein concentration was necessary to
obtain scattering signals from each molecule or complex (or also termed
here particle). Data from 3 pm x 10 pm instrument field of view were
collected for 100 s at a 1 kHz frame rate. At least 5 x 10° particles (e.g.,
protein molecule or their complex) were detected in each acquisition.
Images were processed using the LabView software provided by the
instruments manufacture (Refeyn).

3.3. Agarose native gel electrophoresis

Agarose native gel electrophoresis in horizontal mode was
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Fig. 1. Expression of the purification of SARS-CoV-2 NP.
A. Flowchart of the expression and purification
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The conformation predicted for AlphaFold2 is shown, where eXact tag is shown by orange and NP by blue.

B. Soluble expression of codon optimized eXact-NP fusion protein in E. coli.

Lane 1, molecular weight marker; Lane 2, total cell protein from E. coli T7Express pLysY/pET-3d-eXact-NP before IPTG induction (0 h); Lane 3, total cell protein 3 h
after induction; Lane 4, soluble fraction after induction; Lane 5, insoluble fraction after induction. The single asterisk indicates the NP fusion protein.

C. Purificaion of NP by Profinity eXact affinity chromatography.

Lane 1, molecular weight marker; Lane 2, soluble fraction from supernatant of lysed and centrifuged cells; Lane 3, flow-through fraction of Profinity eXact chro-
matography; Lane 4, wash fraction; Lane 5, products after proteolytic cleavage: the double asterisk indicates tag free NP. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

performed using the Mupid-2 Mini-Gel System (Mupid, Tokyo, Japan) as
previously reported [14-24]. Agarose was dissolved at 1% in hot 0.1 M
His/0.1 M MES buffer at pH 6.1 and cast onto a flat bed tray with a comb
in the center position. After loading the sample, electrophoresis was run
at RT or on ice for 30-45 min under a constant voltage of 100 V: care
should be exercised for elevated gel temperature. The agarose native gel
electrophoresis with running buffer (25 mM Tris, 192 mM Glycine, pH
8.3) was performed similarly.

3.4. Blue-Native-PAGE

Blue native polyacrylamide gel electrophoresis (BN-PAGE) on a
Novex® NativePAGE Bis-Tris gels, 4-16%, 15 well gel (Thermo Fisher
Scientific) was performed according to the vendor’s manual [28]. The
cathode side was filled with 200 mL of 20X NativePAGE Dark Blue
cathode buffer diluted 20-fold with deionized water, and the anode side
was filled with a total of 200 mL of 10 mL of 20X NativePAGE running
buffer and 10 mL of 20X NativePAGE Cathode Additive after diluting
them 20-fold with deionized water. Samples were prepared by mixing
with Blue-NativePAGE Sample Buffer (4X) (Thermo Fisher Scientific)
and run for 120 min under a constant voltage of 150 V.

3.5. ELISA

A potential ELISA assay was examined to detect the purified NP using
a sandwich assay. To construct the sandwich assay, two antibodies that
bind to different regions of the NP were generated. The two rabbit
monoclonal antibodies were prepared by immunizing the rabbits with
an NP-specific peptide antigen, whose epitope information is not
available and picked for an optimal sandwich format: note that these
rabbit antibodies are commercially available from Abwiz Bio Inc. (San
Diego, CA, USA) as indicated below. Multi-well plate (MaxiSorp;
Thermo Fisher Scientific) was coated with phosphate-buffered saline

containing 1 pg/mL purified anti-NP rabbit monoclonal antibody
#84C4a (#2486, Abwiz Bio Inc.) overnight at 4 °C, which was used to
capture the NP to the plate. The plate was then washed three times with
50 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 0.05% Tween 20 (TBS-T;
TaKaRa Bio) and blocked at RT for 1 h with StabilGuard (Surmodics,
Eden Prairie, MN, USA) blocking solution diluted 4-fold with PBS. After
washing three times with TBS-T, the recombinant NP antigen were
seriously diluted with TBS-T and incubated with the antibody-coated
plate at RT for 1 h. Next, the plate was washed, and 10 ng/mL of bio-
tinylated rabbit monoclonal antibody #75G5a (#2482 Abwiz Bio Inc.)
was added and incubated at RT for 1 h to detect the captured NP. After
washing the plate, HRP-conjugated streptavidin (Thermo Fisher Scien-
tific) (1:4,000) was added and incubated at RT for 1 h.

