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1. Overview



Overview

What is possible?
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Chemistry:
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Rebeca Wade
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interactions: Achievements and challenges. Quarterly Reviews of Biophysics, 49, E4.
doi:10.1017/S0033583515000256

Ozboyaci, M., Kokh, D., Corni, S., & Wade, R. (2016). Modeling and simulation of protein—surface
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Université de Strasbourg, Stanford University School of University of Southern
France and Harvard Medicine, CA, USA California, Los Angeles, CA,
University, Cambridge, USA

MA, USA

,For the development of multiscale models for complex chemical systems*




Overview
Pro-/Con

Quantum

- atams, electrons and electron
clouds included

- explicit solvent
- gquantum mechanics

All-atom

- all or most atoms present
- explicit solvent

- molecular dynamics

Coarse-grained

- beads comprising a few atoms
- explicit or implicit solvent

- molecular dynamics

Supra-coarse-grained
- interaction sites comprising
many atoms, protein parts
or proteins

- implicit solvent
- stochastic dynamics

Continuum

- materials as a continuous mass
- implicit solvent

- continuum mechanics

Precision

4

A

v Comp. Cost

Ingdlfsson, Helgi I., et al. "Computational ‘microscopy’of cellular membranes." Journal of

cell science 129.2 (2016): 257-268.



2. Approximations



Approximations

Outline

1. Born-Oppenheimer

Occasionally
used in QM

e

2. Nuclei move classically

3. Parametrize Force Field

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



Approximations

1. Born-Oppenheimer

® My > me
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Approximations

1. Born-Oppenheimer

L OU(R,7,t) h? 0? ol
, Y = W(R,rt) — ———U(R,r,t) + VU(R, 7t
5 Ty — e ey ) - UL i)

U(R,7,t) =P(R,1)p(r)

P 2
E(R)o(r) =~ 6(r) + V(R)6(r)

COY(R) B
1h 8‘[; = —ﬁmw(R, t) + EG(R)Q/)(R,J(J)




Approximations

2. Nuclei move classically




Approximations

2. Nuclel move classically - Breakdowns:

* Tunneling protons

* Vibrational modes



Approximations

3. Parametrize Force Field

H2 parameters:
D,=4775¢eV
r,=0.741 A

a=193 A

Potential energy

e r

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



Force Fields
Amber

Etotal

Dihedral angles

WO

/ Bond length
Z ky(r—ro)?

bonds

Y ke(6—6h)°

angles

Y. Vu[l+cos(ng —7)]

dihedrals
N—1 N _A--
— O ]

+ X L RIZ

i=1 j=i+1 | “%ij

— Bond angle W

1/ Electrostatics
® ©

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



Force Fields

Harmonic Approximation

—— Harmonic
“Exact”

Potential energy

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

ATOMS

MASS 31 H 1.08808 | polar H

MASS 32) HC 1.08808 ! M-ter H

MASS 33 HA 1.88888 ! nonpolar H

MASS 34} HP 1.00808 ! aromatic H

MASS 35| HB1 1.08808 ! backbone H

MASS 36| HB2 1.08808 ! aliphatic backbone H, to (T2

MASS 37| HR1 1.00800 ! his hel, (+) his HG,HD2

MASS 38| HR2 1.80880 ! (+) his HE1

MASS 39 HR3 1.08808 | neutral his HG, HD2

MASS Ay HS 1.08808 | thiol hydrogen

MASS A1) HE1 1.08808 ! for alkene; RHC=CR

MASS A2 HE2 1.08808 ! for alkene; H2C=CR

MASS 434 HAL 1.68800 ! alkane, CH, new L] params (see toppar_all2?? prot aliphatic_c27.str)
MASS A48 HA2 1.00888 ! alkane, CH2, new L] params (see toppar_all22 prot aliphatic_c27.str)
MASS A58 HAS 1.88888 ! alkane, CH3, new L] params (see toppar_all22 prot_aliphatic_c27.str)
MASS AT TZ. 01100 | carponyl C, DepLide Dacroone

MASS 47 CA 12.91108 ! aromatic C

1

MASS 48 CT 12.91188 ! aliphatic sp3 C, new L] params, no hydrogens, see retinol stream file for parameters

