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Abstract
The outbreak of novel coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) virus continually led to infect a large population worldwide. SARS-CoV-2 utilizes its NSP6 and Orf9c proteins to interact with
sigma receptors that are implicated in lipid remodeling and ER stress response, to infect cells. The drugs targeting the sigma receptors,
sigma-1 and sigma-2, have emerged as effective candidates to reduce viral infectivity, and some of them are in clinical trials against
COVID-19. The antipsychotic drug, haloperidol, exerts remarkable antiviral activity, but, at the same time, the sigma-1 benzomorphan
agonist, dextromethorphan, showed pro-viral activity. To explore the potential mechanisms of biased binding and activity of the two
drugs, haloperidol and dextromethorphan towards NSP6, we herein utilized molecular docking–based molecular dynamics simulation
studies. Our extensive analysis of the protein-drug interactions, structural and conformational dynamics, residual frustrations, and
molecular switches of NSP6-drug complexes indicates that dextromethorphan binding leads to structural destabilization and increase in
conformational dynamics and energetic frustrations. On the other hand, the strong binding of haloperidol leads to minimal structural
and dynamical perturbations to NSP6. Thus, the structural insights of stronger binding affinity and favorable molecular interactions of
haloperidol towards viral NSP6 suggests that haloperidol can be potentially explored as a candidate drug against COVID-19.

Key messages
• Inhibitors of sigma receptors are considered as potent drugs against COVID-19.
• Antipsychotic drug, haloperidol, binds strongly to NSP6 and induces the minimal changes in structure and dynamics of NSP6.
• Dextromethorphan, agonist of sigma receptors, binding leads to overall destabilization of NSP6.
• These two drugs bind with NSP6 differently and also induce differences in the structural and conformational changes that

explain their different mechanisms of action.
• Haloperidol can be explored as a candidate drug against COVID-19.
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Introduction

The current outbreak of corona virus disease 2019 (COVID-
19) caused by a novel coronavirus SARS-CoV-2 was first
reported from Wuhan, China, in late December 2019 [1],
which has subsequently affected the entire world, reporting
nearly 26million of confirmed cases of COVID-19 along with
~ 9.0-lakh deaths as per data recorded in September 1st week,
2020, posing a global threat for human health and economy.
With so many novel studies and findings surfaced, since its
inception, we are still lagging behind in development of an
effective treatment strategy to control the virus spread and
prevent the disease [2–7].

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00109-020-01980-1) contains supplementary
material, which is available to authorized users.

* Amresh Prakash
aprakash@ggn.amity.edu

* Vijay Kumar
vkumar33@amity.edu

1 Department of Chemistry & Biochemistry, University of Oklahoma,
101 Stephenson Parkway, Norman, OK 73019-5251, USA

2 Amity Institute of Neuropsychology & Neurosciences (AINN),
Amity University, Noida, UP 201303, India

3 Amity Institute of Integrative Sciences and Health (AIISH), Amity
University Haryana, Gurgaon 122413, India

https://doi.org/10.1007/s00109-020-01980-1

/ Published online: 23 September 2020

Journal of Molecular Medicine (2020) 98:1659–1673

http://crossmark.crossref.org/dialog/?doi=10.1007/s00109-020-01980-1&domain=pdf
https://orcid.org/0000-0002-3621-5025
https://doi.org/10.1007/s00109-020-01980-1
mailto:aprakash@ggn.amity.edu
mailto:vkumar33@amity.edu


SARS-CoV-2 is an enveloped non-segmented large posi-
tive sense, single-stranded RNA virus (~ 30 kb) with 5′-cap
structure and 3′-poly-A tail belonging to β-CoV category [8,
9]. Its RNA genome contains 29,891 nucleotides and
encoding for ~ 9860 amino acids [9]. The genome codes for
both structural proteins like spike (S), envelope (E), mem-
brane (M), and nucleocapsid (N), along with many non-
structural proteins (NSPs 1–16) [10].While these NSPs linked
to RNA replication and processing of subgenomic RNAs, the
functions of some of the NSPs are not known. A key compo-
nent, NSP6, is a membrane protein of approximately 34 kDa
with eight transmembrane helices and a highly conserved C-
terminus. Together with NSP3 and NSP4, NSP6 is involved in
the formation of replication-transcription complexes (RTCs)
or replication organelles (RO) by stimulating the rearrange-
ment of host cell membranes [11]. These replication com-
plexes serve many important functions during the virus life
cycle and play an important role in infection [12, 13]. The
expression of these three NSPs has been associated with the
formation of different membranous structure characteristic of
CoV-infected cells including the double-membrane vesicles
(DMVs), large virion-containing vacuoles (LVCVs), cubic
membrane structures (CMSs), and zippered endoplasmic re-
ticulum (ER) spherules [14–16]. NSP6 protein is also in-
volved in blocking ER-induced autophagosome/
autolysosome vesicle formation that plays a protective role
in checking viral production inside host cells. NSP6 through
the activation of the omegasome pathway induces autophagy
[17]. The autophagosomes produced by NSP6 are higher in
number but smaller in size as compared with those induced by
starvation [18]. This may favor coronavirus infection by lim-
iting the ability of autophagosomes to deliver viral compo-
nents to lysosomal degradation.

Recently, Gordon et al. [19] presented a blueprint of
SARS-CoV-2-Human interactome to reveal potential drug
targets against COVID-19. The authors identified 332 in-
teractions between viral and host proteins, largely
targeting the innate immune signaling pathway. Using this
blueprint, they identified a series of drugs and compounds
with high potential to fight COVID-19—some of which
are now being entered into clinical trials. The authors
found that SARS-CoV-2 NSP6 protein interacts with the
sigma receptor, which regulates ER stress response [19]
and blocks ER-induced autophagosome/autolysosome
vesicle that restricts viral production. They found that
drugs or molecules targeting sigma-1 and sigma-2 recep-
tors had effectively inhibited virus replication and growth.
These identified drugs or molecules include antipsy-
chotics, haloperidol, and melperone, which are used to
treat schizophrenia; antihistamines like clemastine and
cloperastine; compound PB28; and the female hormone
progesterone. Recently, Serkan Tulgar and co-authors
[20] advocated the use of haloperidol , an ant i -

inflammatory agent, in preventing the progression and re-
duction of severity of COVID-19.

