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Simulating Chemical Processes in Complex Environments

Energy Function able to describe bond breaking/forming
processes (electrons) in very large systems

Sampling of configurations

(Exploring the Free Energy Landscape)

Supercomputers



3CL (or Main) Protease of SARS-CoV-2

Good target for drug design:

- Essential in the replication cycle of the virus
- Conserved among variants and different Cvs
- Sequence specificity not used by other
human proteases
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3CL Catalytic reaction

Acylation Deacylation

Proposed Mechanism:
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Covalent Inhibition Mechanism

Peptidomimetic covalent inhibitors
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MultiScale Methods

QM/MM: B3LYPD3/6-31+G* (validated against exp. and 
other functionals) 

MM MD: Amber ff14SB + TP3P + Antechamber

Free Energy Calculations with the Adaptive String Method: 
- Multidimensional problem
- Several mechanistic possibilities:

- Which is the timing of the different events?
- Concerted/Stepwise ?
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String method

• Select a set of Collective Variables 
CVs (e.g. valence coordinates)

• Build N replicas of the system with 
a biased potential centered at 
different values of the CVs 
(string nodes)

L. Maragliano and E. Vanden-Eijnden. Chem. Phys. Lett., 446, 182-190, 2007.
K.Zinovjev and I. Tuñón. J. Phys. Chem. A, 2017, 121, 9764−9772
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String method

• Evolve nodes keeping them 
equidistant along the string

• Evolve the position of the nodes 
according the average force

• Select a set of Collective Variables 
CVs (e.g. valence coordinates)

• Build N replicas of the system with 
a biased potential centered at 
different values of the CVs 
(string nodes)
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String method

Minimum Free Energy Path

L. Maragliano and E. Vanden-Eijnden. Chem. Phys. Lett., 446, 182-190, 2007.
K.Zinovjev and I. Tuñón. J. Phys. Chem. A, 2017, 121, 9764−9772

Transition State (kinetic properties)
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On-the-fly version:

N string nodes run as N loosely 
coupled processes  (N ∼ 102)

Each of the N processes may be 
parallelized in M cores (M∼ 101)

N x M ∼ 103 cores 

String method

L. Maragliano and E. Vanden-Eijnden. Chem. Phys. Lett., 446, 182-190, 2007.
K.Zinovjev and I. Tuñón. J. Phys. Chem. A, 2017, 121, 9764−9772
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3CL inhibitors



HYDROXYMETHYL KETONE

HMK

Paxlovid



HYDROXYMETHYL KETONE

HMK

Paxlovid DG‡ 19.7 kcal·mol-1

DG‡ 16.3 kcal·mol-1

Paxlovid

HMK



Improving the design

Alchemical transformations & TI: Binding free energy contributions

HMK-MetCl



Carlos A. Ramos-Guzmán, J. Javier Ruiz-Pernía, Iñaki Tuñón.  Angew. Chemie Int. Ed. 2021, 2-11. 

Improving the design

HMK

HMK-MetCl



Conclusions

The Adaptive String method is a useful tool to
explore complex chemical reactions, adapted for
the use of HPC facilities.

Inhibition mechanisms of 3CL protease involves
Ion Pair formation and Proton Shuttle steps. This
knowledge can be used to guide rational design.

The reaction mechanism of SARS-CoV-2 3CL
protease has been explored using the string
method. The proposed catalytic cycle explains
experimental observations.
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Thank you for your attention !
Gracias !  




