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——' Molecular Dynamics Simulations of Biological Systems

What is Molecular Dynamics?

“Certainly no subject or field is making more progress on so many fronts at the
present moment than biology, and if we were to name the most powerful assumption
of all, which leads one on and on in an attempt to understand life, it is that all
things are made of atoms, and that everything that living things do can be

understood in terms of the jigglings and wigglings of atoms.”
Richard Feynman

The Feynman Lectures on Physics: Mainly Mechanism, Radiation and Heat (1963)
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Development of Molecular Dynamics over the past decades:
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What is Molecular Dynamics? \ e
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Myoglobln Structure
Kendrew (1962 Chemistry Nobel Prize) Dynamics plays an important role.

www.ks.uiuc.edu/~rcbernardi _




R piochemistry 101 B

What are Proteins?

Proteins are large biomolecules, or macromolecules, consisting of one or more long

chains of amino acid residues.
Wikipedia
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What are Proteins?

Amino acid (1) Amino acid (2)
H

Amino Acids:
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R
— www.ks.uiuc.edu/~rcbernardi -



D

The Different Amino Acids
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The Different Amino Acids

Biochemistry 101
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Protein Structure:

(a) Primary structure (b) Secondary structure
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Hydrogen bonds between o helix
amino acids at different
locations in polypeptide
chain 3

(c) Tertiary structure (d) Quaternary structure
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Protein Secondary Structure:
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Protein Structure Determination:

X-Ray Crystallography
Nuclear Magnetic Resonance (NMR)
Cryo-Electron Microscopy

Homology Modeling and ab initio Modeling

1996 2013
\\J C/7 . o1 ,Computer-aided Construction of ' Computational Construction of
)V / Manual Construction \w\\’//// Structural Models with ‘ @ Structural Models with
— of Structural Models -/ Manual Positioning of Atoms XZ” Automated Positioning of Atoms
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Biochemistry 101

What is the Protein Data Bank?

RCSB PDB  Deposit + Search~ Visualize + Analyze + Download v Leamn ~ More ~ B Log 1

(==
An Information Portal to
B 116539 Biollogical Search by PDB ID, author, macromolecule, sequence, or ligands H
o=

Macromolecular Structures
PROTEIN DATA BANK Advanced Search | Browse by Annotations

- % e B ek StructuralBiology
B 3ns @ove WilDmse i 6y oss0

R Welcome This resource is powered by the Protein Data Bank archive-information about
the 3D shapes of proteins, nucleic acids, and complex assemblies that helps
rS . students and researchers understand all aspects of biomedicine and agriculture,
i Deposit ) . .
from protein synthesis to health and disease.

As a member of the wwPDB, the RCSB PDB curates and annotates PDB data.

Q Search , ]
The RCSB PDB builds upon the data by creating tools and resources for

research and education in molecular biology, structural biology, computational
Ea Visualize biology, and beyond.

Analyze Feature Highlight: Gene View

— ;

I
& Download T —— —
[——mm- |

Al Leamn

- e - Wil Imme o e
° Gene View Tutorial EGene\ﬁew Help Article
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Are there other Biomolecules?
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Questions?
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The Computational Microscope

What our microscope is made of?

www.ks.uiuc.edu/~rcbernardi




— Molecular Dynamics Simulations - Theory -

4 \ A
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Uses simple Physics concepts of Classical Mechanics. f\. L" ' ’
2e:fl oy
N g '
V= Vslr + Vbend + Voop + Vtors + VvdW + Ves *)'./dy;

F=-dvidr,
a,=F,/m

—_—

— e avtal/ 42
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V = Vstr + Vbend + Voop + Vtors + VvdW + Ves
!

