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Outline of Computational Lectures

Brief Introduction to Bio-molecular Modeling
(some history, where we are now and the future of
modeling: Ali)

MD Tutorial: Simulation of a Biomolecule (Ali & Daniel)

Data Science/Data Analysis: Making Sense of

Biological Data:
(Alessandro L.aio, Alex Rodriguez and Pilar Cossio)
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Warm-Up Questions

What is your favorite (bio) molecule?

How does your favorite molecule look like?

At room temperature?

What type of motions will the molecule have?
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Molecular Dynamics in a NutShell

Protein

‘I'rajectory of Particles: Positions and Momenta
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whu Computational Experiments Matter?

Taking the Experiment to Cyberspace

The Nobel Prize in Chemistry 2013 was awarded jointly to
Martin Karplus, Michael Levitt and Arieh Warshel "for the
development of multiscale models for complex chemical systems’.
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Some Land Mark Papers

B. J. Alder and T. E. Wainwright (1957).
"Phase Transition for a Hard Sphere

System". J. Chem. Phys. 27 (5): 1208.

A. Rahman (1964). "Correlations in the
Motion of Atoms in Liquid Argon".

Physical Review 136: A405-A411.
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In-Silico Modeling sical Matter

Molecular Dynamics: 'T'he Past, Present and Future

Martin Karplus |
De, t of Chemistry and .
P remen By, Molecular Dynamics of
Cambridge, MA 02138, USA Biological Macromolecules:

and Laboratoire de Chimie

Biophysique, ISIS, A Brief History and
Université Louis Pasteur,

67000 Strasbourg, France PerSPeCtive

Received 30 May 2002;
accepted 30 July 2002

Bringing Together Biomolecular
Simulation and Experimental Studies

A Biochemical Society Focused Meeting in conjunction with the Molecular Graphics and Modelling Society held at Manchester Interdisciplinary Biocentre,
Manchester, UK, 10-11 September 2007. Organized and Edited by Mike Sutclitfe (Manchester, U.K.).

Biomolecular simulation: historical picture and
future perspectives

Abstract: A description of the origin of my interest in and the development of molecular dynamics
simulations of biomolecules is presented with a historical overview, including the role of my
interactions with Shneior Lifson and his group in Israel. Some early applications of the methodology
by members of my group are summarized, followed by a description of examples of recent
applications and some discussion of possible future directions. ~© 2003 Wiley Periodicals, Inc.
Biopolymers 68: 350-358, 2003

Wilfred F. van Gunsteren®' and Joiica Dolenc™t
“Laboratory of Physical Chemistry, Swiss Federal Institute of Technology, ETH-Honggerberg, CH-8093 Zurich, Switzerland, and fFaculty of Chemistry and
Chemical Technology, University of Ljubljana, SI-1000 Ljubljana, Slovenia

Keywords: NMR; molecular dynamics simulations; trajectory calculations; proteins; conforma-
tional change; channels

Abstract
Over the last 30 years, computation based on molecular models is playing an increasingly important role in
biology, biological chemistry and biophysics. Since only a very limited number of properties of biomolecular
systems are actually accessible to measurement by experimental means, computer simulation complements
experiments by providing not only averages, but also distributions and time series of any definable,
observable or non-observable, quantity. Biomolecular simulation may be used (i) to interpret experimental
data, (ii) to provoke new experiments, (iii) to replace experiments and (iv) to protect intellectual property.
Progress over the last 30 years is sketched and perspectives are outlined for the future.
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Biomolecules Actually Dance: 1977

T'he First Bio-molecular M D Simulations

It is now 25 years since the first molecular dynamics
simulation of a macromolecule of biological interest was
Nature Vol. 267 16 June 1977 585 published.! The simulation concerned the bovine pan-
creatic trypsin inhibitor (BPTI), which has served as the
“hydrogen molecule” of protein dynamics because of its

* l small size, high stability, and relatively accurate X-ray
artlc eS structure, available in 1975;% interestingly, its physiological
functions remain unknown. Although this simulation was

