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Acknowledgements
I would like to thank RNDr. Jiřı́ Vondrášek, CSc. for his guidance, unremitting motivation and support. I would also like to thank all members of the Center for Biomolecules
and Complex Molecular Systems under the leadership of prof. Pavel Hobza. They have
provided me with motivating and friendly environment.

CONTENTS

4

Contents
List of Abbreviations

6

1 Introduction

8

1.1

Proteins and peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

1.2

Experimental methods of protein and peptide structure determination .

9

1.2.1

Condensed phase and in solution methods . . . . . . . . . . . . .

9

1.2.2

Gas phase experimetal methods . . . . . . . . . . . . . . . . . . .

10

1.3

Theoretical studies of peptides and small proteins . . . . . . . . . . . . .

11

1.4

The aim of this master thesis . . . . . . . . . . . . . . . . . . . . . . . .

14

2 Metadynamics – theoretical background

15

2.1

Characterization of the method . . . . . . . . . . . . . . . . . . . . . . .

15

2.2

Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

16

2.3

Collective coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . .

19

2.4

Choice of parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20

2.5

Problems of metadynamics . . . . . . . . . . . . . . . . . . . . . . . . .

22

3 Methods

23

3.1

Simulation protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

23

3.2

Simulation details

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

24

3.3

The reconstruction of the free energy landscapes . . . . . . . . . . . . .

25

3.4

The derived properties . . . . . . . . . . . . . . . . . . . . . . . . . . . .

26

3.5

Conformational free energy differences . . . . . . . . . . . . . . . . . . .

26

3.6

Visualizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

3.7

Analysis of Protein Data Bank . . . . . . . . . . . . . . . . . . . . . . .

28

3.8

Measurement of correlation . . . . . . . . . . . . . . . . . . . . . . . . .

28

CONTENTS
4 Comparison of force fields

5
29

4.1

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

29

4.2

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

31

5 Comparison of water models

34

5.1

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34

5.2

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

6 The effects of water on the amino acid conformation in dipeptides

38

6.1

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38

6.2

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

46

7 Conformational preferences of amino acids in tripeptides

51

7.1

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

51

7.2

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

56

8 Conclusions

59

References

61

LIST OF ABBREVIATIONS

List of Abbreviations
CD
CSD
DFT
FES
IR
MCA
MD
MP2
NMR
NOE
PCM
PDB
PES
ROA
SAXS
UV
VCD
TIP
ZAP

Circular Dichroism
Cambridge Structural Database
Density Functional Theory
Free Energy Surface
Infra Red
Multidimensional Conformational Analysis
Molecular dynamics
Møller–Plesset second order perturbation theory
Nuclear Magnetic Resonance
Nuclear Overhauser Effect
Polarizable Continuum Model
Protein Data Bank
Potential Energy Surface
Rotational Optical Activity
Small Angle X-ray Scattering
Ultra Violet
Vibrational Circular Dichroism
Transferable Interaction Potential
Zip and Assembly

6

LIST OF ABBREVIATIONS

Abbreviations of amino acids and other compounds
Ala
Arg
Asn
Asp0
Asp−
Cys
Gln
Glu0
Glu−
Gly
Hieδ
Hie
Hie+
Ile
Leu
Lys0
Lys+
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
Ace
Nme

Alanine
Arginine
Asparagine
Aspartate in protonated form
Aspartate in deprotonated form
Cysteine
Glutamine
Glutamate in protonated form
Glutamate in deprotonated form
Glycine
Histidine protonated at Nδ
Histidine protonated at N
Histidine protonated at both N and Nδ
Isoleucine
Leucine
Lysine in deprotonated form
Lysine in protonated form
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine
Acetyl
N-Methyl

7

CHAPTER 1. INTRODUCTION

8

Chapter 1

Introduction
1.1

Proteins and peptides

Proteins, the one of the basic buildings block of living organism, are linear unbranched
polymers composed of amino acid residues. Many of them can undergo a reversible
disorder-order transition and gain an unique native three dimensional structure (fold).
All information for shape and topology of ordered forms are inherently coded by protein sequence (primary structure) and are exerted under suitable conditions in process
of protein folding. 1 The process of protein folding still remains the open question of life
sciences. Levinthal pointed out, that proteins fold too fast to involve random exhaustive search of all possible conformations. 2 The stable native state must be necessarily
a global thermodynamical minimum of free energy. Therefore the conception of preorganised funnel-like free energy landscape biased toward the native state is widely
accepted. There are 3 general models explaining mechanism of the protein folding.
The framework model proposed, that the secondary structure fold first and the spatial
arrangement of preorganized blocks follow. 3 The hydrophobic collapse model suggests
the hydrophobic collapse to be a primary event in folding, which narrows the further
conformation search. 4 The third class of the models, nucleation-condensation combines
both previous hypothesis, proposing the synchronous formation of local structure elements as well as native long range hydrophobic interactions. 5
Recently developed zipping and assembly model (ZAP) 6 explains the efficiency of folding process by “divide-and-conquere” strategy. According to the proposed mechanism,
an unfolded chain first explore locally favorable structures at independent multiple
points along the whole protein chain. Such transiently stable local structures, typically
comprising few hydrophobic contacts and small α-helical or β-turn structure may incline the neighbor residues to form additional contacts. These local small independent
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structured regions grow continuously (zip) and coalesce together forming more ordered
elements. According zipping and assembly model the folding process is initiated and
aimed by local conformational preferences of a protein chain, upon which the further
structures grow and finally assembly to the native fold. The assumption of “restrained
pieces” of protein chain is crucial for the effective limitation of stochastical conformational search, therefore the ZAP mechanism seems to be viable at least for small
proteins and showed very promising results in folding simulations.
The experimental studies of peptides are aimed generally to understand the structural
properties of polypeptide chain and elucidate the factors which govern protein folding
and stability of the native states of proteins. 7 Such experiments together with theoretical studies can make a connection between local preferences of short isolated peptides
and “restrained pieces” of protein chain along its sequence. To complete theoretical
description the experiments may be performed in 3 different environments – solution,
the solid phase (crystals) or gas phase. Plethora of methods were developed with aim
to extract structural information and identify structural motifs of individual peptide
molecules.

1.2

Experimental methods of protein and peptide structure determination

1.2.1

Condensed phase and in solution methods

The most complete insight into the 3-dimensional structure of molecules on atomic
resolution is provided by diffraction technics, namely by X-ray crystal diffraction experiments. Peptide and protein crystallography plays the unique and incommutable
role in research of molecular geometries, structural biology and many applications, for
example drug design. 8 Protein structures are deposited in Protein Data Bank (PDB) 9
whereas structure of peptides and small molecules can be found in Cambridge Structural
Database (CSD). 10 The obvious disadvantage of crystallographic methods is a necessity
of high-quality crystals which seems to be the bottle-neck of the procedure. Small-angle
X-Ray scattering (SAXS) is fundamental tool for studies of the structure of biological
macromolecules in solution. SAXS offers much worse resolution in comparison with
crystallography, but still allows to determine the overall shape and size of the molecules
(namely the tertialy and quaternary structure in case of proteins), as well as to detect
the conformational changes induced by modification of physical and chemical conditions. 11
In contrast to the crystallographic methods, Nuclear Magnetic Resonance (NMR) can
provide only local information about close surrounding of the special atomic nuclei.
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Many available advanced experimental setups including isotopic labeling yield different
pieces of structural information as for example chemical shifts, NOEs or J-couplings
which can be assigned to individual nuclei and converted to a set of geometrical constrains. The obtained data are used for building and validation of a three dimensional
model of molecule. 12 Other experimental setups are capable to measure hydrogen exchange rates and supply information about dynamics and hydrogen bonding. 13 The
current NMR methods in solution are limited by the size of polypeptide (usually less
than 35 kDa) 14 , purity and concentration (in order of mM) of the sample.
Circular Dichroism (CD) is phenomenon resulting from interaction of polarized UV light
with peptide bonds and other aromatic chromophors in polypeptides. Characteristic
CD spectra are obtained for individual structural elements due to the different spacial arrangement of peptide bonds, which strongly influence the optical transitions.
The measured CD spectra can be easily decomposed to individual components and
the content of secondary structure can be estimated. CD experiments in solution belong to the basic methods well established in biochemical community. 15 The typical
application comprises the qualitative assessment of conformational changes upon ligand binding, study of order-disorder transitions or stability limits of proteins.
The infrared spectroscopy (IR), Vibration Circular Dichroism (VCD) in infrared region
as well as complementary Raman Optical Activity (ROA) may be applied on peptides
and proteins in solution. These methods provide information about vibrations involving
peptide bond (amide I – III stretches) which are particularly sensitive to conformation
of peptide backbone. 16 The decomposition of the spectra can reveal the ratio of secondary structures in peptides and corresponding structural changes upon the conditions,
similarly as to CD. The application of complementary spectroscopy methods on small
peptides is capable to determine the absolute conformation of backbone. 17,18