Gordon et al. [19] in the same study also identified the
sigma-1 benzomorphan agonist, dextromethorphan, that actu-
ally has pro-viral activity, which helped the growth of the
virus in cells. The authors suggested that dextromethorphan
might activate sigma-1, which could help the activation of the
s t r e s s r e sponse tha t the SARS-CoV-2 h i j acks .
Dextromethorphan is a common cough suppressant found in
several over-the-counter cough medicines. It binds to NMDA
receptors and can modulate glutamatergic signaling [21]. It
also binds to serotonin transporters [22] and several other
protein targets, including sigma-1 receptors [21, 22] which
have been considered therapeutic targets for antidepressant
drugs [23–26]. However, the Consumer Healthcare Products
Association (CHPA) in their statement says that “There is
currently no clinical data indicating that the cough suppressant
dextromethorphan has a pro-viral effect in people with
COVID-19 infection. The study results published by Gordon
et al. [19] are experimental, preliminary, and not conclusive.”

More importantly, Theresa Enkirch et al. [27] had evaluat-
ed the anti-influenza activity of dextromethorphan in vitro,
and in mice as well as in animal models. The authors demon-
strated that dextromethorphan was able to inhibit viral repli-
cation both in vitro and in vivo. All these findings suggest that
haloperidol and dextromethorphan are potential candidate
binding to SARS-CoV-2 NSP6 and exert different viral activ-
ity. Haloperidol inhibits the SARS-CoV-2 with Ki of 2–12
nM, while dextromethorphan activates the virus with an ac-
tivity constant,Ki of 118 nM [19]. However, it is still not clear
about the theoretical basis of this contradictory and biased
activity. To explore the molecular mechanism of antiviral ac-
tivity of haloperidol and the pro-viral activity of dextrome-
thorphan, a number of computational methods like molecular
docking, all-atom molecular dynamics (MD) simulation, and
the Molecular Mechanics/Poisson-Boltzmann Surface Area
(MM-PBSA) were employed in this study. These
mechanism-relevant studies will explore the binding modes,
examine the key residues in the binding process, and elucidate
the detailed interaction mechanisms. The results are expected
to provide insights into the binding mechanism of the NSP6-
drug complexes, which will be useful for future exploration of
efficient drug targets in COVID-19.

Methods

Structure modeling of SARS-CoV-2 NSP6

The three-dimensional structure of NSP6 was determined by
the DeepMind algorithm AplhaFold, based on deep neural
network learning [28]. The NSP6 model structure was
energy-minimized to remove steric clashes, and the lowest
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energy structure was selected based on the MolProbity scores.
In addition, the Zhang group also predicted models for the
SARS-CoV-2 proteins [29] using the novel C-I-TASSER
platform [30]. However, these models have poor local geom-
etries, numerous atomic clashes, poor side-chain conforma-
tions, and bad backbone dihedral angles, as measured by the
MolProbity score. The stereochemical quality of the modeled
protein was evaluated using the structural analysis and verifi-
cation server version 5.0 (SAVES) (https://servicesn.mbi.ucla.
edu/SAVES/). This meta server runs six programs for
checking the stereochemical quality of a protein structure by
analyzing residue-by-residue geometry and overall structural
geometry.

Molecular docking

The chemical structures of the drugs were downloaded from
the ZINC Database [31] as MOL2 files and then converted
into three-dimensional PDB files using Open Babel 2.4.1
suite. The Swiss-PDB tool was used to energy-minimize the
protein structure to get the stable and low-energy conforma-
tion state of protein. All the docking studies have been per-
formed with AutoDock Vina [32]. The AutoDock tools pack-
age [33] was used to prepare the protein structures for docking
by adding hydrogen to the polar groups along with Kollman
charges. Both the protein and ligand files were converted into
PDBQT format using the AutoDock Vina plugin with scripts
from the AutoDock Tools package. The AutoDock Vina gen-
erates up to 9 poses for each drug containing the molecular
coordinates as well the Gibbs free energy variation (ΔG,
kcal/mol) for each pose. Finally, the obtained top-posed
docking conformations were subjected to post-docking energy
minimization in Discovery Studio (DS 3.531). After docking,
the resultant receptor-ligand complexes were visualized and
studied by the Discovery Studio Visualizer (BIOVIA) and
PyMOL [34], UCSF chimera 1.9 [35], and Ligplot+ [36].

Molecular dynamics simulation

The all-atomMD simulations were performed using Gromacs
v5.1.4 on the atomic coordinates of SARS-CoV-2 NSP6, and
NSP6 complexed with dextromethorphan and haloperidol.
The force field was selected as CHARMM27, and the water
model TIP3P was used to solvate the systems [37], and the
ligand parameters were taken as described elsewhere [38].
The system was placed in the center of the octahedral simula-
tion box with buffer distance (10 Å) and the water molecule
padding around the system. To neutralize the system, 0.15-M
counter ions (Na+ and Cl−) were added [39]. All the MD
simulations were performed at physiological temperature,
300°K. The energy minimization of all three systems was
performed using steepest descent as first, then conjugant gra-
dients (50,000 steps for each). Bonds involving hydrogens

