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* Molecular dynamics
— Theoretical background

Modelling of ligand-protein binding

|. Computation of thermodynamic + Force fields
oy e — Energy terms
quantItIeS — Parameters

* Sampling in molecular dynamics
* Free energy difference and alchemical transformations
* Examples

p
Introduction
* Molecular dynamics — link between microscopic
and macroscopic quantities
Molecular dynamics — structure
— dynamics
— thermodynamics
4

Basic terms

« Alder, B. J. and Wainwright, T. E.
J. Chem. Phys. 27, 1208 (1957)

. * Thermodynamic/Macroscopic state
ISy BN — The system is characterized by few macroscopic
S o S parameters; e.g.: T, P, N

* Microscopic state

= — The system is characterized by the positions and momenta
=S of atoms (phase space).

* Ensemble
nature ! — Mi i i i
+ McCammon, J. A, Gelin, B. R, e -ttt Microscopic states corresponding to a macroscopic state
and Karplus, M. * Molecular dynamics simulations
Nature (Lond.) 267, 585 (1977) PR — — Generation of microscopic states of an ensemble as a

function of time
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Thermodynamic ensembles

* Microcanonical — NVE (isolated system)
* Canonical — NVT (thermal equilibrium)
* lzotherm-izobar — NPT

* Grand canonical — uVT (equilibrium with a reservoir
of particles)

Ergodic hypothesis

* Measurable quantities: ensemble average (A)ensembie
— e.g. (non-covalent) binding of two molecules in solution
* Molecular dynamics: time average {A)time

<A)time = <A)ensemble
* long enough” MD — appropriate sampling
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Force field Molecular mechanics
* Molecular mechanics - . ) . .
) o Atoms are pointlike objects with mass and interactions
— basic entities: atoms
— ,classical”
— simple, fast computations E= Estr + Ebend + Etors + Evdw + Eel + Ecross,
— includes parameters
* Can be applied within the validity of the parameter space intramolecular intermolecular
* Chemical reactions are typically outside the validity
* Quantum mechanics
— basic entities: nuclei and electrons
— accurate
— time intensive computations
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Bond stretching energy Bond stretching energy - parameters
\ . / Estr = k(r —1p)?
\ ' /
Egr = k(r —19)? \
/
Fser = —2k(r — 1)
PO o+ ol
good approximation in the vicinity of r,
k and ryare atom dependent parameters | |0 (rrmemmeemeeeen | e
11 12
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Bending energy

Torsional/dihedral angle energy

e H\ """"" Hg Hy
N
Epena = k(6 — 6,)? e ST .~ N Hs
Vi V, — barrier height
Etors = 7 [1 + COS(Tl(p - (/)0)] n- periodicity
k and 6, are atom dependent parameters ~15000 par.ameters
13 14
van der Waals energy Electrostatic energy
§= S: Vo = 949 Coulomb
i €T
“ Ve\
short range: repulsive; exp(-r) or r12 Pauli repulsion
middle range:  attractive; ré dispersion
long range: disappears
1
o\ 12 o8] T 5 (0t ) / R
I (G4
crem(2)
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MM parameters

¢ Derivation
— Quantum mechanical calculations
— Experimental data
— Extension based on analogy

* Validation by comparing computed and experimental data
— Macromolecular structure

— NMR data
— Structure and energy of van der Waals complexes

e Error compensation; mutual interdependence of parameters

Quality of MM force field

— Protein structure

— DNA, RNA structure

— Conformation of organic molecules

— Ligand-protein interactions

— Structure and interactions of lipids and membranes

_ P

Helix2

RMSDs of backbone atoms
from the native structure
as a function of MD
simulation time

RMSD (A)
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Selected MM force fields

* Charmm (Chemistry at HARvard Macromolecular
Mechanics)

* AMBER (Assisted Model Building with Energy
Refinement)

* OPLS (Optimized Potentials for Liquid Simulations)
* GROMOS (GROningen Molecular Simulation)
* MMFF (Merck Molecular Force Field)

MD algorithm

Newtonian mechanics

TN(T1,7”2 wTn) PN(PLPz - Dn)

il
k@)= 5m

4

u(r)

pi = fi

19

20

Verlet algorithm

Calculation of p,and r,at §t time steps

pi(), 7 (6) = pi(t + 6t), 73 (¢ + 6¢t) - fi(®
Lse) = Ls
Pi(H'E t)—Pi(t)+§ t-fi ()
1
st-pi(t+56
ri(t+6t):ri(t)+M - filt+6t)

m;

1 1
pi(t +8t) = p; <t+z6t>+§5t'fi (t + 6t)

Typical &t for simulation of biochemical systems: 1-4 fs

MD - sampling

* Microstates appear according to Boltzmann distribution

- e (-57)
* Simulation time is limited by computational capacity
— Time scale for proteins: ~ps
* Rare events with high energy barrier cannot be
straightforwardly simulated

