Potential energy surfaces in Biomolecules J

Adolfo Bastida

@ Universidad de Murcia (Spain)

Computational Biochemistry
Master in Theoretical Chemistry and Computational Modelling

Adolfo Bastida (Universidad Murcia) PES in Biomolecules TCCM 1/25



Index

o Potencial energy surface
Born-Oppenheimer approximation
Biomolecules

© Stretching vibrations
Potential energy curve
Harmonic oscillator

© Bending vibrations
@ Torsional motions

© Non-bonded interactions
Coulomb forces
van der Waals forces

@ Molecular Mechanics potentials
General form
Water

@ Conformational exploration
PES minima
Reaction coordinate

Adolfo Bastida (Universidad Murcia) PES in Biomolecules TCCM 2/25



3' Born-Oppenheimer approximation

S

e Molecular Hamiltonian = H(r,R) = T,(r) + Tx(R) + V(r,R)

@ BO approximation:

o P(r,R,t) = ¢PO(r,R) QR t)
~——

electronic  nuclear
o [Tulr) + V(r.R)| 6BO(r,R) = BO(R) 9P(r,R)
o in2ARY _ [7A'N(R)+e}30(R)} Q(R, t)
o Grid {Ri}Y; = {°(R)}IY,
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Potencial energy surface SIS

Biomolecules

@ Electronic Schrodinger equation
o QM methods

o QM description the whole system =- computationally forbidden
o QM treatment depends on the particular case
o QM restricted to reactivity or quantum effects (proton transfer,. . .)

e Molecular Mechanics potentials

@ Proteins and nucleic acids are made with the same units
o Self-assembly potential energy functions
o Fixed functional form with parameters fitted to experiments or QM data

@ Nuclear Schrédinger equation

o Time-dependent evolution = Molecular Dynamics (classical)
e Monte-Carlo,. ..

@ Solvent

o Atomistic MM models
o Continuum models
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Stretching vibrations Potential energy curve

! Potential energy curve

E(R)

@ Unbound states.
R, @ Bound states.

e Dissociation energy = D,
e Internuclear equilibrium
distance = R, (bond length)

o Potential energy curve

terms

3 higher order
V(R)= VARST + (2% Re(R_ReH%(W) (R Re)? %(%)R(R—Re)3+ g
N~ < : e

energy minimun

origin
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ST RVITENLEM  Harmonic oscillator

% Harmonic oscillator

R, R

o lim V,(R) =00 # De
R—00

o Minimun at R = Re

I _ 1 2
o IIQIEO Vi(R) = 5kRZ < o0
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@ Harmonic potential

2
Ve(R) = 3 (f)R‘ﬁ)R (R R
—_—— q
k — force
constant

@/Ve

Hooke's law

PES in Biomolecules TCCM 6/25



Harmenic oscillator
# Harmonic oscillator (HO)

@ Classical HO
2
P 1, o 1, 5
E=Dh | kg2 = ZkA
o 2=
. mamp
_mA+mB

_ dqn
M

F=—-kgn=pa— —kay

\l/ qy,(0)=0

gn(t) = Asin(wt) > w =21v =\ k/u
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Harmenic oscillator
# Harmonic oscillator (HO)

period of oscillation
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° Bending vibrations

@ Harmonic bending vibrations
o V(0)=1k(0-0.)>
0 o Fp=—k(0—106,)

@ Anharmonic terms
= k3 (0—0:)3+...
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Torsional motions

% Torsional motions

@ Dihedral angles
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Torsional motions

¥® Torsional motions
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Torsional motions

V(¢) =2 k(1+cos(ng+7))
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Coulomb forces
€) Coulomb forces

Periodic Table of the Elements
Electronegativity
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van der Waals forces
€) van der Waals forces

@ van der Waals forces

o Electric dipole = u=gq-/ (e — 0

e Dipole-dipole interactions

AN/
‘ 0 . Vig = =% — C o takz
(AN

o Dipole-induced dipole interactions

00 00
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\ELECTNI ELRRIIEIG I van der Waals forces

€) van der Waals forces

@ Instantaneous dipole-induced dipole interactions.

