
Potential energy surfaces in Biomolecules

Adolfo Bastida

Universidad de Murcia (Spain)

Máster Universitario en Bioinformática

Modelado Molecular

Adolfo Bastida (Universidad Murcia) PES in Biomolecules Modelado Molecular 1 / 28



Index

1 Potencial energy surface
Biomolecules

2 Stretching vibrations
Potential energy curve
Harmonic oscillator

3 Bending vibrations

4 Torsional motions

5 Non-bonded interactions
Coulomb forces
van der Waals forces

6 Molecular Mechanics potentials
General form
Water

7 Conformational exploration
PES minima
Monte Carlo methods
The Metropolis method
Reaction coordinate

Adolfo Bastida (Universidad Murcia) PES in Biomolecules Modelado Molecular 2 / 28



Potencial energy surface Biomolecules

Biomolecules

Electronic Schrödinger equation
QM methods

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

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

Nuclear Schrödinger equation
Time-dependent evolution ⇒ Molecular Dynamics (classical)
Monte-Carlo,. . .

Solvent
Atomistic MM models
Continuum models
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Stretching vibrations Potential energy curve

Potential energy curve

Unbound states.
Bound states.

Dissociation energy ⇒ De

Internuclear equilibrium
distance ⇒ Re (bond length)

Potential energy curve
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Stretching vibrations Harmonic oscillator

Harmonic oscillator

◦ ĺım
R→∞

Vh(R) =∞ 6= De

◦ Minimun at R = Re
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R→0
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2kR

2
e <∞

Harmonic potential
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Hooke’s law

F = −dVh

dq
= −k qh
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Stretching vibrations Harmonic oscillator

Harmonic oscillator (HO)

Classical HO

E =
p2
h

2µ
+

1
2
kq2

h =
1
2
kA2

µ=
mAmb

mA + mB

F = −k qh = µ a→ −k qh = µ
d2qh

dt2

↓ qh(0)=0

qh(t) = A sin(ωt)→ ω = 2πν =
√
k/µ
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Stretching vibrations Harmonic oscillator

Harmonic oscillator (HO)

Adolfo Bastida (Universidad Murcia) PES in Biomolecules Modelado Molecular 7 / 28



Bending vibrations

Bending vibrations

Harmonic bending vibrations

V (θ) = 1
2 k (θ − θe)2

Fθ = −k (θ − θe)

Anharmonic terms
⇒ k3 (θ − θe)3 + . . .
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Torsional motions

Torsional motions

Dihedral angles
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Torsional motions

Torsional motions

Torsional motions
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Torsional motions

Torsional motions

V (φ) = 1
2 k (1 + cos(n φ+ γ))
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Non-bonded interactions Coulomb forces

Coulomb forces

V (rij) = 1
4πε0

qi qj
rij

−e < qi , qj < +e
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Non-bonded interactions van der Waals forces

van der Waals forces

van der Waals forces

Electric dipole ⇒ µ = q · l

Dipole-dipole interactions

Vdd = − C
r6 → C ∝ µ1µ2

T

Dipole-induced dipole interactions

⇒
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Non-bonded interactions van der Waals forces

van der Waals forces

Instantaneous dipole-induced dipole interactions.
Ej. He(l), Ne(l), . . .

Vdd = − C
r6
→ C ∝ α1 α2

T → α polarizability
Intensity ⇒ dipole-dipole > dipole-ind. dipole > inst. dipole-ind. dipole

Short range repulsive forces ⇒ Vrep ∝ 1
r12
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Non-bonded interactions van der Waals forces

van der Waals forces

Lennard-Jones potential

VLJ(r) = 4ε
((

σ
r

)12 −
(
σ
r

)6)
= ε

((
rmin
r

)12 − 2
(
rmin
r

)6)
rmin = 21/6 σ ⇒ VLJ(rmin) = −ε

VLJ(σ) = 0 ⇒ effective atomic radius
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Non-bonded interactions van der Waals forces

van der Waals forces

Homoatomic interactions

Heteroatomic interactions

σAB =
1
2

(σA + σb) εAB =
√
εA · εB
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Molecular Mechanics potentials General form

Molecular Mechanics potentials

V =
∑
bonds

1
2
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∑
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1
2
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Biomolecules (proteins, ADN,. . . )
Very general
Accuracy
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Molecular Mechanics potentials General form

Molecular Mechanics potentials

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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Molecular Mechanics potentials General form

Molecular Mechanics potentials
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Molecular Mechanics potentials Water

Water

Most studied molecule
⇒ H-bond
69 anomalous properties of
water

https://water.lsbu.ac.uk/water/water_anomalies.html
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Molecular Mechanics potentials Water

Water

Models
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Molecular Mechanics potentials Water

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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Conformational exploration PES minima

PES minima

Gradient descent or stepest descent

xn+1 = xn − γ∇V (xn)

V (x0) ≥ V (x1) ≥ V (x2) ≥ . . .

Local minima and absolute minimum

Simulated annealing ⇒ probabilistic technique
Minimun energy does not necessarily means minimun free energy
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Conformational exploration Monte Carlo methods

Monte Carlo methods

d dimensions → Md grid
{

N=10→ d=30

M=100 grid points

}
10030 = 1060 grid points

Most of the grid points ⇒ V � kBT ⇒ N(rN) ' 0

How to generate points in configuration space with relative
probabilities proportional to the Boltzmann factor?

→ o (old) configuration with Boltzmann factor e−β V (o)

→ small random displacement

→ n (new) configuration with Boltzmann factor e−β V (n)

→ Accept or reject n?
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Conformational exploration The Metropolis method

The Metropolis method

Detailed balance ⇒ Equilibrium

N(o)π(o → n) = N(n)π(n→ o)

π(o → n)

π(n→ o)
=

N(n)

N(o)
=

e−β V (n)/Z

e−β V (o)/Z
= e−β (V (n)−V (o)) (1)

The Metropolis method [Metropolis et al (1953)]

π(o → n) =

{
e−β (V (n)−V (o)) V (n) > V (o)
1 V (n) ≤ V (o)

V (n) > V (o) V (n) ≤ V (o)
⇓ ⇓{

π(o → n) = e−β (V (n)−V (o))

π(n→ o) = 1

}
→ (1)←

{
π(o → n) = 1
π(n→ o) = e−β (V (o)−V (n))

}
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Conformational exploration The Metropolis method

The Metropolis method
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Conformational exploration The Metropolis method

The Metropolis method

N. Metropolis, , A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller,
and E. Teller, Equation of State Calculations by Fast Computing
Machines. J. Chem. Phys. 21, 1087 (1953).
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Conformational exploration Reaction coordinate

Reaction coordinate

Reaction coordinate ⇒ one-dimensional coordinate which represents
progress along a reaction pathway.
Conformational change
Minimun energy path

Locate the transition state (TS)
Compute the Hessian at the TS, and diagonalize it to obtain the
normal modes
Make a displacement in either the backward or the forward direction
along the mode with imaginary frequency
From the displaced point, continue the path along the direction of the
gradient until the minimum is reached
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