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ABSTRACT: The redox-dependent changes on the binding
between the receptor-binding domain of the severe acute
respiratory syndrome-coronavirus-2 spike protein and the
peptidase domain of the human cell surface receptor angiotensin-
converting enzyme II were investigated by performing molecular
dynamics simulations. The reduced states of the protein partners
were generated in silico by converting the disulfides to thiols. The
role of redox transformation on the protein−protein binding
affinity was assessed from the time-evolved structures after 200 ns
simulations using electrostatic field calculations and implicit
solvation. The present simulations revealed that the bending
motion at the protein−protein interface is significantly altered
when the disulfides are reduced to thiols. In the native complex, the
presence of disulfide bonds preserves the structural complementarity of the protein partners and maintains the intrinsic
conformational dynamics. Also, the study demonstrates that when already bound, the disulfide-to-thiol conversion of the receptor-
binding domain has a limited impact on the binding of the spike protein to the receptor. However, if the reduction occurs before
binding to the receptor, a spectacular conformational change of the receptor-binding domain occurs that fully impairs the binding. In
other words, the formation of disulfide bonds, prevalent during oxidative stress, creates a conformation ready to bind to the receptor.
Taken together, the present study demonstrates the role of pre-existing oxidative stress in elevating the binding affinity of the spike
protein for the human receptor, offering future clues for alternate therapeutic possibilities.
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■ INTRODUCTION

With over 5 million people dead in almost two years, the
coronavirus disease of 2019 (COVID-19) is still rapidly
expanding to several parts of the world.1 The largest public
health crisis in modern world history, the disease and the
subsequent global pandemic have disrupted the lives of billions
with no end in sight. The disease is caused by the severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2), the sev-
enth member of the Coronaviridae family. It is a positive-sense
single-stranded RNA virus of the genus Betacoronavirus.2,3 The
coronavirus particles contain four main structural proteins:
spike, membrane, envelope, and nucleocapsid. It is so named
for the spike (S) proteins adorning the outer shell of the virus,
giving coronaviruses the appearance of having “corona” or
crown.4,5 The S-protein has a receptor-binding domain (RBD)
that interacts with the host cell receptor protein, angiotensin-
converting enzyme-2 (ACE2), during the entry of the virus
into a human cell.6−8 SARS-CoV-2 is similar to two others of
the family, namely, severe acute respiratory syndrome-
coronavirus (SARS-CoV) and the Middle East respiratory
syndrome (MERS), with the former being the more genetically

similar to SARS-CoV-2; however, SARS-CoV-2 has proven to
be even more contagious.2,3,5

Oxidative stress plays an underappreciated role in the
COVID-19 infection,9−17 with a recent study demonstrating
that the age-dependent nature of its severity is linked to
oxidative stress.13 Cellular redox status is maintained by the
thiol−disulfide balance that impacts viral fusion and entry
processes.11,18 Therefore, viral infections are presumably
influenced by oxidative stress,10,14,16−19 and COVID-19
disease is no exception. Studies found that disulfides, formed
from the oxidation of cysteine thiols, are important for proper
folding and conformational transition of the spike protein that
facilitates viral entry into host cells.20,21 Recently, the
possibility of monitoring oxidative stress to study the spread
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of COVID-19 has also been proposed13 through an improved
bioanalytical technique to determine the thiol−disulfide
balance in the extracellular fluid.22 As a result, a strategy of
reducing oxidative stress was hypothesized,15 and small
molecule drugs with higher antioxidant potentials have been
explored including N-acetyl cysteine, quercetin, l-ascorbic acid,
and auranofin.23−25 A recent study in a mouse model
demonstrated that some of these drugs can prevent the
infection and transmission of COVID-19.21

Although vaccination has been successfully employed in
some economically affluent countries, the majority of the world
is still under severe shortage of vaccine.26 Additionally, the
efficacy of the vaccine is under constant evaluation, especially
as newer viral variants continue to emerge.27−29 Therefore, a
rigorous analysis of the cellular redox state and its impact on
disease severity is long overdue. Using short simulations and
neglecting differences due to entropic changes, our earlier
study observed an increased binding affinity between the RBD
of the S-protein and the peptidase domain (PD) of ACE2
under an oxidizing environment.9 In the present study, we
report a rigorous free-energy analysis using data from longer
molecular dynamics (MD) simulations involving bound as well
as individual protein partners. A detailed analysis of energetics,
structural changes, and dynamics that aspires to unravel the
interplay of oxidative stress and the binding affinity of the RBD
to the extracellular PD of ACE2 is presented.