For fluorescence detection of NP at wide range concentrations, we
used the QuantaBlu Fluorogenic Peroxidase Substrate Kit (Thermo
Fisher Scientific). The substrate solution was added to the wells and
incubated for 11.5 min at RT, followed by the addition of an equal
volume of QuantaBlu stop solution. Then, the samples were transferred
to a new well of a black plate (Black MaxiSorp; Thermo Fisher Scientific)
and scanned using a 325/420 nm excitation/emission filter set by
multimode plate reader EnSpire (PerkinElmer, Waltham, MA, USA).
This assay was performed with n = 6.

For decision of Limit of detection (LOD), color development was
performed with 3,3/,5,5'-tetramethylbenzidine chromogen substrate
(Surmodics) for 11.5 min at RT and stopped by adding the Stop Solution
(Surmodics). The optical density (OD) at 450 nm was measured by the
above multimode plate reader. This assay was performed with n = 4.

3.6. Gel image analysis
Agarose gels stained with CBB were photographed by image scanner

GT-X980 (EPSON, Suwa, Japan). The presented data are representative
of at least two experiments.
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Fig. 2. Size exclusion chromatography and SDS-PAGE of NP.

A. Size exclusion chromatogram of the affinity-purified NP on Superdex 200 increase column in TBS (pH 7.6) running buffer. Fractions were analyzed by 10-20%
SDS-PAGE and silver stain.

B. Size exclusion chromatogram of affinity-purified NP on Superdex 200 increase column in TBS (pH 7.6) running buffer containing 0.4 M L-Arg-HCI. Fractions were
analyzed by 10-20% SDS-PAGE and silver stain. Red arrow shows contaminants in the shoulder.

C. Schematic illustration of NP complexed with contaminants that can be dissociated by arginine.

D. Analysis of DNA/RNA contained in purified NP by agarose gel electrophoresis.

One % flat agarose gels in 0.1 M His/0.1 M MES, pH 6.1 were run at 100 V for 30 min for protein and DNA/RNA analysis.

Lane 1: Fraction GA2 (see Fig. 2B) of size exclusion chromatography, 5 pL load.

Lane 2: Purified NP (1 mg/mL), 5 pg load.

Left: CBB-stained gel, NP indicated by arrow.

Right: Fluorescent GelGreen dye-stained gel, DNA/RNA indicated by arrow.

E. UV spectrum of the purified NP

The purified NP solution was measured in cuvette mode with Protein A280 appli using spectrophotometer. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

3.7. In silico analysis AlphaFold2, consistent with the folded and disordered domains pre-
dicted from the sequence analysis. Fig. 1B shows expression of NP,

Prediction of the three dimensional structures of NP and tagged NP mostly in the soluble fraction after IPTG induction (see asterisk). The
was obtained by AlphaFold2 [29]. expressed NP was bound to the affinity column through eXact-tag, which

Analysis of pH titration curve by each domain and the entire NP was subsequently cleaved by subtilisin on the column. Fig. 1C shows the
molecule was used by mailway software SEDNTERP3 (http://www.jph affinity purification and proteolytic cleavage of NP. The NP eXact-tag
ilo.mailway.com/sednterp.htm) kindly provided by Dr. John Philo [30]. fusion protein expressed in the whole lysate bound to the column, as

is evident from no NP fusion protein in the flow-through (FT) fraction. A
4. Results and discussion new band slightly below the fusion was observed after cleavage and
elution (see double asterisks), expected from the loss of the eXact-tag
4.1. Expression and purification of SARS-CoV-2 nucleoprotein sequence that caused the protein to elute and become smaller by the
mass of the tag sequence.