were treated with SHAKE algorithm, PME (Particle mesh
Ewald) was used to define long-range electrostatic forces,
and PBC (periodic boundary condition) was applied to x, y,
and z directions [40]. The ensemble processes, NVT and NPT,
were applied for the equilibration of the system for the period
of 500 ps. During the simulation, Berendsen thermostat [41]
and Parrinello-Rahman pressure [42] were used to maintain
the pressure and temperature, respectively. LINC algorithm
was used to constrain the bonds and angles [43]. The van
der Waals interactions were taken cared of by LJ potential
with a cutoff of 0.10 nm. Using the NPT ensemble, production
runs were performed for the period of 100 ns, with time inte-
gration. The energy, velocity, and trajectory were updated at
the time interval of 10 ps. All production runs were done on
CUDA-enabled Tesla GPU machine (DELL T640 with V100
GPU) and OS Centos 7 [44, 45]. Gromacs utilities and python
scripts with MDTraj [46] were used to analyze the global
structural order parameters, RMSD (root mean square devia-
tion), Rg (radius of gyration), SASA (solvent accessible sur-
face area), RMSF (root mean square fluctuation), PCA (prin-
cipal component analysis), and free energy landscape (FEL),
and DSSP was used to examine the secondary structure con-
formational dynamics during the simulation [47].

Ligand binding free energy estimation

We calculated the Molecular Mechanics/Poisson-Boltzmann
Surface Area (MM-PBSA) from the obtained MD trajectories
of protein-ligand complexes to describe the structural stability
of protein-ligand, spatial orientation ligands, and molecular
interactions at binding site of NSP6. TheMM-PBSA provides
a robust estimation of free-binding energy, contacts, and the
effect of solvent underlying the binding affinity of ligand mol-
ecules [48, 49]. The binding free energy is expressed as:

ΔGbinding ¼ Gcomplex− Gprotein þ Gligand

� �

where Gcomplex represented the total free energy of protein-
ligand complex, Gprotein as the free energy of protein, and
Gligand used as the free energy of ligand. Neglecting entropy
terms, the free energy for each entity can be represented as:

ΔG ¼ ΔEMM þ ΔGsolv

where ΔEMM is the average molecular mechanics interaction
energy change (gas-phase) upon ligand binding.ΔGsolv is the
solvation free energy change on ligand binding.EMM included
the bonded, electrostatic, and van der Waals energy, and Gsolv

included polar and non-polar solvation terms.

Residual local frustration analysis

We have applied the Fereiro and Woylness [50] algorithm for
the calculation of residual frustration in the NSP6 structures.
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The residual frustration index was calculated from the
Frustratometer server (http://www.frustratometer.tk) [51].
The results were explained based on the “single residual
frustration index.” A frustration value (denoted as Z-score)
greater than + 0.78 will be defined as minimally frustrated or
stabilizing residue, while a frustration value less than − 0.78
will be defined as highly frustrated or destabilizing [52]. If the
Z-score lies in between these two limits, the residue will be
defined as neutral.

Results

Structure modeling of SARS-CoV-2 NSP6

The secondary structure of NSP6 was predicted using
AlphaFold, a deep learning algorithm, and shown in Fig. 1.
The constructed model of SARS-CoV-2 NSP6 has been verified
through the SAVES v5.0 server. The Ramachandran plot
showed that 91.7% and 8.3% of residues are located in the most
favored, and additionally allowed, regions, respectively. The en-
vironmental profile for NSP6 was computed with Verify3D,
which showed that almost 80% of the amino acids have scored
more than zero. The non-bonded interactions between the atoms
were also predicted with the ERRAT server, which showed the
overall quality factor of 92.19 (Supplementary Figure S1). The
overall three-dimensional structure of NSP6 (Fig. 1) consists of
fourteen α-helices, a C-terminal, two antiparallel β-strands, and
sixteen turns. The structure of NSP6 has eight transmembrane
helices (TM1-TM8).

Binding site exploration through molecular docking
analysis

To predict the binding site for performing the molecular
docking, a ligand-independent binding site search was done
on NSP6 using CASTp Server [53]. This program provides
comprehensive and detailed quantitative characterization of
geometric and topological features of protein structures. The
server identifies a putative binding site with a solvent acces-
sible surface area of 1076 Å2 and volume of 1442 Å3. This
binding site of NSP6 is encompassed by helices H3 (residues
61-69), turn and coil region (residues 126-133) joining H6 and
H7, H8-H9 (residues 170-179), and C-terminal H11-H12-β1
(residues 221-244) (Supplementary Figure S2). We have used
the other two web-servers, PrankWeb [54] and COACH [55],
for predicting the binding sites. These two servers also predict
similar residues in the binding pocket, with certain changes.

For the molecular docking study, we utilized the AutoDock
Vina, which is an open-source program and the most com-
monly used docking software with an effective scoring func-
tion [32]. Haloperidol is an antipsychotic drug and is an in-
hibitor of sigma-1, dopamine D2, and histamine H1 receptors;
it inhibits SARS-CoV-2 with a Ki of 2–12 nM [19].
Dextromethorphan, an antidepressant and sigma-1 agonist,
activates the virus with an activity constant, Ki of 118 nM
[19]. The molecular docking results showed that both halo-
peridol and dextromethorphan form a good complex with
NSP6 with docking (affinity) scores of − 7.7 kcal/mol and −
6.5 kcal/mol, respectively, which indicates KD (KD = expΔG/

RT) values in the nanomolar to low micromolar range.

Fig. 1 Three-dimensional model structure of SARS-CoV-2 NSP6 generated by AlphaFold. The transmembrane helices predicted through THHMM
server
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The binding mode for dextromethorphan based on the
docking studies is presented in Fig. 2a. Dextromethorphan
forms H-bonds with its methoxy group to Lys61 of NSP6.
Both Cys229 and Tyr242 form a liophilic binding pocket with
the formation of π-sulfur and π-alkyl interactions with aro-
matic rings. The morphian group binds with several hydro-
phobic residues, including His62, Arg233, Arg236, and
Leu245, and forms additional van der Waals interactions from
residues Asn232, Thr238, Asp243, and Pro282. This suggests
that dextromethorphan-binding pocket lies mainly in C-
terminal α-helix, H12, and β1 strand.

