
Simulations

WiSe 2023/24, Heidelberg University

Simulations
L9 Structural Bioinformatics



H
. W

a
te

r p
e

rm
e

at
io

n
 a

cr
o

ss
 b

io
lo

gi
ca

l m
em

b
ra

ne
s:

 m
e

ch
an

is
m

 a
nd

 
. S

ci
e

n
ce

. 2
0

0
1 

D
e

c 
1

4
;2

94
(5

55
0

):
23

5
3-

7
. d

o
i: 

1
0.

11
2

6/
sc

ie
n

ce
.1

0
6

61
1

5.
 P

M
ID

: 1
17

4
32

0
2.

d
e 

G
ro

o
t B

L,
 G

ru
b

m
ül

le
r

H
. W

a
te

r p
e

rm
e

at
io

n
 a

cr
o

ss
 b

io
lo

gi
ca

l m
em

b
ra

ne
s:

 m
e

ch
an

is
m

 a
nd

 
d

yn
a

m
ic

s 
of

 a
qu

a
po

ri
n-

1
 a

n
d 

G
lp

F
. S

ci
e

n
ce

. 2
0

0
1 

D
e

c 
1

4
;2

94
(5

55
0

):
23

5
3

1
0.

11
2

6/
sc

ie
n

ce
.1

0
6

61
1

5.
 P

M
ID

: 1
17

4
32

0
2.



Outline

1. Overview

2. Approximations

3. Force Fields

4. Algorithms

5. Coarse Grained Simulations

6. Recipe

7. Further Studying



1. Overview1. Overview



Overview
What is possible?
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„For the development of multiscale models for complex chemical systems“



Overview
Pro-/Con
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2. Approximations2. Approximations



Approximations
Outline

1. Born-Oppenheimer

Occasionally

2. Nuclei move classically

3. Parametrize Force Field

https://www.chemie-
schule.de/KnowHow/Erwin_Schr%C3%B6dinger

Occasionally
used in QM



Approximations
1. Born-Oppenheimer



Approximations
1. Born-Oppenheimer



Approximations
1. Born-Oppenheimer2. Nuclei move classically



Approximations
2. Nuclei move classically

• Tunneling protons

- Breakdowns:

• Vibrational modes



Approximations
3. Parametrize Force Field

https://chem.libretexts.org/Courses/Western_Washington_University/Biophysical_Chemistry_%28Smirnov_and_McCarty%29/03%3A_Molecular_Mechanics_and_Statistical
_Thermodynamics/3.01%3A_Potential_Energy_Surface_and_Bonding_Interactions



3. Force Fields 3. Force Fields 



Force Fields
Amber

Bond length

Bond angle

https://ambermd.org/doc12/Amber23.pdf#page=276

Bond angle
Dihedral angles

Van der Waals forces
Electrostatics



Force Fields
Harmonic Approximation

https://chem.libretexts.org/Courses/Western_Washington_University/Biophysical_Chemistry_%28Smirnov_and_McCarty%29/03%3A_Molecular_Mechanics_and_Statistical
_Thermodynamics/3.01%3A_Potential_Energy_Surface_and_Bonding_Interactions



Force Fields
Chamber



4. Algorithms4. Algorithms



Algorithms
Repetition – Taylor Series



Algorithms
Repetition – Taylor Series



Algorithms
Verlet Algorithm



Algorithms
Verlet Algorithm



Algorithms
Verlet Algorithm



Algorithms
Verlet Algorithm



Algorithms
Verlet Algorithm



Algorithms
Verlet Algorithm

Correct up to 3rd order!Correct up to 3rd order!



Algorithms
Verlet Algorithm - Advantages

No explicit 
velocity

No explicit 
velocity

Memory 
savingLess

calculation



5. Coarse Grained Simulation5. Coarse Grained Simulation



Coarse Grained Simulations
Outline

1. Simple Coarse Graining

2. Brownian Dynamics

3. Implicit Solvents



Coarse Grained Simulations
Important Models

•Martini•Martini

•Sirah
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Coarse Grained Simulations
Brownian Dynamics

• : Stokes friction

• : Random Force Amplitude

• : Random Force
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Coarse Grained Simulations
Implicit Solvents

• : Free energy interaction - „Surface Tension“

• : Accesible Solvent Area



6. Recipe6. Recipe



Recipe
Overview

1. Making Decisions

2. Data preparation

3. Minimization

4. Equilibration

5. Simulation



Recipe
1. Which model?

Tunneling protons?

Chemical reactions?



Recipe
1. Which software?



Recipe
2. Data preparation

• .pdb file clean?

• add water

• add ions



Recipe
3. Minimization



Recipe
3. Minimization



Recipe
4. Equilibration



Recipe
5. Simulation



7. Further Studying and 7. Further Studying and 
Possibilities



Further Studying
QM / MM

https://www.hzdr.de/db/PicUser?pOid=67411



Further Studying
How do we extract information from Simulations?

Easy!

de Groot BL, Grubmüller H. Water permeation across biological membranes: 
mechanism and dynamics of aquaporin-1 and GlpF. Science. 2001 Dec 
14;294(5550):2353-7. doi: 10.1126/science.1066115. PMID: 11743202.

Harder: Sum

What is entropy on 
a molecular level?



Further Studying
How do we manage other parameters?

• Thermostats / Barostats

• Fast Electrostatics (Ewald Summation)

• NMA/PCA



Further Studying
Helpful Courses

• Theoretical Chemistry 1 / 2

• Numerics

• Theoretical Statistical Physics



Possibilities
Examples

• DNA Polymerase

• Cytoplasm

• Enzyme Catalysis
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Possibilities
Citrate Synthase

Van der Kamp, M. W., Perruccio, F., and Mulholland, A. J. (2008) High-level QM/MM modelling predicts an arginine 
as the acid in the condensation reaction catalysed by citrate synthase Chem. Commun. 1874– 1876



Possibilities
Citrate Synthase

Van der Kamp, M. W., Perruccio, F., and Mulholland, A. J. (2008) High-level QM/MM modelling predicts an arginine 
as the acid in the condensation reaction catalysed by citrate synthase Chem. Commun. 1874– 1876



🥡 Takeaway 🥡

1. Scale method to problem

2. Force fields parametrize QM interactions2. Force fields parametrize QM interactions

3. Force  fields have 5 different contributions

4. Verlet is 3rd order algorithm

5. Simulations rely on fundamental physics
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Experience 
Matter to Life
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Join a unique network of German universities and non-university research  
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Engage in cutting-edge interdisciplinary research in Matter to Life

Receive close supervision by outstanding scientists
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Profile
The Max Planck Schools Matter to Life 
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highly interdisciplinary field 

Receive financial support for your travel, accommodation 
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Cutting-edge interdisciplinary research in biomedical,  
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Course structure
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faculty. These experiences will perfectly prepare you to make an 
informed decision regarding the lab and project in which to carry out 
your PhD thesis in.

Continuous support in the form of mentoring by peers & faculty,  
thesis advisory committee meetings, funding for travelling to  
conferences and career trainings are also provided. 

Who can apply? 
Candidates with a Bachelor’s degree (B.Sc or B.E) or who are in their 
final study year in chemistry, biochemistry, physics, bioengineering or 
related subjects. And of course, passion for science and research!
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”The program offers a truly interdisciplinary education.  
I am able to take classes in a variety of fields and connect 
with international students and faculty from different  
backgrounds. The professors are knowledgeable and 
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opportunities at the University and Max Planck Institute 
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Deus Mwesigwa, 24, Matter to Life, Master Student
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September 1 - Start of application phase

December 1 - Application deadline
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