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Introduction: Alchemy

Computational Alchemy

Molecular dynamics based method

Free energy calculation
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Introduction: Molecular Dynamics simulations

Molecular Dynamics simulations

Thermostat: scale

velocities

Barostat: scale box

dimensions

Integrate equations of

motion over time

System setup

Fully atomistic

representation

Explicit solvation

Ions
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Introduction: Molecular Dynamics simulations
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Introduction: Molecular Dynamics simulations

Molecular dynamics simulations

Well defined statistical
ensembles

Atomistic resolution
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Alchemical Methods

Aim

Calculate change in thermostability

due to a mutation.
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Alchemical Methods

Aim

Calculate change in thermostability

due to a mutation.

Counting

Simulate the process of folding

the WT protein.

Count folded/unfolded states.

Extract ∆GWT
folding from the

frequencies.
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Alchemical Methods

Aim

Calculate change in thermostability

due to a mutation.

Counting

Do the same for the MUT

protein:

∆∆G=∆GMUT
folding -∆GWT

folding
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Alchemical Methods

Problem

Folding simulations are computation-

ally expensive.

Alchemical solution

Traverse the thermodynamic

cycle in the horizontal

directions.

Use a modified hamiltonian:

H(λ) = (1 − λ)H0 + λH1.

The same double free energy

difference is recovered:

∆∆G=∆Gfolded
mutation-∆Gunfolded

mutation
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Alchemical Methods
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Gromacs/pmx based alchemistry

Amino acid mutations Nucleotide mutations Ligand modifications
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Relative Protein-Ligand binding free energy
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Protein-Ligand binding
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Protein-Ligand binding

Application:
482 ligand modifications in protein-ligand binding

Gapsys, Perez-Benito, Aldeghi, Seeliger, van Vlijmen, Tresadern, de Groot,

Chemical Science, 2020
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Protein-Ligand complexes

11 systems

482 mutations
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Overall results
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Results: by case
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Ligands

High throughput ∆∆G calculations

Gapsys, Hahn, Tresadern, Mobley, Rampp, de Groot, JCIM, 2022

Kutzner, Kniep, Cherian, Nordstrom, Grubmüller, de Groot, Gapsys, JCIM, 2022
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High throughput ∆∆G calculations

Benchmark dataset assembled by Merck KGaA
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High throughput ∆∆G calculations

8 systems

>500 ∆∆G

>200 µs simulation

3 force fields

3 independent replicas for each

calculation
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High throughput ∆∆G calculations

MPCDF cluster Raven

Using 480 nodes

simultaneously (46k cores)

3 days of calculations:

3.4 million core hours
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High throughput ∆∆G calculations
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High throughput ∆∆G calculations
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∆∆G calculation in the cloud

ARM

x86

job state
j1 running
j2 running
j3 queued
...
j567 failed
j568 resubmitting
...
j19872 queued

Dynamo DB table
job status monitor

Kibana
dashboard

individual job

simulation
input

checkpoint

.cpt

output

Docker images

Cloud9 IDE

19,872 jobs

Container Registry

S3 Storage

Batch Batch Batch Batch

if spot instance
terminates

resubmit job

instances

g4dn.8xl
g4dn.4xl
g4dn.2xl
c5.18xl
c5.2xl
c5d.9xl
...

us-east-2
(Ohio)

eu-west-1
(Ireland)

ap-northeast-2
(Seoul)

more
regions

us-east-1
(N. Virginia)

Load correct container image
including GROMACS

Load input data

If this job already run earlier,
retreive checkpointed data

Start or continue job,
save data in regular intervals

HyperBatch
region manager

DATA I/O COMPUTE MONITOR

S3

S3

GPU 3
4

5

6

7 8

2
1 submit

distribute jobs
by configured
region
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∆∆G calculation in the cloud
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∆∆G calculation in the cloud
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AWS costs for ∆∆G calculation
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Absolute protein-ligand binding ∆G

Absolute protein-ligand binding ∆G
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Absolute protein-ligand binding ∆G: Part 1

Explore applicability of FEP, HREX-FEP and
Non-equilibrium approaches

Gapsys, Yildirim, Aldeghi, Khalak, van der Spoel, de Groot, Commun. Chem., 2021
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Non-equilibrium free energy calculation protocol

Equilibrium FEP Non-Equilibrium TI
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Absolute ∆G
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Studied systems
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BRD4(1) specificity
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BRD4(1) specificity: overall accuracy
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Bromosporine
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Bromosporine: overall accuracy
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T4 Lysozyme (L99A)

Apo and Holo states differ significantly

Lim, Wang, Abel, Mobley, 2016, JCTC observed that long FEP simulations

needed to converge ∆∆G

Non-equilibrium method allows combining different Apo and Holo states
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T4 Lysozyme
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T4 Lysozyme
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Summary: absolute ∆G Part 1

Non-equilibrium approach

Can be used for absolute ∆G

Converges faster than FEP, comparably to HREX-FEP

Allows taking into account Apo and Holo conformations
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Absolute protein-ligand binding ∆G: Part 2

Large scale absolute protein-ligand binding free energies

Khalak, Tresadern, Aldeghi, Baumann, Mobley, de Groot, Gapsys, Chem. Sci., 2021

Vytautas Gapsys Gromacs/pmx



Method

Do not simulate

protein-ligand

complex with the

decoupled ligand

Place a proper

ligand ensemble

into the apo

protein ensemble
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Protein-Ligand complexes

7 systems

128 ligands

Data sets from:

Gapsys, Perez-Benito,

et al, Chemical Science,

2020
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Overall results
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The importance of the apo structure
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The importance of the apo structure
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A case study: p38
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A case study: p38
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A case study: p38
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A case study: p38
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A case study: p38
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Summary: absolute ∆G Part 2

ABFE

It is essential to capture ∆G between apo and holo

protein conformers

Absolute ∆G accuracy comparable to that of RBFE

Comes at a higher computational cost
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Summary

Vytautas Gapsys Gromacs/pmx



pmx

Dr. Daniel Seeliger

Dr. Matteo Aldeghi

Dr. Servaas Michielssens

Dr. Yuriy Khalak

Professor Dr. Bert de Groot

Protein-Ligand binding

Dr. Laura Perez-Benito

Dr. Gary Tresadern

Dr. David Hahn

Dr. Ahmet Yildirim

Hannah Baumann

Professor Dr. David Mobley

Professor Dr. David van der Spoel

Professor Dr. Herman van Vlijmen

AWS and HPC

Dr. Carsten Kutzner

Dr. Markus Rampp

Christian Kniep

Austin Cherian

Ludvig Nordstrom

Funding


	Intro
	Alchemical Methods
	Ligands RBFE
	Ligands ABFE
	BRD4
	Bromosporine
	Lysozyme
	Conclusions
	Conclusions
	Acknowledgments