The docking results show the different binding pose of
haloperidol compared with dextromethorphan (Fig. 2b).
Haloperidol is predicted to bind in the hydrophobic cavity
formed by H7 (TM5), H9 (TM7), and C-terminal positively
charged residues. The carbonyl oxygen of the phenone group
forms an H-bond with Ser176, while the hydroxy group of
piperidino forms H-bonds with Ser265. Due to the close prox-
imity of Leu231, Leu237 and Leu239 show cation-π interac-
tions with the chlorophenyl group of the drug and Ala136
form π-stacked interactions with the aromatic ketone of the

phenone group. Additional van der Waals interactions from
the residues Arg137, Trp140, Asn174, Tyr175 Val178,
Thr238, and Gln290 are observed. Thus, a higher number of
hydrogen bonds and hydrophobic interactions in haloperidol
are observed in comparison to dextromethorphan, indicating
the former as a good inhibitor molecule.

Evaluating the stability and conformational dynamics
of NSP6-systems through MD simulation

To further characterize the binding-induced structural and con-
formational changes, all-atomMD simulations for 100 ns were
performed to obtain the conformational sampling of the two
systems. The selected docking conformations of NSP6 in com-
plex with haloperidol and dextromethorphan were sampled by
100-ns MD simulation, and the dynamic stability of the com-
plex was elucidated by calculating the Cα-RMSD values of the
protein as the function of simulation time (Figure S3A). The
RMSD trajectory indicated that all the systems are stable and
well equilibrated after ~ 50 ns and well converged for further
analysis. The RMSD plots showed that the NSP6 and NSP6-

Fig. 2 Molecular docking interactions of two drugs with SARS-CoV-2 NSP6 protein. Schematic representation of interactions made by a dextrome-
thorphan and b haloperidol with NSP6 and their corresponding Ligplot+
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haloperidol remained mostly stable with a RMSD of ~ 0.5 nm,
while NSP6-dextromethorphan showed a sharp increase in a
RMSD at ~ 45 ns reaches up to 1.25 nm and then remained
stable throughout the simulation. The result thus indicated that
the NSP6-haloperidol complex showed almost similar RMSD
as unliganded NSP6 and formed much more stable complex as
compared with NSP6-dextromethorphan complex.

The analysis of the one-dimensional probability distribu-
tion function of the NSP6 without ligand showed a narrower
distribution with a higher probability of 0.10 around the
RMSD ≤ 5.0A and thus had a stable helical conformation
(Fig. 3a). Indeed, in the presence of dextromethorphan, the
complex showed a broader RMSD distribution with the ap-
pearance of new populations with the maximum probability of
0.12 at a RMSD of 1.25 nm, indicating a change in confor-
mation leading to destabilization of α-helix of H12 (Fig. 3a).
The Cα-RMSD beyond 0.12 nm indicates a transition from an
α-helical conformation towards the extended configuration
(Fig. 3a). However, the drug haloperidol showed a lower
probability (P = 0.10) with a slightly broader distribution
and a rightward shift of the RMSD population compared with
the NSP6. At this RMSD, intrahelical H-bonds are still present
to stabilize a helical conformation. Thus, dextromethorphan
has highly unstable binding to NSP6 which is evident with the
RMSD plot, while haloperidol binds strongly.

Rg is an effective parameter to evaluate the structural in-
tegrity and compactness of the studied systems. The Rg is
defined as the mass-weighted root mean square distance of a
collection of atoms from their common center of mass. The
time evolution plot of Rg showed that all systems were com-
pact, with the NSP6-dextromethorphan having the lowest Rg
(Figure S3B). The Rg plot clearly suggests that the NSP6-
dextromethorphan complex having the least Rg value forms
a well compact complex than the NSP6-haloperidol complex.
It also indicates that after binding of the drug, the NSP6 pro-
tein attains a compact conformation and the drug dextrome-
thorphan could stay stably at the binding site, which provided
a guarantee for stronger interaction between dextromethor-
phan and NSP6. The NSP6-haloperidol complex showed sim-
ilar Rg to NSP6. The Rg differences between the NSP6 sys-
tems were minimal in haloperidol, indicating that haloperidol
binding marginally changes the spatial packing of the resi-
dues. In case of the NSP6-dextromethorphan system, Rg dis-
tribution shows the mixture of two normal distributions that
correctly describes the sampled configurations (Rg1 = 2.12
nm, P = 0.05 nm; Rg2 = 2.25 nm, P = 0.04 nm) (Fig. 3b).
Interestingly, the first peak is slightly in lesser side than the
NSP6 and NSP6-haloperidol systems, suggesting a more
compact globular state. The second small peak falls near the
NSP6-haloperidol system. A visual inspection revealed the

Fig. 3 Probability distributions of structural parameters of NSP6 systems. a Cα-RMSD. bRadius of gyration (Rg). c SASA. dRMSF for NSP6 (green),
NSP6-haloperidol (blue), and NSP6-dextromethorphan (red)
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more compact globular shape (Rg = ~ 1.65 nm) in the halo-
peridol system as a consequence of the lesser fluctuations (see
RMSF results).

The SASA results showed stable trajectories without any
fluctuations throughout the simulation, thus suggesting the
structural stability of NSP6 in the presence of drugs
(Figure S3C). The marginal increment of SASA in the
NSP6-dextromethorphan system indicates increased exposure
of the residues to the surface of NSP6 (Fig. 3c).

