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Abstract: Since the end of 2020, the SARS-CoV-2 strain has undergone several mutations, and new
variants continue to emerge. The immune escape ability of the mutants has enhanced, showing robust
transmissibility. The neutralizing ability of the neutralizing antibodies produced during previous
infections decreased in some mutants. This poses a severe challenge to the preventive and therapeutic
effectiveness of vaccines and antibody drugs. Nucleocapsid protein, one of the main structural
proteins of the coronavirus, plays an important role in the life cycle of the novel coronavirus and has
proven to be one of the key targets for drug development. The first key step in drug development is
to obtain pure nucleocapsid proteins. However, as nucleocapsid proteins have a nucleic acid binding
function and can automatically undergo liquid-liquid phase separation and agglomerate, the
purification of full-length nucleocapsids is extremely challenging. In this study, a set of easy-to-
operate processes for the purification of nucleocapsid protein was developed. Finally, a pure full-
length nucleocapsid protein without nucleic acid contamination was obtained. Subsequently, we also
targeted the nucleic acid binding domain of the nucleocapsid protein and screened for potential
SARS-CoV-2 inhibitors using virtual screening and biolayer interferometry (BLI) technology. Finally,
a small molecule inhibitor, Light Green SF (KD = 19.9 uM), which can bind to nucleocapsid protein,
was identified. In the future, we will continue to conduct more in-depth research and attempt to
develop drugs that possess a good inhibitory effect on the current novel coronavirus mutants.

Keywords: SARS-CoV-2; COVID-19; nucleocapsid protein; expression and purification; virtual
screening; inhibitor

1. Introduction

The COVID-19 pandemic has had a wide range of implications at the medical, social, political,
and financial levels [1-4]. Although the introduction of the genetically engineered vaccine, mRNA
vaccine, live adenovirus vector vaccine, and inactivated vaccine effectively controlled the SARS-CoV-
2 pandemic and considerably reduced the severe morbidity and mortality associated with COVID-
19, toward the end of 2020, there have been numerous mutations in the SARS-CoV-2 strains [5-8].
Owing to the enhancement of the immune escape ability of the mutants, the proportion of mutants
in the global epidemic strains has rapidly increased, demonstrating a stronger transmission
advantage [9,10]. The neutralizing ability of the neutralizing antibodies produced during previous
infections decreased in some mutants, which has raised concerns regarding the “viral immune escape
[11,12].” Therefore, it is important to closely monitor future virus mutations and other types of
transmission. There is an urgent requirement to develop universal and novel coronavirus vaccines
and drugs.

SARS-CoV-2 is the seventh coronavirus that causes infection in humans in addition to low
pathogenic members HCoV-OC43, HCoV-HKU1, HCoV-NL63, and HCoV-229E, as well as highly
pathogenic SARS-CoV and MERS-CoV [13]. The genome of SARS-CoV-2 is approximately 30,000
bases comprising two large overlapping open reading frames (ORF1la and ORF1b) and encodes four
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structural proteins, namely spike, envelope, membrane, and nucleocapsid (N) proteins, as well as
nine contactable proteins [14]. ORFla and ORF1b undergo further processing to produce 16
nonstructural proteins (Nsp1-16) [13]. Among the virus proteins, N protein is the core component of
the virus [15]. It is a heterostructure, 419 amino acid long, multidomain RNA binding protein. Similar
to other novel coronavirus, SARS-CoV-2 N protein has two conserved, independently folded
domains, called N-terminal domain (NTD) and C-terminal domain (CTD) that are connected by an
inherently disordered region (IDR) called the central linking region (LKR) [16]. LKR includes a
Ser/Arg (SR)-rich region that contains putative phosphorylation sites. In addition, there are usually
two IDRs on both sides of the NTD and CTD of the coronavirus known as the N-arm and C-tail,
respectively [16,17]. NTD, CTID, and IDR are responsible for RNA binding, RNA binding and
dimerization, and regulating RNA binding activity and oligomerization of NTD and CTD,
respectively [15,18].

Among the novel coronavirus proteins, N protein is also the most abundant protein in the virion
and is the decisive factor of virulence and pathogenesis [19]. It binds to the viral genomic RNA and
packages the RNA into a ribonucleoprotein complex [14,15,19]. In addition to assembly, N proteins
have other functions, including transcription and replication of viral mRNA and immune regulation
[20]. In particular, the N protein of SARS-CoV-2 has been found to counteract the host RNAi-
mediated antiviral response through its double-stranded RNA binding activity as a viral inhibitor for
RNA silencing, thus, making it a key target for diagnosis and vaccine and drug development [13,19—
21].

