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Supplemental Methods 

Molecular Dynamics of SARS-CoV-2 NC protein, with p-cymene and importin A 

Molecular Dynamics computational protocol 

Model setup 

The crystal structure of the SARS-CoV-2 nucleocapsid protein (dimerization domain, residues 

249-389) (pdb code: 6WJI, http://www.rcsb.org/structure/6WJI) and human importin A 

(residues 71-197) (pdb code: 4UAE) (Pumroy et al., 2015) were used as initial coordinates to 

build our models. A nucleocapsid – importin A complex was produced based on docking 

calculations with HEX (Ritchie, 2003), as described in the main text. The protonation states of 

titratable residues were simulated at neutral pH, thus all Glu, and Asp residues were left 

deprotonated, in accordance also with the PDB2PQR (propka 3.0 method, pH 7.3) predictions 

(Dolinsky et al., 2004). His-365 was protonated only at the Nε site, whereas His-170 and His-

300 only at the Nδ site, to maintain the hydrogen bonding network within the crystal 

structures. p-cymene was docked to the nucleocapsid protein in the GalaxyWeb server, as 

detailed in the Material and Methods section. Thus, two models were built; one nucleocapsid-

importin complex without p-cymene, and one with p-cymene. The all-atom models, as 

defined previously, were embedded in cubic boxes of volume around 103 nm3. 30267 TIP3P 

water molecules (Mark and Nilsson, 2001) were used to hydrate each protein complex. Ion 

(K+, Cl-) concentration was set at the value of 150 mM to mimic the physiological salt content, 

in addition to a surplus of Cl- (8 ions) to neutralize the protein charges in each sample, 

resulting in simulation unit boxes of up to 95186 atoms. The Amber03 (Duan et al., 2003) 

force field was used for the residues and ions. The Amber03 parameters for p-cymene were 

derived based on the ACPYPE algorithm (Sousa da Silva and Vranken, 2012). 

  

Equilibration-Production Molecular Dynamics setup 

The equilibration-relaxation for the all-atom systems is employed based on a published 

protocol for water-soluble proteins (Petratos et al., 2020). This contains a steepest descend 

energy minimization with a tolerance of 0.5 kJ mol-1 for 1000 steps, and a sequence of 

isothermal (nVT), isothermal-isobaric (nPT) runs with the gradual relaxation of the constraints 

on protein heavy atoms (from 104 in steps1-2 to 103 kJ mol-1 nm-2 in step-4) and Cα atoms 

(from 103 in step-5, to 102 in step-6, 10 in step-7, 1 in step-8 and 0 kJ mol-1 nm-2 in step-9) for 

around 30 ns, with a time step of 1.0 fs (steps 1-4) and 2.0 fs (steps 5-9).  

In detail: (step-1) Constant density and temperature (nVT) Brownian dynamics (BD) at 100 K 

for 50 ps that employs the Berendsen thermostat ,6 with a temperature coupling constant at 

1.0 fs. (steps 2-3) Two short constant density (nVT) and constant pressure (nPT) runs for 100 

ps each, with a weak coupling Berendsen thermostat and barostat (Berendsen et al., 1984) at 

100 K employing time coupling constants of 0.1 ps for the temperature and isotropic 50.0 ps 
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coupling for the pressure with a compressibility of 4.6x10-5. (step-4) Heating from 100 to 

250 K in a constant density ensemble (nVT) for 3 ns employing the v-rescale thermostat (Bussi 

et al., 2007), with a time coupling constant of 0.1 ps. (step-5) Heating from 250 to 310K in a 

constant pressure ensemble (nPT) for 2 ns, employing the v-rescale thermostat (Bussi et al., 

2007) and Berendsen barostat (Berendsen et al., 1984), with time coupling constants of 0.1 

ps for the temperature and 2.0 ps for the pressure, removing also all but the Cα-atom protein 

position restraints. (step-6) Equilibration at 310K (0.1 ps temperature coupling constant) for 

5 ns (nPT, 1 atm, 2.0 ps coupling constant for pressure. (steps 7-8) Equilibration at 310K (0.5 

ps temperature coupling constant) for 5 ns (nPT, 1 atm, 2.0 ps coupling constant for pressure). 

(step-9) Equilibration at 310K (0.5 ps temperature coupling constant) for 10 ns (nPT, 1 atm, 

2.0 ps coupling constant for pressure). The barostats – thermostats employed for steps 6-9 

were the same as in the production trajectories that follow. 