Qe oo

Vaa = —r% — C o< #1422 — a polarizability
@ Intensity = dipole-dipole > dipole-ind. dipole > inst. dipole-ind. dipole
@ Short range repulsive forces = Viep o< 17
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\ELECTNI ELRRIIEIG I van der Waals forces

€) van der Waals forces

@ Lennard-Jones potential

100 T,
E/em* | |4 Repulsive +A/r2 ,
&b
0
-50 |
-100 |
3.0 4.0 5.0 6.0 7.0 8.0
r/A
12
_ o a
o Vij(r) = 4e ((7) —

6 Fmin
2)®) = e ((
@ Imin = 21/60 = VLJ(rmin) -

6
i)°)
= —€
o V1,5(0) = 0 = effective atomic radius
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\ELECTNI ELRRIIEIG I van der Waals forces

€2 van der Waals forces

@ Homoatomic interactions

Table 1.1. Atom-atom interaction parameters

Atom Source e/kg(K) o(nm)
H [Murad and Gubbins 1978] 8.6 0.281
He [Maitland et al. 1981] 10.2 0.228
c [Tildesley and Madden 1981] 512 0335
N [Cheung and Powles 1975] 373 0.331
o [English and Venables 1974] 616 0.295
F " [Singer et al. 1977] 528 0.283
Ne [Maitland et al. 1981] 470 0.272
S [Tildesley and Madden, 1981] 183.0 0.352
Cl [Singer et al. 1977] 173.5 0.335
Ar [Maitland et al. 1981] 119.8 0.341
Br [Singer et al. 1977 2572 0.354
Kr [Maitland ez al. 1981] 1640 0.383

@ Heteroatomic interactions

1
OAB = 5 (ca+o0p)
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Molecular Mechanics potentials SIS R

@8 Molecular Mechanics potentials

1
V = kp(l — )
§2b 0+
bonds

X3 e |(%

J=1 i=j+1

Z (0 — 6)?

angbs

12 6
) —2(3) ]+
i Fij

e Biomolecules (proteins, ADN,...)

@ Very general

@ Accuracy
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el
@8 Molecular Mechanics potentials

o AMBER = Assisted Model Building with Energy Refinement
W.D. Cornell et al. A second generation force field for the simulation of

proteins, nucleic acids and organic molecules. J. Am. Chem. Soc. 117,
5179-5197 (1995).

@ CHARMM = CHemistry At HaRvard Molecular Mechanics
small M. Karplus et al. All-atom empirical potential for molecular modeling
and dynamics studies of proteins. J. Phys. Chem. 102, 3586-3616 (1998).

@ GROMOS = GROningen MOlecular Simulation
van Gunsteren et al. A biomolecular force field based on the free enthalpy of
hydratation and solvation: The GROMOS force field parameter sets 53A5
and 53A6. J. Comput. Chem. 25, 1656-1676 (2004).

@ OPLS = Optimized Potential for Liquid Simulations
W.L. Jorgensen et al. Development and testing of the OPLS all-atom force
field on conformational energetics and properties of organic liquids. J. Am.
Chem. Soc. 118, 11225-11236 (1996).
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el
@8 Molecular Mechanics potentials

% The Nobel Prize in Chemistry 2013
) Martin Karplus, Michael Levitt, Arieh Warshel

share this: E1E E1E¥ 889 E

The Nobel Prize in
Chemistry 2013

Photo: A. Mahmoud Phot Tahmoud
Martin Karplus Michael Levitt Arieh Warshel
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

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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Molecular Mechanics potentials WIS

S Water

@ Most studied molecule
= H-bond

@ 69 anomalous properties of
water

http://wwwl.Isbu.ac.uk/water/water _anomalies.html
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Molecular Mechanics potentials [AWELg
ki Water

Adolfo Bastida iversidad Murcia)

Parameters for some water molecular moclels
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Molecular Mechanics potentials [AWELg

et Water

@ Best model? = B. Guillot. A reappraisal of what we have learnt during

three decades of computer simulations of water. J.Mol. Liquids 101,
219 (2002)
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Figure 1. Density of simulated water at 298K and 1bar for different model potentials (see
Table):top panel (rigid models), middle panel (flexible models) and bottom panel (polarizable
models). The dotted line indicates the experimental value for H,0 (0.997g/cm3).
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PES minima
|M PES minima

o Gradient descent or stepest descent
Xn+1 = Xn — YV V(x,)

V(Xo) 2 V(Xl) 2 V(X2) 2 .

@ Local minima and absolute minimum 4

@ Simulated annealing = probabilistic technique

@ Minimun energy does not necessarily means minimun free energy
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Conformational exploration Reaction coordinate

14

= '« Reaction coordinate

@ Reaction coordinate = one-dimensional coordinate which represents
progress along a reaction pathway.

e Conformational change

@ Minimun energy path
o Locate the transition state (TS)
o Compute the Hessian at the TS, and diagonalize it to obtain the

normal modes
o Make a displacement in either the backward or the forward direction

along the mode with imaginary frequency
o From the displaced point, continue the path along the direction of the
gradient until the minimum is reached
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