However, the basic function of N proteins is to bind genomic RNA and form protective
nucleocapsids in mature viruses [14,22,23]. The inherent ability of N protein to interact with nucleic
acid makes its purification very challenging [22,24]. Moreover, N proteins can undergo liquid-liquid
phase separation (LLPS) and promote the formation of dense liquid condensates, thereby increasing
the difficulty of its purification [15,25-27]. Notably, there are significant differences in the structure
and phase separation properties between nucleic acid contaminated and uncontaminated N proteins
[24]. Nucleic acid contamination may seriously affect the molecular properties of purified N protein,
and thus, hamper the results of subsequent research and development of vaccines and drugs from N
proteins. Polyethyleneimine (PEI) is a linear polymer, and the structural formula of its repeat unit is
(-CH2CH2-NH-)n [28]. The n value is generally 700-2,000, and the overall molecular weight of the
polymer is 30-90 kDa. The presence of numerous repeated imine units makes PEI rich in positive
charge in near-neutral solution, and thus, PEI can adsorb negatively charged biomolecules, such as
nucleic acids or acidic proteins, form complexes, and initiate flocculation, resulting in the
coprecipitation of PEI and bound biomolecules [28-31]. Therefore, this study utilizes the
characteristics of PEI binding to nucleic acids to remove nucleic acids from the N protein. This is
followed by ammonium sulfate precipitation, dialysis, and nickel column purification to obtain the
uncontaminated N protein.Thus, a simple process for the purification of full-length N protein without
nucleic acid contamination was developed. At the same time, combined with virtual screening,
inhibitors for nucleocapsid proteins were developed.

2. Result
2.1. Purification Process of N Protein

To obtain the N protein without nucleic acid contamination, the purification process was
designed as follows (Figure 1): First, the soluble N protein was expressed in E. coli (Figure 1A), and
second, the nucleic acid in the N protein was removed using the characteristic of PEI binding to
nucleic acid (Figure 1B). Then, the N protein was precipitated with ammonium sulfate, and the free
PEI that did not bind the nucleic acid was retained in the supernatant (Figure 1C). The N protein was
enriched by centrifugation, and the free PEI was removed. The dialysis step completely removed the
residual PEI and ammonium sulfate, and finally, the purified N protein was obtained by nickel
column purification (Figure 1D). The experimental results of each step are described in detail below.
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Figure 1. The expression and purification process of the full-length N protein. A The process of prokaryotic
expression of N protein. B PEI precipitates nucleic acid. C Enrichment of N protein and removal of free PEI by

ammonium sulfate precipitation. D The process of N protein purification by nickel column.

2.2. Prokaryotic Expression System

Compared with the eukaryotic expression system, the prokaryotic expression system has the
advantages of high efficiency and low cost. E. coli is a good choice for expressing N protein. It was
previously reported that soluble N protein could be expressed under mild induction conditions, but
the expression level was very low [32]. Solubilizing the protein by fusing and expressing SUMO
considerably increased the expression of soluble N protein [24]. Therefore, in this study, we fused the
N protein with SUMO for expression.

2.3. Ultrasonic Fragmentation

Initially, the collected bacteria were resuspended in the conventional buffer B, and it was
observed that the broken liquid was turbid. Even if these aggregates are removed by high-speed
centrifugation, the supernatant will slowly continue to appear as flocs, causing the solution to become
sticky. The results indicated that the LLPS phenomenon occurred due to the release of bacterial
nucleic acid by fragmentation and binding of the N protein to nucleic acid (no shown). Under the
condition of low salt concentration, N protein can bind to nucleic acid, and LLPS phenomenon occurs
automatically [25,27]. The positively charged N protein has an electrostatic effect with negatively
charged RNA/DNA that drives the formation of condensates [25]. When we use buffer A with high
salt concentration (1M NaCl) to break up the suspension, the broken solution is clarified, and no
obvious LLPS phenomenon occurs. Adding solid NaCl directly to the broken supernatant where the
LLPS phenomenon occurs can reverse the LLPS phenomenon. The results indicated that increasing
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the salt concentration can prevent or weaken the formation of LLPS. Finally, the buffer containing
1M NaCl was selected as the buffer of choice for ultrasonic fragmentation.