■ RESULTS AND DISCUSSION
Oxidative stress is the accumulation of reactive oxygen or
nitrogen species (RONS) in the body such as peroxides,
superoxide anion (O2

•−), and nitric oxide (NO).16 Accumu-
lation of these species impacts the thiol−disulfide equilibrium
in the extracellular region and can alter the protein thiolation
index.13,22 There are seven disulfide linkages in the native
SARS-CoV-2-bound ACE2 complex (PDB code: 6M0J30):
four in the RBD of CoV-2 and three in the PD of ACE2
(Figure 1). In the present study, five different complexes of
CoV-2 and ACE2 were constructed and studied: (i) the native
complex CoV-2ox···ACE2ox, where all of the seven disulfide
linkages (Figure 1) were retained; (ii) the CoV-2red···ACE2ox

complex consisting of the RBD with four disulfides reduced to
thiols and unaltered ACE2; (iii) a second CoV-2red_2···ACE2ox,
where CoV-2 is reduced prior to binding; (iv) the CoV-2ox···
ACE2red complex with the native RBD bound to the ACE2
with three disulfides reduced to thiols; and (v) CoV-2red···
ACE2red, the complex where all of the seven disulfides were
reduced to thiols. The protein partners were also simulated
individually (unbound form) as a control: CoV-2ox and
ACE2ox represent the RBD of CoV-2 and the extracellular
PD of ACE2, respectively; the disulfides in both proteins were
preserved. Similarly, CoV-2red and ACE2red represent the
systems where all disulfides were converted to thiols. The
effect of the reduction of these disulfides on the binding
between the RBD of the S-protein and the PD of ACE2 was
probed by studying interactions at the interprotein binding
sites, energetics, collective dynamics, conformational changes,
and per-residue fluctuations.

Interactions at the Protein−Protein Binding Interface

The binding interface of ACE2 and the RBD of the S-protein
contains several interacting residues.30,31 From the simulation
data, these residues were studied by following the changes in
their cumulative average of inter-residue distances and
standard deviations as they evolved during the 200 ns of
MD simulations (Tables S1−S4). Overall, three interacting
zones were identified: left, central, and right (Figure 2). The
left zone consists of a cluster of six residues (Table 1),
contributed equally by both protein partners. The central zone
is of similar size, consists of seven residues and contains a
strong ion-pair interaction, K417(CoV-2)···D30(ACE2). The
zone at the right is larger and consists of 11 residues (5 of
CoV-2 and 6 of ACE2 subunits).
The reduction of the four disulfides of CoV-2 in the CoV-

2red···ACE2ox complex impacted interactions present in the left
and right zones. The interactions in the central zone remained
intact, indicating that the overall interaction between the
protein partners will remain strong upon the reduction of the
CoV-2 disulfides (Table 1). The reduction of the three
disulfides of ACE2 in CoV-2ox···ACE2red caused perceptible
disruptions in the interactions on both left and right zones
(Table 1). Much like the CoV-2red···ACE2ox system,
interactions remained less affected in the central zone.
However, the effect of reduction was most pronounced in
the CoV-2red···ACE2red variant, where the interactions in the
central zone were also impacted in addition to the left and
right zones (Table 1).
The analysis of these interactions suggested that the central

zone consisting of the α-helix (residues 19−53) of the ACE2
behaves as a hinge region. In particular, as observed in the
collective motion analysis, the long helix acts like an axle on
which the concave surface of the SARS-CoV-2 gets docked
(vide supra). The interaction analysis revealed that the binding
of the two proteins would be significantly impacted for the loss
of all disulfide linkages, i.e., when all of the seven disulfides are
reduced to thiols.