. . done in vacuum with a crude molecular mechanics
Dynamlcs Of fOIded pr Otelps potential and lasted for only 9.2 ps, the results were
J. Andrew McCammon, Bruce R. Gelin & Martin Karplus instrumental in replacing our view of proteins as relatively

Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138 I‘igid structures (In 1981, Sir D. L. Phillips commented:
“Brass models of DNA and a variety of proteins dominated
the scene and much of the thinking”.%) with the realization
that they were dynamic systems, whose internal motions

Nature Vol. 267 16 June 1977 play a functional role. Of course, there were already
experimental data (such as the pioneering hydrogen
exchange studies of Linderstrom-Lang and his co-work-
er),*® pointing in this direction. It is now recognized that
the X-ray structure of a protein provides the average
atomic positions, but the atoms exhibit fluid-like motions
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Residue no,
Fig. 2 R.m.s. displacements ( —) and maximum displace-
ments (... .. ) of the a carbons, relative to the dynamical average
Fig. 1 The peptide backbone (a carbons) and disulphide bonds of PTL a, X-ray structure?. b, Time evolved structure after 3.2 ps of structure.
dynamical simulation. .
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Wait A Second ... Where is the Water?

Proc. Natl. Acad. Sci. USA
Vol. 85, pp. 7557-7561, October 1988
Biophysics

Accurate simulation of protein dynamics in solution
(deviation from x-ray crystal structure/fluctuation amplitudes/hydrogen-bond stability)

MICHAEL LEVITT* AND RUTH SHARON
Department of Chemical Physics, Wei Institute of Science, Rehovot 76100, Israel

Communicated by A. Klug, June 23, 1988

cules of Life

Computer modeling reveals how water affects the

and the

Simulating\ /\/ ater
ploguies o

( k 3 . ‘ 4 ‘ & ‘ such as proteins, yielding clues to their functions

All-atom rms, A

Time, ps

Fic. 1. Time dependence of the rms deviation of all 454
non-hydrogen atoms from the x-ray structure of BPTI (4PTI) for

simulations in vacuo (dotted line) and in solution (solid line). The rms j T v ke e
deviations of the time-averaged structures obtained in this and other ’ glats st vt Mot oy o Lot o 2 e et v
BPTI simulations are marked as circled capital letters plotted at the v ; 4 . :._‘::':'.na..nm e
midpoint of the averaging period: A, first in vacuo simulation . - { . ; e T i
averaged over a period of 3-9 ps (1); B, in vacuo for 15-40 ps (4); C, acs 3 : gt S otpiog 1§
in vacuo for 62-132 ps (5); D, in vacuo for 110-210 ps (present work); e rose ey & ety y . g b gt e i
E, in fixed crystal lattice for 15-40 ps (4); F, form I crystal for 19— i (e ok P L) ol | Eriemimioem e mamen opey s
20 ps (9); G, form II crystal for 10-40 ps (10); H, in nonpolar solvent IS RS0 0 1R Waty GvForTTEns of Gl i Rl s of oy Pkt =y oy o3
for 8-33 ps (4); I, in water octahedron for 2-20 ps (11); J, in water for T i P y -

110-210 ps (present work).

10-100 Picoseconds
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Coming a Long Way from 100’s of Picoseconds!

How does a protein fold?

Primary structure
amino acid sequence

What pathways does the protein take?
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Watching a Protein Fold
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How large/heavy is the protein?
On what time-scales does the protein move?

What energies are relevant to the motions?
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Getting a Sense of Length-Scales
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Getting a Sense of Time-Scales

How fast are bond vibrations?