2.4. PEI precipitation of Nucleic Acids

PEl is a linear polymer rich in positive charge, which can form charge-neutralizing precipitation
with a large number of negatively charged nucleic acid molecules, thus, removing nucleic acid [28].
Therefore, the nucleic acid in the N protein sample was removed using the PEI precipitation method.
To study the effect of nucleic acid precipitation with different PEI concentrations under different salt
concentrations, we selected NaCl concentration gradients of 1, 1.5, and 2 M. As the full-length N
protein demonstrates the LLPS phenomenon during the initial cell fragmentation step at low salt
concentration, the PEI binding to nucleic acid experiment at low salt concentration was not
performed. The PEI concentration of each sample under three NaCl concentrations is 0.05%, 0.1%,
0.15%, 0.2%, 0.25%, 0.3%, 0.35%, 0.4%, and 0.5% respectively. The nucleic acid content in the
supernatants of each sample after PEI precipitation was determined. As shown in the Figure 2, with
1M Na(l, the nucleic acid residue in the sample gradually decreases with an increase in PEI
concentration. A final concentration of 0.15% PEI showed the best nucleic acid precipitation effect as
the nucleic acid residue in the sample was the lowest. Furthermore, silver staining experiments
showed that PEI removed most of the nucleic acids in the samples (Figure 3, lane 2). Thereafter, an
increase in PEI concentration significantly decreased the nucleic acid precipitation. However, under
1.5 and 2 M NaCl conditions, no visible effect of PEI was observed on nucleic acid precipitation
(Figure 2), indicating that the effect of PEI on nucleic acid precipitation decreased with an increase in
salt concentration. This is primarily because the interaction between PEI and negatively charged
molecules is affected by pH and salt concentration. The increase in salt concentration weakened the
binding between PEI and the interacting molecules. Therefore, we selected 0.15% PEI under 1 M NaCl
to remove most of the nucleic acids in the protein sample. The residual nucleic acid was removed
with the subsequent purification step.
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Figure 2. PEI precipitates nucleic acid.
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Figure 3. Silver staining experiment results. M, Marker, lane 1, the nucleic acid contained in the fragmented
supernatant; lane 2, the residual nucleic acid in the fragmented supernatant after PEI treatment; lane 3, the
residual nucleic acid in sample after PEI, ammonium sulfate precipitation and nickel column purification; lane
4, control (buffer containing 50mM Tris-HCI, 1M NaCl, pH 8.0).

2.5. Ammonium Sulfate Precipitation

The ammonium sulfate precipitation method can not only enrich the sample protein but also
have a certain purification effect by reducing the nucleic acid in the precipitated protein. In addition,
there may be free PEI molecules in the sample treated with PEI, which can interfere with the
subsequent purification step with the nickel column. Thus, the ammonium sulfate precipitation step
removes the free PEI molecules that are retained in the supernatant after centrifugation. To study the
relationship between the concentration of ammonium sulfate and the precipitation effect of the target
protein, saturated ammonium sulfate solution was added to the sample containing 1 M NaCl after
PEI treatment so that the concentration of ammonium sulfate was 10%, 20%, 30%, 40%, 50%, 70%,
80%, and 90%, respectively. The sample was centrifuged at 4°C for 2 h, and the protein precipitate
was resuspended in buffer C (50 mM Tris-HCI, 1 M NaCl, pH 8.0), followed by SDS-PAGE analysis.
The results showed that the amount of N protein precipitated by ammonium sulfate increased with
increasing ammonium sulfate concentration under 1 M NaCl concentration (Figure 4). At 60%
ammonium sulfate concentration, the precipitation of N protein did not significantly increase as no
visible difference was observed on the gel map. Therefore, we selected 60% ammonium sulfate to
enrich the target protein while removing the residual nucleic acid and PEIL
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Figure 4. SDS-PAGE results of ammonium sulfate precipitated protein (arrow indicates N protein).