1.2.2

Gas phase experimetal methods

The application of UV and IR spectroscopy methods for small molecules in gas phase
yields much better resolution of spectra in contrast to the spectroscopy in solutions.
The advanced experimental setups allow to separate and very precisely characterize the
individual conformers and even measure the energetic differences between them. The
well distinctive spectra contain information about local interaction (particularly hydrogen bonds) which are manifested by the shift of corresponding peaks. The obtained data
are directly comparable to precise quantum chemistry calculation, which are necessary
for assignment of experimental spectra to individual conformers. 19 The most important question for gas phase structures still remains to be answered. It is a relevancy
of conformational behavior of molecules in gas phase to their properties in solution
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Figure 1.1: Structural descriptors of peptide backbone.

and in condensed phase. The presence of an environment can crucially modify conformational properties of molecules in question regarding their free energy surfaces and
consequently it can change completely structural as well as energy preferences determining functional properties of molecules.

1.3

Theoretical studies of peptides and small proteins

International Union of Pure and Applied Chemistry (IUPAC), the world authority
on chemical nomenclature and terminology declares peptide to be any compound produced by amide formation between carboxyl group of one amino acid and an amino
group of another. Such amide bonds are called peptidic bonds and form the basic repeating motif in backbone of polypeptide. The rest of the molecule of any amino acid,
which does not participate in backbone is called side chain. 20
Considering the planarity of peptide bonds, 21 the conformation of the backbone can be
naturally described by means of two dihedral angles φ and ψ as obvious from figure 1.3.
The early theoretical studies utilizing multidimensional conformational analysis (MCA)
predicted the potential energy surface for dipeptides or diamides on basis of qualitative topological assumption about periodic barriers around φ and ψ dihedrals. MCA
found 36 critical points on PES of any dipeptide, namely 9 minima, 18 saddle points
and 9 maxima. 22 The names of corresponding minima differ in previously and even
in recently published studies. We adapted one of the widespread terminologies from
Jalkanen 23 and Wang 24 which is schematically presented in table 1.1.
Numerous theoretical studies of model compounds were performed by means of different level of theory, including force fields, semi-empirical quantum methods, ab initio
Hartree-Fock and post Hartree-Fock methods. Alanine dipeptide belongs to the most
investigated molecules, because it contains 2 peptide bonds in the same chemical environment as in polypeptides and it is composed of the relatively small number of atoms
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Table 1.1: The topological partition of φ/ψ space according multidimensional conformational analysis.

ψ

300◦
180◦
60◦

C7ax
αD
αL
60◦

α0
C5
β2
180◦
φ

αR
β
C7eq
300◦

Figure 1.2: Position of minima conformers of alanine dipeptide on PES. 24
which makes the use of broad range of ab initio methods feasible. The interesting feature of potential energy surface of alanine dipeptide is the conditional stability of certain
minima, which annihilate when better level of theory is utilized. 25 The position of minima found on PES at MP2/cc-pVTZ level 24 are depicted with relevant nomenclature
in figure 1.2.
It has been soon recognized by Ramachandran 27 that the sterical hindrance between
atoms in protein backbone restricts substantially the possible combination of φ and ψ dihedrals. The famous Ramachandran diagram was constructed based only on an approximate atomic radii and delimitates the allowed areas without serious clashes. The revised plots were derived from experimentally determined structures e.g. by Lovell 26 (see
fig. 1.3) and special categories of amino acids (glycine, proline and pre-proline) were
considered separately. However, the observed trends in distribution of φ and ψ cannot be explained only by steric repulsion or by means of Lennard-Jones potential, but
electrostatic interaction must be comprised. 28 Of course, the strong atomic repulsions
discriminate certain conformations, but the stabilization effects is in a great deal brought
by electrostatic interaction and hydrogen bonding. It has been shown, that the hydrogen bond and favourable dipole-dipole interaction of CO−1 and NH+1 dipole induce
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Figure 1.3: Distribution of φ and ψ dihedrals in PDB for different classes of amino
acids. 26
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the C7eq and C7ax conformations of dipeptides in gas phase, which correspond to γturns found in proteins. 29 Similarly, the energetically advantageous alignment of CO
and NH dipoles as well as CO−1 and NH+1 contributes significantly to the stability of
C5 conformation. The interaction of CO−1 and CO is most favorable for β (named
as ppII for peptides) conformation and also considered to be responsible for twist of βstands in proteins. 30 However, the reason for preference and stability of conformation
of short peptides in water is still unclear. The side chain conformational entropy, 31
hydrophobic interaction between side chains, 32 steric interaction 33 and repulsion 34 or
screening electrostatic interaction by solvent 35 were proposed as mechanism driving the
structural preferences.

1.4

The aim of this master thesis

The goal of this study is to develop robust and transferable methodology for description
of conformational preferences of short peptides in terms of free energy. This methodology will be tested on the process of solvation of model dipeptides and applied to survey
of conformational preferences for amino acids in more complex context of tripeptides.
The first step will be comparison and assesment of several widespread force fields suitable for our study. In the second part, we will investigate the difference between common
water models on conformational preferences of model compound – the alanine dipeptide.
The third part will be focused to comparative evaluation of solvation effect for common
biogenic amino acids in form of dipeptides. Finally in the last part we will perform the
more extensive study of conformational preferences of aminoacids in distinct tripeptides,
namely Gly-Xxx-Gly, Ala-Xxx-Ala, Val-Xxx-Val, Ser-Xxx-Ser and Pro-Xxx-Pro.
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Chapter 2

Metadynamics – theoretical
background
2.1

Characterization of the method

Metadynamics is recently developed method for reconstruction of Free Energy Surfaces (FES) and acceleration of rare events. Since proposed by Laio and Parrinello, 36
metadynamics have been successfully applied on various computational fields, including folding of small proteins and peptides, 37–40 study of protein-protein interactions, 41
docking, 42 study of structure transitions of biomolecules, 43 packing molecules in crystals, 44,45 study of phase transitions 46 and exploring of reaction pathways. 47–49
The metadynamics encompasses several features shared by other previously existing
methods, but also differentiates and brings novel ideas. The basic algorithm is based
on dimensional reduction, assuming, that the processes of the interest can be well described by limited number of parameters, which are often referred as collective variables
(coordinates) or order parameters. However, such descriptors must be known in advance, the metadynamics does not provide any tool how to find or arbitrary choose
them. Subsequently, the dynamics in the few dimensional space of selected descriptors
is efficiently biased to perform the more effective sampling. The bias potential is constructed continuously and adaptively in course of simulation, thus no precise initial
guess is needed at the beginning. The continuously updated bias potential systematically destabilizes the actual configuration of the system and forces it to the transitions
from one minimum region to another.
The novel idea behind metadynamics is that the bias potential itself is exploited as an unbiased estimator of the free energy in the regions visited during the simulation. This
property was first recognized heuristically and successfully verified on different sys-
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tems, 36 because it does not arise from any obvious thermodynamical relations. Later on,
the rigorous derivations and evidences were demonstrated. 50
The main advantage of the metadynamics is its flexibility and robustness. The free energy profile is mapped simultaneously with the sampling enhancement due to the acceleration of rare event. Moreover, the algorithms of metadynamics were proposed in several modifications suited for different purposes. Finally, metadynamics can cooperate
with other computational techniques to overcome its own limitations and to evaluate
their advantages.