1 ps MD ~ 107 evaluations 21 2
21 22
MD - Sampling Free energy - Sampling
Time scale | Amplitude Description # MD steps _an E(r,p)
(s) (A) (step ~ fs) F =—kTln|h J]. exp\=—pr dpdr (1) Formula for free energy
1015-102  0.001-0.1  Bond stretching, bond  1-1000
angle deformation
1012-10° 0.1-10 Protein sidechain, loop  103-10°
and collective motions Free energy calculation with MD sampling is problematic
10°-10® 1-100 Folding of small 106-10° . .
proteins phase space incomplete in (1)
10°-1071 10-100 Protein folding, 10°-10* posmve» mt?gral .
. e In function increases monotonically
Ligand-protein binding B o o
negative contribution missing
F overestimated
23 24
23 24
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Free energy difference . . .
Alchemical transformation- coupling parameter

* Sampling issue hampers the calculation of F and AF=Fg,4-Feree
* Special techniques for calculating AF=Fg-F, (A similar to B) for similar systems

(see later)
* Thermodynamic cycle: binding free energy difference (AAF) of two similar O O H, =H(r,p,A) = (1-A) Hp + AH,g
ligands is obtained from the free energy difference of similar systems a a A — coupling parameter
A B

H; may be other function of &

L st
o i O H(r,p,3=0) H(rph=1) H,, Hg may depend on A
protein protein-igand A
— complex
== J D AF=0
o) w5 .<
s —
H— H. H .._,< H H
protein protindigand B 2 14 r, L * Large perturbation—
complex /q, ‘:‘C\ wH = /q-,. M important change in the
" B complexAmB _ x pligandA—B Demt, I H °-°\ T " environment
— DAF = AR — AFgg= AR o — AF ansorm ci> ! 8 * Large perturbation is
. Ala->Ser "/ computationally impractical
_ P . . complexA—B ligandA—B -
»alchemical "‘*”_Sf"'"‘at'c'f‘s' AFiransform @M AFtransform http://www.ks.uiuc.edu/Research/namd/2.6/ug/node36.html
+ 2 transformations to obtain AAF 25 26
Application 1
process of ligand binding

r\ = 1=

Selected applications

PP1 molecule finds the binding site of Src kinase in a 15ps simulation
JACS 2011 133 9181

27 28

Application 2 Application 2

Steered MD Titin structure and function

* Constant velocity pulling

a
Z-disc M line 2 -disc
( "Retin hament - [ KciTn Wament
‘@ o - o°
e v T o .
0= o000 o0t 000060000 = oo
® b
[ | Wetin Riament ( Rt Siament

c Muscle contraction

1 > N . b e I-band A-band Mhos £ —
U= Ek[vt - (F—7y) - 1)? ‘ St S —
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 Constant force pulling 2 e ; Muscla xtension
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Unfolding and

AFM — linear chain of 191 domains

titin 191 (formerly 127) domain

Application 2

force

Constant velocity pulling

SMD —single 191 domain

Application 2

Unfolding and structure

— o
400 'g' 800
2300 | = Z (b) native structure () extension of 10 A (d) extension of 25 A
82001 |
g bl b Lu, H., and Schulten, K. (2000).. Biophys. J. 79, 51-65
2100+ %
0 r ]
- = b T A 5 s 100 125 150
0 50 100 150 200 -, R
Extension (nm)
Rief et al. (1997 Science 276 1109)
Application 2

A78
v=1A/ns

Titin Fn domain unfolding mechanism

L

R e ]
—

Example — binding to lysozyme

il
o u o

-SRTI AAG (), keal/mol

20 -5 10 05 00 05 1.0
Exp AAG (), kcal/mol

Figure 6. Comparizon of the HREX. 2 free enerey

J.Chem. Theor. Comput. 2011, 7 3001

33 34
Example — neuraminidase inhibitors 1 Example — neuraminidase inhibitors 2
[Table 1. C i of i AAG in ir and zanamivir for three NA mutations with estimates obtained using
B ﬁv Cc different computational approaches.
4 d lethod H274Y N294s Y252H RMSE
I AAG, keal/mol AAG, keal/mol AAG, keal/mol (RMSD), keal/mol
zanamivir oseltamivir zanamivir oseltamivir zanamivir oseltamivir
0.4 (0.1) . 2 0.1 (0.2) N/A (02)
'Values were derived from the data reported by Collins et al [10].
tandard deviations are shown in parentheses. Root mean squared error (RMSE) and the RMS Standard Deviation (RMSD) are provided.
[“indicates experimentally determined drug resistant mutation. ‘N/A' stands for not applicable.
0i:10.1371/journal pcbi. 1002665.1001 PLOS Comp Biol 2012, 8 e1002665
5 o goun e et b, 1 S e e, e, 1 e el
o= PLOS Comp Biol 2012, 8 €1002665 5 6
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Example — FKBP12-ligand

Standard binding free energy

Free energy components

P12 bound with
arts are treated as a m
boundary potential.*

reviously 2 The
imation with generalized
tational details

AAG., AAGs AAGue AAG. AAGY AAG, AGyns exptl

-1 —21.1 =37 69 34 54 —102 -109

* Scope
— Structural study; structure refinement
— Dynamics
« conformations, ligand-protein binding, steered processes,...

— Thermodynamics

* Free energy changes
— solvation, ligand-protein binding,...

* Limitations
— Sampling
— Accuracy of force field
— Chemical reactions cannot be routinely studied

MD scope and limitation
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