For the production all-atom classical Molecular Dynamics (MD), the Newton’s equations of 

motion are integrated with a time step of 2.0 fs at 310K. All classical MD production 

simulations were run with the leap-frog integrator in GROMACS 2020 (Berendsen et al., 1995) 

for 2.0 μs each trajectory, for seven replicas per sample (with, without p-cymene) starting 

from seven different structures extracted at the equilibration process. They were performed 

at the constant pressure nPT ensemble, with isotropic coupling (compressibility at 4.5x10-5) 

employing the v-rescale thermostat (Bussi et al., 2007) (310K, temperature coupling constant 

0.5) and the Parrinello-Rahman barostat (Parrinello and Rahman, 1981) (1 atm, pressure 

coupling constant 2.0). Details for parameters can be found in earlier work (Petratos et al., 

2020). Van der Waals interactions were smoothly switched to zero between 1.0-1.2 nm with 

the VERLET cut-off scheme. Electrostatic interactions were truncated at 1.2 nm (short-range) 

and long-range contributions were computed within the PME approximation (Darden et al., 

1993; I-C and Berkowitz, 1999). Hydrogen bond lengths were constrained employing the 

LINCS algorithm (Hess et al., 1997).  

 

Markov State Modeling 

The Classical MD trajectories were analysed based on Markov State Modelling (MSM) (Pande 

et al., 2010; Prinz et al., 2011; Chodera and Noe, 2014) in order to enable the extraction of 

long-time-scale dynamics from rather short-time-scale MD trajectories of different states. 

The application and accuracy of the powerful MSM theory has been presented in many cases 

also by experiments that include protein−protein, or protein-drug binding kinetics, as well as 

protein folding rates and protein dynamics (Voelz et al., 2010; Plattner and Noe, 2015; 

Plattner et al., 2017; Durrant et al., 2020). Our objective was to approximate the slow 

dynamics in a statistically efficient manner. Thus, a lower dimensional representation of our 

simulation data was necessary. In order to reduce the dimensionality of our feature space, 

we employed the time-structure independent components analysis (tICA) which yields a 

representation of our molecular simulation data with a reduced dimensionality and can 
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greatly facilitate the decomposition of our system into the discrete Markovian states 

necessary for MSM estimation. The conformations of the most rigid part of the nucleocapsid 

protein (71-197 and 249-389) were projected on these slowest modes as defined by the tICA 

method, then the trajectory frames were clustered into 50 cluster-centers (microstates) by 

the k-means clustering algorithm, as implemented in PyEMMA (Scherer et al., 2015). 

Conformational changes of a system can be simulated as a Markov chain, if the transitions 

between the different conformations are sampled at long enough time intervals so that each 

transition is Markovian. This means that a transition from one conformation to another is 

independent of the previous transitions. Therefore, an MSM is a memoryless model. The 

uncertainty bounds were computed using a Bayesian scheme (Noe, 2008; Trendelkamp-

Schroer et al., 2015). We found that the slowest implied timescales converge quickly and are 

constant within a 95% confidence interval for lag times above 25ns. The validation procedure 

is a standard approach in the MSM field., a lag time of 25 ns was selected for Bayesian model 

construction, and the resulting models were validated by the Chapman-Kolmogorov (CK) test. 

Subsequently, the resulting MSMs were further coarse grained into a smaller number of three 

metastable states or microstates, using PCCA++ as implemented in PyEMMA. The optimum 

number of microstates (three) was proposed based on the VAMP2-score (Wu and Noé, 2020). 

Both the convergence of the implied timescales, as well as the CK test confirm the validity and 

convergence of the MSM. The CK test indicates that predictions from the built MSM agree 

well with MSMs estimated with longer lag times. Thus, the model can describe well the long-

time-scale behavior of our system within error. The tICA method identified the torsional 

angles of the following Nucleocapsid residues: 82-83, 88, 100, 102-103, 107-108, 113, 118, 

121, 162-164, 186-189, 191, 193-195, 197, 252, 256, 261, 264-265, 268-269, 270, 272-278, 

280-281, 283-287, 293-294, 299, 307, 310, 313-315, 318-319, 322, 328-336, 338, 353, 356-

358, 360-363, 365-366, 369-371, 373-376, 379-381, 384-385, 387 as the most important 

features in the Nucleocapsid-Importin interaction, by setting a series of thresholds for the 

coefficients in the tICA vectors. At first, we set a threshold of 0.09. We continued by setting a 

threshold of 0.07 for the coefficients in the tICA vectors of the filtered data and afterwards a 

threshold of 0.05. We end up with a VAMP score of 2.24. For the selection of these thresholds 

we checked for different thresholds the VAMP2-score and the states projected onto the first 

two independent components. 