The RMSF displays the flexibility/mobility of each amino
acid residue in the NSP6 and NSP6-drug complexes (Fig. 3d).
It is worth noting that NSP6 alone showed lower RMSF
(higher rigidity) in comparison with the complexes, maintain-
ing lower flexibility inα-helices, except for the helix H5 (S89-
D99). The NSP6-haloperidol complex does not increase the
fluctuation and showed RMSF value similar to unliganded
NSP6, suggesting a favorable protein-inhibitor association.
From the figure, it can be observed that the RMSF values of
residues 130-140 (correspond to H7) in NSP6-haloperidol
were lower than unliganded NSP6, indicating the stabilization
of these regions upon haloperidol binding. The residues 85-92
(correspond to H5), 96-110 (correspond to hinge between H5
and H6), and 245-260 (H13) showed a milder increase in
fluctuations. However, dextromethorphan caused much
higher fluctuations along the whole protein when bound to
NSP6, indicating that dextromethorphan binding results in
significant structural perturbation to NSP6 (Fig. 3d). The dex-
tromethorphan binding, however, decreases the flexibility in
residues 93, 94, 97, and 98 (correspond to H5), indicating the
dominant role of these residues in drug binding.

From the RMSF analysis, we also observed that the NSP6-
dextromethorphan complex showed maximum fluctuation in
the C-terminal domain (residues 240-270 correspond to β1-
H13-H14) while unliganded NSP6 and NSP6-haloperidol do
not show this fluctuation. From the RMSF result, we thus
conclude that the NSP6-haloperidol complex is more stable
as compared with the NSP6-dextromethorphan complex. This
has been further substantiated by the H-bonding analysis.

The protein-drug interaction is transient, and H-bonds play a
critical role in the stability of the protein-drug complex. We
have analyzed the number of H-bonds for the last 60-ns trajec-
tories (Figure S4). The time evolution of H-bonds for the three
systems has been monitored during the simulation and repre-
sented in Figure S4. The average number of H-bonds for the
NSP6-haloperidol and NSP6-dextromethorphan complexes
was 0-2 and 0-1, respectively. As shown in the figure, hydrogen
bonding patterns in the NSP6-haloperidol system remained
constant throughout the entire simulation. Whereas, hydrogen
bond formation in the NSP6-dextromethorphan was unstable
and absent most of the time during the simulation. For the last
20 ns of simulation, the number of intermolecular H-bonds is
greater in the case of the NSP6-haloperidol system, indicating
the most stable binding.

Secondary structure dynamics of NSP6-drug
complexes

To further understand the drug binding-induced changes in
secondary structure, the time evolution of the secondary struc-
ture profiles is shown in Fig. 4. As mentioned earlier, the
NSP6 adopts a compact fold consisting of fourteen α-helices
and twoβ-strands. Notable changes in the secondary structure
profile were observed in the NSP6-drug complex. Most sig-
nificant changes were an increase in helicity of the residues
89-99 (i.e., H5) and residues 200-205 (i.e., residues between
H10 and H11). In the NSP6 and NSP6-drug complexes, the
hinge region covering residues 100-110 can transform be-
tween helix or turn during simulation. In the case of the
NSP6-haloperidol complex, the region covering residues
226-236 (i.e., H12) was lost to turn during the simulation.
DSSP information indicates that dextromethorphan binding
to NSP6 decreases the helicity of residues 150-160 (H7 and
H8) while the H12 helix remains stable as in unliganded
NSP6.

Evaluation of structural motions and conformational
sampling in NSP6-drug complexes

Here, we use the principal component analysis (PCA) to ex-
amine the conformational sampling of the NSP6 systems via
examining their dominant modes of motion. The covariance
matrix of atomic fluctuations was diagonalized for predicting
the eigenvalues. The first few eigenvectors play a key role in
the motions of protein. It is apparent from the result that the
first 5 eigenvectors have a larger eigenvalue for the
unliganded than for the drug-bound NSP6, reflecting larger
collective atomic fluctuations of the unliganded NSP6
(Figure S5). In addition, the first five principal components
(PCs) account for more than 70% of motions observed for the
last 40-ns trajectories of the NSP6 and NSP6-haloperidol sys-
tems, whereas only the first three PCs account for ~ 100% of
the motions of the NSP6-dextromethorphan system
(Figure S5). This indicates that the NSP6 and NSp6-
haloperidol complex showed lesser motions as compared with
the NSP6-dextromethorphan complex, and the first few PCs
are not the same in the studied three systems.

The conformational sampling of the NSP6 systems in the
essential subspace is shown in Figure 5A which illustrates the
global motions along with the PC1 and PC2 projected by the
Cα atom. The figure clearly indicates that modeled NSP6
showed a more stable cluster as compared with the NSP6-
drug complex. At the same time, we found that the NSP6-
dextromethorphan complex occupied a wide and different
conformational subspace and showed fewer stable clusters
as compared with NSP6-haloperidol. The PCA thus supports
the findings that show the NSP6-dextromethorphan complex
less stable with increased conformational dynamics.
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To find the reasons how drug binding affects the motions
described by PC1 and PC2, the displacements of PCs for the
NSP6 systems were calculated and are shown in Fig. 5b.
Average fluctuation for the NSP6-dextromethorphan in both
the PCs were much higher as compared with NSP6-
haloperidol and unliganded NSP6. This indicated that NSP6-

dextromethorphan might influence the protein motions during
binding, whereas the NSP6-haloperidol complex showed fewer
motions during binding, which is consistent with the RMSF
analysis (Fig. 3d).