Energetics

In all cases, the overall binding was the result of favorable
enthalpic changes offset by the unfavorable entropic penalty
(Table 2). In other words, the combination of RBD−ACE2
interactions and the desolvation contributed to a net negative
quantity of energy, whereas positive contributions resulted as
the disorder of the entire system reduced upon binding (Table
2). Analysis of the native complex reveals that the

Figure 1. Location of the seven disulfide bonds in the RBD−ACE2
complex.
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contributions in terms of enthalpy and entropy were moderate
with −33.2 and +22.8 kcal/mol, respectively (Table 2). For all
other complexes, the entropic penalties were sharply higher in
the range of 48−62 kcal/mol. The enthalpic changes due to
binding became less favorable when either ACE2 or both
protein partners were reduced to thiols (Table 2, column 2).
The maximum loss of enthalpy was observed for the CoV-
2red···ACE2red complex, where all of the seven disulfides were
converted to thiols. The decrease in enthalpic contribution

corroborates with the structural incompatibility observed in
the interaction analysis, as described earlier (Table 1 and
Figure 2). Taken together, the Gibbs free energy of binding
was impacted by the loss of the interactions at the protein−
protein interface upon reduction of the disulfides to thiols.
For the native complex, the Gibbs free energy of binding is

known and is equal to −10.4 kcal/mol.4 Compared to the
native, all systems exhibited decreased binding affinity with the
reduction of disulfides (Table 2). The complex CoV-2red···

Figure 2. Three interaction zones in the SARS-CoV-2 RBD-bound ACE2: left (sea-green), central (purple), and right (cyan). The rectangular
color-coded boxes display the interactions observed in this study. The central region contains the K417···D30 ion pair and other stronger
interactions and acts like a hinge region. The ACE2 binds a Zn2+ ion at the catalytic pocket.

Table 1. Various Interaction Distancess between Rein the Three Zones Identified for the Protein Complexes at Different
Oxidation Statesa

protein systems/zones inter-residue interactions CoV-2ox···ACE2ox CoV-2red···ACE2ox CoV-2ox···ACE2red CoV-2red···ACE2red

left Y489(OH)···F28(N) 4.4 (0.7) 4.8 (0.8) 4.2 (0.6) 5.6 (1.4)
N487(ND2)···Q24(OE1) 5.3 (1.6) 7.7 (2.8) 6.9 (2.7) 11.3 (2.4)
N487(OD1)···Y83(OH) 4.1 (1.4) 7.3 (2.3) 6.9 (2.3) 11.6 (2.6)
Y489(OH)···Y83(OH) 4.2 (0.7) 4.6 (1.2) 4.7 (0.8) 7.6 (1.9)

central K417(NZ)···D30(OD1) 4.7 (2.2) 5.3 (2.5) 5.4 (2.2) 4.0 (1.7)
Y453(OH)···H34(NE2) 4.1 (0.7) 4.2 (0.7) 3.9 (0.7) 4.9 (1.7)
Q493(OE1)···K31(NZ) 3.3 (0.9) 5.9 (2.8) 4.7 (2.2) 8.8 (1.8)
Q493(NE2)···E35(OE2) 3.8 (0.9) 5.5 (2.2) 4.8 (1.6) 8.7 (3.2)