NP was expressed in E. coli as a fusion to eXact-tag. Fig. 1A depicts a The above affinity-purified and tag-removed NP was further purified
schematic flowchart of the purification of the NP, in which NP (blue) by size exclusion chromatography (SEC) in the presence of 0.4 M argi-
was expressed as a fusion to eXact-tag (orange), purified by affinity nine hydrochloride (here termed simply arginine) (Fig. 2). It has been
chromatography and processed in STEP 1 and polished in STEP 2. The shown that arginine disrupts weak, non-specific interactions [31-33].
structures of the NP and the tag were constructed by the Al software, When TBS was used as a SEC running buffer, a major peak with a
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Table 1
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Purification of SARS-CoV-2 NP fusion proteins overexpressed in E. coli T7 Express lysY/Iq.

Purification step Total protein” (mg)

NP fusion protein (tag-free protein)*°(mg)

dsDNA® (pg/mL) Purity” (%) Yield' (%)

Cell lysate 46
Soluble fraction 26
Affnity chromatography 4
Size exclusion chromatography 1

10 (6) 41 22 -
6(4) 41 23 100
2 0.37 60 50
1) N.D. 95 25

? Results are derived from 150 mg wet cell weight from 100 mL of culture Protein concentrations determined by BCA protein assay using BSA as a standard.
b Fusion protein (54.0 kDa) and tag-free protein (45.6 kDa) as estimated by PAGE densitometry with Image Lab ver 6.0.1 (BIO-RAD).

¢ dsDNA concentrations determined by Qubit assay (Thermo Fisher Scientific).

4 The yield is the amount of target protein at that step divided by the amount of target protein in the first step (defined as 100%) and the yield of tag-free protein was

recalculated as tagged fusion protein.

shoulder was observed followed by a few small peaks (Fig. 2A). The
eluted fractions were analyzed by SDS-PAGE, showing a major peak
containing the NP. However, this main peak also contained many bands
co-eluting with the NP, suggesting that these contaminants were binding
to the NP. It is evident that the NP was eluting not only in the main peak,
but also throughout the total column volume or even exceeding it,
indicating that NP interacted with the column non-specifically. Later
fractions contained low molecular weight contaminants as expected.
These results clearly show unique properties of NP that it can interact
with other molecules or the surface of the SEC column. When 0.4 M
arginine was included in the TBS buffer, a large peak before the major
peak was observed, suggesting that arginine dissociated macromolec-
ular complexes (Fig. 2B). Comparison with the above results with a
simple TBS elution suggests that some of the contaminants that co-eluted
with the NP as large complexes in the absence of arginine were disso-
ciated by arginine. As shown in Fig. 2C by a cartoon, we speculated that
NP (orange) was in complex with contaminants such as nucleic acids
(blue), which can be disrupted by arginine, resulting in separation of
contaminants and NP, consistent with the SEC results. The eluted frac-
tions from the arginine elution were subjected to SDS-PAGE and stained
by silver. The shoulder peak contained a major band most likely arising
from LPS and nucleic acids that formed large complexes, upon dissoci-
ation from the NP, and hence eluted before the NP peak: note that

SDS-PAGE (10-20%)

Mass Photometry

nucleic acids can be detected by silver staining. The main peak con-
tained primarily the NP, whose molecular weight was consistent with
the sequence weight of 46 kDa upon SDS-PAGE. However, the molecular
weight of the NP eluting in this peak actually is twice the value, or even
larger than the dimeric size, as described later. Later eluting peaks
contained low molecular weight contaminants, as has been observed in
TBS-elution. Table 1 shows the purification summary. The expression of
NP fusion was about 10 mg (6 mg without counting the fusion weight)
from 150 mg cells, in which the soluble NP fusion accounted for 6 mg (4
mg without the fusion). After affinity chromatography, 2 mg of the
cleaved NP was recovered. Size exclusion chromatography in 0.4 M
arginine resulted in recovery of 1 mg NP. The purity of the final product
was 95% with the overall yield of 25% from the soluble fraction and
17% from the total NP expressed.

