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Abstract

SARS-COV-2 is the etiologic agent of COVID-19. There is currently no effective remedy for SARS-COV-2 infections or COVID-19. Dimerization of SARS-
COV-2 encoded Nucleocapsid protein (NCp) is a prerequisite step for it to act as an essential co-factor for the replication, transcription and packaging 
of SARS-COV-2 genome. Molecules that prevent the dimerization of NCp are potential prophylactics and therapeutics for the control of SARS-COV-2 
infections and virulence. Here, through interrogation of chemical ligand data banks and thermodynamic calculations, we show that Chlorophyll A, 
Halothane and Tetraethylene glycol monooctyl ether (TGME) are inhibitors of the dimerization of NCp. Chlorophyll A is the most potent inhibitor of 
NCp dimerization with dissociation constant (KD) of ~28 pM. Chlorophyll A binding caused the dissociation constant (KD) for NCp-NCp interaction 
to increase from ~7.2 pM to ~1000000 pM. Chlorophyll A also bound to NCp mutated at phosphorylation sites S186, S197 and S202 (S186F, S197L and 
S202N) and phosphorylation recognition sites RNpSTP, (S197L) and RGTpSP (RG203/204KR and RG203/204KT) with dissociation constants of ~12 pM, 
~6.1 pM, ~27.8. pM, ~27.8 pM and ~2.2 pM respectively. These results show that Chlorophyll A, a chemical ligand that is present in high abundance with 
good absorption properties and near-zero toxicity is a potential very potent prophylactic and therapeutic that acts via disruption of NCp dimerization.

Introduction

SARS-COV-2 is the etiologic agent of COVID-19 [1-4], a highly 
debilitating disease of the respiratory system that has so far killed in 
excess of 1 million individuals (still counting) worldwide [5,6]. There 
is currently no known cure for COVID-19. Although, there are press 
releases of candidate vaccines that are more than 90% effective in 
preventing symptoms of COVID-19, there are no vaccines for the 
control of SARS-COV-2 infections [6-11]. In order to prevent SARS-
COV-infections and virulence of 2, the replication cycle of SARS-
COV-2 must be inhibited. Among the SARS-COV-2 encoded proteins 
[1-4], the Nucleocapsid protein (NCp) has an essential role in the 
initiation and control of the replication, transcription and packaging of 
the SARS-COV-2 genome [12-23]. Dimerization and oligomerization 
of SARS-COV-2 Nucleocapsid protein (NCp) is a pre-requisite for 
NCp to act as a co-factor for the initiation and control of replication, 
transcription and packaging of of the SARS-COV-2 genome [16-
23]. Targeting NCp dimerization is an attractive avenue for a drug 
discovery program that aims to block the replication, transcription 
and packaging of the SARS-COV-2 genome. Molecules that act 
to prevent dimerization of NCp are prime therapeutic candidates. 
Because of its critical function in the replication, transcription and 
packaging of the SARS-COV-2 genome, it is not surprising that NCp 
has been considered a prime target for drug discovery programs 
[24-26]. NCp has also been proposed as a vaccine target [27-32]. 
NCp is phosphorylated at multisite sites which control its function 

[20,33-38]. However, NCp has been shown to undergo mutations 
at several of its phosphorylations sites [33]. While phosphorylation 
of NCp at key sites within a phosphorylation rich domain has been 
proposed to act as a cellular response mechanism for phosphorylation 
dependent sequestration of NCp by Protein 14-3-3, mutations in 
the phosphorylation sites appear to be viral mechanism for avoiding 
sequestration of NCp by Protein 14-3-3 [30,38]. Mutations of 
phospho-sites including serine 186 (S186F), serine 197 (S197L), serine 
2020 (S202N) and phosphorylation recognition sites RG 203/204 
(RG203/204KR and RG203/204KR) have been shown to occur in 
strains/sub-strains of SARS-COV-2 that were isolated in various 
populations around the world [30,38]. Any molecules that bind to NCp 
to disrupt its dimerization must not only bind to the wild-type NCp 
but also to the mutated NCps. In this work, it is shown that a chemical 
ligand, Chlorophyll A fulfills this requirement and that Chlorophyll 
A bound NCp and mutated NCps at picomolar concentration and 
causing major increases in the dissociation constants (KDs) for the 
wild-type and mutated NCp-NCp dimer interactions.

