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COMPUTATIONAL DETAILS

Ligand–Protein Model System Setup

The coordinates of the protein–ligand complexes were downloaded from the protein data bank using the 
accession codes: 6LZE, 7D1M, 7D3I, and 6XHM which correspond to the inhibitor bound structures of 11a, 
GC373, MI-30, and PF-00835231 (‘PF-231’), respectively. Figure 1(b) in the main text shows the chemical 
structures of the Mpro inhibitor compounds studied in this work. For the MI-30 compound, the structure of the 
inhibitor was built from the complexed ligand, MI-23, which bears a similar scaffold. Given that these are 
covalent bound complexes of the inhibitors to Mpro, the covalent bond between the active site Cys145 of the 
protein and the reactive center of the inhibitors was broken prior to running the equilibration molecular dynamics 
simulation. A stable and equilibrated protein:ligand complex system was obtained before continuing with the 
absolute binding free energy simulations. In addition, the preferred protonation state of the active site His41 in 
the simulated complexes was determined from MD structure analyses to inform the binding free energy 
simulations. Recent work by Gumbart and coworkers1 have shown that histidine protonation states can impact 
ligand binding and protein structure dynamics of the Mpro. In addition, recent work by Tuñón and coworkers2 
have highlighted the presence of different rotameric states of His41 present in X-ray structures of 
aldehyde/ketone inhibitor bound Mpro complexes. For the complexes studied, the rotameric states of His41 were 
chosen based on the lowest energy conformation, following structure preparation and energy minimization. For 
the 11a, GC373, and MI-30 inhibitor complexes, the 𝜺-rotamer of His41 of Mpro was used, whereas for the 
PF-231 inhibitor bound complex, the 𝛿-rotameric state of His41 was used.  The simulations were performed 
using the GROMACS molecular dynamics engine (version 2020.4).3 Two MD repeats with production run time 
of 10 ns were performed for all protein–ligand complexes. The average ligand RMSD over the course of the 
simulations (with respect to the initial starting structures) were analyzed to explore structural changes (Figure 
S1; Figure S2). 

* To whom correspondence should be addressed.  Email: esaw83@mun.ca

S1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2022

mailto:esaw83@mun.ca


Table S1. Summary of Tautomeric states of His41 determined from MD simulation. Cys145---ligand warhead 
distance is the distance between the thiol S atom of C145 of the Mpro and the reactive carbonyl center of the 
ligand. The distances reported were calculated using the final structure of the protein: ligand complex obtained 
from the unrestrained molecular dynamics simulation.

Figure S1. RMSD of the C  of the protein for the ligand bound Mpro complexes studies: (a) Mpro:11a complex; 𝛼
(b) Mpro:GC373 complex; (c) Mpro:MI-30 complex; and (d) Mpro:PF231 complex.
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Protein:Ligand 
Complex

His41 state Cys145---ligand 
warhead distance 

(Å)

Nearby H–bond interaction 
molecule with Cys145 (Å)

Mpro:11a HID 3.05 HID41 (2.40)𝑁𝜀 

Mpro:11a HIE 3.25 ---

Mpro:GC373 HID 3.25 HID41 (2.23)𝑁𝜀 

Mpro:GC373 HIE 3.30 ---
Mpro:MI-30 HID 3.50 H2O molecule (1.98) 

Mpro:MI-30 HIE 3.30 H2O molecule (2.05) 

Mpro:PF-231 HID 3.35 HID41 (2.12)𝑁𝜀 

Mpro:PF-231 HIE 3.23 H2O molecule (1.86) 