Veai= QQ//eR;

12 6
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VvdW,ij = SU R -2 R
ij ij
v 1
\/mijkl = E[Vl (1 + cos<p) +V, (1 - cos2¢)+ \'A (1 + cos3<p) + ]
v 1 2 ) water
V = _k (Doo Hydrophobic effect is roughly Contnuumichertiedst
0oop 2 oop P proportional to surface area

v

1
Vbend,i]k = EkIJK (eij - GOUK)Z
Vstr,ij 1 %ku (lij 1%y )2

torsion angle

Distance bond length or 3-atom angle
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Wmics Simulations — Theory (How NAMD really does Langevin) -

where m , is the mass of atom «, 7, is its position, and U, is the

m a?a = — 0 Upid(F1s 7oy o o . 7N), a=1,2...N, total potential energy that depends on all atomic positions and,
@ thereby, couples the motion of atoms.
2 'yk
. B
My = F(r) — yv + R(?),
where M is the mass, v = 7 is the velocity, F is the force, r is the Newtonian equations of motion, To integrate the Langevin
position, vy is the friction coefficient, k is the Boltzmann constant, equation, NAMD uses the Briinger—Brooks—Karplus (BBK) meth-
T is the temperature, and R(7) is a univariate Gaussian random od, a natural extension of the Verlet method for the Langevin
process. Coupling to the reservoir is modeled by adding the fluc- equation. The position recurrence relation of the BBK method is
tuating (the last term) and dissipative (—vyv term) forces to the
1 — vyA#/2 1 2k, T
B
r A, ) F————= AP M 'F(r) + | Z

1 T Az/2( 1) 1+ yAt/2 (ra) AM "
where Z,, is a set of Gaussian random variables of zero mean and by the BBK method has an error proportional to A¢*, although
variance 1. The BBK integrator requires only one random number the error in the time correlation function can have an error pro-
for each degree of freedom. The steady-state distribution generated portional to Atz.

R tn— R
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Why not to use Quantum Mechanics?

oW(x,1)
ot

—h* *W(x,1)

b ) =1h
2 o +U(x)¥(x,t)=1ih
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ﬁolecular Dynamics Simulations - Theory

Classical Mechanics vs. Quantum Mechanics

Quantum Mechanics (ab initio)

Semi-empirical Methods

Atomic Details
CPU Time

:
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The Time Scale Problem
Pure QM

Hybrid QM/MM

Classical MD

Coarse Grained MD

fs ps ns us ms S
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NAMD QM/MM will be released in late 2016



The Time Scale Problem
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What timescale we can simulate?
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olecular Dynamics Simulations - Theory

Performance of NAMD simulations on different computer platforms

Performance (ns/day)

- Laptop: MacBook Pro (Late 2013 model) - Intel Core-i7 2.3 Ghz (4 CPU cores) - 16GB RAM - NVIDIA GeForce GT 750M

Desktop: Dual Intel E5-2650v2 2.6 Ghz (8 CPU cores each) - 64GB RAM - NVIDIA GeForce GTX Titan X

CPU + GPU Cloud: G2.8 instance of the Amazon Elastic Compute Cloud
GBI Cloud: C4.8 instance of the Amazon Elastic Compute Cloud

MastoparanX

~10k atoms

40-

35

30+

25+

20+

15+

10+
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Ubiquitin
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Ras

~65k atoms
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m- Integrative Molecular Dynamics Toolkit for Novices and Experts -
QwikMD

Employing QwikMD, a user is able to prepare an
MD simulation in just a few minutes, allowing
studies of point mutations, partial deletions and
even atomic force microscopy experiments.