2.2

Algorithm

The most general way how to introduce the metadynamics is to follow the extended
Lagrangian approach. 47 The Lagrangian of the studied system is enhanced by set of extra degrees of freedom (auxiliary variables) s with fictious mass M and kinetic energy
2
1
s˙ . Auxiliary variables are coupled with actual collective coordinate of system
2 M~
~ x) − ~s)2 with stiffness k. The extended
S(~x, t) by means of harmonic potential 1 k(S(~
2

Lagrangian follows

2

 
1
1 ~
2
Lext ~x, ~x˙ , ~s, ~s˙ = T 0 ~x˙ − V 0 (~x) + M ~s˙ − k S(~
x) − ~s ,
2
2

(2.1)

 

where T 0 ~x˙ represents the kinetic and V (~x) the potential energy of an original, uncoupled system. Afterward, the free energy can be expressed as a function of the auxiliary
variables:
A

ext

1
(~s) = − ln
β



Z

e

2

~ x)−~s)
−β V 0 (~
x)+ 21 k(S(~



d~x

(2.2)

It can be demonstrated, that the free energy of an extended system Aext (~s) can be
identified with free energy of uncoupled system A(~s) for large values of k.
A(~s) = lim Aext (~s).
k→∞

(2.3)

If the strength of the coupling is properly adjusted, we can estimate the free energy
from simulations the extended system.
The metadynamics further modifies the Langrangian by history dependent bias potential, which is continuously modified during the course of simulation. In the most generic
schema, bias potential acts solely on auxiliary variables and the system feels its effect
by a coupling. The potential is constructed usually as a sum of gaussian functions with
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the same dimensionality as the reduced space of auxiliary variables
V bias (t, ~s) =

X

W e−

|~
s−~
sτ |
2σ

,

(2.4)

τ <t

where W means the “height” and σ the “width” of the bell shaped function. The gaussians may be placed at regular time intervals τ , or alternatively, some more sophisticated
rules can control the update of the bias potential. The gaussian is placed on position
determined by actual values of auxiliary variables and stored in memory. Note, that
the deposited gaussian has repulsive and destabilizing effect on the actual configuration
of auxiliary variables. When the system is trapped in profound minimum the dynamics
of auxiliary variables would be restricted to a small region of the whole potentially
accessible space. Because the destabilizing gaussians are stored, the resulting bias potential energetically discriminates the current minimum and help the system to escape
by crossing the lowest barrier. After each update of bias potential, system slightly
deviates from equilibrium and consequently relax to adapt the changes. If this procedure is performed continuously, system can extensively explore the configuration space
very efficiently. At the end, after all regions were visited, the dynamics of auxiliary
variables should became exclusively diffusive, independent on the original potential.
In other words, the biased probability distribution of occupying arbitrary part of reduced configuration space could approximate flat uniform distribution after the deposit
of sufficient amount of gaussians. Because of their finite size, each of the additionally
placed gaussian disturbs the already reached and totally flat distribution. The autocorrective aspect of metadynamics fortunately helps in such a way that the inappropriately formed bias potential tends to correct itself due to the preferential depositing
of gaussians on the positions, which finally leads to the compensation of error.
Metadynamics relies on validity of the assumption
A(~s) ≈ lim V bias (~s, t).
t→∞

(2.5)

The resulting bias potential V bias (~s) serves as an estimator of unbiased free energy A(~s).
This idea is considered as a keystone of metadynamics and makes it different from other
methods of free energy calculations. The relation 2.5 also proposed that the free energy
as an equilibrium quality can be estimated from non-equilibrium dynamics within continuously updated bias potential. 50 However, the convergence of a bias potential is not
guaranteed for an arbitrary chosen set of parameters W , σ and τ . The essential and
necessary condition of convergence is the fact, that system must have enough time for
relaxation after each perturbative update of the bias potential. The relaxation times are
inherent properties of any system and may also depend on the selected set of collective
coordinates. The other parameters of gaussians directly influence the efficiency and ac-
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curacy of the reconstructed free energy maps. The central assumption (eq. 2.5) does not
arise from any commonly used thermodynamical relations, such e.g. umbrella sampling
or perturbation methods. Laio and Parrinello 36 recognized this relation heuristically
investigating the effect of bias potential on course grain dynamics in model systems
with known free energy landscapes. Later, the validity of the postulated axiom was
analytically proven for Langevin dynamics. 50
Algorithm of metadynamics can be further implemented in several ways. Following
strictly the approach of extended Lagrangian, both dynamics of the system and dynamics of auxiliary variables may be propagated simultaneously. Such implementation
of Lagrangian metadynamics is often utilized in molecular dynamics codes employing
ab initio potentials as for example Car-Parrinello MD. 51 Because of the limited length
of the ab initio simulations, the exploring of free energy basins must be performed
rapidly and the amount of additionally added energy into system by means of bias
potential is fairly high. The suitably chosen fictive mass assigned to auxiliary variables efficiently dumps and absorbs the perturbations. Moreover, the inertia of coupled
auxiliary variables helps to get over energetic barriers.
Assuming that the dynamics of the system and the auxiliary variables differ considerably in their time scales, the adiabatic separation can be accomplished. Formally,
the value of the coupling constant k is set to infinity and both dynamics are propagated
separately under approximation of mean field. In such case two different approaches can
be adapted, the discrete or direct metadynamics. 52 Discrete metadynamics constrains
the movement of auxiliary variables during short simulation and reconstruct the mean
force acting on fixed coordinates. Subsequently, the values of auxiliary variables are updated on basis of forces obtained from constrained simulation and those originated from
bias potential. The new forces are evaluated recurrently in next short MD run. The almost complete separation of both dynamics brings some implementation advantages,
e.g. length of “microscopic” simulation which could be controlled in terms of statistical
uncertainty of resulting forces or averaging over several independent runs. 53 Last but
not least, the computer code for metadynamics cannot be integrated in the MD package.
Completely different schema is utilized in direct metadynamics. The fictitious masses
of auxiliary variables are reduced to zero and thus their dynamics copies exactly the actual collective coordinates of the studied system. As a result, the force constructed from
history-dependent bias potential acts directly on simulated particles comprised in collective variables. Implementation of such approach needs more extensive modification
of the standard MD codes, because it demands incorporation and instantaneous evaluation of the additional forces and the bias potential as well as Langevin metadynamics.

CHAPTER 2. METADYNAMICS – THEORETICAL BACKGROUND

2.3

19

Collective coordinates

A choice of the collective coordinates is of the crucial importance for correct functionality of metadynamics and their selection strongly influences the quality and reliability
of the resulting free energy landscapes. Ideally, the collective coordinates should fulfill
the following conditions: 52
• they must describe and characterize all important states of the system of the interest. All relevant conformers, structures, phases, reactants, products or intermediates should be well distinguished by means of few generalized coordinates.
• the suitable set of collective coordinates should also describe all relevant dynamical
events, especially those, which limit the rate of studied processes.
• their amount should not exceed some limit because the performance of the method
drops significantly as the dimensionality of auxiliary coordinates rises. The optimal number is less than 3, otherwise the computational requirements can vanish
the benefits of metadynamics.
Many of reported collective coordinates are based on geometrical parameters. As the most
trivial descriptor can be considered a distance between two particles, or alternatively
between centers of mass belonging to different groups of atoms or molecules.
ra,b = |~ra − ~rb | =

q

(rax − rbx )2 + (ray − rby )2 + (raz − rbz )2

(2.6)

Some other internal coordinates as for example bond angles, dihedral or euler angles may
be used in order to describe conformational changes of molecules or mutual orientation
of ligand and cavity in course of docking. 42
−1

θabc = cos

φabcd = tan

−1





~rab · ~rbc
|~rab ||~rbc |



|~rbc |~rab · (~rbc × ~rcd )
(~rab × ~rbc ) · (~rbc × ~rcd )

(2.7)


(2.8)

The coordination numbers are very general type of collective coordinates, defined as
C=

X

f (rab ),

(2.9)

a,b

where f (rab ) represent a smooth function, which resolves the presence of contact between two particles. Their form is usually chosen as
f (rab ) =

1 − (rab /r0 )n
,
1 − (rab /r0 )m

(2.10)
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where r0 determines the reference length for the contact and exponents n and m control the fade-out at larger distances. The coordination number defined by this way can
be used to count the chemical bonds between atoms or ligands. 48 Alternatively, protein related analysis exploit coordination number for providing number of hydrophobic
contacts between amino acids or hydrogen bonds. 41
Normal or essential analysis transform the conformational motions of a molecule to mutually independent components, so called normal or essential modes. Because many
important processes, particularly in biomolecules, comprise the motions in the slowest modes, the metadynamics in such modes can explore successfully collective events
involving many atoms. 54
Other collective coordinates are particularly convenient for certain molecules, e.g. proteins. Simulations exploring protein folding and free energy landscape of proteins exploit
colective coordinates as fraction of individual structure elements, correlations of precedent and successive Ramachandran angle or radius of gyration. 37,38