To demonstrate the effects of drug binding on conformational
redistributions, free energy landscapes (FEL) for the three

Fig. 5 Principal component analysis. a Projection of the motion of the
protein in phase space along the PC1 and PC2 for over 100 ns of MD
simulation at 300°K. b Average Eigen RMSF values for NSP6 systems

were predicted for PC1. The color code for the figure is: NSP6 (black),
NSP6-haloperidol (green), and NSP6-dextromethorphan (red)

Fig. 4 Secondary structures of NSP6 systems. Time evolution of the secondary structure profiles a NSP6, b NSP6-haloperidol, and c NSP6-
dextromethorphan complexes
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systems were determined as a function of the top two principal
components, PC1 and PC2. The 2D and 3D plots of the FEL are
shown in Fig. 6. Each protein-drug complex has a different FEL
pattern. FEL of NSP6 protein had multiple minima with small
energy barriers in a single broad valley (basin). Most of the
minima with the lowest energy had a flat end showing the clus-
tering of low-energy conformations (Fig. 6a). After haloperidol
binding, the basins segregate to the different coordinates and
show clustered lowest energy minima close to each other.
Some of the energy minima had a conical end suggesting the
presence of stable conformation, while the minima with flat end
indicating the absence of low-energy conformations (Fig. 6b).
However, in the case of the dextromethorphan-bound NSP6,
there exists only one deeper energy minima in the global free
energy minimum region, indicating only one stable conforma-
tional state residing within this valley (basin) (Fig. 6c). The free
energy valley is much deeper than the unliganded NSP6 and
NSP6-haloperidol complex, indicating that the NSP6-
dextromethorphan complex has a lower free energy value.
Besides this, the NSP6-dextromethorphan complex also showed
a reversed population shift relative to the unliganded NSP6.

A comparison of the FELs for these two drug complexes of
NSP6 reveals that the FEL of the haloperidol-bound NSP6
exhibits a more rugged free energy surface than that of the
dextromethorphan-bound NSP6. Furthermore, the FEL of the
NSP6-haloperidol complex contains a greater number of local
free energy minima either in the global free energy minimum
region (i.e., the funnel bottom) or in the region outside the
global free minimum (i.e., the funnel wall), resulting in a more
rugged and complex FEL.

Evaluation of interaction energetic features in NSP6-
drug complexes

Evaluation of binding free energy is one of the important
aspects of drug discovery as they describe the strength of
non-bonded molecular associations during binding. The more
negative free energy value signifies the stronger binding be-
tween the ligand and the protein. Using the MM-PBSA meth-
od [56, 57], binding free energy (ΔGbinding) was calculated as
the difference between the free energy of the protein and

Fig. 6 The free energy landscape (FEL) of the simulated NSP6 systems
based on the principal component analysis. aNSP6. bNSP6-haloperidol.
cNSP6-dextromethorphan. The color bar represents the free energy value

according to kcal mol−1. Dark blue spots indicate the energy minima and
energetically favored protein conformations, and yellow spots indicate
the unfavorable high-energy conformations
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protein-drug complex in the last 20 ns, sampled at 10-ps time
intervals (Figure S6).

The average binding free energies and detailed energetic
contribution components of the last 20 ns of MD trajectories
were calculated and are shown in Table 1. It can be seen that
haloperidol binds more strongly to NSP6 than dextromethor-
phan by − 12.74 kcal/mol, indicating enhanced binding affin-
ity. While van der Waals energy (EvdW) largely contributed
to the binding of haloperidol to NSP6, polar energy is unfa-
vorable with the positive value. Besides, hydrophobic interac-
tion played a crucial role in Hel binding to NSP6.

For dextromethorphan binding to NSP6, both polar energy
and van der Waals interactions were favorable, while electro-
static energy is highly unfavorable with the positive value of
52.1 ± 3.39 kcal/mol (Table 1). According to Table 1, it is
apparent that the polar (charged interactions) component was
the key contributor in the binding free energy of the NSP6-
dextromethorphan complex. The results indicated that the large
unfavorable electrostatic term (ΔEele) was compensated by the
large contribution of polar and van derWaals component in the
binding process of dextromethorphan to NSP6. Therefore, the
polar contribution was considered the main driving force in
binding mechanism. To identify the key residues that contrib-
uted to the binding energy, we decomposed the binding energy
at amino acid basis and the important ones with high contribu-
tion (≥ 0.1 kcal/mol) were identified and are shown in Fig. 7.

As represented in Fig. 7, the values of amino acid energy
with high contribution in each drug complex varied significant-
ly. The decompositions of the relative binding energies of indi-
vidual residues to the NSP6-haloperidol complex formation
with the most favorable interactions were from Trp140,

Trp165, Ala166, and Gly177, which comprised both charged
and hydrophobic amino acids (Fig. 7). Residues within
dextromethorphan-binding sites of NSP6 includes mainly
charged amino acids like W31, E39, D112, D133, D134,
D159, E195, D243, E250, and D267 (Fig. 7). Of note, the dex-
tromethorphan interactions with NSP6, many charged residues
like lysine (K61, 63, 109, 111, 151, 263, 270, 274, 281, and
285) and arginine (R93, 187, 233, 236, and 252), produced large
positive unfavorable binding free energy values on average.

Thus, we have observed the large spatial shift of the bind-
ing residue clusters in both the drugs. Overall, haloperidol
binds to the residue clusters near Trp165-Gly177 (while there
was no energy contribution in the NSP6-dextromethorphan
system). Also, the dextromethorphan binds to the C-terminal
residue clusters Arg236-Asp267 (while there was no energy
contribution in the NSP6-haloperidol system).