Methods

The structure of dephospho-SARS-COV-2 Nucleocapsid protein 
(NCp) was rendered de novo using the Quark Program pursuant to 
Zu and Zhang [39,40]. The identification of a chemical ligand that 
binds to NCp was performed by interrogating Chemical Ligand Data 
Banks using the Coach Program pursuant to Yang et al. [41,42]. Each 
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chemical ligand that was identified was then analyzed for its ability 
to bind NCp. Renaming of chains in NCp-chemical ligand and NCp-
chemical ligand-NCp complexes were performed by using the Rename 
Chain PDB File Program pursuant to Rath, E. [43]. Mutations of the 
phosphorylation sites and phosphorylation recognition sites of NCp 
was performed using the Build Model Program of FoldX pursuant to 
Guerois et al. and Schymkowitz et al. [44,45]. The bindings of identified 
Chemical ligands-NCps complexes to wild-type NCp and mutated 
NCps were analyzed by Docking Experiments using Z Dock Program 
pursuant to Pierce et al. [46]. Monomeric and dimeric wild-type and 
mutated NCps rendered in this work were analyzed and visualized by 
the CCP4 Molecular Graphics Program Version 2.10.11 as described 
by Mc Nicolas et al [47] and the ZMM Molecular Modeling Program 
as described by Garden and Zhorov [48]. The dissociation constants 
(KDs) for the binding of chemical ligands to NCp monomer and 
dimers was determined by first obtaining the Gibbs Free Energy 
(ΔGGFG) using the Prodigy-Ligand Program pursuant to Vangone et 
al. and Kurkcuoglu et al. [49,50] and then calculating KDs from the 
equation KD = e(-ΔG/RT). The dissociation constant (KD) for the NCp-
NCp interactions in NCp dimers were determined by using the 
Prodigy-Protein-Protein Program pursuant to Vangone and Bonvin, 
and Xue et al. [51,52].

Results

The structure of dephospho NCp (amino acids 123-310) which 
encompasses the phosphorylation rich domain of NCp (amino acids 185-
209) was rendered de novo using the Quark Program pursuant to Xu and 
Zhang [39,40]. Figure 1 shows the structure of the rendered monomeric 

structure of NCp. The structure of the dimeric NCp was determined 
by Docking Experiments and is summarized in Figure 2. Monomeric 
NCp was used to interrogate Chemical Ligand Data Banks using the 
COACH program pursuant to Yang et al. [41,42]. A number of Chemical 
Ligands that bound to NCp, including Halothane, Tetraethylene glycol 
monooctyl ether (TGME) and Chlorophyll A were identified (Figure 
3). The 3 chemical ligands bound monomeric NCp with dissociation 
constants (KDs) of ~66 µM, ~78 nM and ~28 pM respectively and dimeric 
NCps with dissociation constants (KDs) of ~66 µM, ~24 µM and ~12 pM 
respectively (Figure 4). The binding of Halothane to dimeric NCps was 
accompanied by an increase of the dissociation constant (KD) for the 
NCp-NCp interaction from 7.2 pM to 150 pM. The binding of TGME 
caused the dissociation constant (KD) for the NCp-NCp interaction to 
increase from 7.2 pM to 4000 pM while the binding of Chlorophyll A 
resulted in an increase of the dissociation constant (KD) for the NCp-NCp 
interaction from 7.2 pM to 1000000 pM. The binding of Chlorophyll A to 
NCp was further characterized because of its very high affinity binding to 
NCp (~28 pm for monomeric NCp and ~12 pM for dimeric NCp) and 
extremely profound effect on the structure, conformation (Figures 3-6) 
and dissociation constant (KD) for the NCp-NCp interaction (from 7.2 pM 
to 1000000 pM). Chlorophyll A formed contact points with amino acid 
residues, Tyrosine 50, Glutamic acid 52, Glycine 53, Arginine 55, Glycine 
56, Glutamine 59, Serine 61, Serine 62, Arginine 63, Serine 66, Leucine 
100, Leucine 101, Aspartic acid 103, Arginine 104, Lysine 135, Threonine 

A

B

Figure 1: A: Ribbon structure (blue) of SARS-COV-2 Nucleocapsid protein monomer 
(NCp monomer), rendered as described in Method Section. The amino acid sequence of 
the phosphorylation rich domain is depicted as spheres in pink. B: Realistic rendering of 
SARS-COV-2 Nucleocapsid protein (NCp) monomer. 