QwikMD assists a new user in performing MD
simulations, while it also servers as a learning tool.
Many "info buttons" provide the theoretical
background underlying the MD procedures carried
out in modern MD simulations.

www.ks.uiuc.edu/Research/qwikmd
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Wﬁve Molecular Dynamics Toolkit for Novices and Experts -

QWi kM D WO rkﬂ ow | Protein Data B.ank Structure

Select Chain / Molecule

Point Mutations

e

Protonation State

Solvate

|
| |

Set Salt Concentration |

|

I

| | |
[ Select Simulation Protocols
I

| |
Prepare Simulation Files |

Live Analysis

Advanced Analysis of Trajectories www.ks.uiuc.edu/Research/qwikmd
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| Browse for a PDB file or type PDB code | _ _ _

Select the environment: implicit or explicit
solvent, and salt concentration

When “Prepare” is clicked, QwikMD will
invoke several scripts to perform all
the operations set before, such as
mutations, solvation, ...

v
1
1
1
o'

ative Molecular Dynamics Toolki

L}
1
m Advanced Run ' Basic Analysis ' Advanced Analysis ]

: Help... @

| Browser ]|1u:)q_qwikMD.psHubq_qwikMD.pdb

L L L L L L T

[ NMR State  + || Chain/Type Selection 3 || Structure Manip

Chain?|  ResidueRange I Type | | i | Color
A 4 1-76 ¥ protein NewCartoon 0 blue
A g 77-134 §  water VDW Name

L} 1

1 1

1 1

1 3

1
Background (&) Black () Whitey () Gradient Color Scheme: 'VMD Ciassic | v |

r Molecular Dynamics Y Steered Molecular Dynamics |

oven it |

Salt Concentration

¥Protocol

™ Equilibration ¥ MD
Temperature C 300 K
Simulation Time ns

¥ Simulation Setup @

@
0.15/ molL Choose Salt NaCl v|

/Users/rcbernardi/Desktop/test/1 ubq.qwikmd

e view
'V Simulation Control @
bt Start Equilibration Simulation 0 J
( Pause ) ( Detach ) ( Finish ]
Progress - 'si time: 0.000 of 1.242 ns

A

ovices and Experts

800 Structure Manipulation
ResID | ResNAME | Chain| Type @
1 MET A protein
2 GLN A protein -
3 LE  TA = BRET["®)Mutate ()Prot State |
4 PHE 1A protein (OAdd () Delete .
: VAL :A proscn ()View () Rename 1
6 LYs A protein 1
7 THR H (O Type 1
8 LEU -
h THR o Aedly
10 GLY .
1 LYS Clear Selection
12 THR
13 ILE Add Topo+Param
14 THR :A protein Sec Struct colors .
15 LEU->THR==|A  protein H
16 GLU JA  protein T - Tum 1
E Beta Extended H
B Beta Bridge 1
| L}
H Alpha-Helix H
A G 3-10 Helix :
A | Pi-Helix ]
: ¢  Coi H
o
A Structure Check by
pot N [l ropoiogies & Parameters | 1
28 A [T cnirai centers -
31 A Torsion Angles Outliers "
32 A 2.63% (Goal < 0.1%) :
33 A .Totsion Angles Marginals 1
34 A 0.0% (Goal < 5%) 1
35 GLY A protein 1
36 ILE A protein _ _:
a7 PRO A protein
38 PRO A
39 ASP A
40 GLN A
41 GLN A protein
42 ARG A protein
43 LEU = = o gy o o rOfiey e o= o o o o o o
44 ILE A protein
45 PHE A protein

QwikMD user can easily perform point
mutations. To do so, select “Mutate”
and click on the amino acid from the

sequence amino acid table. A list of all

possible mutations will allow the user to
select the desired mutation.

The list of amino acid in the protein
sequence is colored according to
the secondary structure.

An automated check of the structure
is performed when a PDB is loaded by
QwikMD. If problems arise they
will be marked in the “Structure Check”
Tab. The user will be guided on how to
fix the problems found.