Dynamic cross-correlation matrix analysis

Calculation of correlation matrix is frequently utilized to
illustrate dynamical information of proteins in two dimen-
sions [52, 58, 59]. To observe the correlation in the dy-
namics, correlation matrices for each of the NSP6 systems
were calculated through DynaMut web server [60] and are
plotted in Fig. 8. The red regions in the correlation maps
represent the strongly correlated motion of the residues
while the blue regions are associated with strong anti-
correlated motion of the residues. From the comparison
of the correlation map of the NSP6 systems, substantial
loss of motions in the correlation maps of the NSP6-drug
complexes had been identified and labeled as shown in

Fig. 7 The per-residue binding
free energy decomposition for the
simulated NSP6-haloperidol
(blue) and NSP6-
dextromethorphan (red). The free
energy values ≥ 0.1 kcal/mol
contributes more to the binding
interaction

Table 1 Binding free energy (kcal/mol) and the detailed energetic contribution components of NSP6-drug complexes averaged over the last 20 ns of
MD trajectories

ΔEVDW ΔEELE ΔGPOL ΔGNP ΔGBIND

Haloperidol − 43.27 ± 3.85 − 5.86 ± 2.2 16.86 ± 2.74 − 4.35 ± 0.11 − 36.62 ± 3.11

Dextromethorphan − 28.95 ± 2.63 − 14.12 ± 3.39 22.11 ± 3.68 − 2.92 ± 0.17 − 23.88 ± 2.5
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Fig. 8. In the presence of drugs, the helices of the hydro-
phobic core significantly destabilized and this is most ap-
parent in the NSP6-dextromethorphan complex, whereby
most of the helices showed the weakest correlation in
motions compared with the NSP6-haloperidol complex.

As can be seen, dextromethorphan binding leads to the
complete loss of correlated motions of helices H9 and H11
in NSP6. The significant loss of correlated motions between
H1-H6 and H1-H8 along with disruption of long-range mo-
tions between H5-H13, H6/H7-H11, and H5-β2, and short-
range motions between H8/H9-H11 was observed.
Interestingly, correlated motions between H9 and β2 have
been observed in NSP6-dextromethorphan which is not pres-
ent in the unliganded NSP6 protein. Moreover, the long-range
anti-correlated motions between N- and C-terminal regions
were also lost in the NSP6-dextromethorphan complex.

On the contrary, the NSP6-haloperidol complex displayed
a somewhat better correlation in motion of residues of H8 and
H11 compared with the NSP6-dextromethorphan system,
hence indicating enhanced stability of the hydrophobic core
(Fig. 8). However, similar to dextromethorphan, haloperidol
binding also leads to complete loss of correlated motions be-
tween H1-H6, H1-H8, and H6/H7-H11, while retaining the
motion between H8/H9-H11. There is also gain in long-range
correlated motions between H2 and H13. Thus, the lack of
correlation in the motion of the helical domains for the
NSP6-dextromethorphan complex suggested the loss of con-
tacts among these helices, which might cause the greater ac-
cessibility of the hydrophobic core to the solvent molecules,
and subsequently the destabilization of the protein.

Residual frustration analysis

To examine the role of frustration in binding, we compute
residual frustration in the protein by using the Protein
Frustratometer server [51]. The frustration indices calculated

through single residual frustration analysis indicate that
SARS-CoV-2 NSP6 is more frustrated than a typical globular
protein. Using the cutoff values of the frustration indices, we
found that NSP6 protein is highly frustrated molecules with
almost 27% of residues are highly frustrated (compared with
10% observed in a typical protein), and 36% of the residues
are minimally frustrated (40% in general). The frustration
values range between − 2.9 and + 1.4.

Here, the minimally frustrated residues were found in the
helices H3, H5, H6, H10, and H11, whereas the highly frus-
trated residues were largely scattered and seen mainly in H5
and C-terminal H13 and H14 (Figure S7A–C).

Furthermore, we also monitored the frustration changes in
NSP6 upon drug binding and the frustration profile showed
some significant differences in protein-drug complex structure
as shown in the Supporting Information Table S1.

As can be seen, dextromethorphan binding increased the
local destabilization of the protein by increasing the highly
frustrated residues (29.3%) while the local frustration is sim-
ilar to apo NSP6 (35.8%). Haloperidol binding also increased
the frustration to a little extent (28%) while keeping the min-
imal frustration unchanged (Table S1). The drug binding thus
increases the number of highly frustrated residues and thus
increases the local frustration and flexibility of the protein,
especially in dextromethorphan binding.

Moreover, the residues involved in drug binding were
dominantly neutral to minimal frustration. However, some
of the dextromethorphan-binding residues like Ser32 and
Leu276 gain frustration upon binding, whereas the frustration
of Tyr132, Tyr136, Gly177, Arg236, and Lys270 decreased
upon binding. Also, haloperidol binding increases the frustra-
tion of Leu231, Leu237, and Thr238 upon binding, and at the
same time, it also decreased the frustration of residues like
Tyr136, Phe184, and Phe269 (Table S1).

Moreover, to find out how drug binding induced the local
frustration changes, we performed a comparative analysis of

Fig. 8 Dynamic cross-correlation map (DCCM) of the Cα atoms around
their mean positions computed through the DynaMut web server during
the simulation. a NSP6. b NSP6-haloperidol. c NSP6-dextromethorphan

complexes. The degrees of the correlation motions and anti-correlation
motions are represented in blue and red, respectively. The degrees of
motions correspond to the color bar
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Fig. 9 Frustration analysis in NSP6-drug complexes. The changes in
residual frustration are distributed along the structural regions of NSP6.
a The changes in minimal frustration values in NSP6-drug complex. b

The changes in highly frustration values in NSP6-drug complex. The
secondary structural regions are represented as: H-α-helix and S-β-
strands

Fig. 10 The structural snapshots of NSP6-drug complex observed during the MD simulation (0 ns, 25 ns, 50 ns, 100 ns) for the most abundant structure
of a–d NSP6-dextromethorphan and e–h NSP6-haloperidol
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the spatial distribution of local frustrations mapped onto the
secondary structure of the protein (Fig. 9). In particular, highly
frustrated residues in the NSP6-dextromethorphan complex
increased in the α-helix H1, H7, and H13, while the increase
is seen in H11 for the NSP-haloperidol complex (Fig. 9a). The
decrease in frustration was also seen for both the complexes
mainly in C-terminal H11, H12, S1, and H14 for the NSP6-
dextromethorphan complex, and for NSP6-haloperidol, a de-
crease is observed in H5, H8, and S1 (Fig. 9a). Additionally,
the drug binding decreased the minimal frustration in H5, H7,
H9, and H11 helices, and also increased the minimal frustra-
tion in H2 and H12 helices (Fig. 9b).