A

B

Figure 2: A: Ribbon structure (blue) of SARS-COV-2 Nucleocapsid protein dimer 
(NCp dimer), rendered as described in Method Section. The amino acid sequence of 
the phosphorylation rich domain is depicted as spheres in pink. B: Realistic rendering of 
SARS-COV-2 Nucleocapsid protein (NCp) dimer.
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141, Alanine 142, Tyrosine 146, histidine 176, Glutamine 181, Isoleucine 
182, Alanine 183, Alanine 186, Threonine 174, Alanine 178, Glutamine 
184, Phenylalanine 185 and Proline 187 of NCp (Figures 5A and 6A) and 
also with the phosphorylation rich domain of NCp (Figure 5B and 6B). 
NCp has been shown to be mutated at several phosphorylation sites and 
phosphorylation recognition sites within the phosphorylation domain 
of NCp, including serine 186 (S186F), serine 197 (S197L), serine 202 
(S202N), Arginine 203 and Glycine 204 (RG203/204KR and RG203/204) 
[33,38]. It was previously proposed that cells infected with SARS-COV-2 
possess a cellular response mechanism for the binding and sequestration of 
NCp by Protein 14-3-3 involving multi sites phosphorylation by a variety 
of cellular protein kinases, and in counterpart, SARS-COV-2 has evolved 
to evade the cellular response mechanism through mutations of at least 
3 phosphorylation sites, serines 186, 197 and 202 and 2 phosphorylation 
recognition sites (RNpSTP and RGTpSP), serine 197, arginine 203 and 
glycine 204 [33,38]. It was therefore necessary to determine whether 
Chlorophyll A can bind all the NCp mutants with high affinities. The 

dissociation constants (KD) for the binding of Chlorophyll A to wild type 
and mutated monomeric and dimeric NCps are summarized in Tables 
1 and 2. These results show that Chlorophyll A bound monomeric and 
dimeric wild type and mutant NCps with very similar high affinities.

A

B

C

Figure 3: Structures of SARS-COV-2 Nucleocapsid protein monomer (NCp monomer) 
with bound chemical ligands. A; Halothane (Red); B: Tetraethylene glycol monooctyl ether 
(Red); C: Chlorophyll A (Red), The dissociation constants (KDs) for the binding of NCp 
monomer-chemical ligands were  66 µM, 78 nM and 28 pM for Halothane, Tetraethylene 
glycol monooctyl ether and Chlorophyll A respectively .

A

B

C

Figure 4: Structures of Dimeric SARS-COV-2 Nucleocapsid protein monomer (NCp 
monomer) with bound chemical ligands. A; Halothane (Red); B: Tetraethylene glycol 
monooctyl ether (Red); C: Chlorophyll A (Red), The dissociation constants (KDs) for the 
binding of NCp dimer and chemical ligands were  66 µM, 24 µM and 28 pM for Halothane, 
Tetraethylene glycol monooctyl ether and Chlorophyll A respectively.

Dissociation constant 
(KD) for Ligands 

binding (pM) 

Dissociation constant 
(KD) for NCp-NCp 

interactions in NCp 
dimer (pM)

-NCp ~00.0 -
NCp-NCp Complex - ~7.2

-NCp-Chlorophyll A complex ~28.0 -
-NCp-NCp-Chlorophyll A Complex ~12 ~1000000

-NCp-Halothane Complex ~66000000 -
-NCp-NCp-Halothane Complex ~66000000 ~150

-NCp-TGME Complex ~2400000 -
-NCp-NCp-TMGE Complex ~78000 ~4000

Table 1: Dissociation constants (KDs) for the binding of Chlorophyll A, Halothane and 
Tetraethylene glycol monooctyl ether (TGME) to NCp monomer and NCp dimer, and 
dissociation constants (KDs) for NCp-NCp interactions in the presence of Chlorophyll A, 
Halothane and Tetraethylene glycol monooctyl ether (TGME).
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control of SARS-COV-2 infection and virulence can be achieved through 
a disruption of the replication, transcription and packaging of the 
SARS-COV-2 genome. NCp is an essential co-factor in the replication, 
transcription and packaging of the SARS-COV-2 genome [12-23]. 
Inhibiting the function of NCp is therefore a very attractive way to prevent 
the viability, transmission, infection and virulence of SARS-COV-2 [24-
26]. Dimerization and oligomerization are prerequisite steps that enable 
NCp to act as an essential co-factor in the replication, transcription and 

A

B

Figure 5: A: Ribbon structure (blue) of SARS-COV-2 Nucleocapsid protein monomer 
(NCp monomer) bound by Chlorophyll A (Red), rendered as described in Method 
Section. The contact points in NCp are shown in Black. B: Ribbon structure (blue) of 
SARS-COV-2 Nucleocapsid protein monomer (NCp monomer) bound by Chlorophyll A 
(Red), The contact points in NCp are shown in Black. The phosphorylation rich domain of 
NCp is depicted as spheres in pink.