2.4

Choice of parameters

The construction of the history dependent bias potential is mostly dependent on 3 parameters. Two of them, W and σ correspond directly to the size of gaussians, the building blocks of the potential. Both factors influence substantially the resolution of the resulting free energy landscape. The height of the gaussian (W ) determines the minimal
absolute error in dimension of energy. When the resulting bias potential just converges
to the exact profile, each newly attached gaussian causes error in landscape equal to its
height. If the height of gaussian is decreased gradually in course of simulation, thus
the final disruption may be reduced. The modified algorithm, well tempered metadynamics, 40 auto-adaptively adjust W in order to guarantee the convergence in a chosen
range of energies.
The width of the gaussian (σ) influences the spatial resolution in the dimensions of the collective variables. Obviously, any two regions cannot be distinguished as separated minima, if their distance is lower than approximately 2σ, otherwise the gaussians merge
together. The parameter σ thus influences the amount of details, which can be captured
in free energy landscape.
The computational efficiency constitutes another important aspect for suitable choice
of values. The expression 2.11 represents the area, volume or hyper-volume, which is
filled by means of one gaussian in bias potential.
V

gauss

Z ∞

=

−

We
−∞

(~
x−~
x0 )2
2σ 2

n

d x=

q

(2π)n W |σ|n ,

(2.11)
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where n means the number of coordinates. The term on the right side in previous
equation allows to estimate how many gaussians are needed to bias an energy well
in volume V well :
N≈

V well
.
V gauss

(2.12)

Notice, that for 1-dimensional case, the area under a gaussian depends linearly on both
parameters, W and σ. The number of necessary functions rests with their values reciprocally. However, if more collective coordinates are involved, the |σ|n became the more
important term. As the result, the enormous number of gaussians must be deposited
in order to get fine spatial resolution in more dimensions. The critical dependence
on number of coordinates is the reason, why reduction of dimensionality is unavoidable
for effective metadynamics.
The third parameter, the frequency of deposition τ −1 , takes control of the convergence
and also influences the final error of free energy landscape. The time interval (τ ) between storing of two gaussians cannot be too short, because the studied system has
to relax after the perturbation in bias potential and has to establish a new local equilibrium. Otherwise, artificial behavior may appear. If a speed of the deposition exceeds
the ability of the auxiliary variables to diffuse from area in question, the bias potential
on such place is constructed completely wrong. In extreme case, the nascent gaussians
may thrust the auxiliary coordinates in one straight directions driving by unreasonably
high forces. Although the longer time gaps result in longer time of simulation, the errors
in landscape are further reduced due to the improved relaxation and diffusion in the accessible configuration space. System also should be allowed to explore the sufficient
amount of microstates what is always neccessary for correct estimations of free energy.
An approximative formula for estimation of the mean error in Langevin metadynamics
were proposed 55 as
˜ ≈ Cd

S2W T σ
,
Dτ S

(2.13)

where Cd refers to a dimensionality dependent constant, S the size of the energy pool,
D the diffusive constant and finally T thermodynamical temperature. This relation
suggests, how the mean error can be reduced. But in all cases, the decrease of W
or σ leads to the increase of computational demands. Similarly, raising of τ prolongs
the total simulation time. To conclude the dilemma, choice of suitable parameters for
construction of bias potential is a matter of compromise between accuracy, stability and
computational efficiency.
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Problems of metadynamics

The uncertainty in parameters is one of the most obvious weakness of metadynamics.
Choice of the suitable values depends on the properties of the studied system, which
cannot be known a priori. Therefore, the initial guess must be sometimes performed
with different set of parameters and the results compared.
The inappropriate choice of collective variables causes another inconvenience, particularly if some important one are omitted. The metadynamics effectively biases and
accelerates the rare events only for the selected set of collective coordinates. If some
considerable process is not sufficiently captured by them, the hysteresis appears. The resulting free energy landscapes converge poorly and depend on the initial state of the simulation. Processes, which cannot be reduced to few descriptors may still exist. In such
cases, the basic algorithm of metadynamics fails and some other extensions must be exploited 38 . Both extensions of metadynamics, which can in principle overcome the mentioned weakness are based on replica exchange approach.
The parallel tempered metadynamics 37 combines the metadynamics with parellel tempering method. 56 The multiple biased simulations (replicas) of metadynamics are performed for different temperatures and regular exchanges of structures between them are
attempted. The replicas are exchanged with an acceptance ratio P (i → j), given by
(

P (i → j) = min



1, exp

1
1
−
Tj
Ti

!

(V (~rj ) − V (~ri )) +


1  bias
Vi (~s(~ri )) − Vibias (~s(~rj )) +
Ti
)

1  bias
bias
+
V
(~s(~rj )) − Vj (~s(~ri ))
Tj j

+

(2.14)

The replicas running at sufficiently high temperatures allow to cross all barriers, not only
the biased ones. The acceptance condition grants the correct probability distribution
of the simulated systems at individual temperatures.
The bias exchange metadynamics 38 employs replicas, which does not differ in temperature but in biased set of the collective coordinates. In each replica, different barriers may
be crossed according their location in collective coordinates. The acceptance condition
for exchange is of more simple form than for parallel tempering:
(

)


1  bias
bias
bias
bias
Vi (~s(~ri )) − Vi (~s(~rj )) + Vj (~s(~rj )) − Vj (~s(~ri ))
P (i → j) = min 1, exp
T
(2.15)


Additionally, the free energy landscapes are obtained from each replica in different
coordinates.
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Chapter 3

Methods
3.1

Simulation protocol

The structures of peptides were created by tLEaP program from amber tools. 57 All
peptides were terminated by acetyl (Ace) and N-methyl (Nme) capping groups in order to avoid zwitterionic form (see fig. 3.1). In the case where a peptide contained
charged amino acid the Na+ or Cl− counterions were added to neutralize the charge
of the molecule. The counterion was placed on electrostatically favorable positions
by the tLEaP.
The structures of studied peptides (dipeptides and blocked tripeptides) were placed
into cubic box with edge 35 Å and solvated by approximately 1400 water molecules.
The smaller cubic boxes with edge 30 Å were used for simulations of dipeptides and
the lesser amount (approximately 880) of solvent molecules were added.
The geometry optimization by means of steepest descent gradient method in the force
field of our choice was applied afterward to correct any incidental sterical clash and
atomic overlaps in system.

Figure 3.1: Blocking groups Ace and Nme in molecule of general dipeptide
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Equilibration preceeding the metadynamics was performed in two steps. First the NVT
ensemble was simulated and the final temperature 300K was reached utilizing Berendsen
weak coupling thermostat 58 starting from the initial randomly generated velocities.
The convenient pressure was adjusted by weak coupling barostat 58 in the second phase
(NPT) of equilibration. The length of both preparative simulations was 500 ps, in total
1 ns for whole equilibration of each system.
We used direct version of metadynamics and our protocol consisted of two parts.
The bias potential was constructed in the course of first part until the reasonable
convergence of the free energy landscape was accomplished. The data for statistical
analysis were collected in the second part of the calculation. Total length of each simulation was 60 ns. The first 40 ns was regarded as the first “flooding” phase, whereas
the remaining 20 ns served for estimation of errors and levels of confidence in resulting
free energy landscapes.
The conformation of peptides was described by means of the 2 parameters – dihedral
angles φ and ψ of the central residue (see fig. 3.1). These parameters characterize
completely local conformational state of the backbone of the studied amino acids and
they were chosen as the collective coordinates for metadynamics.
The bias potential was regularly updated in 2 ps during the course of the whole simulation. It means that 30 000 of gaussians were successively deposited for each calculated
landscape. Parameters of gaussians were chosen on the basis of our previous experiences
and test calculations as a compromise between fine resolution and computational cost.
The width of a gaussian (σ) determining the spatial resolution were set to 0.3 radian
(approximately 17 degrees). The high of gaussians was gradually decreased after 20 ns
starting at 0.2 kJ mol−1 for the first period and 0.1 and 0.05 kJ mol−1 for the consecutive
periods in order to reduce disruption in converged landscapes.
The length of simulations for gas phase was two times longer than for explicit water
environment – 120 ns for each peptide. In total, 60 000 of gaussians were deposited
and their high was reduced in 40 ns intervals. The last 40 ns were used for statistical
analysis. The other parameters of protocol remained unmodified.