Thus, the coupling between structurally rigid C-terminal
helices H10 and H11, and conformationally flexible helices,
H5 and H13, is important for drug binding, and also the frus-
tration index of the regions close to the binding site changes
upon association.

Discussion

The all-atom MD simulation shows significant differences
in the tertiary structure of the NSP6-drug complexes. The
structural snapshots of the protein-drug complex were
used to analyze the differences in tertiary structure caused
by each drug (Figure S8).

Overall comparison of the binding conformations of
haloperidol and dextromethorphan in NSP6

The NSP6-drug complexes show the significant differences in
H2, H5, H7, and C-terminal regions comprising H12, H13,
β1, and β2 (Figure S8). The haloperidol and dextromethor-
phan complexes have a kink in H2, H5, and H7 at midway of
simulation (50 ns) that causes a change in orientation when the
drug binds (Figure S8 A, C). The dextromethorphan binding
induces much larger kink at H2 and H5 with a much larger
deviation also (RMSD = 3.59) (Figure S8C). At the end of the
simulation, the haloperidol and dextromethorphan complexes
showed an increase in twist of H12 and H13, and both the
strands of the C-termini along with the kinks present in H2,
H5, and H7 (Figure S8B, D). Similar to what was observed at
~ 50 ns, dextromethorphan binding induces much larger dis-
ruption (RMSD = 3.24). Thus, although both drugs lead to
bending of the helices, dextromethorphan binding induces
larger disruption of the helices and thus more destabilization
observed in the protein.

The protein-drug binding analysis shows that dextrome-
thorphan and haloperidol interact with many key residues
and are shared between both the drugs. The residues
interacting with each drug during the simulation were com-
pared and visual 2D representations are shown in Figures S9
and S10.

Figure 2 a shows the initial pose of the dextromethorphan
molecule in the MD simulation, which is also the best pose
from the docking study. As can be seen, the dextromethorphan
molecule formed hydrogen bonds with residue Lys 61, and
several van der Waals interactions with His62, Asn232,
Arg233, Arg236, Thr238, Asp243, Leu245, and Pro282.
Figure 2 b shows the haloperidol binding sites in NSP6 which
is comprised of helix H7, and H9 residues (i.e., H7: Tyr132,
Asp134, Ala136, Arg137, Trp140; H9: Asn174, Tyr175,
Ser176, and Val178) and C-terminal positively charged resi-
dues Leu231, Leu237, Leu239, and Ser265.

The structural snapshots of the drug-protein complexes
have been shown in Fig. 10. It has been seen during simulation
that dextromethorphan has drifted to the different locations
inside the NSP6 during ~ 20–100 ns of simulation. In the first
∼ 20 ns, dextromethorphan stayed in its initial location (Fig.
10a). After that, it drifted away from its initial location and
moved into the water above the binding pocket and the inter-
action becomes minimal, only with Tyr234, Phe235, and
Leu276 (Fig. 10b). Without drifting further into the water,
the dextromethorphan molecule re-entered to the enlarged
binding pocket, where it interacts mainly with H12 residues
(Phe225, Leu230, Arg233, Tyr234, and Arg236) through the
hydrophobic interaction (Fig. 10c).

During the second half of theMD simulation (~ 50–100 ns),
the dextromethorphan molecule stably remained at a new bind-
ing pose with much stronger interactions. At this new location,
dextromethorphan coordinates with Ser32 through H-bonds,
and hydrophobic interactions by Trp31, Ile189, Val190,
Met192, Cys193, Phe200, and Phe201 (H9-H10) (Fig. 10d).

In contrast, the drug haloperidol was stably bound inside the
NSP6 pocket and explored two binding poses during the sim-
ulation. For the first 50 ns, it remained at its initial docking pose
where it forms H-bonds to Ser 176 and Ser265, and several
hydrophobic interactions mediated by Arg137, Trp140,
Asn174, Tyr175, Val178, and Thr238 (Fig. 10e, f). After that,
it drifted to another binding site and remained stable there, until
the end of the simulation. At this new site, haloperidol interacts
mainly with H7-H9 residues (Trp140, Asn144, Trp165,
Ala166, Ile169, Ser170, Ser176, Val178, and Phe184),
Leu237, Leu239, and Ile266, Phe269 (H14) (Fig. 10g, h).

Conclusion

To better understand the mechanism of biased activity of
SARS-CoV-2 in the presence of two sigma-R1 binding drugs
to NSP6, molecular dynamics simulation studies were
employed. Our data suggests dextromethorphan binds to C-
terminal helices while haloperidol binding sites are in the mid-
dle of the protein domain in helices H7 and H9. The disruption
of the alpha helix H7 and H8 is significant for the dextrome-
thorphan complex along with a large kink in H5 and H7. The
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NSP6-haloperidol complex showed a less significant change in
the tertiary structure despite major disruption of the H12 helix.

Furthermore, the analyses of RMSD, RMSF, PCA, FEL,
and dynamic cross-correlation matrix (DCCM) indicated that
dextromethorphan binding leads to destabilization of the pro-
tein with the loss of correlated motions and residual frustra-
tions. In contrast, haloperidol binding brings milder alterations
in these order parameters and thus showedminimal changes in
stability compared with dextromethorphan system. Besides,
intermolecular hydrogen bonds were constantly formed in
haloperidol with high occupation indicating the more stabili-
zation of the NSP6-haloperidol system. In conclusion, the
study elucidated the detailed interaction mechanism of dextro-
methorphan and haloperidol to NSP6 protein and the associ-
ated structural and dynamical changes upon drug binding.
These results will significantly enhance our understanding of
the working mode of these drugs at the molecular and struc-
tural level and will contribute to the future rational drug design
for COVID-19.
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