2.6. Purification of Nucleocapsid Protein Using Nickel Column

Following treatment with ammonium sulfate, traces of free PEI may still remain; therefore, the
sample was dialyzed and then passed through a nickel column to obtain the pure N protein. After
washing with 20 and 50 mm imidazole, the pure N protein was obtained at the concentration of 1 M
imidazole (Figure 5). Simultaneously, the purified samples were tested with silver staining. The
results indicated that pure N protein without nucleic acid contamination can be obtained after
performing the abovementioned purification steps (Figure 3, lane 3). In addition, we also tried to
purify N protein directly by nickel column after crushing and centrifugation under the condition of
buffer C (without PEI and ammonium sulfate treatment). Although the N protein was also obtained,
the N protein precipitated in the later dialysis step because the obtained N protein contained nucleic
acid (Figure S1A). However, the N protein treated with PEI and ammonium sulfate did not
precipitate (Figure S1B).

kDa 20mM 50mM 500mM

97.2
66.4

443

29.0

20.1

Figure 5. SDS-PAGE results of N protein.

2.7. Screening of Inhibitors Targeting N Protein

N protein is crucial for SARS-CoV-2 diagnosis, vaccine production, and drug development
[13,15,19]. Our main research goal is the development of novel coronavirus drugs. Therefore, using
the NTD of N protein of SARS-CoV-2 as the receptor protein, SARS-CoV-2 inhibitors were screened
from 6,000 natural products and their derivatives as well as 2,800 approved drug molecules by
computer-aided drug molecular design platform MOE. The molecule docking pocket of N protein is
shown in Figure 6. The structure and docking score of the top 20 natural products and their
derivatives are shown in Figure S2, and the top 20 approved drug molecules are shown in Figure S3.
The affinity between these potential small molecule inhibitors and N proteins was determined using
the BLI technique.


https://doi.org/10.20944/preprints202502.1505.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 February 2025 d0i:10.20944/preprints202502.1505.v1

Figure 6. The 3D structure of Nucleoprotein. The site of white spheres was selected as binding pocket.

2.8. Analysis of the Interaction Between N Protein and Small Molecule Inhibitor Brilliant Green and Light
Yellow

BLI is an unmarked, real-time optical detection technology, primarily used for omnidirectional
quantitative analysis of biomolecule interactions. BLI can monitor the whole intermolecular binding
process in real-time and calculate crucial data, such as intermolecular affinity (Kp), binding rate (Kon),
and dissociation rate (Kdis). Several reports have successfully demonstrated the interactions between
notable proteins and small molecules using BLI technology [33-35]. Therefore, we used BLI
technology to determine the affinity between the purified full-length N protein and small molecules.
So far, we have screened small molecules, and Light Green SF has a good affinity for N protein (Figure
7), suggesting a potential good inhibitor for N protein. Furthermore, the binding between Light Green
SF and N protein was studied using molecular docking. The binding mode between Light Green SF
and N protein is depicted in Figure. Within the binding pocket, the two oxygen atoms on the sulfate
radical of Light Green SF form salt bridges with the two nitrogen atoms of Arg92; the four oxygen
atoms on the three sulfate radicals of Light Green SF, regarded as hydrogen bond acceptors, form
three hydrogen bonds with the nitrogen atom of Arg92, Arg107, and Arg149, respectively. The carbon
atom of Light Green SF forms an H-mt conjugate with the benzene ring of Tyr109; the benzene ring of
Light Green SF forms an H-mt conjugate with the nitrogen atom of Ala156. In short, we have screened
the small molecule Light Green SF that can act on the N protein nucleic acid binding domain, and
more experiments will be carried out to determine that the Light Green SF plays an inhibitory role in
the life cycle of SARS-CoV-2.
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Figure 7. Real-time kinetic binding sensorgrams of Light Green SF with different concentrations to N protein.

A B c

Figure 8. The binding mode of Light Green SF and N protein. (A) The 2D binding mode of Light Green SF and
N protein. (B) The 3D binding mode of Light Green SF and N protein. (C) The surface binding mode of Light
Green SF and N protein. Light Green SF is colored in green. The backbone, surface and residue of N protein is
colored in pink (turns), magenta ((3-sheet) and cyan (a-helix). The hydrogen bonds are depicted as red dashed
lines, the blue dashes represent salt bridge and the orange dashes represent H-mt conjugate.