How fast do hydrogen bonds break and form in water?
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Timescales in Protein Folding Process

Side Chain Fluctuations: picoseconds

Protein Folding: microseconds
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Hierarchy of timescales in biolog

Hierarchy of different timescales in biology

generation time
molecular motor

|
1 pum transport E. coli
protein diffusion step of DNA protein diffusion mRNA half life | budding
across E.coli  polymerase across Hela cell in E. coli yeast Hela cell
-3 0 3 (o ;
1072 (ms) 10 10° (= 20 min) time (seconds)
——— photosynthetic electron transfer protein folding ——»
— signal transduction in vision — ligand binding —»
photosynthetic helix-coil average enzyme
charge separation —transitions — catalytic turnover
exciton migration .
ion channel rotation of
gating; flagella;
bond diffusion across ATP
vibrations synapse synthase
[ l —l . . l ¢ oo oo l
1071° (fs) 1072 (ps) 1072 (ns) 1076 (us) 1073 (ms) 10°

time (seconds)

Physical Biology of the Cell: Rob Phillips
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Sampling Important Deg

Methane-Methane

G% — G% Ligand-Protein

Water-Water

..
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Potential of Mean Force: 2 Molecules in Solution

Methane-Methane Sodium-Chloride
,;c
P

‘ 035 0.4 0.45 0.5 O'é?ngs 065 0.7 0.75 0. =S

Connecting to Experiments: T’ hermodynamics, Kinetics,
Pathways
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Two Biomolecules Interacting in Solution: Enerei

What kinds/forms of energy?

Ligand-Protein DNA Bending

Electrostatic/van
der Waals

Biomolecular Modeling
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What Makes Biolog

Home Work: Reading Material for this week

Physics Today: Rob Phillips

The Biological Frontier of Physics

structural biology, biochemistry, and

Problems at the interface between biology and physics offer genetics have yielded an explosion of

unique opportunities for physicists to make quantitative biological data that are increasingly
contributions to biology. Equally important, they enrich the quantitative in character. For exam-
discipline of physics by challenging its practitioners to think ple, gene expression is routinely char-
in new ways. acterized in terms of how much, when,

and where. Similarly, data on some

. machinery of the cell are reported

Rob Phillips and Stephen R. Quake graphically in terms of force—velocity

curves. As a result, despite the field’s

n the introduction to his classic magnetic-monopole paper  reputation as a soft science, nearly all of biology is now

of 1931, Paul Dirac remarked, ripe for quantitative analysis of the sort that physicists are

used to. The opportunities are analogous to those that

came to astrophysics once astronomical observations were
coupled to spectrometry.

Life presents many interesting questions for physi-
cists. As illustrations, we discuss three problems at the in-
terface between physics and biology—steppingstones to
more general thinking that will enrich physics. First, we
describe the molecular machines that form the basis of life.
The energies and length scales at which those machines
operate are intriguing because they are in the regime

There are at present fundamental problems in
theoretical physics awaiting solution, e.g. the
relativistic formulation of quantum mechanics
and the nature of atomic nuclei (to be followed
by more difficult ones such as the problem of
life), the solution of which problems will pre-
sumably require a more drastic revision of our
fundamental concepts than any that have gone
before.!

100
Electrostatic energy Bending of
o8 of a spherical shell a20:1 rod N
1
Fracture of
a 20:1 rod
107

= | o proton
5 10 o
g nuclear chemical
@ 1071° bonds
Thermal energy
10-20
10725 Electronic binding
energy of a box
]0—30
10713 10-12 10-9 10-6 103 1
length (m)

Figure 5.1 Physical Biology of the Cell, 2ed. (© Garland Science 2013)

k,T =0.6kcal / mol =2.5kJ | mol =25me
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Overcoming the Sampling Problem

Unfolded

Folded

>

Configurational coordinate

Smart Computer Algorithms and Statistical Mechanics

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagen

Review

Enhanced sampling techniques in molecular dynamics simulations
of biological systems

Rafael C. Bernardi 2, Marcelo C.R. Melo ®, Klaus Schulten *><*

* Beckman Institute, University of Ilinois, Urbana, IL 61801, USA
® Center for Biophysics and Computa tional Biology, University of Ilinois, Urbana, IL 61801, USA
€ Department of Physics, University of llinois, Urbana, IL 61801, USA