All molecules of the system are
presented in a list an can be separated
by type or chain. The QwikMD user can
easily delete parts of structure, change

protonation states, perform point

mutations, among other actions.
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800 VMD 1.9.3a6 OpenGL Display a6 QwikMD - Easy and Fast Molecular Dynamics

Help... | [@]

I
[ Easy Run | Advanced Run | BasicBnalysis | Advanced Analysis |

e =
¥ AMSD :
_ Calewiate || |E
Backbone ~ | or Type Selection :
Align Structure Backbone |+ or | Type Salaction :
¥ Energies @ :
Calculate :
+ Total VI Kinetic / Potential Bond ]
LS Dihedral vow i Here the user can select the analysis to be
¥ Thermodynarics 177" performed when “Calculate” is clicked.
Calculate 1
+ Temperature Pressure Volume : . . .
me VMD is known fo_r_lt_s structur(_e image
Render Image |+ Render @ |n rendering capabilities. In QwikMD a
rotin s[5 e { §==="|  quickrender tab allows for a fast
— - high-quality rgndenng, employing the
[ Total Energy | Kinetic Energy | Potential Energy || RMSD Plot | most used settings .for shadows, colors,
e — H = materials, ...
Fle i Cear : Msmmmmamessede s e s e e e ——]
[—— :
: Multiple analysis can be performed at the
L .| same time. The resulting plots will be
presented in different tabs.
o]
g:a'lgzcl)
o] In a simulation on /ive view mode
o the plot will be updated while the
simulation is performed
m—— T T
o - atm
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maecular Dynamics Simulations of Biological Systems

Molecular Dynamics can be used to calculate a diverse set of properties:
* Free-energy (transition between two structural states)

* Mechanical Properties

* Viscosity

 Thermodynamics Properties

e Effects of structural changes in the above properties
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-Molecular Dynamics Simulations of Biological Systems -
Case 1: Ubiquitin

Ubiquitin is a small protein that is found in almost all cellular tissues in
humans and other eukaryotic organisms, which helps to regulate the
processes of other proteins in the body.
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mlecular Dynamics Simulations of Biological Systems -

Case 2: HIV-Protease

HIV-1 protease is a retroviral aspartyl protease (retropepsin) that is essential for the
life-cycle of HIV, the retrovirus that causes AIDS. HIV protease cleaves newly
synthesized polyproteins at the appropriate places to create the mature protein
components of an infectious HIV virion. Without effective HIV protease,

HIV virions remain uninfectious.

— www.ks.uiuc.edu/~rcbernardi -
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Case 3: Cellulase

Cellulase refers to a group of enzymes which, acting together, hydrolyze
cellulose. Cellulose is a linear polysaccharide of glucose residues connected
by B-1,4 linkages

COUNTERTHINK: FUEL VS. FOO®
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Case 4: DNA/Protein Complex

Deoxyribonucleic acid is a molecule that carries most
of the genetic instructions used in the development,
functioning and reproduction of all known living
organisms and many viruses.

Protein—DNA interactions often regulate the
biological function of DNA, usually the expression of a
gene. Among the proteins that bind to DNA are
transcription factors that activate or repress gene
expression by binding to DNA motifs and histones
that form part of the structure of DNA and bind to it
less specifically.
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Case 5: Cellulosomes - Pulling Experiment

-
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Ultrastable Protein complexes

Challenging environments have guided nature in the
development of ultrastable protein complexes. Specialized
bacteria produce discrete multi-component protein networks
called cellulosomes to effectively digest lignocellulosic biomass.

Certain cellulosomal ligand—receptor interactions exhibit extreme
resistance to applied force.

—7 www.ks.uiuc.edu/~rcbernardi

~

ACSPublications







—Molecular Dynamics Simulations of Biological Systems -

Case 6: Membrane Protein

Membrane proteins are proteins that interact with, or are part of, biological membranes.
They are one of the common types of protein along with soluble globular proteins, fibrous
proteins, and disordered proteins. They are targets of over 50% of all modern medicinal
drugs. It is estimated that 20-30% of all genes in most genomes encode membrane proteins.

‘‘‘‘‘‘
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Newer Advanced Version of QwikMMD required
Download QwikMD from: www.ks.uiuc.edu/~rcbernardi
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