3. Discussion

This study focused on the purification and inhibitor screening of the full-length N protein. We
succeeded in developing the full-length N protein without nucleic acid contamination using a set of
purification processes. First, the prokaryotic expression system was utilized to achieve high
expression of soluble N protein. Cell fragmentation causes N proteins to aggregate due to the
occurrence of LLPS phenomenon under low salt concentrations. This was significantly prevented by
increasing the salt concentration to 1 M NaCl. In addition, the occurrence of LLPS is closely related
to the content of nucleic acid and N protein in the system. As the expression of N protein was high,
it was necessary to adjust the suspension volume of bacterial weight. Second, the nucleic acid was
precipitated by the nucleic acid binding characteristics of PEI It was observed that the precipitation
effect of nucleic acid is the best at 0.15% PEI with 1 M NaCl. At 1.5M NaCl, the nucleic acid binding
ability of PEI significantly decreased, and with 2 M NaCl, PEl lost its nucleic acid binding ability. The
main reason for this observation was that the nucleic acid binding ability of PEI is affected by pH and
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salt concentration. Increasing salt concentration will weaken the binding of PEI to nucleic acid. Then,
the sample was precipitated with ammonium sulfate. This step not only enriches the sample to
facilitate subsequent purification but also removes free PEI, which can interfere with the protein
purification step. Finally, the full-length N protein was purified using the conventional nickel
column.

Next, we screened the inhibitors for N proteins. A classical method of drug screening is the
combination of virtual screening and biological experimental verification. In this study, computer-
aided drug molecular design platform MOE was used to screen SARS-CoV-2 inhibitors. The potential
small molecular inhibitors were screened and identified by measuring the affinity of full-length N
proteins with small molecular drugs using the BLI technique. The results showed that Light Green
SF had a better binding ability to N protein and could potentially serve as a novel coronavirus
inhibitor. In any case, the results of this study will provide a simple and convenient sample
purification method for related research based on full-length nucleocapsid proteins and solve the
problem of nucleic acid contamination of full-length nucleocapsid protein samples. At the same time,
the library of potential drugs against SARS-CoV-2 has also been expanded.

4. Materials and Methods
4.1. Prokaryotic Expression of Nucleocapsid Protein

The expression vector of N protein (GenBank: UBE86422.1) was constructed via gene synthesis.
To promote the soluble expression of N protein, small ubiquitin-like modifier (SUMO) was fused at
the amino terminal of the N protein. To express SUMO and N proteins in pET28a plasmid vector, the
complementary DNAs of both proteins and the pET28a vector were digested with the upstream and
downstream restriction enzymes Ncol and Xhol, respectively. This was followed by ligation to
construct the recombinant pET28a-SUMO-N expression vector. The pET28a-SUMO-N expression
vector was transformed into E. coli competent cells BL21 (DE3) and the transformants were selected
into 5 mL liquid Luria Bertani (LB) medium containing 50 pg/mL kanamycin and incubated
overnight at 37°C in a shaker incubator at 220 rpm. Subsequently, 1 mL of the culture was added to
1L LB medium containing 50 pg/mL kanamycin under continuous shaking at 220 rpm at 37 °C. When
OD600 was 1.0, IPTG (5 mM) was added to induce the expression of N protein at 20°C for 16 h at 220
rpm. The cells were harvested by centrifugation at 6,000 rpm for 10 min.

4.2. Purification of Nucleocapsid Protein
4.2.1. Ultrasonic Fragmentation of Bacteria

One part of the collected bacteria was resuspended in buffer A (50 mM Tris-HCl, 1M NaCl, 10%
Glycerol, DNase I, RNase A, 1 mM DTT, pH 8.0) as the control, the other part was resuspended in
buffer B (50 mM Tris-HCI, 0.3M NaCl, 10% Glycerol, DNase I, RNase A, 1 mM DTT, pH 8.0) for
ultrasonic fragmentation of bacteria.

4.2.2. PEI Precipitated Nucleic Acid

To study the effect of nucleic acid precipitation with different PEI concentrations under different
salt concentrations, buffer C (50 mM Tris-HCI, 1 M NaCl, pH 8.0), buffer D (50 mM Tris-HCl, 1.5 M
NaCl, pH 8.0), and buffer E (50 mM Tris-HCl, 2 M NaCl, pH 8.0) were prepared. A 5% PEI solution
was prepared with each of the above three buffers, and the final pH was adjusted to 8.0. At the same
time, the bacterial specimens obtained from the aforementioned three solutions were resuspended.
The NaCl concentration in the lytic solution was set at 1 M, 1.5 M, and 2 M, respectively.
Subsequently, the supernatants from the three distinct cell lysis fluids, each featuring different NaCl
concentrations, were evenly divided into an equivalent number of samples.