The shoulder peak of SEC done in the presence of arginine (Fig. 2B)
was further analyzed for nucleic acids on agarose native gel electro-
phoresis by GelGreen fluorescent dye staining. As shown in Fig. 2D (lane
1), CBB staining showed no NP band, but a fluorescent band due to
nucleic acids was observed. On the contrary, the SEC purified NP sample
(lane 2) showed a band upon CBB staining, but no GelGreen fluorescent
dye staining. Also, the dsDNA and RNA content of the purified NP was
below the detection limit as analyzed by the Qubit assay (Table 1). UV
absorbance spectrum of the SEC purified NP used here showed a typical
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Fig. 3. Analysis of molecular weight of NP in solution.
A. Reducing or non-reducing (10-20% SDS-PAGE).

B. Mass distributions histogram by mass photometry for 2.5 pg/mL NP in PBS. The major distribution peak represents the NP dimer.

C. Blue-Native PAGE (4-16%) of NP at 100 and 1,000 pg/mL.

Molecular weight standard of native proteins was also included. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. Analysis of NP by agarose native gel electrophoresis.

Different NP concentrations from 25 to 1,000 pg/mL were analyzed by three different electrophoresis methods.

A. 10-20% SDS-PAGE (reducing condition)

B. One% Agarose-native gel electrophoresis with 0.1 M His/MES running buffer (pH 6.1).

C. One% Agarose-native gel electrophoresis with Tris/Gly running buffer (pH 8.3).

D. Ferguson plot analysis of NP by agarose native gel electrophoresis in two different running buffers.

NP or BSA at different protein concentrations was run with 0.5-2% UltraPure agarose gel. The relative mobility of protein was calculated to the mobility of xylene
cyanol or Orange G dye front.

(Linear regression line was drawn through the plots, as shown by the reasonably high correlation coefficients.)

E. Nuclease treatment of the purified NP.

Lane 1: Purified NP was 10-fold diluted with TBS-0.4 M L-ArgHCl.

Lane2: Purified NP was 10-fold diluted with TBS-5 mM MgCl, and incubated at 25 °C for 1hr.

Lane 3: Purified NP was 10-fold diluted with TBS-5 mM MgCl, —-Benzonase and incubated at 25 °C for 1hr.

NP (250 ng/lane) before and after nuclease treatment were analyzed by 1% agarose-native gel electrophoresis for 45 min and CBB staining.

F. Model of NP structure with changes in protein concentration and pH.

G. Hypothesis of concentration dependent-conformational change of NP.

Concentration dependence of Ferguson plot and self-association and dimeric molecular weight by mass photometry at low protein concentration were taken into
account to construct the model structures proposed here. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 4. (continued).

pure protein with 280 nm peak and without 260 nm shoulder, as in
Fig. 2E. The 260/280 ratio of the purified NP was 0.63, which is close to
0.6 for common proteins. From these data, the SEC purified NP was
shown to be free of nucleic acid contamination.

A similar approach has been reported for the purification of tag-free
and highly pure recombinant NP in E. coli. For example, Vos et al. re-
ported that soluble CASPON fusion tag NP expressed by their own E. coli
enGene Xpress strain was treated with nuclease to remove nucleic acids,
purified by native hydrophobic interaction chromatography hyphenated
to multi-angle light scattering detection, and further processed to cleave
and remove the tag with caspase-2 variant [34]. Carlson et al. reported
that insoluble His-SUMO tag fusion NP was freed of contaminating
nucleic acids in the presence of urea, purified by Ni-NTA purification
and refolded, which was followed by cleavage of the tag by the re-
combinant Ulpl catalytic domain [35]. Compared to such reports, the
present method is considered to be a superior method that enables more
effective purification with a simpler manufacturing process.

