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Simulating Chemical Processes in Complex Environments

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

(Exploring the Free Energy Landscape)
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3CL (or Main) Protease of SARS-CoV-Z
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3CL Catalytic reaction

Proposed Mechanism:
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Covalent Inhibition Mechanism
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MultiScale Methods quantum physics

@ The Nobel Prize in Chemistry 2013
Martin Karplus, Michael Levitt, Arieh Warshel

The Nobel Prize in
Chemistry 2013

classical
physics

£ Nobel Media AB
Martin Karplus

Wik ia Commons Commons dleleCtrlc
Michael Levitt Arieh Warshel medium

MM MD: Amber ff14SB + TP3P + Antechamber

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

Free Energy Calculations with the Adaptive String Method:
- Multidimensional problem
- Several mechanistic possibilities:
- Which is the timing of the different events?
- Concerted/Stepwise ?




String method

e 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. Tuidn. J. Phys. Chem. A, 2017, 121, 9764-9772



String method

e 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)

« Evolve the position of the nodes
according the average force

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



String method

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

Q) « BuildN replicas of the system with
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different values of the CVs

(string nodes)

« Evolve the position of the nodes
according the average force
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String method

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

0L ——]

- * Build N replicas of the system with
a biased potential centered at

\\ different values of the CVs

(string nodes)
T * Evolve the position of the nodes
/@ - according the average force

* Evolve nodes keeping them
equidistant along the string

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



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

Minimum Free Energy Path

~> Transition State (kinetic properties)




String method

On-the-fly version:

. N string nodes run as N loosely
- coupled processes (N ~ 10?)

" Each of the N processes may be
. parallelized in M cores (M~ 10%)

N x M ~ 103 cores

L. Maragliano and E. Vanden-Eijnden. Chem. Phys. Lett., 446, 182-190, 2007.
K.Zinovjev and I. Tuidn. J. Phys. Chem. A, 2017, 121, 9764-9772
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PAXLOVID
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Zhao,Y, Fang, C., Zhang, Q. et al. Crystal structure of SARS-CoV-2 main protease in complex with protease inhibitor PF-07321332. Protein Cell (2021).
Carlos A. Ramos-Guzman, ). Javier Ruiz-Pernfa, Ifiaki Tufidn. Chem. Commun. 2021, 2-5.




3CL inhibitors

Paxlovid ™

N3



HYDROXYMETHYL KETONE




HYDROXYMETHYL KETONE

Paxlovid
HMK
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Improving the design
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Improving the design
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Conclusions

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

The reaction mechanism of SARS-CoV-2 3CL
protease has been explored using the string
method. The proposed catalytic cycle explains
experimental observations.

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




GENERALITAT GOBIERNO MINISTERIO
 VALENCIANA PEEPTA T ENNowaon -
Conselleria d'Educacio, INVESTIGACION

Investigacid, Cultura i Esport

Red Espaniola )
de Supercomputacién
Barcelona ) I
@ Supercomputing :
Cent
Ceen’t'roeN';c:onal de Supercomputacion —|_ | F-| H l_l —l_

sup=rcompuEsdor



16" Users Conference )

CACERES |

14t - 15" September 2022 '

3 $ iy LLnIng CxTaCHIRO B
X% 3 C E T A Ciomot
.‘ C( mwaw\ﬂﬂm

I q—‘ Colabora

- :’\ Moﬂo(-ﬂvcdomnw
A

- 2 -~

§- S AI yaidis Wi

7]

Thank you for your attention
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