To each sample, 5% polyethyleneimine (PEI) was introduced, yielding PEI concentrations
corresponding to the respective NaCl concentrations as follows: 0.05%, 0.1%, 0.15%, 0.2%, 0.25%,
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0.3%, 0.4%, and 0.5%. Finally, the sample volumes were adjusted to match those of a buffer solution
containing the corresponding NaCl concentration. The resultant mixtures were then incubated at 4°C
for a duration of 30 min, followed by centrifugation at 15000 rpm for 10 min. Subsequent
determination of nucleic acid content was conducted using the Nano-100 instrument (Allsheng).

4.2.3. Ammonium Sulfate Precipitation

Saturated ammonium sulfate solution was prepared with buffers C, D, and E, respectively. We
took a number of the same broken liquid samples and adjusted the NaCl concentration to 1, 1.5 and
2 M, respectively, followed by the addition of saturated ammonium sulfate solution with the
corresponding NaCl concentration so that the ammonium sulfate concentration gradients in the
samples containing different NaCl concentrations are 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and
90%. Finally, the sample volume was adjusted to the same volume by adding the buffer containing
the corresponding NaCl concentration. The samples were allowed to incubate at 4°C for 2 h, followed
by centrifugation at 15,000 rpm for 30 min. The supernatant was discarded, and the protein
precipitates were resuspended in buffer (50 mM Tris-HCI, 1M NaCl, pH 8.0) and SDS-PAGE was
performed to analyze the effect of ammonium sulfate on the precipitation of N protein at different
concentrations.

4.2 4. Purification of N Protein Using Nickel Column

The samples without PEI and ammonium sulfate were used as controls and directly purified
using the nickel column, whereas the samples treated with PEI and ammonium sulfate were dialyzed
to remove PEI and ammonium sulfate. The dialysis bag size was 35,000 D, and the dialysate
composition was 50 mM Tris-HC], 1 M NaCl, 5 mM Imidazole, pH 8.0. The protein sample was added
to the nickel column, and 20 mM and 50 mM Imidazole buffer were used to remove the impure
proteins. Finally, the N protein was eluted with the buffer containing 50 mM Tris-HCl, 1 M NaCl, 500
mM Imidazole, pH 8.0. The purity of the protein was assessed with SDS-PAGE.

4.3. Silver Staining Experiment

An appropriate amount of sample was collected from each of the above steps and reserved for
the analysis of nucleic acid residues. The rapid nucleic acid silver staining kit was purchased from
Coolaber. A 12% nucleic acid PAGE glue was prepared with the following ingredients: H20 (7.9 mL),
30% acrylamide (4 mL), 5x tris borate EDTA buffer (3 mL), 10% ammonium persulfate (0.11 mL), and
tetramethylethylenediamine (0.01 mL). The sample (9 uL) was mixed with 1 uL 10x loading buffer,
and nucleic acid PAGE was performed for 1 h at 120 V and 250 mA.

Following PAGE, the PAGE glue was transferred to a glass Petri dish containing deionized water
and rinsed for 2 min each time, a total of 3 times. And then the PAGE glue was transferred to an
appropriate volume of fixing liquid (10% ethanol and 1% nitric acid) so that the PAGE glue was
immersed during gentle shaking at 40-60rpm for 10 min. Thereafter, the fixing solution was
discarded, and the PAGE glue was quickly rinsed thrice with deionized water for 30 s each. The
PAGE glue was transferred to an appropriate volume of dyeing solution (0.2% silver nitrate) to
immerse the PAGE glue during gentle shaking for 5 min at room temperature. The dye solution was
quickly rinsed thrice with deionized water for 30 s each. Finally, the PAGE glue was transferred to
an appropriate volume of chromogenic solution (3% Na2CO3, 60 uL formaldehyde, and 10 mg
Na2504), and 600 mL deionized H20 was added until the DNA marker or positive control band was
clearly visible, and the PAGE glue was photographed using a gel imager (Bio-Rad).

4.4. SDS-PAGE

During all sample treatments, an appropriate amount of sample was retained for SDS-PAGE
analysis. A 12% SDS-PAGE gel was used and run for 2 h at 120 V and 250 mA. After electrophoresis,

d0i:10.20944/preprints202502.1505.v1
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the gel was stained with Coomassie Brilliant Blue, followed by decolorization with glacial acetic acid
and ethanol, and finally photographed and analyzed using a gel imager (BIO-RED).