right Y449(OH)···Q42(NE2) 5.9 (1.7) 7.9 (3.3) 12.6 (7.9) 15.9 (6.4)
Y449(OH)···D38(OD1) 4.1 (1.5) 5.8 (2.6) 9.2 (7.7) 11.5 (6.0)
Y449(OH)···K353(NZ) 5.5 (1.3) 9.7 (5.4) 9.4 (7.3) 12.3 (5.4)
Q498(OE1)···K353(NZ) 5.4 (2.1) 8.6 (5.9) 4.4 (2.0) 7.0 (1.6)
T500(OG1)···Y41(OH) 3.2 (0.5) 6.4 (2.4) 3.3 (0.3) 7.6 (1.6)
N501(ND2)···Y41(OH) 4.4 (1.4) 7.1 (2.3) 6.0 (0.7) 9.7 (1.4)
Y505(OH)···R393(NH2) 3.6 (0.4) 4.9 (1.9) 9.8 (0.8) 4.0 (0.9)
Y505(OH)···E37(OE2) 3.4 (0.8) 5.7 (1.6) 7.1 (1.1) 6.6 (1.0)

aThe inter-residue distances (in Å) are averaged over 200 ns of MD simulation with the standard deviation given in parenthesis.
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ACE2ox exhibited a slightly positive binding affinity (ΔbindG
o =

2.7 kcal/mol). The complexes CoV-2ox···ACE2red and CoV-
2red···ACE2red exhibited large positive Gibbs’ free energies of
the binding with 38.2 and 46.3 kcal/mol, respectively.
Conformational Changes

To better understand the impact of oxidation on the
conformation of the CoV-2···ACE2 complex, the root-mean-
square deviation (RMSD) of the conformations of various
complexes as they evolved during the 200 ns of MD
simulations were analyzed (Figure 3a). In parallel, the study

was also extended to the unbound proteins, namely, CoV-2
and ACE2, in both oxidized and reduced states (Figure 3b).
Beginning with the fully equilibrated protein conformations
obtained through minimization, the RMSD of every con-
formation stored after each 10 ps interval was calculated. For a
given system, the RMSD of each conformation was computed
with respect to the reference structure obtained after
minimization and was averaged over all Cα atoms (Figure

3a). In comparison to CoV-2ox···ACE2ox, neither the CoV-
2red···ACE2ox nor CoV-2ox···ACE2red structures exhibited any
significant RMSD from the reference structure across the 200
ns simulation. The trajectories for all three complexes
exhibited fluctuations within 4 Å of their respective
equilibrated starting conformations. However, the trajectory
for the CoV-2red···ACE2red complex (Figure 3a, red plot)
exhibited significant deviation during the simulation. In
particular, the fully reduced complex (CoV-2red···ACE2red)
exhibited a large deformation (RMSD of ∼8 Å) from the
starting structure, indicating a significant conformational
change of the protein due to the reduction of all seven
disulfide bonds.
As a comparative analysis of the conformational change, the

RMSD from the initial structure for unbound protein partners
was collected over the 200 ns of simulated dynamics (Figure
3b). For ACE2, the conformational change was insignificant
for both the oxidized and the reduced states. As observed in
Figure 3b, in both ACE2ox and ACE2red (green and cyan plots,
respectively), the RMSDs were within 1.0 Å during the last 100
ns simulation. In contrast, the RBD of the CoV-2red (Figure 3b,
red plot) exhibited a sharp increase in the RMSD. Compared
to the starting structure, the net change in RMSD was ∼5 Å.
This observation illustrates a significant structural change
occurring after 90 ns of simulations upon the reduction of
disulfide bonds in the RBD of the S-protein. However, no
significant conformational change was noted for the native
RBD (CoV-2ox; Figure 3b, purple plot).
The mode of binding of the two proteins suggests that the

concave surface of CoV-2 binds over the two long helices
(residues 19−53 and 55−84), which act like a hinge region
(Figure 4a,b). As observed previously, the interactions in the
central zone are stronger and help maintain the hinge motion
observed during the simulated dynamics (Figure 4b). This is
further established because the residue−residue interactions in
the central zone and the hinge motion were maintained in all
four protein−protein complexes.