The Amber MD program was also used to perform simulations of the protein–ligand complex with His41 in 
different states (i.e., HID–neutral, -N protonated; or HIE neutral, -N protonated) —to provide an independent 𝛿 𝜀
test on the chosen protonation states for histidine-41 used in this study. MD simulations of 10 ns and 100 ns 
production runs were performed following minimization (steep descent and conjugate gradient), annealing, and 
equilibration. For the annealing step, restraints were applied to the heavy atoms of the protein via a harmonic 
potential of force constant 5 kcal mol-1 Å-2 over 500 ps until a temperature of 300 K was achieved.  Following 
the annealing step, the system was equilibrated for 500 ps under isothermal-isobaric ensemble conditions (i.e., 
NPT) at a temperature and pressure of 300 K and 1 bar, respectively. The protein and ligand parameters were 
derived from the Amberff19SB and GAFF2 force fields, respectively. The average ligand and complex RMSD 
over the course of the simulations (with respect to the initial structure) for the different states were analyzed to 
explore changes in the simulated structure (Figures S2 & S3). The results from the simulations are summarized 
Table S2.

Table S2. Summary of  Tautomeric states of His41 determined from Amber MD simulation.

Protein:Ligand Complex His41 state Average Ligand RMSD (Å)

Mpro:11a HID 2.99 ± 0.13

Mpro:11a HIE 39.76 ± 9.86

Mpro:GC373 HID 3.17 ± 0.24

Mpro:GC373 HIE 3.35 ± 0.80
Mpro:MI-30 HID 2.98 ± 0.55

Mpro:MI-30 HIE 4.71 ± 0.76

Mpro:PF-231 HID 3.28 ± 0.36

Mpro:PF-231 HIE 2.48 ± 0.20
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Figure S2. Average ligand RMSD of the Mpro inhibitor bound complexes with different His41 protonation states.
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Figure S3. Average RMSD of the Mpro inhibitor bound complexes with different His41 protonation states over the course 
of 100 ns MD simulation.
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Absolute Binding Free Energy Simulations 

To estimate the noncovalent binding energy contributions of the inhibitors to the Mpro target, absolute 
binding free energy calculations were performed. The protocol follows from the work of Aldeghi et al.4 
and we have recently employed this approach to estimate the binding free energy of peptidomimetic 
inhibitors (N3 and -ketoamide) of the SARS-CoV-2 Mpro.5 The GROMACS MD engine6 was used for the 𝛼
simulations and the AMBER99SB-ILDNP7 and GAFF8 force fields were used to model the protein and 
ligand parameters, respectively. The simulations were performed using both enhanced and non-enhanced 
sampling techniques via the Hamiltonian replica-exchange algorithm (H-REMD).9 As is typical for 
alchemical binding free energy simulations, a set of restraints were imposed on the bound ligands to keep 
it in the binding site following the decoupling steps in the simulation. These restraints were defined by one 
distance (r), two angles (  ), and three dihedral harmonic potentials ( , ) following the work 𝜃𝑎, 𝜃𝐴 𝜙𝑏𝑎 𝜙𝑎𝐴, 𝜙𝐴𝐵

of Boresch et al.10, Figure S4. 

Figure S4. Set of restraints proposed by Boresch et al.10 for use in binding free energy calculations. The atoms 
and terms involved in this set of restraints are shown. Atoms “a,” “b,” and “c” belong to the protein (on the left), 
while atoms “A,” “B,” and “C” belong to the ligand (on the right). There is one distance restraint ( ), two bond 𝑟𝑎𝐴

angle restraints ( , ), and three dihedral restraints ( , , ). Image adapted with permission from Boresch 𝜃𝐴 𝜃𝐵 𝜙𝐴 𝜙𝐵 𝜙𝐶

et al., Absolute Binding Free Energies: A Quantitative Approach for Their Calculation. J. Phys. Chem. B, 2003, 
107 (35), 9535–9551. Copyright © 2003, American Chemical Society.

The binding free energy of ligand to a target protein can be estimated by the summing up the contributions 
resulting from the interaction energy accompanying the binding event, Eqn. (1).