3.2

Simulation details

All simulations were performed by “in house modified” Gromacs package for molecular dynamics 59 enhanced by our implementation of metadynamics. The source code
of the modified MD package as well as our analysis tools are attached in Appendix III
on CD ROM. The amber force field was adopted from Amberport 60 – the package of parameters of several amber force fields accommodated for Gromacs, originally created for
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project Folding@home. We used several force fields in our simulations, namely parm03
(ff03), 61 parm99 (ff99), 62 parm94 (ff94) 63 and OPLS-AA. 64

Explicit solvent
The simulation with explicit solvents was performed at constant temperature 300 Kelvin
controlled by Nose-Hoover thermostat 65 with time constant τT set to 0.1 ps, and at constant pressure 1 bar assured by Parrinello-Rahman barostat 66 with values of time constant τP 1 ps and isothermal compressibility 4.5 10−5 bar−1 . The periodic boundary
conditions for cubic box were utilized to avoid discontinuities for simulated systems.
The time step 2 fs were used for the integration process. The length of all bonds
were constrained by means of the fourth order of LINCS algorithm 67 with two iterations. The calculation of non-bonded interactions was optimized by grid based neighbor lists algorithm updated each 10 steps. The van der Waals forces were modified
by a switch function at distance 10 Å diminishing to zero at 14 Å. The dispersion
corrections to the total energy and pressure in simulated systems were applied. The
electrostatics were treated by Particle Mesh Ewald (PME) method 68 of the fourth order
with tolerance 1.10−5 , real space cutoff 10 Å and spacing of fourier grid 1 Å .

Gas phase simulations
The metadynamics in gas phase was performed with the Langevin stochastical integrator of Gromacs (sd) with time step of 2 fs instead of the usual integrator used in classical
molecular dynamics (md). The friction constant was set to 10 ps−1 and the temperature adjusted to 300K. The bond lengths were constrained by LINCS by the previously
described procedure. No periodic boundary conditions and no cut-offs of the vdW and
electrostatic forces were used, the total linear and angular momenta were removed each
step.

3.3

The reconstruction of the free energy landscapes

The bias potential was saved in an external file during the simulation as a list of parameters for individual gaussians. The reconstruction and statistical analysis of final
free energy landscape was performed by own developed programs written in Pascal
and Python programming languages. All gaussians were rendered and continuously
summed on grid with 500 x 500 points resolution. The periodicity has been taken into
account for collective coordinates with periodical character, like dihedral angles. During reconstruction of the landscape, the convergence was monitored by two descriptors:
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by the difference in free energy between the highest and the lowest point in grid and
simultaneously, by the standard deviation between landscapes during the simulation.
The measure of convergence was realized after each 200th gaussian and the corresponding landscape (snapshot) was stored. The estimation of the levels of confidence was
performed on stored snapshots of free energy landscape, usually from the last 50 frames
of simulation. The average landscape was constructed and reported as the result of such
procedure. The estimation of errors was calculated for each point on the grid as a standard deviation

v
u
N
u1 X
σ=t
(xi − x)2 ,

N

(3.1)

i=1

where x represents average value of given grid point in landscape and the summation
is done over snapshots after convergence.

3.4

The derived properties

The projections from free energy landscapes were calculated according to the following
expression:
1
A(x1 ) = − ln
β

Z

e−βA(x1 ,x2 ) dx2

(3.2)

Because of the grid representation, the discretization of equation 3.2 was performed:
1 X −βA(x1 ,x2 )
.
A(x1 ) = − ln
e
β x2

(3.3)

The confidence levels were estimated in the same manner as described previously for
free energy landscapes. The ensemble averages of studied parameters depending solely
on collective coordinates y(~x) were obtained utilizing discretized form of relation for
the ensemble average
P

hy(~x)i =

y(~x)e−βA(~x)

P −βA(~x)
e

.

(3.4)

Finally, the confidence level were obtained from statistical analysis on set of values
calculated from different snapshots of free energy landscape.

3.5

Conformational free energy differences

The conformational free energies were determined based on the definition of individual conformers and specific partitioning of the free energy landscape. In this study
3 distinctive conformational states of the amino acid backbone were distinguished —
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Figure 3.2: Definition of regions on free energy landscape. The three regions are distinguished as helical (hel), extended (ext) and polyproline helix-like (ppII).
helical, extended and polyproline helix-like conformers. The individual states correspond to minima regions on the free energy surface, which is constructed from φ and
ψ backbone dihedrals as parameters. The partitioning of free energy landscape, which
determines our definition of conformers (Fig. 3.2) is as follows:

helical region:
extended region:
polyproline helix region:

(−120◦ < φ < 0◦ ) ∧ (−120◦ < ψ < 60◦ )
{(−180◦ < φ < −120◦ ) ∧ ((−180◦ < ψ < 120◦ ) ∪ (60◦ < ψ < 180◦ ))}
∪{(150◦ < φ < 180◦ ) ∧ ((−180◦ < ψ < 120◦ ) ∪ (60◦ < ψ < 180◦ ))}
(−120◦ < φ < 0◦ ) ∧ ((−180◦ < ψ < 120◦ ) ∪ (60◦ < ψ < 180◦ ))

The conformational free energies were calculated via integration over corresponding
area Ω on the calculated landscape
A(Ω) = −

1
β

Z

e−βA(~x) d~x.

(3.5)

Ω

The values were normalized in order to get comparable scale for different peptides,
the lowest configurational free energy of each peptide were assigned to zero as reference
point. The confidence levels were calculated by means of statistical analysis of values
obtained by integration from different snapshots.
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Visualizations

The free energy landscapes were visualized by utilizing MayaVi2 toolkit. 69
The other plots were elaborated in XmGrace plotting tool available
at http://plasma-gate.weizmann.ac.il/Grace/.

3.7

Analysis of Protein Data Bank

The structures of proteins with resolution below 1.8Å originating from X-ray experiments were selected and downloaded from Protein Data Bank web interface
(http://www.rcsb.org). The homology cutoff of 90% were applied for removal of closely
relative proteins as well as identical chains in crystal structures. The detection of secondary structure elements were performed by means of DSSP program. 70 The data
processing, statistical analysis and plotting were done in Python scripting language.
In total 1319317 residues from 12154 protein structures were included in our analysis.

3.8

Measurement of correlation

Following formula were used for evaluation of correlation between 2 data sets
P
P P
n x i yi − x i yi
q
q
rxy =
,
P
P
P
P
n x2i − ( xi )2 n yi2 − ( yi )2

(3.6)

where rxy means the resulting correlation coefficient, xi and yi the corresponding samples in the set x and y. Obviously rxy varies in range h−1, 1i. Data with rxy = 1 show
absolute correlation, rxy = −1 anti-correlation and for rxy = 0 do not show any linear
correlation.
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Chapter 4

Comparison of force fields
The empirical force fields are so far the most efficient and low cost methods used
in molecular modeling for calculation of energies and properties of biomolecules. Their
quality and possible application on various classes of molecules can strongly differ and
their success depends on balanced description of bonded and non-bonded interactions.
However, there is no contemporary alternative to force fields for simulation on a large
time scales or for extensive systems. We accomplished non-exhaustive comparative
study to asses the variations between available parameters and selected the most suitable ones for purpose of small peptides simulations.

4.1

Results

Four metadynamics runs were performed for comparison of four different all-atomic force
fields parameters available in our MD package, namely OPLS-AA, 64 amber parm94, 63
parm99 62 and parm03. 61 The subject of the comparative study was the backbone conformation of central phenylalanine in peptide Ace-Gly-Phe-Gly-Nme in water. The free
energy landscapes constructed as a function of two parameters (Ramachandran angles
φ and ψ) served as indicators of similarity or diversity between individual parametrizations.
The resulting FESs are shown in figure 4.1. The topological characteristics generally
agreed, but the most important parts of the landscapes are situated in the left upper and
bottom quadrants, which comprise regions of the lowest minima. The corresponding
relative conformational free energies are listed in table 4.1. The variations of preferences
are substantial, the parm94 preferred αR as global minimum contrary to the parm99,
which favored the region in proximity of αR , but was not so distinctively separated or
even present on the other landscapes. The free energy differences between the global
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Figure 4.1: Free energy profiles for the backbone conformations of the central phenylalanine in Ace-Gly-Phe-Gly-Nme in water for 4 different force fields.
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Table 4.1: The relative conformational free energies [kJmol−1 ] in investigated force
fields for Ace-Gly-Phe-Gly-Nme peptide.
region - ff
αR
ppII
ext
αR proximal

parm94
0.0 ± 0.0
5.7 ± 1.2
9.2 ± 0.7
5.6 ± 0.3

parm99
2.1 ± 0.5
8.8 ± 0.9
6.4 ± 1.2
0.0 ± 0.0

parm03
0.9 ± 0.6
0.0 ± 0.2
1.7 ± 0.5
5.1 ± 0.5

OPLS-AA
1.5 ± 0.7
0.0 ± 0.2
1.2 ± 0.9
3.5 ± 1.8

minimum and the extended and ppII conformation for the parm94 and parm99 was
found much higher in comparison with parm03 or OPLS-AA. In general the parm03 and
OPLS-AA corresponded to each other much better than the others did. Both did not
provide significant preferences for one region and they were ordered identically – ppII,
αR and extended region in descending rank. The agreement of OPLS-AA with parm03
can be also judged from projection of the 2-dimensional landscape plots on individual
axes (fig. 4.2). The preference for one region is well represented for parm94 and parm99
as well as the flatter character in parm03 and OPLS-AA force fields. The weight, slope
and shift of barriers seem to be unique for every force field.