MASS 49 CT1  12.8116@8 ! aliphatic sp3 C for CH

MASS 50 CT2  12.81108 ! aliphatic sp3 C for CH2

MASS 51 CT2A 12.81188 ! from CT2 (GLU, HSP chil/chi2 fitting) 85282818, zhu

MASS 52 CT3 12.81188 ! aliphatic sp3 C for CH3

MASS 53 CPH1 12.811680 !
1

MACC cCA DU Ay A A0

his CG and CD2 carbons

i - FC1 ~mmanbnme



4. Algorithms



Algorithms

Repetition — Taylor Series

— fix)

1 — folx)

fi(x)




Algorithms s

Repetition — Taylor Series =
— f(x)
[|= fea flz) =e"
fo(z) =~ 1
file) = 1t
.’1,72
— foz) 1 +a+ o
.2 3
4 xI
~ 1
fl@) ml+a+ o+~




Algorithms

Verlet Algorithm

position

time




Algorithms

Verlet Algorithm

i) NIl
r(t+ At) =~ x(t) + ' (t) At + T 2“) A2 42 W G(t) AT L@

z(t — At) = z(t) + o' (t) (—At) + '{I’ﬂz(i)(—,azt)2 L8 'Tm#( AR ek




Algorithms

Verlet Algorithm

position

—At <

$.~|.

» +At

— Xx(t+ Ab)
x(t—At)

time




Algorithms

Verlet Algorithm
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Algorithms

Verlet Algorithm
" _
sl ) & Py 4 2 2“) A2+ T WA L o
" 7L ”Hl
ac(t—At)wa:(t)—.r’tAt—i—TQ()AZ - ()AP+O4
r(t + At) + z(t — At) ~ 2z(¢) + 2" (t) At? @)



Algorithms

Verlet Algorithm

Correct up to 3rd order!

2(t + At) = 22(t) — z(t — At) + 2" (t) At*+ O*




Algorithms

Verlet Algorithm - Advantages

{

Less

calculation

\}

\\
~

No explicit
velocity

4 N
Memory
saving
.4



5. Coarse Grained Simulation



Coarse Grained Simulations

Outline

1. Simple Coarse Graining
2. Brownian Dynamics

3. Implicit Solvents



Coarse Grained Simulations
Important Models

 Martini

*Sirah



Coarse Grained
Simulations

Sirah

57.05 oY 71.09 [0 99,14 W= 113,16 P 113.16 112 7 [ 147.18 lw 186.12 115.09 I?B,N
5.064 A 6.107 6.002 6.036 | 6.038 5.91 5.88 10.76
5 rw. 2 98 12

LT @osice | lPh!nyIalamne B Typoptan | Asparic i Chgnne

BT EESE

5 103.15 T 131,19 SER ) ! LA ; M 129,12
5.02 M 5,74 ; ; 3 oa
sC 9,1-9.5 -s.rﬂ 55 ‘ _t

tysmm
11{1988); CRC Handbook of Chemn & Phys,,

Clevaland, Ohio, S8(1877)

(B 731.2 o . [e{l 35.453
A X GX Clw WT4

O Water mode!

Pl far 25°C)
K, (side-chain)

Rz ue
Nasiie

[ﬁﬁnﬂﬂaﬂm}

Malecule Type
Nomolar S ‘: it tasion

P, - €. Tartord, Adv. Prot. Chem., 17(1052)65-165
Bl - The Menck Index, Meck & Co. Ine,, Nabiey, N.J,

W}y PIBLS0I0)-UEIIS/90/Z | 0Z/WOD JYBIIS MMM//:d)y

The SIRAH Force Field

www.sirahff.com




Coarse Grained Simulations

Brownian Dynamics

mv = —VV — &u(t) + on(t)

* £ : Stokes friction

* o :Random Force Amplitude

 7(%): Random Force



mov = —-VV
— &v(t) + on(t)

Coarse Grained

Simulations
Brownian Dynamics

location

1.09

0.5

—1.01

-1.54

1.01

0.59

0.0+

—0.5 4

—1.01

-1.54

1.01

0.59

0.0

-1.04

—1.54

— xi=0,0=0

7

— xi=06,06=0

v

— xi=15,0=0

— xi=0.6,0=33

— xi=1.5,0=33

o~

— xi =0,0=100

— xi = 0.6, 0 = 100

— xi=1.5,0=100

oA




Coarse Grained Simulations

Implicit Solvents

AGSO[U — Z O-ZASA?,

* J; . Free energy interaction - ,Surface Tension®

* AS A, : Accesible Solvent Area



6. Recipe



Recipe

Overview

1. Making Decisions
2. Data preparation
3. Minimization
4. Equilibration

5. Simulation



Recipe
1. Which model?