Δ𝐺 𝑜
𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  Δ𝐺 𝑝𝑟𝑜𝑡

𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤 + 𝑟𝑒𝑠𝑡𝑟 +  Δ𝐺 𝑠𝑜𝑙𝑣
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤 +  Δ𝐺 𝑠𝑜𝑙𝑣

𝑟𝑒𝑠𝑡𝑟_𝑜𝑛                      (1)

  represents the sum of the electrostatic, van der Waals, and restraint energies following the Δ𝐺 𝑝𝑟𝑜𝑡
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤 + 𝑟𝑒𝑠𝑡𝑟

interaction of the ligand with the protein;  represents the electrostatic and van der Waals Δ𝐺 𝑠𝑜𝑙𝑣
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤

interaction energy of the ligand in bulk solution; and  represents the restraint energy cost imposed on Δ𝐺 𝑠𝑜𝑙𝑣
𝑟𝑒𝑠𝑡𝑟_𝑜𝑛

the bound ligand following decoupling steps from the free energy calculation. Table S3 and S4 provide a 
breakdown of the binding free energy contributions for of the inhibitors studied in this work.
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Table S3: Breakdown of Binding Free Energy Binding Results without Enhanced Sampling (i.e, no H-REMD) 

for the Inhibitor-bound Mpro Complexes Studied in this Work.

Table S4: Breakdown of Binding Free Energy Binding Results with Enhanced Sampling (i.e, H-REMD) for the 

Inhibitor-bound Mpro Complexes Studied in this Work.
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Protien:Ligand 
Complex

Replicates  aΔ𝐺 𝑜
𝑏𝑖𝑛𝑑𝑖𝑛𝑔

 aΔ𝐺 𝑠𝑜𝑙𝑣
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤  aΔ𝐺 𝑠𝑜𝑙𝑣

𝑟𝑒𝑠𝑡𝑟 Δ𝐺 𝑝𝑟𝑜𝑡
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤 + 𝑟𝑒𝑠𝑡𝑟

 a

I –5.33  0.20± 28.08  0.12± 7.20 –40.61  0.16±

Mpro:11a II –5.06  0.20± 28.86  0.06± 7.20 –41.12  0.19±

III –3.85  0.19± 28.83  0.05± 7.20 –39.88  0.18±

I –5.17  0.22± 24.49  0.12± 7.19 –36.85  0.18±

Mpro:GC373 II –3.55  0.23± 25.18  0.14± 7.19 –35.92  0.18±

III –5.69  0.16± 24.59  0.05± 7.19 –37.47  0.15±

I –7.66  0.18± 24.84  0.06± 7.24 –39.79  0.17±

Mpro:MI-30 II –8.08  0.21± 24.78  0.13± 7.24 –40.10  0.17±

III –7.09  0.13± 24.46  0.07± 7.24 –38.79  0.11±

I –9.29  0.17± 30.28  0.05± 7.21 –46.78  0.16±

Mpro:PF231 II –7.48  0.20± 30.92  0.12± 7.21 –45.61  0.16±

III –7.74  0.20± 30.52  0.14± 7.21 –45.47  0.14±

Protien:Ligand 
Complex

Replicates  aΔ𝐺 𝑜
𝑏𝑖𝑛𝑑𝑖𝑛𝑔

 aΔ𝐺 𝑠𝑜𝑙𝑣
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤  aΔ𝐺 𝑠𝑜𝑙𝑣

𝑟𝑒𝑠𝑡𝑟 Δ𝐺 𝑝𝑟𝑜𝑡
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤 + 𝑟𝑒𝑠𝑡𝑟

 a

I –5.90  0.26± 28.04  0.22± 7.20 –41.14  0.14±

Mpro:11a II –4.73  0.19± 28.27  0.12± 7.20 –40.20  0.15±

III –5.59  0.15± 28.05  0.11± 7.20 –40.48  0.10±

I –5.01  0.19± 24.76  0.15± 7.19 –36.98  0.11±

Mpro:GC373 II –5.37  0.12± 24.81  0.06± 7.19 –37.38  0.10±

III –5.04  0.12± 24.59  0.07± 7.19 –36.83  0.10±

I –7.46  0.21± 24.65  0.17± 7.24 –39.35  0.12±

Mpro:MI-30 II –7.75  0.13± 24.48  0.07± 7.24 –39.47  0.11±

III –7.29  0.14± 24.65  0.07± 7.24 –38.18  0.12±

I –8.38  0.15± 30.93  0.11± 7.21 –46.52  0.10±

Mpro:PF231 II –8.11  0.15± 30.88  0.09± 7.21 –46.20  0.12±

III –7.92  0.36± 31.06  0.14± 7.21 –46.19  0.33±



a All energies are in kcal mol-1.  represents the free energy of binding of the inhibitor to the protein,  is the Δ𝐺 𝑜
𝑏𝑖𝑛𝑑𝑖𝑛𝑔 Δ𝐺 𝑠𝑜𝑙𝑣

𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤

interaction energy of the inhibitor in bulk solution,  is the restraint energy term of the inhibitor in bulk solution, and Δ𝐺 𝑠𝑜𝑙𝑣
𝑟𝑒𝑠𝑡𝑟

 is the sum of the interaction energy and restraint energy of the inhibitor in the binding pocket of the protein.Δ𝐺 𝑝𝑟𝑜𝑡
𝑒𝑙𝑒𝑐 + 𝑣𝑑𝑤 + 𝑟𝑒𝑠𝑡𝑟
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ONIOM(QM:MM) Calculations

The covalent binding free energy contribution of the inhibitors to the Mpro target was estimated by performing 
QM/MM simulations using the ONIOM method implemented in Gaussian16. Using the crystallographic x-ray 
structure as a starting point for the calculations, the relative Gibbs energy difference between the final covalent 
complex (from the crystallographic x-ray structure) and the non-covalent complex (from the binding free energy 
simulations) was obtained. The M06-2X/def2-TZVP:AMBER method within an electronic embedding scheme 
was used for the calculations. The QM region consisted of the full inhibitor structure, Cys145, and His41 side 
chains. The remaining atoms were included in the low-level molecular mechanical region. The initial structures 
were fully geometry optimized, followed by frequency calculations to verify that the optimized structures were 
minima and to calculate the Gibbs energy. Several initial structures were considered to obtain an average value 
and standard deviation of the estimated reaction free energy for the complexes, Table S5. These structures were 
obtained from different snapshots from the absolute binding free energy simulations.
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Table S5: Summary of the Estimated Covalent Binding Free Energy Contribution of the inhibitor-bound Mpro 

complexes.
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Inhibitor No. 
QM 
atoms

Replicates 𝐺 𝑜
𝑛𝑜𝑛 ‒ 𝑐𝑜𝑣𝑎𝑙𝑒𝑛𝑡

(Hartree)
𝐺 𝑜

𝑐𝑜𝑣𝑎𝑙𝑒𝑛𝑡

(Hartree)

 Δ𝐺 °
𝑟𝑥𝑛

(Hartree) 

 Δ𝐺 °
𝑟𝑥𝑛

(kcal mol-1) 

81 I –2176.130203 –2176.139753 –0.009550 –5.99

11a 81 II –2176.130071 –2176.139675 –0.009604 –6.03

81 III –2176.129917 –2176.139681 –0.009764 –6.13

 (avg.)Δ𝐺 °
𝑟𝑥𝑛 –6.05  0.07±

74 I –2042.459253 –2042.472458 –0.01321 –8.29

GC373 74 II –2042.459244 –2042.472386 –0.01314 –8.25

74 III –2042.459479 –2042.472324 –0.01285 –8.06

 (avg.)Δ𝐺 °
𝑟𝑥𝑛 –8.20  0.12±

76 I –3037.570135 –3037.585835 –0.015700 –9.85

MI-30 76 II –3037.570830 –3037.586681 –0.015851 –9.95

76 III –3037.570205 –3037.585346 –0.015141 –9.50

 (avg.)Δ𝐺 °
𝑟𝑥𝑛 –9.77  0.23±

82 I –2288.513251 –2288.524078 –0.010827 –6.79

PF-231 82 II –2288.513598 –2288.524007 –0.010409 –6.53

82 III –2288.513550 –2288.52465 –0.011100 –6.97

 (avg.)Δ𝐺 °
𝑟𝑥𝑛 –6.76  0.22±
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