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ntroduction to Free Energy energy simulations

Exercise 01: Setting up an alchemical simulations
Coffee

Free energy analysis

Exercise 02: Free energy analysis

Exercise 03: Advanced free energy analysis
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BioSimSpace server

notebook.biosimspace.org
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http://notebook.biosimspace.org

Update BioSimSpace

JupyLci Logout Control Panel
Files Running Clusters
Select items to perform actions on them. Upload ’ New v ‘ o
Notebook:
~ B/ |
0 Name ¥ Python 3 e
(3 biosimspace
Other:
(D biosimspace_workshop Text File
(3 demo Folder
Terminal
(D free_energy_workshop ey
(3 python_and_data_workshop 15 hours ago
open terminal
Ju pyte I Logout = Control Panel

jovyan@jupyter-6ee22867-2d3d9e-2d4£78-2d8420-2d9d15e7e0e79a:~$ update biosimspace
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The crowded cell

~2 million proteins in an E coli cell
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Free energy predictions
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Problems we want to tackle

AGgind
=

C C

O
N__N
_I_
lam a g:(c'
water box
many ligand
Compute the free energy of hydration ~ Predict affinity of a protein and

ligand to bind
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What is a free energy of binding?

AG%ind

- @ — U0
L

AGbind — —]CBT In Kg

\I

T — Sample this using
Molecular dynamics?

KO — probability in bound state
=

probability in unbound state

4. THE UNIVERSITY
¢ of EDINBURGH



https://quoteinvestigator.com/2011/05/13/einstein-simple/

The alchemical pathway

AGhpind, A

AGsolvated A(;bound

AGpind,B

‘ 1 | « Host
AAGbind - A(;bound — AG'SOIV
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How do we sample this alchemical pathway?

Single topology

- Endpoint 2

A=0.5

U()\, X) = (]. — )\)U()(X) + AU (X) + Uunaffected

THE UNIVERSITY
of EDINBURGH



https://quoteinvestigator.com/2011/05/13/einstein-simple/

MD and forcefields

U = Z /\b(’ — ro)* + Z /‘u(()_ 00)” + Z —[1 + cos(n¢p — 0)]

b()nds ang lgs torsions

l’ 6
+ Z Vlmp + 2461/ ( ‘ 2 f)) 4 Z C[’,".Ci‘/-’
1] l

improper 1] elec

* The functional form and parameter set define a force field.
* Commonly used force fields include:
CHARMM (Chemistry at Harvard Molecular Mechanics)
AMBER (Assisted Model Building with Energy Refinement)
OPLS ( Optimised Potentials for Liquid Simulations )
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Softcore potential for dummy atoms

Zacharias et al. J. Chem. Phys. 100,
9025-, 1994

U, nonbonded,. — (1 - 2’)481']

Dummy atoms!

O

Softcore LJ

Default LJ potential 3

2 — 0000 — 0500 [ — 0.000
0.900 0.990 — 0.500
— 0999 — 1.000 0.900
- 0.990
— 0.999
\ - — 1.000
1 \ k

Energy / kcal.mol-1
Energy / kcal.mol-1

0 1.3 2.5 3.8 5
Separation / Angstrom

0 1.3 25 3.8 5
Separation / Angstrom 1 2
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Binding free energies in practice

cccccc=0 SMILES, PDB

l Docking

3D poses D

Mapping
Perturbation network

Simulation setup

Alchemical free energy 9y
simulation o)
Bound Free \n
3
MBAR/TI 2
S
Q
@)
Q)]

Protocol refinement

Perturbation network analysis

AAG of binding
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BioSimSpace can do the mapping between molecules

BioSimSpace holds a
merged molecule and can
write intermediates
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BioSimSpace sets up all the simulation structure

Water
AGsolv
S
free vacuum
A-0.0 AO0.1 ... A1.0 A0.0 AO01 ... A-1.0
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Analysis

What methods have you heard about?

What do you know about them?
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Analysis using the Zwanzig equation

Water

8 ns 8 NS 38 NS 8 ns 8 NS
e A A

A=0 A=0.25 A=0.5 A=0.75 A=1

Up — UA)>
kT 4

AGap = G(A) — G(B) = —kpT In{exp(
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Thermodynamic integration

AAGbind - AGbound — AGsolv

V) in [kcal/mol]
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The integral represents the area under the curve.
There are different ways in which one can numerically integrate.



https://quoteinvestigator.com/2011/05/13/einstein-simple/

MBAR

G0 = kT3 3 exp(~U(\)/KT) MBAR is a reweighting estimator
== e Neexp((G(A) — U(A))/kT)

0.0

The free energy is correct up to an additive —0.5}
constant, which will cancel out when
evaluating free energy differences.

AG s = G(\) — G(No)

e
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Overlap

Overlap matrix estimates the Define a weight matrix W containing
phase space overlap the weight of each sample xn,
0o 2 4 6 8 go°
o oS W i(2) = exp(BF; — Us(xn)) )
] 0.7 | S Nk exp(BF — BUk(z,))
2 ] - 0.6

\ L 05 Probability of pi(zx) ccurring
' L Ho4 at lambda window i.

6 - L F0.3

- 0.2 T

T 1Y O=W"WN
, 10 00 N is a diagonal matrix with the
200 number of samples collected at each
%83 lambda window.
3 0.0
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Best Practices

- Overlap

- No element should be zero in the diagonal and above and below the main diagonal
- None zero elements should at least be > 0.03

- The number of samples needed for a good estimate will increase with a decrease in
overlap.

- Many eigenvalues close to 1 are a bad sign for good overlap and a good free energy
estimate.

- Compare different estimators
- Run multiple independent runs
- Subsample your data
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Analysis in BioSimSpace

# Solvate in a 60 angstrom box of TIP3P water.
solvated = BSS.Solvent.tip3p(molecule=system, box=3*[60*BSS.Units.Length.angstrom])

# Crdate the free energy protocol.
protocol = BSS.Protocol.FreeEnergy(runtime=4+*BSS.Units.Time.nanosecond, num lam=9)

# Initialise the binding free energy object.
freenrg = BSS.FreeEnergy.Binding(solvated, protocol, work dir="Binding benzene o xylene" )

freenrg.run() > run the simulation

freenrg.analyse() > analyse the simulation

wraps around analyse_freenrg mbar
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Thank you
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