Biomolecular Modeling



Rage Against the Machines: Millisecond Dunamics

D.E. Shaw

Anton Machine

>

Atomic-Level Characterization
of the Structural Dynamics of Proteins

David E. Shaw,™?* Paul Maragakis,*t Kresten Lindorff-Larsen,'t Stefano Piana,t
Ron 0. Dror,* Michael P. Eastwood,* Joseph A. Bank, John M. ]umper,1 John K. Salmon,*
Yibing Shan,* Willy Wriggers*

Molecular dynamics (MD) simulations are widely used to study protein motions at an atomic
level of detail, but they have been limited to time scales shorter than those of many biologically
critical conformational changes. We examined two fundamental processes in protein
dynamics—protein folding and conformational change within the folded state—by means of
extremely long all-atom MD simulations conducted on a special-purpose machine. Equilibrium
simulations of a WW protein domain captured multiple folding and unfolding events that
consistently follow a well-defined folding pathway; separate simulations of the protein’s constituent
substructures shed light on possible determinants of this pathway. A 1-millisecond simulation

of the folded protein BPTI reveals a small number of structurally distinct conformational states T T T

whose reversible interconversion is slower than local relaxations within those states by a factor 0 0.2 0.4 0.6 0.8

of more than 1000. Simulated time (ms)

Backbone RMSD from native (A)
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MACROMOLECULAR ENERGY MINIMIZATION 1969

Refinement of Protein Conformations using a Macromolecular
Energy Minimization Procedure
Micmarr LeviTr axp Suxxior Lirsox
Weizmann Institute of Sciemce
J. Mol. Biol. (1969) 46, 269-279

23 Ko 4

o-ordinates

+_?k‘[1-w(n¢~n] ’ “;5,'

+Z el (0] [;.Q vt
LRl | <] ¢o

[ Sttt e 1

First protein structure refinement

* 'A-'i ..;-s— N
FIGURE 10. Steepest descent energy minimization was used to move all non-hydrogen at-
oms by changing the Cartesian coordinates of the two proteins, myoglobin and lysozyme.
This reduced the net forces and moved the structure towards an equilibrium. Note how
a restraint on atom positions was used to correct for limitations of the energy function,
principally the omission of the coulombic electrostatic term. Our paper [11] reports 50
steps of minimization, which is totally trivial by today’s standards; these 50 steps took
about 1000 secs. on the Golem A computer. The same calculation of forces used for en-
ergy minimization could also be used to simulate molecular dynamics (Fig. 8), which
had previously been applied by Annesur Rahman to liquid argon [12] and then together
with Frank Stillinger to more complicated liquid water [13].

H,0" orr&

Bond Breaking & Formation
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The Birth of QM/MM

Quantum Mechanics/Molecular Mechanics

Theoretical Studies of Enzymic Reactions:

Dielectric, Electrostatic and Steric Stabilization of the Carbonium Ion in the
Reaction of Lysozyme

A. Warssen anp M. Levirr

Medical Research Council Laboratory of Molecular Biology
Hills Road, Cambridge CB2 2QH, England

and

Department of Chemical Physics
The Weixmann Institute of Science

Rehovot , Israel

(Received 12 September 1975, and in revised form 10 February 1976)

QUANTUM MECHANICS OF ENZYMIC REACTIONS 1776

J. Mol. Biol. (1976) 103, 227-249

A. Wansues, axp M. Levier

Madical Rescarch Council Laboratary of Moloular Biology
Hills Road, Cambridge CB2 2QH, Englaxd

and

Department of Chemvical Phyrics
The Weismann Inatitute of Science
Rekovet, Lerael

FIGURE 13. When Philips solved the x-ray structure of lysozyme, he proposed that its
catalytic action is due to using binding energy to distort the substrate. Specifically, the six
member sugar ring adjacent to the bond to be cleaved was thought to be deformed froma
chair to a half-boat. Calculations done in my thesis [X:17] and published in a conference
proceedings volume [X:18] showed that the enzyme was too soft to cause such a defor-
mation and led us to propose electrostatic rather than steric strain. With Arieh Warshel,
we added quantum mechanical orbitals to a small part of the system, while the rest was
still treated classically in what has become known as QM/MM. The calculations now pos-
sible showed that the substrate is indeed electrostatically strained [X:19].