4.5. Virtual Screening

The docking module in MOE1 was used for structure-based visual screening (SBVS).
Approximately 6000 natural products and their derivatives and 2800 approved drug molecules were
selected as visual screening library. All compounds were prepared with the Wash module in MOE.
The structure of protein 2019-nCoV nucleocapsid NTD is selected as receptor, and the PDB ID is
7CDZ The molecule binding site in the receptor was selected around the residues F53, S105, R107,
Y109, Y111, and R149. Subsequently, all compounds were ranked by flexible docking with the
“induced fit” protocol. Prior to docking, the force field of AMBER10:EHT and the implicit solvation
model of the Reaction Field (R-field) were selected. The protonation state of the protein and the
orientation of the hydrogens were optimized using QuickPrep module at pH 7 and a temperature of
300 K. For flexible docking, initially, the docked poses were ranked by London dG scoring, then a
force field refinement was performed on the top 10 poses followed by a rescoring of GBVI/WSA dG,
and the best-ranked pose was retained. After docking, the compounds were clustered structurally
through the Fingerprint Cluster module in MOE. The best-ranked 1000 molecules were finally
identified as potential hits.

4.6. BLI Analysis

BLI experiments were performed using Octet-RED96e (Santorius). Experiments were performed
in an assay buffer containing 50 mM PBS pH 7.5, 1 M NaCl, and 0.2% (v/v) Tween. Samples were
added to a 96-well plate containing 200 uL per well. For each experiment, we used anti-His tagged
biosensors (HIS1K, Santorius), which were loaded with N protein ligands and then immersed in
different concentrations of inhibitor analytes. The ligand concentration for loading was 1 mg/mL (His
marker). All experiments were accompanied by reference measurements, using unloaded HIS1K tips
immersed in wells with the same analyte. Experiments with different analyte concentrations also
included zero analyte reference. Octet software version 10 (Santorius) was used to process and fit the
data.

5. Conclusion

Although the global pandemic exhibits an overall declining trend, and the pressure on global
health systems has eased, SARS-CoV-2 continues to mutate, leading to localized outbreaks in some
countries and regions. Consequently, the research and development of vaccines and therapeutic
drugs against SARS-CoV-2 remain ongoing and highly necessary worldwide. The N protein, the most
abundant protein in the virion [36,37], is a determinant of SARS-CoV-2 virulence and pathogenesis
[38]. It is recognized as a highly immunogenic antigen and a potential vaccine and drug target for
SARS-CoV-2 [39-43]. One of the critical steps in drug development targeting the N protein is the
acquisition of pure N protein.

To date, several papers have been published describing the structure, function, and molecular
characteristics of the N protein. However, we have found that N protein samples obtained using
previously described purification methods may be heavily contaminated with nucleic acids from the
recombinant expression host organism [44—-47]. The N protein have structures that bind nucleic acids,
making it challenging to completely eliminate nucleic acid impurities. In this study, we attempted to
develop an effective purification method capable of removing all nucleic acids bound to the N
protein. Initially, during N protein purification, we introduced a nucleic acid removal step utilizing
PEI, which, under certain conditions, has the property of binding and precipitating nucleic acids,
thereby removing most of the nucleic acids. Residual nucleic acid fragments in the protein samples
were further removed through subsequent ammonium sulfate precipitation and nickel column
purification, ultimately yielding full-length nucleocapsid protein free of nucleic acid contamination.
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Due to the difficulty in obtaining full-length nucleocapsid protein without nucleic acid
contamination, most researchers often only express a certain domain of the nucleocapsid protein
when developing inhibitors against it. This may result in the selected inhibitors not being the most
effective, as there are structural differences between the partial and full-length nucleocapsid proteins
targeted, and there are often interactions among domains. Therefore, the full-length nucleocapsid
protein is more suitable as a drug development target. Next, we screened for inhibitor drugs against
the obtained full-length nucleocapsid protein, combining virtual screening with biological
experiments, and ultimately identified a potential inhibitor, Light Green SF. Unfortunately, due to
experimental conditions, relevant experiments on the inhibitor Light Green SF in SARS-CoV-2 have
not yet been conducted. We will complete this part in the future to further elucidate the specific
mechanism of action and effectiveness of Light Green SF in SARS-CoV-2.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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