4.2. Analysis of NP structure in solution

The purified NP was characterized by SDS-PAGE, Mass Photometry
(MP) and native-PAGE. SDS-PAGE under reducing and non-reducing
showed a major band with a faint band as shown in Fig. 3A. The
mobility was identical between both conditions, consistent with the
absence of both intra- and inter-chain disulfide bonds: cleavage of the
intra-chain disulfide bonds would expand the hydrodynamic size of SDS-
protein complex, leading to a slower mobility on SDS-PAGE. A mass
distribution by MP was determined at a low protein concentration of 2.5
pg/mL, which has been diluted from the solution containing 0.4 M
arginine (L-Arg) into PBS. Fig. 3B shows the mass of the NP in PBS,
indicating a major peak of 92 kDa, corresponding to a dimer and a
shoulder of 42 kDa, corresponding to a monomer. The results demon-
strate that the tertiary structure of NP in PBS is primarily a dimer at such
a low protein concentration. On the other hand, the result of Blue-Native
PAGE in Fig. 3C showed a main band both at 100 and 1,000 pg/mL,
perhaps corresponding to the dimer, provided that the molecular weight
standards used to calibrate the gel have the same charge density and
hydrodynamic shape, upon binding the blue dye, with the NP. At 1,000
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pg/mL, several low mobility bands, most likely corresponding to non-
covalent oligomerization of NP, were observed. Combining both mass
data and Blue-Native-PAGE results suggest a dimeric structure of NP at
low protein concentration (below 100 pg/mL) and a possible larger
oligomers at higher concentrations.

Such oligomer formation can be concentration-dependent and thus
adequately characterized by native gel electrophoresis as a function of
protein concentration. A stock solution of 1 mg/mL was diluted with
either TBS containing 0.4 M arginine or PBS to 250, 100 and 25 pg/mL.
Fig. 4A shows the non-reducing SDS-PAGE with descending CBB stain-
ing intensity with decreasing protein concentration and hence loading
amounts. The results were identical whether diluted with arginine-
containing TBS or PBS. The mobility was independent of the concen-
tration, as expected from monomeric structure of NP in the presence of
SDS.

A surprising and unexpected result was observed with native gel
electrophoresis.

Fig. 4B shows the results of agarose native gel electrophoresis with
His/MES pH 6.1 buffer system. NP at 1,000 pg/mL showed mobility
toward the cathode in both dilution methods (i.e., in the absence and
presence of 0.4 M arginine), indicating that it was positively charged at
the running pH of 6.1, consistent with its net charge as described below
(see titration curve). The mobility decreased at 250 pg/mL and was near
zero at 100 pg/mL. The NP at 25 pg/mL migrated toward the anode,
indicating that it was negatively charged and hence totally unexpected
from its titration curve. The mobility at 25 pg/mL appeared to be slightly
faster in the absence of arginine. The observed results, regardless of the
arginine concentration, clearly indicate that the charged states of NP
undergo reversal around 100 pg/mL. Namely, the NP became negatively
charged around this concentration range, which requires explanation.
The results at pH 8.3 were qualitatively different from the results at pH
6.1. The NP was always negatively charged at the concentrations tested,
i.e., between 100 and 1,000 pg/mL, inconsistent with the titration curve:
no band was detected at 25 pg/mL under the conditions. The mobility
increased with decreasing concentration, meaning that either the hy-
drodynamic size decreased with lowering protein concentration or the
negative charge increased at lower concentration. The results were in-
dependent of the absence or presence of arginine. The observed increase
in negative charges at pH 8.3 was at least in part consistent with the
observed reversal of the charged state (from positive to negative)
observed at pH 6.1.

Comparison of the native gel results at pH 6.1 and 8.3 gave some
insight into the charged state of the NP. The NP at 250-1,000 pug/mL
migrated toward the anode at pH 8.3, indicating that it was negatively
charged, while it migrated toward the cathode at the same concentration
range, indicating that the NP was positively charged within the above
NP concentration range. Thus, it may be concluded that the net charge at
250-1,000 pg/mL was positive at pH 6.1 and negative at pH 8.3,
meaning that the actual pI was between these two pH values. At low NP
concentrations, the NP was always negatively charged.