Numerous Applications in Enzyme Catalysis

Biomolecular Modeling



Car~Parrine”o/Ab Initio Molecular Dynamics

Hydrogen

Covalent bond

Lone pair Oxygen Lone pair

VOLUME 55, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NOVEMBER 1985

Unified Approach for Molecular Dynamics and Density-Functional Theory

R. Car
International School for Advanced Studies, Trieste, Italy

and

. . . .
iy Fictitious namics of
Dipartimento di Fisica Teorica, Universita di Trieste, Trieste, Italy, and u

International School for Advanced Studies, Trieste, Italy
(Received S August 1985)

We present a unified scheme that, by combining molecular dynamics and density-functional
theory, profoundly extends the range of both concepts. Our approach extends molecular dynamics ec rons
beyond the usual pair-potential approximation, thereby making possible the simulation of both co-
valently bonded and metallic systems. In addition it permits the application of density-functional
theory to much larger systems than previously feasible. The new technique is demonstrated by the
calculation of some static and dynamic properties of crystalline silicon within a self-consistent pseu-
dopotential framework.

PACS numbers: 71.10.+x, 65.50.+m, 71.45.Gm
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Watching DNA Repair On the Computer

UV Light Can Damage the Skin
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Aziz Sancar

B DNA-Repair (Thymine Formation)

Absorption
Time (minuts)

PHOTOLYASE PHOTOLYASE PHOTOLYASE

k K
FADH™ + T<>T ———s= FADH'" + T<>T "~ —s FADH + T+ T

Wavelength (nm)
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Short-Circuiting DNA Repair on the Computer

}“/ /\\ y Ty
-y

J. Phys. Chem. B 115 (14), 3860, 2011 J. Phys. Chem. B 115 (14), 3848, 2011
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Multi Scale Modeling/Coarse Grained Models

Bigger and More Complex Systems: Can one
simulate the cell?

flagellum  lipopolysaccharide

membrane

watqr protein inorganic ||e|d

\ ‘, ion & protein

S "
AR RS < S 4 . @R S 2 AACE
S N o o E / \/ ]
RS R - \
\ i§ A1
3 d = 2o ¢ W
73 R
outer g ’% : 3
NS Iaf 2N
ALl
7

®/6x107 5x107

7X§§§&< 2x10°

2x103 /2x10% 5x10%bp

. RN 10
|nner[ ,,Q' » ZX]O

membrane

MRNA ribosome DNA

ribosome mMRNA DNA

Figure 2.4 Physical Biology of the Cell, 2ed. (© Garland Science 201

Cells are much more crowded than our simple
simulation models
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Modeling Protein Folding in the Cell

doi:10.1016/j.jmb.2010.01.074 J. Mol. Biol. (2010) 397, 1329-1338
MB Available online at www.sciencedirect.com AFR
-2 . . NN
J *»” ScienceDirect )

ELSEVIER

Protein Folding Requires Crowd Control in a
Simulated Cell

Benjamin R. Jefferys*, Lawrence A. Kelley and Michael J. E. Sternberg

What is the biologically active conformation in the cell?

How does the protein find its state in the cell?