Collective Protein Dynamics

In coordination with the analysis of RMSD, a study of essential
dynamics32,33 was performed to study the major displacements
that occurred in the CoV-2···ACE2 complexes (Figure 5). As
predicted, the principal motion of the native complex, CoV-
2ox···ACE2ox, was found to exhibit an oscillatory motion in
which the CoV-2 segment rotates over a hinge region on
ACE2. Both CoV-2red···ACE2ox and CoV-2ox···ACE2red struc-
tures exhibited slight variations in their principal motions in
comparison to CoV-2ox···ACE2ox. In all three complexes, the
principal motion was represented by a rotation about the axis
of the large ACE2 helix (res 19−53) anchored at the hinge
region (Figure 4). In comparison to the initial structure, the
final conformations in these three complexes were observed to
be slightly distorted but consistent with the observed RMSD
values (Figure 3). Similarly, the principal motion for the
CoVred···ACE2red complex significantly altered from that of the
native CoV-2ox···ACE2ox (Figure 5). Here, the CoV-2 segment
seesawed over the interactive region, breaking all interactions
in the hinge region (Figure 5). The final resting conformation
dramatically varied from that of CoV-2ox···ACE2ox and
corroborates the significant divergence in the observed
RMSD values.

Table 2. Various Components (in kcal/mol) of the Gibbs’
Free Energy of Binding of the RBD of SARS-CoV-2 to the
PD of the ACE2 Receptora

total enthalpy
entropic

contribution
Gibbs free
energy

protein systems ΔbindH
o (aq) −TΔbindS

o (aq) ΔbindG
o (aq)

CoV-2ox···ACE2ox −33.2 22.8 −10.4b

CoV-2red···ACE2ox −46.0
(−40.2)

48.7 (55.9) 2.7 (15.7)

CoV-2ox···ACE2red −24.6 62.8 38.2
CoV-2red···ACE2red −11.1 57.4 46.3

aThe energy values in parentheses indicate the protein complex,
where the RBD of CoV-2 was reduced prior to binding to the ACE2.
bAn experimental Kd value of −10.4 kcal/mol for the SAR-CoV-2···
ACE2 complex, reported by Wang et al., was used as correction in eq
4.

Figure 3. Root-mean-square deviation (RMSD) of the protein
complexes of ACE2 and SARS-CoV-2 studied in this work. Disulfide
variants (oxidized) are designated with a shorthand notation “ox”,
while thiol variants are denoted with a “red” notation.
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Per-Residue Fluctuations

Using the 200 ns data for all protein systems, the root-mean-
square fluctuations (RMSFs) were computed for each Cα

atom. ΔRMSFs were calculated by subtracting the RMSFs of
the native structure (CoV-2ox···ACE2ox) from the RMSF of the
complex under consideration. Similarly, for ΔRMSFs of each
individual protein partner, the oxidized forms (i.e., CoV-2ox or
ACE2ox) were used as a reference. Therefore, the positive
values of ΔRMSF indicate a higher backbone fluctuation of the
region denoted by the residue number compared to the
reference structure, as defined above. As illustrated in Figure
6a, significant backbone fluctuations were observed for the
entire CoV-2 region when the disulfides of the RBD were
reduced (CoV-2red···ACE2ox and CoV-2red···ACE2red). This is
consistent with the significant displacement observed in the
principal modes for these complexes (Figure 5). This is in
contrast to the CoV-2ox···ACE2red, which exhibited only
moderate changes in ΔRMSFs.
For the isolated ACE2 proteins (i.e. the reduced as well as

the oxidized forms), the ΔRMSFs were insignificant for most
residues (Figure 6b). However, for the reduced CoV-2 system,
a major change was observed for the 470−505 residues, which
is located at the binding interface forming the concave surface
(Figure 6c, left). A longer (300 ns) MD simulation and
conformational analysis of the CoV-2red versus CoV-2ox

demonstrated that the conformational evolution (Figure S1)
is consistent with the ΔRMSF analysis and corroborated that
the reducing the disulfides of CoV-2 produces significant
conformational changes of the binding motif. In particular, the
loop (residues 470−505) was observed to undergo a major
conformational change resulting in a complete loss of the
concave surface, critical for the RBD of CoV-2 to bind the
ACE2 (Figures 6c, right and 7).