The residues that seem to affect the Nucleocapsid-Importin dynamics are derived based on 

the same MSM/ tICA protocol described before also in the presence of p-cymene. These 

include: 78, 80, 82, 86-87, 100-102, 113, 115, 121, 146, 150, 156-157, 161, 185-187, 191-197, 

259-263, 271-272, 274-278, 280, 283-287, 289, 292-293, 310-318, 332, 334-336, 339-340, 

353-354, 361-364, 367, 375, 377, 382-385. At first, we set a threshold of 0.07. We continued 

by setting a threshold of 0.085 for the coefficients in the tICA vectors of the filtered data, a 

threshold of 0.125, and thus we concluded in the previously referred residues. 
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Multiple Walkers: Enhanced Molecular Dynamics Sampling 

To enhance the conformational sampling on the SARS-CoV-2 Nucleocapsid dimer we 

employed the multiple walkers (MW) variant of metadynamics (Raiteri et al., 2006). Seven 

replicas per sample were run from different nucleocapsid-importin complex configurations 

(starting structures, see above). Replicas were allowed to exchange every 1000 steps for 0.5μs 

each, which gave an exchange probability around 20%, consistent with the large sample sizes. 

The Collective Variables (CVs) chosen for the MW runs were the radius of gyration of the 

complex (CV1, Rg) and the nucleocapsid – importing distance (CV2), calculated as an average 

of the following distances: Lys-361…Asp-83, Glu-280…Arg-125, Arg-259…Glu-124, Lys-

256…Asp-193, Lys-387…Asp-83, Lys-369…Glu-74, Arg-276…Asp-83, Glu-323…Arg-125, Lys-

370…Asp-109, Lys-374…Glu-74, Lys-249…Asp-193, -Lys-370…Glu-74. These are the common 

salt bridges that are formed between nucleocapsid and importin, identified by analysis of the 

classical MD trajectories via the VMD interface (Humphrey et al., 1996). Several residues 

within these pairs are also indicated as important sites out of the MSM analysis. A 

combination of the GROMACS 2020/ PLUMED 2.5 (Tribello et al., 2014) engines was 

employed. A bias factor of 25 at the well-tempered ensemble, along with Gaussians of 1.2 

kJ/mol initial height, and sigma values (width) of 2.5 (CV1), 0.5 (CV2) in the CV space, 

deposited every 2 ps, was employed. The grid space for the CVs is defined between 1.5-10 

(CV1) and 0-10 (CV2) at a resolution of 0.5 (CV1), 0.1 (CV2). The average Free Energy Surfaces 

(FES) in the absence and presence of p-cymene, were produced out of the seven individual 

replicas, employing the equation 9 of ref (Golla et al., 2020).  
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Supplementary Figures 

 

 

Supplemental Figure 1 

3-D modeling of SARS-CoV-2 nucleocapsid protein. The structured N-terminal RNA-binding and the C-

terminal dimerization domains are shown, together with the PDB codes of available crystals. 
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Supplemental Figure 2 

Simulation of the dimerization of the N-CTD. In A, the antiparallel dimerization of two N-CTD proteins 

is presented in blue and cyan. The simulated solution presents only minor discrepancies from the 

reported crystal (Zhou et al., 2020) (total RMSD=0.0.762 Å). The animoacids of the interacting η1 

domain are shown. In B, after p-cymene binding ((blaqck ball and stick), the impairment of binding of 

the second N-CTD protein is shown.  
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Supplemental Figure 3 

Simulation of the binding domains on H1N1 NP for RNA (red) and Importin binding (blue). The p-

Cymene also showed in this figure (black, ball and stick).  
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Supplemental Figure 4 

Docking of p-cymene with Nucleoproteins of H1N1 (A), Ebola (B) and Rabies (C) viruses. NLS sequences 
are shown in blue and p-cymene is shown with black atoms and with ball and stick style. With white 
color, shown the unliganded protein and with gold color, shown the protein docked with p-cymene. 
The structure’s changes (RMSD) refer to changes of the NLS sequence, while in black circles the 
changes in key aminoacids are presented. 
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Supplemental Figure 5 

In vitro dose-response effect of p-cymene in VERO E6 (left panel) and MDCK cells proliferation (right 

panel). Cells were cultured in 24-well plates and treated with the indicated concentrations of p-

cymene (0-2 mg/ml) for 48 h (VERO E6 cells, as this is the time point in which significant results were 

reported) and 24, 48 and 72 hours (MDCK cells). Cell viability was measured by MTT assay. Data 

represent three independent experiments (mean ± SE). 
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Supplemental Figure 6 

Molecular simulation of binding of the main constituents of an essential oil combination of three 

aromatic plants on Influenza A nucleoprotein (Tseliou et al., 2019). A fully flexible docking of the 

different compounds was performed in the GalaxyWeb environment. Then, we have extracted the 

ligand final pose and superimposed in on the nucleiprotein- p-cymene structure.  
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