Can nucleic acid contamination, which was found unlikely as
described above, explain the observed charge reversal at pH 6.1 and
faster mobility at pH 8.3? It does appear so at least at low protein con-
centration. However, it cannot explain positively charged NP complex at
pH 6.1 and its slow mobility at pH 8.3 when the protein concentration
was increased. The behavior at high concentration may be explained by
nucleic acids packed with counter cations within NP complex so that the
effective charges of nucleic acids are at least partially neutralized. Thus,
we examined this possibility. The UV absorbance spectrum of the NP
preparation used indicated above negligible amount of nucleic acids.
The SEC purified NP showed no fluorescent band staining due to nucleic
acids. Mass photometry showed a molecular weight of NP as a dimer
without significant contribution of nucleic acids to the mass. SDS-PAGE
analysis in Fig. 2 showed removal of low molecular weight contami-
nants, which comprise at least in part nucleic acids, in the shoulder of
the SEC done in 0.4 M arginine. No detectable amounts of dsDNA and
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RNA were present in the NP sample (Table 1). As a final proof, nuclease
treatment was performed in the presence of arginine. As shown in
Fig. 2C, inclusion of 0.4 M arginine after SEC purification was critical to
maintain the NP solubility, but is likely to hamper nuclease activity. In
order to make the reaction work, the sample was 10-fold diluted with
TBS and treated with Benzonase nuclease, which can digest both DNA
and RNA, for 1 h, followed by agarose gel electrophoresis. Nuclease
treatment resulted in no change in charged state, i.e., the negatively
charged state, as in Fig. 4E. Namely, the NP was still negatively charged
after nuclease treatment.

5. Ferguson plot

Ferguson empirically showed that the size sieving effects of gel
electrophoresis increase with gel concentration and the relative mobility
decreases linearly with gel %, when the relative mobility is defined as a
ratio of the mobility of the sample macromolecules to a reference
standard, normally a tracking dye [36-38]. The relative mobility de-
creases to a greater degree for larger macromolecules than the smaller
ones, namely the slope of the Ferguson plot is steeper for the larger
macromolecules. This was done for the same NP preparations in a nar-
rower protein concentration range, as the band at 1,000 pg/mL was too
broad to define the band position. The mobility of NP was determined as
a function of agarose concentration at 0.5, 1, 1.5 and 2.0% as shown in
Fig. 4D. The gel electrophoresis was done with agarose in both His/MES
(pH 6.1) and Tris/Gly (pH 8.3) systems. BSA was also analyzed as a
control. The trend of electrophoretic profiles were similar for each buffer
systems between different agarose concentrations and also similar to the
results at 1% gel in Fig. 4B and C. For His/MES system, the charged state
was reversed around 50-100 pg/mL at any agarose concentration. The
mobility significantly decreased with gel %. Interestingly, the BSA
mobility also showed slight concentration dependence, being slightly
slower at higher BSA concentration, at each agarose concentration. This
may be due to increasing friction at higher BSA concentration, causing
retardation of its mobility. Nevertheless, it should be pointed out that
such increased friction at higher protein concentration was not within
the magnitude of the observed concentration dependence of the mobility
for NP. Similarly, the protein concentration dependence of the mobility
in Tris/Gly system showed the same trend at each agarose concentra-
tion. Since the band intensity was too weak to clearly define the mobility
of NP at 12.5 and 25 pg/mlL, they were omitted from the Ferguson
analysis. Higher NP concentration resulted in less mobility at any
agarose % with retarded mobility with increasing agarose concentra-
tion. In this buffer system, BSA showed little concentration dependence
at each agarose concentration, implying that increased friction at higher
BSA concentration appeared to be insignificant with this buffer system
for unknown reason. BSA mobility showed significant decrease with
increasing gel %.

Ferguson plot was made for those sample that showed significant
mobilities, i.e., 12.5, 25 and 200 pg/mL for His/MES system and 50 and
100 pg/mL for Tris/Gly system. The mobility of XC (xylene cyanol) or
Orange G dye was used as a reference standard to determine the relative
mobility. The relative mobility of NP at each concentration was plotted
against the agarose concentration, showing a linear relationship,
although a large scattering was observed at 200 pg/mL for His/MES
system due to low mobility. The slope of the pH 6.1 data showed that the
slope was steeper in the order of 12.5 = 25 > 200 pg/mL. This suggests
that the size of NP was greater at lower concentrations (12.5-25 pg/mL),
unanticipated from the concentration-dependent self-association.
Namely, the larger sizes at lower protein concentration is due to a factor
other than a simple concentration-mediated self-association, for
example, more expanded structure at lower concentration. For a control,
the relative mobility of BSA was also included, showing much weaker
dependence on gel %, nearly independent of the BSA concentration. The
concentration-independent molecular size of BSA is expected from its
high solubility and stable monomeric structure. The slope of BSA was
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Fig. 5. Structural analysis of NP sequence.
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A. Domain architecture of NP, which is composed of many different domains, including basic and acidic clusters and three intrinsically disordered region (IDR) and