Hm

Length/size

3
3

ms

5

time

Tunneling protons?

Chemical reactions?



Recipe

1. Which software?

HOOUID

—=Dblue

FAST. FLEXIBLE. FREE.




Recipe

2. Data preparation

RCSB PDB Deposit ~ Search ~ Visualize ~ Analyze ~ Download ~ Leam ~ About ~ Documentation ~ Careers COVID-19 MyPDE ~ Y pd b fi Ie CI ea n ?
. H

211,103 Structures from the PDB

(==
o
cJ P D B - 3D Stuclures @ | Enter search term(s), Entry ID(s), or sequence Include CSM @
e 1,068,577 Computed Struch ) -
PROTEIN DATA BANK a ! £ ompute: ructure

Models (CSM) Advanced Search | Browse Annotations Help

SPDE #oonarcon HNAKB Gt € PDB-Dev

* add water

RCSB Protein Data Bank (RCSB PDB) enables breakthroughs in
science and education by providing access and tools for exploration,
visualization, and analysis of:

A Welcome

* add ions

”» Deposit Experimentally-determined 3D structures from the Protein Data
Bank (PDB) archive

Q Search a Computed Structure Models (CSM) from AlphaFold DB and
ModelArchive

k4l Visualize These data can be explored in context of external annotations providing

a structural view of biology.

Analyze

Explore [ « PDB-101
NEW & Training
Features WES

#» Download

Wl Leam

RSV Fusion Glycoprotein




Recipe

3. Minimization
" (t) At?

VV = x" too big



Recipe

3. Minimization
" (t) At?

At very small



Recipe
4. Equilibration



Recipe

5. Simulation

TIME TO/RELAX

"Z’\\
F'I-

N,

7S

makKeameme.or




/. Further Studying and
Possibilities



Further Studying
QM / MM

-y
-
L

"" -.-l'-'._'-lh-"-‘ ‘-‘

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



Further Studying

How do we extract information from Simulations?

correlation c¢

1.0 0.5 0.0

© 2 9 9 9 99
O 1 I M N - O
Gpyes TS (kJ/mol); r (A)

T9]
M~

55 65

45
pore axis z (A)

25 35

relative free
— pore radius _

correlation

energy

water-wate r

Easy!
___ rotational
water entropy
Harder: Sum

What is entropy on
a molecular level?

de Groot BL, Grubmdller 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.



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



vyl iswwoou/geoL 0L/biotiop/iisany (91L02) viehL
‘, UNWiwoy) jeN "enpisal auluoaIy} POAISSUOD pue [eonLo e ybnoly) Buiyoesyoeq ||

aselawA|od YNy sejowoid Buipuaq xijay abpug e jo " ‘nX "4 ‘ejIAy-opied 17 ‘ed

369947

(S

Svstem Size

aselawA|0d YNQ
sai|IqIssod



/Bioslop/:sdny  $22619:G a9 wise|dojAo [elgjoeq e JO [9pouwl J1)SIWOIe Ul SOIWBUAP
pue 81njonJ}s Jejnd9|owWoIOBW 3)e|NPOW Suoioeajul Jejnosjowolqg (91.0z) Bia4 19eydin
‘eubng 1IN ‘Bunp uoomaer ‘epeleH 1Iaynhy ‘opuy Iysepe| ‘Lo nieyede ] ‘nA I4ass|

wise|dojhH
sapl|iqissod



Possibilities
Citrate Synthase

ASpATS

Pl

ﬂ?’
C--..N.-H

argize

-,m-:?.