Reduced RBD Prior to Binding

The effect of reducing the disulfides of the RBD prior to
binding was also studied. The CoV-2red conformation after 200

ns simulation was docked onto the binding site of ACE2 by
superimposing the CoV-2red backbone on the same unreduced
RBD in the native complex. The complex was allowed to
evolve through an additional 100 ns of molecular dynamics
simulation. The structure exhibited significant differences in
the interacting zone compared to those of the native complex
due to the loss of structural compatibility (Figure S2). The
computed free energy of binding was >15 kcal/mol (Table 2),
which indeed demonstrates that the reduction of the RBD
prior to binding will inevitably impair the binding (Figure 7).
On the other hand, the oxidation of thiols to disulfides, known
to be facilitated by oxidative stress,34,35 appears to have
produced a conformation of the RBD with much higher
binding affnity for ACE2.
The present study did not measure the kinetics; however,

using the thermodynamic results, one can assess the relative
binding kinetics. Since the binding of oxidized protein partners
(CoV-2ox···ACE2ox) is in the nanomolar range (15 nM),8 the
binding rate constant (kon) is ∼107 times higher than the
unbinding rate constant (koff) as computed from the ΔbindG

o

(aq) value of −10.4 kcal/mol. If the reduction of disulfides of
the CoV-2 RBD occurs before its binding with the ACE2, the
koff would be 1012 times higher than the binding rate constant
(ΔbindG

o (aq) = 15.7 kcal/mol). On the other hand, if the
reduction occurs after the complex is formed, the koff is
increased only by 100-fold (ΔbindG

o (aq) =2.7 kcal/mol).
Therefore, it is likely that the timing of the reduction could
have an impact on the viral protein binding to the cell surface
receptors and subsequent fusion.

■ CONCLUSIONS
The redox dependency of the binding of the SARS-CoV-2
RBD with the human ACE2 receptor paints an unambiguous
role of oxidative stress on the molecular basis of viral entry.
Using 200 ns MD simulations, the interaction zone of the
RBD−ACE2 complex and its evolved dynamics were studied
for various oxidized (disulfide-containing) and reduced (thiol-

Figure 4. Oscillatory motion originates from the surface compatibility of the protein−protein binding interface.
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containing) states of the RBD and ACE2. Free-energy
calculations show that tighter binding in the native complex
of SARS-CoV-2 RBD with ACE2 originates from a
combination of enthalpic and entropic effects (Table 2). The
study demonstrates that the disulfide-to-thiol conversion of
CoV-2 and ACE2 impacts binding (Figure 7) and the binding
completely perishes when either or both protein partners are
reduced.
The most important finding of the present study is the

significant impact of reduction on the binding affinity of the
CoV-2 RBD to ACE2. Our study finds that when completely
reduced prior to binding, a large conformational change occurs
at the binding site of the CoV-2 (Figure 7). An assessment of
binding free energy demonstrates that the binding is
completely impaired with the host receptor as evident from a
binding free energy of >15 kcal/mol. In other words, the
oxidation of the RBD produced a conformation of the RBD
that is ready to bind to the ACE2.
ACE2 can be found in the outer membrane of epithelial cells

of various tissues including those of the lungs, heart, blood

vessels, kidneys, liver, and gastrointestinal tract.23−25 It plays an
important role in regulating oxidative stress, acting as a catalyst
for the conversion of angiotensin-II into the peptide,
angiotensin 1−7 that acts to reverse the effects of
angiotensin-II-related oxidative stress. Therefore, under normal
conditions, ACE2 keeps oxidative stress in check. The binding
of CoV-2 will inhibit the role of ACE2 in reducing oxidative
stress and thus creating a vicious cycle, where the oxidative
stress spirals out of control. Taken together, the study provides
molecular-level insight into the mechanism by which oxidative
stress plays a role in the COVID-19 infection. For the first
time, the MD simulation study demonstrates that pre-existing
oxidative stress creates a docking-ready conformation of the
CoV-2 that has a significantly enhanced binding affinity toward
human ACE2.