4.2

Discussion

The systematic comparison of force fields and their adjustmet and reparametrization
are thema of many computational studies, because the reliability of a force field implicates its meaningful application. The wide spread parametrization of amber potential
parm94 were recently recognized as too helix favorable 71 as we also confirmed by our
simulations. The other member of amber potentials family, the parm99, significantly
underestimates the ppII content therefore further corrections were suggested for torsional parameters. 60,71,72 Our observations are in good agreement with these reports
and our free energy landscapes qualitatively agree with those published by Hornak 72
for parm94, parm99 and parm03. Although FES in all three mentioned works were
constructed for alanine, striking similarities are shared with phenylalanine in GFG
peptide used in our study. Parm03 was derived from parm94, but all dihedrals and
charges were revised utilizing a new philosophy. As a reference for fitting procedure,
the B3LYP/cc-pVTZ//HF/6-31G** and MP2/cc-pVTZ//HF/6-31G** quantum calculations with implicit solvent model mimicking environment of the condense phase were
used. 61 We consider the new approach to be more adequate than the gas phase reference
as in the case of the former parameterizations. This fact contributed to our final decision
to employ parm03 for the further studies. OPLSA-AA represent the different branch
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Figure 4.2: One dimensional projections on φ and ψ axis of the obtained free energy
landscapes. Comparison of investigated force fields. The thin of the line delimitate
the mean error.
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of force fields, which has been parametrized for reproducing of liquid properties of small
molecules. The improved parameters for amino acids for protein simulation were introduced by Kaminski. 64 The similar performance of OPLSA-AA and parm03 in our
metadynamics shows that modern force fields converge to the same results, although
different parametrization protocols are employed. OPLS-AA succeeded in folding simulations of β-hairpin and miniprotein Trp-cage, 73 what indicates the correct description
of key interactions needed for discrimination of native and non-native structures. Another comparative study of beta hairpin folding favored the revised parm99 and parm03
as good candidates with reasonable agreement with NMR experiment. 74 Several folding
simulations using parm03 potentials were reported 75–77 and these applications encouraged us for selection parm03 as the potential for further studies. In contrast to our
approach, the previous studies were performed with implicit solvent and the successful
behavior is not guaranteed for explicit solvent. However, the performance of parm03
were confirmed by recent explicit all atom folding simulation of Trp-cage miniprotein. 78
It is necessary to stress that the ability of the force field to correctly describe the behavior of any peptide in solution is not implicable from their protein folding capabilities.
The comparison of various semiempirical and empirical methods for molecular dynamics of alanine dipeptide as model compound showed, nevertheless that parm03 agreed
reasonably with experimental IR and VCD measurements, as well as semiempirical
with PM3 and polarizable version of amber potential. 79 The extensive study of short
poly-alanines in different force fields revealed that most of them overestimate α-helical
conformation in simulation contrary to NMR experimental scalar couplings. 80 However, these findings are sensible on empirical parametrization of Karplus equations and
different versions yielded slightly different interpretation of experimental data. In conclusion, parm03 were classified between force field with the best match 80 and we choose
this force field for modeling interactions in our metadynamics. The reasons were successful performance in folding simulations and the new parametrization protocol which
comprise implicitly certain extent of condense phase effects.
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Chapter 5

Comparison of water models
Different water models for simulation of liquid water phase were proposed, but only a few
are routinely used in molecular dynamics simulations of biomolecules. The most cited
and wide-spread utilized are simple rigid non-polarizable models with few interaction
centers, namely TIP3P, TIP4P 81 and SPC 82 or SPC/E 83 for simulation of peptides,
proteins and nucleic acids. Their popularity originates in modest computational requirements and also in their accessibility by commonly used simulation softwares. All
mentioned models confirm more or less reasonable properties of liquid water at a room
temperature. 84

5.1

Results

To evaluate effects of different water explicit models on a free energy landscape, metadynamics of alanine dipeptide as a benchmark system was performed. The free energy
landscapes were reconstructed in 2 dimensions with dihedral angles φ and ψ of the central alanine as a collective variables. We studied effects of the three different water
models TIP3P, TIP4P and TIP5P 85 on resulting free energy landscapes.
The resulting free energy plots in figure 5.1 did not provide any apparent topological
differences among examinated water models, but the height of barriers seems to be
a bit underestimated by TIP4P model. The relative conformational free energies for
the three most profound minima regions are listed in table 5.1.
The relative order of preferences for individual conformations agrees well for all water models, but TIP5P differs from the others by a subtle discrimination of the extended region. This fact is evident from one-dimensional free energy profiles along the φ
and ψ dihedral angles, which were obtained by projections of the original landscapes
for the purpose of better comparison (figure 5.2).
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Figure 5.1: The free energy landscapes of alanine dipeptide solvated in different explicit
models of water molecules
Table 5.1: The relative free energies of the most populated conformers alanine dipeptide
(in kJ mol−1 ) from simulations with different water models
water model – region
TIP3P
TIP4P
TIP5P

helical
0.4±0.2
0.2±0.2
0.5±0.3

ppII
0.0±0.0
0.0±0.1
0.0±0.0

ext
1.9±0.3
1.8±0.1
3.1±0.2

To demonstrate the influence of such difference on values of any ensemble property,
the average dihedral angles hφi and hψi were calculated (table 5.2).
The results correlate very well with conformational preferences, the discrimination of extended conformations in the case of TIP5P is reflected by the subtle hφi difference.
The other values seem to be in a satisfactory agreement.

5.2

Discussion

The philosophy of the TIP (transferable interaction potential) series of water models
comprises the adopting of experimental geometry of molecules and an effective pair
potential for their interaction. The interaction potential is composed from point charge

Table 5.2: Average backbone dihedrals φ and ψ of alanine dipeptide for different water
models (in degrees).
water model
TIP3P
TIP4P
TIP5P

hφi
-93.3 ± 1.4
-93.4 ± 0.5
-88.9 ± 0.7

hψi
67.9 ± 2.5
65.6 ± 3.6
67.9 ± 3.8
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Figure 5.2: Free energy profiles along φ (a) and ψ (b) dihedral of the alanine in alanine
dipeptide. TIP5P deviates more from the others in the extended region (zoomed in c)
and in height and shape of the barriers. The width of the line represents the estimated
errors.
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electrostatic and 6-12 Lennard-Jones potential. The names reflect the individual differences in number of interaction sides with assigned partial charges. The additional
centers are added to better describe the molecular electrostatic potential, especially
the lone electron pairs on oxygen atoms. In contrast to the electrostatics, the LennardJones interaction is considered solely between oxygens in all TIP models.
The parameters for all three models were fitted on monte carlo simulations, but it has
been shown that the calculated properties deviate when different simulation setups are
applied for evaluation of electrostatics. 86,87 The well known deficiency of the TIP3P
model is that it misses the second peak in radial distribution function between oxygen
atoms, in contrast to more advanced models. 86 However, this fact is not manifested
remarkably in the resulting free energy landscapes. The differences between TIP3P
and TIP4P are small, although TIP4P should perform better in structuring the water
molecules.
The reason for the energetical shift of the extended region for the TIP5P is unclear
and were not further investigated. We consider the overall agreement of all three free
energy landscaped as fairly good. This result encouraged us to utilize the most simplest
explicit water model TIP3P for further analysis, because of its favorable computational
efficiency.
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Chapter 6

The effects of water on the amino
acid conformation in dipeptides
A Considerable effort was spent with aim to understand a behavior of shortest peptides.
We followed experiment in three different environments where peptides can be studied
– the gas phase, water and crystal environment. There is a fundamental question
regarding to the environment – how much are structural and conformational preferences
conserved as intrinsical properties of individual amino acids apart of the environment?