ARpITS

>—{>H

O H
Enaliralion __) )
c-a

rrm
E“:—N
HN

4
Argazg

¢

«H
H

-u“...-:x-

citryhCiod
Cod

Cun:!url\uﬁun

—-+- TL‘.’!—-

COMMUNICATION www.rsc.org/chemcomm | ChemComm

High-level QM /MM modelling predicts an arginine as the acid in the
condensation reaction catalysed by citrate synthasef
Marc W. van der Kamp,” Francesca Perruccio®” and Adrian J. Mulholland**

Received (in Cambridge, UK) 21st January 2008, Accepted 25th February 2008
First published as an Advance Article on the web 11th March 2008
DOI: 10.1039/b800496j

y AP TR,y Tt T | fianiaal

High-level ab initio q Here, we report the first modelling of the condensation
(QM/MM) modellmg of citryl-CoA formatmn in citrate reaction in CS, using high level ab initio QM/MM methods.
synthase reveals that an arginine residue acts as the proton The calculated potential energy profile shows that Arg329 can
donor; this proposed new mechanism helps to explain how act as the proton donor, leading to a stable citryl-CoA
chemical and large scale conformational changes are coupled intermediate. After proton abstraction from acetyl-CoA, car-

in thic naradiomatic enzvme hon—carhan hand farmation starte first hit ic cancerted with



Possibilities
Citrate Synthase

>_° >—OH citryhCiod
= z F_ Coh
o X Hf‘\;} G i F-NU é
) e Envoilircaticn Jn v Condensation |=U'
Y fp ==
de ® 0 we (o o A )
AT é‘_i_,“.ﬂ’ oH
Bl ah W 2 3
frg3ze !
ArgIag

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



{2 Takeaway 5

. Scale method to problem
Force fields parametrize QM interactions
Force fields have 5 different contributions

. Verlet is 3rd order algorithm

SR S

Simulations rely on fundamental physics



Your Master to PhD
Direct Track Program in Matter to Life

Profile

The Max Planck Schools Matter to Life
offers an innovative combined Master’s/PhD
program.

This international program focusses on
interdisciplinary research at the crossroads
of physics, chemistry and biology that pushes
the boundaries of knowledge to answer the
questlon:

What is Life“?

0 Joina unique network of German universities and non-university research
organizations

Q Engage in cutting-edge interdisciplinary research in Matter to Life

0 Receive close supervision by outstanding scientists EX Pe I"i ence
Matter to Life

A Joint Graduate Program of German Universities and Research Organizations


https://mattertolife.maxplanckschools.org/application

We offer you

Competitive scholarships covering tuition fees and
living costs

Close supervision by outstanding scientists

Cutting-edge interdisciplinary research in biomedical,
chemical and physical sciences

Access to first-class research infrastructures and
innovative teaching formats

Studying and working in an international and diverse
environment

Be part of the established alumni network

Future career growth in academia or industry

Course structure

The Master’s phase includes lecture modules, lab rotations,
internships, and the master thesis, thus giving you a

theoretical and practical overview of the research done by our
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!

"The program offers a truly interdisciplinary education.

| 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
supportive. | particularly appreciate the hands-on learning
opportunities at the University and Max Planck Institute
for Medical Research with top-notch facilities.

Deus Mwesigwa, 24, Matter to Life, Master Student

|mportant dates

September 1 - Start of application phase
December 1 - Application deadline

September 1 (following year) - Program start

Join one of our online info sessions!

Find the dates on our website

during the application phase

Check our website for more information

Master/PhD Program

https://mattertolife.maxplanckschools.org/program

MtL URO Program

matterto|ife.maxp|anckschools.org/uro—research—internship

Contact us

mattertolife(@maxplanckschools.de

uro(@mtl.maxplanckschools.de

Follow us on Social Media

o) & ® O

Undergraduate Research Opportunities

The Matter to Life school offers outstanding undergraduate
students the opportunity to expand their research experience
through our Undergraduate Research Opportunities (URO)

program.

Who can apply?

All motivated undergraduate students during their Bachelor studies in

an MtL related field are eligible to apply!

What the MtL URO program entails

A 10-week hands on internship in one of the laboratories
of our renowned faculty

Learn cutting-edge scientific methods in the context of
Matter to Life

Gain insights into the Matter to Life community

Establish your network and expand your knowledge in an

highly interdisciplinary field

Receive financial support for your travel, accommodation
and living expenses during your stay



https://www.instagram.com/mps_mattertolife/
https://www.facebook.com/maxplanckschool.mattertolife
https://de.linkedin.com/showcase/mattertolife/
https://www.youtube.com/channel/UC6zmuhCpbTGB7VbiKQ_s--w
https://mattertolife.maxplanckschools.org/application
https://twitter.com/mattertolife
https://mattertolife.maxplanckschools.org/program
http://mattertolife.maxplanckschools.org/uro-research-internship
mailto:mattertolife%40maxplanckschools.de?subject=
mailto:uro%40mtl.maxplanckschools.de?subject=