■ METHODOLOGY

Computational Setup

All protein complexes were prepared using visual molecular
dynamics (VMD).36 Disulfides were converted to thiols during
this process using standard VMD scripting. All MD simulations
were performed using GPU-enabled nanoscale molecular
dynamics (NAMD)37,38 alongside the CHARMM36 force
field.39,40 Electrostatic energy calculations during MD simu-
lation were carried out using the particle mesh Ewald
method.41 Root-mean-square deviation (RMSD) calculations
of the backbone carbon atoms were performed using VMD.
Protein−protein interactions were analyzed using adaptive-
basis Poisson−Boltzmann solver (APBS).42 Electrostatic field
calculations were performed using the PDB2PQR program
suite.43 Essential dynamics analysis and per-residue fluctua-
tions were carried out using the program CARMA.44

MD Simulations

All simulations and analyses were conducted using the
structure of human ACE2-bound SARS-CoV-2 (PDB entry:
6M0J).30 For each set of simulations, the setup of protein
complex systems was done using protocols established from
previous studies.38−41 Briefly, the HBUILD module of
CHARMM was used to add hydrogens. Charges of acidic
and basic amino acid residues were maintained corresponding
to pH 7.0. The protonation state of histidine residues was
determined through computation of the pKa using the Propka
option of PDB2PQR. The TIP3P model was used to solvate
the protein systems alongside the addition of 24 sodium ions.
The prepared protein complex systems were of dimensions 94
Å × 144 Å × 100 Å.
All protein complexes were subject to 50 ps minimizations.

Following equilibrium, each system underwent 200 ns of MD
simulation. Velocity Verlet integration algorithm was used to
calculate atomic velocities and positions with a time step of 2.0
fs.45 All MD simulations were run using NAMD implementa-
tion of Langevin dynamics under periodic boundary conditions
and a constant temperature of 298 K.38,39 Nonbonding
interactions were modeled using a switching function with a
“switchdist” of 10 Å, a cutoff of 14 Å, and a “pairlistdist” of 16
Å.

Binding Free-Energy Calculations

Gibbs free energies of binding for the protein−protein
complexes were calculated using the adaptive Poisson−
Boltzmann solver (APBS)42 from their binding enthalpies
and entropies

Figure 5. Oscillatory motion in the bound complexes observed from
the essential dynamics analysis. The first principal component is
shown for all of the protein complexes. The direction of conforma-
tional changes is shown using a color-coded scale with green
(beginning) and blue (end).
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Δ = Δ − Δ− − −G H T Sbind TABI PB bind TABI PB bind TABI PB (1)

The ΔbindHTABI‑PB was computed using the standard method of
treecode-accelerated boundary integral Poisson−Boltzmann
equation solver (TABI-PB)46 within the APBS suite. Using this
method, the protein surface was triangulated, and electrostatic
surface potentials were computed. These discretized surface
potentials were then used to calculate solvation energy and
electrostatic (Coulombic) interactions among protein partners,
as outlined in the thermodynamic scheme (Scheme 1)

Δ = Δ + ΔΔ−H H Hbind TABI PB Coul solv (2)

where ΔCoulH represents the Coulombic interactions occurring
at the protein−protein interface and ΔΔsolvH represents the
difference in solvation energies between protein complexes and
the respective free proteins (Scheme 1). The entropy part
(−TΔbindSTABI‑PB) in eq 1 was calculated following the
standardized method described in Sun et al.47 In this method,
the interaction entropy of the protein−protein interactions was
computed from the fluctuation of interaction energies. The
interaction energies that fall within 3 times the standard
deviation were used for the computation.47 Since the
calculated entropy change was based on the fluctuation of

energies of the solvated enzyme system, the entropic change
has been assumed to be the standard entropic change in the
aqueous state

− Δ = − Δ−T S T S aq( )bind TABI PB bind
o

(3)