structured domains.
B. pH titration for each domain of NP.

C. Position of acid cluster (yellow colour) in IDR1, 2, and 3 on 3D structure of NP monomer predicted by AlphaFold2.
D. Position of acid cluster in IDR1, 2, and 3 on 3D structure of NP dimer predicted by AlphaFold2. Three IDRs of one protein in the dimer are shown in yellow colour
and those of another protein in red colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

much shallower than NP at 12.5-25 pg/mL and even at 200 pg/mL,
indicating that the size of NP is greater than BSA.

Ferguson plot of NP in Tris/Gly (pH 8.3) system is also shown in
Fig. 4D, in which the samples were diluted with the running buffer
before loading on the gel. Interestingly, the slope was almost identical
for NP at 50 and 100 pg/mL and for BSA, indicating that NP at pH 8.3
has a similar size to the BSA. This in turn suggests that NP at pH 8.3 hasa
similar molecular weight to BSA, provided that their hydrodynamic
shapes are similar.

Another important parameter of Ferguson plot is the intercept (Y-
intercept) of the plot at zero agarose concentration, which corresponds
to the mobility of NP in free solution and hence closely follows the
charged state in solution. The Y-intercept of NP at 12.5 and 25 pg/mL
was similar to that of BSA, suggesting that the NP at pH 6.1 was similarly
negatively charged to BSA in terms of charge density. The free mobility
of NP was much slower at 200 pg/mL than at lower concentrations,
suggesting that it was less charged. It should be emphasized here that the

NP at 200 pg/mL was positively charged at pH 6.1, as it migrated toward
the cathode, different from the NP at lower concentrations. Namely, the
positive charge density of NP at 200 pg/mL was less than the negative
charge density of NP at 12.5 and 25 pg/mL (Fig. 4F). With regard to the
Y-intercept at pH 8.3, the value was much smaller for NP at 50 and 100
pg/mL than for BSA, indicating that the NP at pH 8.3 was far less
negatively charged than BSA.

6. Discussion on different mobilities based on amino acid
sequence analysis

NP is a highly basic protein with the isoelectric point of ~10 as
shown in Fig. 5A and B by theoretical titration curve based on its amino
acid sequence or composition. It was thus expected that NP would
migrate toward the cathode both at pH 6.1 and 8.3. The observed
mobility of NP on the pH 6.1 agarose native gel was consistent only
above ~200 pg/mL. The results on the pH 8.3 agarose native gel
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Fig. 6. ELISA using purified NP antigen
A. Standard curve of the ELISA using recombinant NP

Stock NP solution of 1 mg/mL was diluted serially in
Tris-buffered saline supplemented with Tween 20
(TBS-T) (blank) at the concentrations shown in the
figure and applied to an in-house sandwich ELISA.
Anti-NP rabbit monoclonal antibody #84C4a was
used as a capture antibody, and biotinylated #75G5a
was used as a detection antibody. Fluorescence In-
tensity was measured by detecting fluorogenic sub-
strates reacted with streptavidin-HRP. The average
emission at each point is indicated on the Y-axis,
whereas the X-axis indicated the concentration of NP.
The sigmoidal curve was fitted line to the stoichio-
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metric binding model. The error bar indicates stan-
dard deviation (SD).