A

B

Figure 6: A: Ribbon structure (blue) of SARS-COV-2 Nucleocapsid protein dimer (NCp 
dimer) bound by Chlorophyll A (Red), rendered as described in Method Section. The 
contact points in NCp are shown in Black. B: Ribbon structure (blue) of SARS-COV-2 
Nucleocapsid protein dimer (NCp dimer) bound by Chlorophyll A (Red), The contact 
points in NCp are shown in Black. The phosphorylation rich domain of NCp is depicted 
as spheres in pink.

Dissociation constants (KDs) for Chlorophyll A binding (pM)

Wild Type-NCp-Chlorophyll A complex ~28.0

S186F mutant-NCp-Chlorophyll A complex ~6.0

S197L mutant-Chlorophyll A Complex ~6.1

S202N mutant-NCp-Chlorophyll A complex ~27.8

RG203/204KR mutant-NCp-Chlorophyll A complex ~27.8

RG203/204KT mutant-NCP Chlorophyll A complex ~6.1

Wild Type-NCp-NCp complex -

Wild Type-NCp-Chlorophyll A-Wild Type NCp complex ~12.0

S186F mutant-NCp-Chlorophyll A-S186F mutant-NCp complex ~1.0

S197L mutant-NCp-Chlorophyll A-S197L mutant-NCp Complex ~6.1

S202N mutant-NCp-Chlorophyll A-S202N mutant-NCp complex ~27.8

RG203/204KR mutant-NCp-Chlorophyll A-RG203/204KR mutant-NCp complex ~27.8

RG203/204KT mutant-NCp Chlorophyll A-RG203/204KT mutant-NCp complex ~2.2

Table 2: Dissociation constants (KD) for the binding of Chlorophyll A to NCp monomer, NCp monomer mutants, NCp dimer and NCp dimer mutants.

Discussion

There is currently no effective means to control SARS-COV-2 
infection and virulence. There is also no cure for COVID-19, the 
disease(s) caused by SARS-COV-2. Although, there are press releases 
describing 3 candidate vaccines to be over 90% effective, it is clear that 
they do not prevent SARS-COV-2 infections [7-11]. Full disclosure 
of the clinical trials of the effectiveness of the 3 candidate vaccines is 
required before it can be determined scientifically with some degree of 
certainty that they are indeed effective as prophylactics. The effective 
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packaging of the SARS-COV-2 genome [12-23]. In the present work, a 
number of chemical ligands, including Halothane, Tetraethylene glycol 
monooctyl ether (TGME) and Chlorophyll A have been identified and 
shown to inhibit the dimerization of NCp. All 3 molecules bind to NCp 
with high affinities, with dissociation constants (KDs) of 66 µM, 78 nM 
and 28 pM respectively, and disrupts the interaction between NCps by 
causing the dissociation constant (Kd) of the NCp-NCp interaction to 
significantly increase from ~7.2 pM to 150 pM, 4000 pM and 1000000 
µM respectively. The effects of the chemical ligands on the dimerization of 
NCp are therefore profound. It was previously shown that NCp becomes 
mutated at key phosphorylation sites, including serine 186 (S186F), serine 
197 (S197L) and serine 202 (S202N) and phosphorylation recognition 
sites, serine 197 (S197L), arginine 203 and glycine 204 (RG203/204KR 
and RG203/204KT) within the motifs, RNpSTP and RGTpSP that are 
located in the linker region of NCp [33,38]. It has been proposed that cells 
infected with SARS-COV-2 possess a cellular response mechanism for the 
binding and sequestration of NCp by Protein 14-3-3 involving multi sites 
phosphorylation by a variety of cellular protein kinases and in counterpart, 
SARS-COV-2 has evolved to evade the cellular response mechanism 
through mutations of at least 3 phosphorylation sites, serines 186, 197 and 
202 and three phosphorylation recognition sites (RNpSTP and RGTpSP), 
serine 197, arginine 203 and glycine 204 [33,38]. In the present work, 
it is shown that Chlorophyll A bound to all the relevant NCp mutants 
with high affinities. It is submitted that Chlorophyll A is a very potent 
inhibitor of the dimerization of SARS-COV-2 encoded Nucleocapsid 
protein (NCp). Because of its relative abundance, good absorption 
properties and near zero toxicity, the development of Chlorophyll A as a 
prophylactic and therapeutic for the control of SARS-COV-2 infections 
and virulence is warranted. In contrast to candidate vaccines that can only 
prevent symptoms of COVID-19 [7-11], Chlorophyll A will not only act 
as a prophylactic and therapeutic to cure COVID-19, it will also prevent 
SARS-COV-2 infection and viability because it acts via inhibition of the 
dimerization of NCp, an essential and prerequisite step in the initiation 
and control of the replication, transcription and packaging of the SARS-
COV-2 genome.
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