Biomolecular Modeling



Protein Folding in the Cell

Cellular crowding range

Size 1.1-
Relative radius of gyration
Note floating Y-axis 1.0-

Conformational :(;2: =

° o freedom 600~ :
Coarse-Grained Protein Tinesie st wrih ot 40
(1000s, max 1m) 0-

and Water Native-liko time

. P ) f
in conformation with 10%-

native-like topology
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Protein Folding Changes
in the Cell

All-atom Model

Coarse-grained Model
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Modeling the Huge Ribosome

FIGURE 17. COARSE-GRAINED & ALL-ATOM NORMAL MODE DYNAMICS OF
ENTIRE RIBOSOME. Together with Jenelle Bray & Junjie Zhang, the torsional angle
normal mode method we developed in 1985 [29] has been improved so that it can han-
dle any number of independent bodies each with its own rotational and translational
degrees of freedom. Although the entire ribosome is large, with 4,500 nucleotides in 7
RNA chains and 6,000 amino acids in 49 protein chains [30-32], we can represent its
low-frequency motion by just 538 degrees of freedom, 6 for each of 56 chains and an
additional 202 for internal degrees of freedom. The motion is simulated with all 167,000
atoms as well as with 11,062 interaction centers in a coarse-grained representation like
that we introduced [14]. The motions of the four lowest frequency modes are very simi-
lar for the two models. The video of these modes shows functionally suggestive relative
motion of the heavy (30S) and light (16S) particles that include jaw closing, rotational
grinding and rocking.

Michael Levitt:
Nobel Lecture

iomolecular Modeling



sical Data & Compexit

Chemical Intuition

Visualize Simulations

Dimensionality Reduction

free energy (kcal/mol)
(5] =

free energy (kcal/mol)

0

16 18 2 22 24 16 1.8 2 22242628 3
C6-C6 distance (A)

C5-C5 distance (A)‘
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Two Dimensional Free Enereu Surtaces

Co—Co6”

2.0 2.5 3.0 3.5
Fes-¢s

Figure 5. Overall reaction free energy surface for thymine CPD anion
repair (kcal mol ~"). The free energy well in which the C5—C5’ bond is
broken and the C6—C6' bond is intact (res—cs = 2.57 A, reg—cg = 1.61
A) is assigned as the zero of energy. The energy value on several
contours is labeled.

What About Other Coordinates?
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The Role of Water In Biolog

Solvent Fluctuations Drive Chemistry

3 . T 7
<S0fs . .- "
s25F g
= _ p
34
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= AT , #2200 fs
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- = K4
¥ VAN AW A WP f{_/\/\ Vg T NP
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1 | : l i l
0 100 200 3200 400 500

time (fs)

Figure 3. Snapshot showing location of single water molecule near the
04 carbonyl oxygen.

Smart Ways to Discover Important
Coordinates Automatically
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Water is Extremely Important in Bioloe

2H,0 H,0* OH-
DQS—29P

PNAS 108(51):20410 (2011).
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Base-Catalyzed: Hydroxide Ion

What is the mechanism by which this happens?
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Going Beyond the Spherical Cow

Simplify Models, but not that much!
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Shapes in Water Resemble Small Pol

Wire Branch

AG . ~17kJmol™ AG., ~20.73kJmol™

solv solvy

AG . ~17kimol™

void

J. Phys. Chem. Letters. Accepted
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The Future of Biological Simulations

MOLECULAR POTENTTIAL ENERGY Beyond Classical Force
IV AV fields: Polarization and
“TiL-eatal <17y, Charge T'ransfer
‘3 °ffw(m/)z(*/)] {; T ¥
+23;‘;H‘7 ==/ ¢% (Quantum Mechanics:
— Electrons and Nuclei

Going Beyond Chemical
Intuition

High dimensional Protein-
Water Systems
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Future of Computational Biolog

Bio-Chemical Physics of Natural Products
OH [ 0 —
| HO:©/\/

Theoretical studies of natural product compounds -

r
OH O

understanding the role of hydration
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The Case of Curcumin in Water

MD Tutorial:
Curcumin in Liquid Water

Curcumin Crystal-Water
Interfaces
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| ast Parting Thoughts

* Before Computation a Solid Background in Theory is Needed
* Beware of Simplifying Models in Computational Biophysics

* Lots of Interesting Basic Science in the Bio-Chemical
Physics of Model Systems

» Making stronger connections to experiments
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Computational vs Experimental Biologist
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