B. The limit of detection of ELISA.

NP was diluted serially with TBS-T. The diluted sam-
ples (10, 20, 30, 40, 50, and 60 pg/mL) and TBS-T
(blank) were measured five times using in house
sandwich ELISA. The average of the absorbance

values for each measurement were plotted; error bars represent 2.6 SD. The dotted line represents the average absorbance value of the blank plus 2.6 SD (0.179). The
LOD was 10 pg/mL shown by red arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

electrophoresis was totally inconsistent at any NP concentration exam-
ined, as it all migrated toward the anode. Combining the electrophoretic
profiles at pH 6.1 and 8.3 suggests that the NP has a pI between 6.1 and
8.3 above ~200 pg/mL and below 6.1 at lower concentrations. A
question is how the charged state of this highly basic protein was made
neutral and then acidic by simply varying the protein concentration. We
suggested that the structure of NP may be concentration dependent,
although at this stage there is no experimental support for this conclu-
sion. Assuming a conformational change, it may be related to the unique
amino acid sequence of NP, which is composed of many different do-
mains, including basic and acidic clusters and intrinsically disordered
and structured domains (Figs. 1 and 5C and D). It seems impossible to
speculate that only structure changes can drastically alter the charged
state from positively charged to negatively charge by simply decreasing
the protein concentration. We believe that binding of negative ions,
most likely stemming from the running buffer, i.e., MES (His/MES
buffer) or glycine (Tris/Gly buffer), occurs to basic NP dependent on the
NP concentration and alters the structure and charged state of NP, in
particular at pH 6.1. Thus, we propose a scheme shown in Fig. 4F, which
combined both changes in the charged state and hydrodynamic size
based on the Ferguson plot. Namely, it shows possible ion binding and
structure expansion as a function of protein concentration.

It should be noted here that mass photometry indicated mostly
dimeric structure at 2.5 pg/mL, 10-fold lower than 25 pg/mL for the
lowest concentration of native gel analysis. Although the buffer (PBS)
used for mass photometry was different from the native gel analysis
(His/MES and Tris/Gly), it may be safe to state that the observed bands
at 25 pg/mL could be a dimeric form. The results of Blue-Native-PAGE,
along with known concentration-dependent self-association of NP,
suggest formation of larger oligomers at higher concentration. This
scenario is schematically depicted in Fig. 4G. We assumed that the shape
of the subunit was more spherical for larger oligomers and expanded for
the smaller oligomers to take the Ferguson analysis into consideration in
Fig. 4F. It should be noted, however, that NP may undergo different
post-translational modifications in infected host cells from those in
E. coli and thus may have different physical properties from those shown
here. Nevertheless, the observed results should give an insight into the
physical behavior of NP in solution.
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7. ELISA

Finally, biological activity of NP was evaluated by sandwich ELISA.
The assay was performed using purified NP antigen and specific rabbit
monoclonal antibodies. The specific rabbit antibodies were generated by
immunization of the rabbits with SARS-CoV-2 NP specific peptide an-
tigens. Unfortunately, their epitope information is confidential. Fig. 6A
shows the dose response curve of ELISA signal at the NP concentration in
the 50 pg/mL to 50 ng/mL range. This assay enabled us to distinguish
the signal difference caused by a 200-fold increase in NP concentration
from 50 pg/mL to 10 ng/mL. The sensitivity of assay was further eval-
uated in low pg/mL range as shown in Fig. 6B, in which the error bars of
the ELISA signals were provided. Limit of detection (LOD) was defined
as the minimum amount of antigen that gave a significant signal as
compared to the signal from the mean blank plus 2.6-fold standard de-
viations, indicating that it detected 10 pg/ml of NP. Therefore, it was
shown that the highly purified NP prepared here can be used as a
standard antigen for ELISA and can also be applied to the evaluation of
antibodies.

8. Conclusion

Our newly developed agarose native gel electrophoresis method
revealed that SARS-CoV-2 NP have unique properties, shown by
concentration-dependent changes in charge and shape. The theoretical
isoelectric point of NP indicates that it is a basic protein, but at high
concentrations it behaves like an acidic protein. Experiments using pu-
rified NP that does not contain tag sequence, host cell proteins, host
DNA, and endotoxin should enable us to understand not only the char-
acteristics of NP in solution but also its possible role in the viral life
cycle.
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