6.1

Results

We constructed metadynamics free energy plots for 20 naturally occuring amino acids
taking into account also their different protonation states. The individual amino acids
were terminated by acetyl group (Ace) at the N terminus and N-methylamine (Nme)
at the C terminus creating in fact corresponding dipeptides (see fig. 3.1). The conformational preferences of studied dipeptides were explored both in gas phase as well
as in water as a solvent represented by explicit TIP3P model of water. Their comparison
revealed the impact of environment on conformational behaviour at the peptide backbone level. Experimentally determined X-ray protein structures were utilized as a model
of crystal environment for studied amino acids and statistics made on data from Protein
Data Bank (PDB) were compared with FESs obtained by metadynamics.
The resulting free energy landscapes for 7 representative and the most distinctive amino
acids are presented in the figures 6.1–6.7. The plots for remaining amino acids studied in this work are listed in Appendix I. The alanine dipeptide (fig. 6.1) was chosen
as the benchmark because it is the most studied peptide between model peptide fragments. Phenylalanine (fig. 6.4), serine(fig. 6.5), aspartate (fig. 6.6) and valine dipep-
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Figure 6.1: Alanine dipeptide
tides (fig. 6.7) were selected for their aromatic, polar, charged and nonpolar characters. The glycine (fig.6.2) and proline (fig. 6.3) were chosen because of their obtrusive
properties from chemical structure point of view yielding conformational preferences
dramatically different from the others.

Alanine dipeptide
The free energy surfaces of solvated and gas phase alanine dipeptide differ remarkably
namely by shift of the minimum regions positions. On the other hand their overall
topology determined by sterical hindrance remains at large extent preserved. The energy minimum corresponding to polyproline-like helix structure in water is completely
missing in the gas phase. We can also note that preferences for right and left handed
α-helical conformations (αR and αL ) are missing on the gas phase FES. On the other
hand, in contrast to the solvent environment two different regions appear in the gas
phase landscape responsive to C7 equatorial and C7 axial conformation of the dipeptide. The C7eq seems to be mixed together with αL minimum on the solvated FES
in such a way that the region is spreaded over the position of both in solvent minima.
The αD minimum is apparent in solvent but is missing in the gas phase in contrast
to the clearly delimited α0 in the gas phase which participates on the broader low energy
region at in solvent landscape. The barriers are generally lower in water environment
and high energy regions are more distinct on the landscape of solvated dipeptides.

Glycine dipeptide
Glycine is the only achiral amino acid in the studied set of amino acids and the resulting
free energy landscape reflects this symmetry. The different minima were observed for
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Figure 6.2: Glycine dipeptide

Figure 6.3: Proline dipeptide
the gas phase and for the solvent. Only the C5, C7eq and C7ax occured on the landscape of unsolvated dipeptide contrary to αR , αL , ppII and inverted ppII for water
solvated peptide. The free energy lanscape in water differ substantionally, the C5 region
is not protruded as delimited minimum but rather connects the adjacent ppII regions.
The barriers or high energy regions follow the similar trends demonstrated already
on the alanine dipeptide. Their height decrease and the central region is transformed
from saddle point in gas phase to maximum in water. Last but not least the transition
paths are rearranged dramatically.

Proline dipeptide
The sterical hindrance of proline strongly discriminates the allowed conformational
states. Particularly the backbone dihedral φ is restricted to narrow range around 75◦ . As a result, both free energy landscapes of proline look similar in gas phase as well
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Figure 6.4: Phenylalanine dipeptide
as in water. On the other hand the picture of their FESs is very different from the other
amino acids. There are only two minima on both FESs – the αR region and ppII region
corresponding to polyproline helix type II.

Phenylalanine dipeptide
The free energy landscape of phenylalanine dipeptide resembles the alanine dipeptide
both in the gas phase as well as in solvent. Similar conclusions can be formulated also for
other aromatic amino acids – tyrosine and tryptophane (see Appendix I). The positions
of all minima on both FESs are almost identical, but they differ slightly in depths and
thus they can have an influence on the particular conformational preferences.

Serine dipeptide
The serine as well as threonine dipeptides deviate significantly from the reference FES
of alanine dipeptide by presence of an additional minimum in the gas phase (at position
φ ≈ 140◦ and ψ ≈ −110◦ ). The analysis of free energy minima corresponding structures
revealed that this minimum is stabilized by the interaction of side chain hydroxyl group
with carbonyl oxygen of preceding peptide bond. The FES landscapes of the solvated
dipeptides lack this minimum and moreover a high energy region is found on its position.
The water apparently occupies the interaction site and does not allow the extra hydrogen
bond to be created.
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Figure 6.6: Aspartate dipeptide
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Figure 6.7: Valine dipeptide

Aspartate dipeptide
The negatively charged carboxyl group of aspartic acid strongly influenced the free
energy landscape in gas phase. The minimum in C7eq region typical for other dipeptides is completely missing but C7ax is preserved. Additional αR and αD minima
appeared.

The inspection of structures resulting from simulations confirmed that

the carboxyl group preferentially interacts with amid hydrogens of both peptide bonds.
On the other hand, behavior of solvated dipeptide did not show any discrepancy and
resemble the other dipeptides in water.

Valine dipeptide
Valine represents amino acid with relatively small aliphatic side chain but the two
methyl groups on Cβ induced visible changes in both FESs. The C7eq minimum seems
to be reduced and shifted towards position of ppII in the gas phase. The C7ax and C5
are well defined as well as relatively higher α0 and αD regions. The free energy landscape of solvated dipeptide is characterized by the profound minima corresponding
to extended conformation, which is mixed with ppII region. The αL and C7ax minima
are more separated and better distinguishable than in the case of the other amino acids.

The overall comparison
Except the glycine and proline amino acids, the calculated FESs of the other aminoacids
in context of solvated dipeptides share considerable similarity.

Usually three dis-

tinct profound minima are present – corresponding to helical (αR ), extended (C5)
and polyproline helix-like (ppII) conformations. The barrier between extended and
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polyproline helix-like basin is negligible in certain cases and such minima seem to be interconnected in one low energy region. Similarly, the αR basin is most probably merged
with other local minima localized nearby, as α0 and β2 . The minima on the other half
of the landscape (φ > 0) are substantially higher. Particularly, the αL (inverse to αR )
and C7ax (inverse to C7eq ) are distinguishable in several FES, but often seems to be
connected in one region due to the low barriers between them.
The free energy landscapes of dipeptides in gas phase posseses substantially higher
variability than those in solvent. The most profound deviations from the canonical FES
of alanine dipeptide are either the annihilation or creation of new minima regions which
were observed for charged amino acids, namely Arg+ , Asp− , Glu− , Lys+ and His+ .
Their non-charged counterparts do not show such behavior. The polar amino acids
(particularly Ser, Thr, Asn) manifest only minor changes as for example stabilization or
formation of new minima in the φ positive quadrants of FES compared to the alanine
dipeptide. The well defined C7eq together with C5 are usually the most populated
regions, but they might be suppressed as for example in the case of charged amino
acids and valine. The αR minimum is present only for proline and negatively charged
glutamic and aspartic acid.

Protein structures analysis
We analyzed subset of X-ray protein structures from PDB chosen by the following
criteria: resolution <1.8 Å and sequential identity below 90%. The observed propensity
of φ and ψ dihedrals for already discussed amino acids are shown in logarithm scale
on figure 6.8. The complete set of plots for all residues is in Appendix II.
The first noticable fact is that the preferences obtained from PDB data correlate perfectly with the free energy minima obtained by metadynamics in water. The profound
minima are located in right-hand α-helical (αR ), extended (C5) and polyproline helical
(ppII) regions. The left-hand helical (αL ) conformation is also numerously represented
for most of amino acids. Proline and glycine shows the same topological deviation from
the other residues as observed in our simulations. Interestingly the non-negligible asymmetry in population of left (αL ) and right helical (αR ) regions was found for glycine.
The αD region is shifted on ψ axes towards to hypothetical C7ax region which is different from simulations in water and sometimes splited into several parts (see Phe, Ser,
Asp and Val). The closer inspection of constructed plot revealed the presence of other
minima. The C7eq and C7ax are present but not highly occupied. The new distinct
minimum (φ ≈ −120◦ and ψ ≈ 70◦ , well apparent for Phe) was found in PDB database
which did not appear in our simulations. Apparently this could be a consequence of distinct sequential context.
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Figure 6.8: The conformation propensities of seleceted amino acid in Protein Data
Bank.
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Discussion