Due to incomplete representation of the entire spike protein as
well as ACE2, the experimentally known binding free energy of
ACE2···CoV-2 was used to calibrate ΔbindHTABI‑PB by
ultimately correcting ΔΔsolvH

Δ = − ···

− Δ − ···−

E K

G

RT ln (CoV 2 ACE2 )

(CoV 2 ACE2 )
corr d

ox ox

bind TABI PB
ox ox

(4)

where Kd is the experimental dissociation constant, which is 37
nM.48

Therefore, the corrected free energy of solvation is

ΔΔ = ΔΔ + ΔH H Esolv
(corr)

solv corr (5)

The standard enthalpy of binding therefore can be obtained
from eq 2 by replacing ΔΔsolvH with ΔΔsolvH

(corr)

Δ = Δ + ΔΔH aq H H( )bind
o

Coul solv
(corr)

(6)

Figure 6. Conformational changes due to disulfide-to-thiol conversion: (a) difference in the per-residue fluctuations (ΔRMSF) in various thiol-
containing reduced complexes with respect to the native state; (b) difference in the per-residue fluctuations (ΔRMSF) in the reduced monomer
with respect to their corresponding oxidized state; and (c) the changed CoV-2 RBD conformation from the oxidized (left) to reduced (right).
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Using eqs 3 and 6, the aqueous binding free energy of the
complex was computed by

Δ = Δ − ΔG aq H aq T S aq( ) ( ) ( )bind
o

bind
o

bind
o

(7)

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
h t tps ://pubs . ac s .o rg/do i/10 .1021/acsb iomedche-
mau.1c00040.

Interaction distances of residues at the binding interface
and figures depicting conformational changes of the
SARS-CoV-2 RBD (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Sanchita Hati − Department of Chemistry and Biochemistry,
University of Wisconsin, Eau Claire, Wisconsin 54701,
United States; Phone: 715-836-2278; Email: hatis@
uwec.edu

Sudeep Bhattacharyya − Department of Chemistry and
Biochemistry, University of Wisconsin, Eau Claire, Wisconsin
54701, United States; orcid.org/0000-0002-3960-1239;

Phone: 715-836-3850; Email: bhattas@uwec.edu;
Fax: 715-836-4979

Authors

Carl J. Fossum − Department of Chemistry and Biochemistry,
University of Wisconsin, Eau Claire, Wisconsin 54701,
United States

Bethany F. Laatsch − Department of Chemistry and
Biochemistry, University of Wisconsin, Eau Claire, Wisconsin
54701, United States

Harrison R. Lowater − Department of Chemistry and
Biochemistry, University of Wisconsin, Eau Claire, Wisconsin
54701, United States

Alex W. Narkiewicz-Jodko − Department of Chemistry and
Biochemistry, University of Wisconsin, Eau Claire, Wisconsin
54701, United States

Leo Lonzarich − Department of Chemistry and Biochemistry,
University of Wisconsin, Eau Claire, Wisconsin 54701,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomedchemau.1c00040

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported, in part, by the National Institute of
Health (grant number 1R15GM117510-01 to S.H. and S.B.).
The computational resources of the study were provided by
the Blugold Center for High Performance Computing under
NSF grant CNS 1920220.

■ ABBREVIATIONS
ACE angiotensin-converting enzyme
CoV coronavirus
MERS Middle East respiratory syndrome
MD molecular dynamics

Figure 7. Conformational changes during a 200 ns MD simulation observed for the disulfide-reduced RBD domain of SARS-CoV-2 (blue color) in
the free state versus bound to the PD of ACE2 (red color).

Scheme 1. Thermodynamic Diagram for Computing the
Enthalpic Change for the Binding of the RBD of CoV-2 to
the PD of ACE2
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PD peptidase domain
PDB protein data bank
RBD receptor-binding domain
SARS severe acute respiratory syndrome
TABI-PB treecode-accelerated boundary integral Poisson−

Boltzmann
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