The results of simulations for 25 distinctive amino acids in the gas phase and water are two dimensional FES surfaces in φ/ψ coordinates. We were interested rather
in topological properties of the obtained landscapes than in absolute numbers because
of limitation of force-fields accuracy.
We did not aim to perform the gas phase simulations with the purpose of comparison with experiments. The accuracy of amber force fields is not sufficient to reproduce spectroscopical data or predict correctly complex topological behavior of the gas
phase structures for small peptides. 88 The force field we used (parm03 by Duan 61 ) was
parametrized to reproduce data for condensed phase and thus its performance in gas
phase simulation can not be guaranteed. Our goal was to perform simulations of the
peptides dynamics lacking any explicit interactions with surrounding molecules. Therefore we used stochastic (Langevin) dynamics in this study. This protocol provides
correct and comparable statistical ensemble for such simulations, but does not correspond to an experimental setup. It is worth to mention that we obtained free energy
instead of the potential energy profiles which are usually referred as a result of similar
studies for molecules in the gas phase or in implicit solvent. Our landscapes incorporate configurational entropy obtained by means of classical dynamics. On the other
hand, contributions from pure quantum effects as zero point vibrations and tunneling
are neglected.
The comparison of FES with Pontential Energy Surface (PES) might be inadequate
in some cases, therefore we prepared relaxed PES for alanine dipeptide. The agreement
of both – FES as well as PES is considerable (fig. 6.9) and it is apparent that the order
of minima was changed due to the entropy contributions. The C5 conformer changed
the relative position at energy surfaces to C7eq (from 1.7 kJmol−1 in PES -0.9 kJmol−1
in FES). Unfortunately, such subtle deviation are far below the accuracy of the current
advanced methods and even below ab initio post Hartree-Fock methods. It is quite
clear that lowest energy on PES does not have to correspond with the global minimum
on FES.
The potential energy surface of alanine dipeptide is challenging task for quantum chemical calculation and it can be taken as the starting point for parametrization of force field
for peptides and proteins. Unfortunately it has been shown, that topology of PES – the
number of minima, transition states and other critical points is also quite sensitive to
a quality of the ab initio method. If more advanced theoretical methods of computation
chemistry are systematically used together with larger basis sets, the number of critical
point decreases and resulting PES is more smooth. The C5, C7eq , C7ax , α0 and β2 can
be obtained by DFT calculations, 25 but αR region is present only if MP2 level of theory
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Figure 6.9: Potential Energy Surface and Free Energy Surface of alanine dipeptide
in gas phase.
is applied. 24 This does not provide an easy survey and complicates reliable adjustment
of the theoretical methods with respect to our results. Contrary to the referred ab initio
studies we did not confirm β2 to be a minimum on the calculated free energy surface.
Due to the absence of β2 on PES of alanine dipeptide in parm03 we concluded that
the reason for such discrepancy is insufficiency of the utilized force field. However,
the other minima were found in good agreement localized both at PES and FES, despite the fact that the parametrization of employed force field reflects the nature of the
parametrization e.g. the condense phase effects.
Most of the free energy landscapes for all amino acids in the gas phase are similar
in topology given by presence of C5, C7eq and C7ax minima. The C5 minima were found
on every plot except proline, which discriminates this conformation due to the restricted
rotation about φ torsion angle (C−1 -N -Cα -C) – a part of the cyclic side chain. The preference of minimum for C5 region seems to be general property of peptide backbone and
is only little affected by a side chain attached to the backbone. Based on our results
we can not make similar conclusion for C7 region, because it seems to be suppressed
mostly in case of Asp and Glu and therefore side chain dependent. Most probably this
is a consequence of a charged character of these side chains. The αR conformation
of Asp are stabilized by interaction of carboxyl group with the backbone as depicted
in figure 6.10. Similarly, the hydrogen bond between carboxyl oxygen of the Glu side
chain and amid hydrogen of the following peptide bond stabilize the conformation. It
is apparent that the orientation of the preceding peptide bond makes such conformation favorable for interaction with the carboxyl group in contrast to C7eq conformation.
In the latter case the negatively charged group is most probably in repulsion with carbonyl oxygen and destabilizes C7eq conformer. The similar effect is brought by hydroxyl
group on FES of serine and threonine, the new minima (at φ ≈ 140◦ and ψ ≈ −110◦ )
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Figure 6.10: Aspartate in αR (a) and C7eq (b) and αD (c) conformation.

Figure 6.11: Serine in conformation stabilized by means of 2 backbone – side chain
hydrogen bonds.
stabilized by 2 hydrogen bonds were found. This interaction is formed by hydroxyl
group of the side chain, carbonyl oxygen and amide hydrogen (figure 6.11).
The electrostatic interaction between side chain polar groups and peptide bonds explain
the differences between calculated free energy landscapes. Such type of interaction can
not be caused by aliphatic side chains, therefore the lack of the well defined C7eq for
valine can be accounted to a repulsion between side chain and main chain. Surprisingly
we observed different behavior for isoleucine, which retained the C7eq region as the minimum despite the fact it contains similar and even bigger bulky side chain.
The dramatic changes on FES of dipeptides emerged in water environment. The most
obvious consequence of the solvation – the vanishing of C7eq and emerging of αR , αL ,
ppII and αD regions were observed generally for all dipeptides (except proline). Similar results were reported by Wang and Duan 24 for calculated PES of alanine dimer
on MP2/cc-pVTZ//MP2/6-31G** level of theory in implicit solvent introduced by polarizable continuum model (PCM). The remarkable qualitative agreement may be regarded as surprising considering the totally different nature of methods in both studies.
Parm03 nor TIP3P does not treat polarization explicitly. Only effective averaged contributions are included in the force field compared to the MP2 ab initio methods, which
treat electron correlation explicitly. On the other hand the comparison might implicate, that the driving effect of solvation of alanine dipeptide is the effect of averaged

CHAPTER 6. THE EFFECTS OF WATER ON THE AMINO ACID
CONFORMATION IN DIPEPTIDES

49

properties rather than explicit molecular structure of solvent.
The striking similarity of the resulting landscapes in water from metadynamics suggests
that the factors, which determine the shape of the FES in gas phase diminishe upon
introduction of solvent. It is apparent that interaction of a side chain with peptide
backbone in the gas phase dramatically changes the character of resulting FES, which
is in contrast with FES in water. The environment of liquid water offers the countless number of possible interaction between highly polar water molecules and peptide
which are at least energeticaly equal to the intramolecular interactions of the isolated
molecule. The dynamical character of solvation layers together with short life time for
individual solvent-solut and solvent-solvent interactions can explain the achievement
of implicit solvation models. Last but not least, implicit solvation models reasonably
describe the shielding between charge distributions due to the presence of polarizable
environment.
The key for understanding of the solvatation effects may be assigned to terms responsible for stabilization of individual conformers. As has been already mentioned in Introduction, the electrostatic dipole-dipole interactions and hydrogen bonding between two
neighboring peptide bonds have minima for observed conformers in alanine dipeptide.
The possible explanation could be the shielding of the electrostatic interaction by water molecules. This can change the ratio between their favourable and disfavourable
distributions. The total net dipole moment of the molecule must be taken into account
as important factor for solvent-solute interaction and it depends on molecular conformation. Wang has shown, that the largest net dipole and hence the interaction energy
is adopted by αR and αL conformers. C7eq and C7ax provide the smallest amount
of stabilization interaction from solvent. 24
We performed comparison of our calculated FES with data from subset of structures
from PDB determined by X-Ray crystallography with resolution better than 1.8 Å .
We selected only such amino acids which did not participated in α-helices or β-strands
in order to avoid an influence of cooperative effects, which cannot be manifested on isolated dipeptides level. Such secondary elements are apparently stabilized in longer
peptides or proteins by net of hydrogen bonds between residues distant in sequence.
However, even the selected structures can be parts of some regular structures as for example turns. The bias is clearly apparent for glycine. The population of glycine in αL
region significantly outweighed those in αR . The reason is most probably the high occurrence of the β-turns in out set of proteins, where such conformation of glycine is
significantly preferred. 89 The another important feature, which cannot be reproduced
at level of dipeptides is sterical hindrance induced by following proline in sequence.
Such residues, called as pre-proline residues, have significantly distinctive population
of φ and ψ dihedrals in proteins. 26 One of the regions preferred by pre-prolines corre-
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sponds to the additional minimum (φ ≈ −120◦ , ψ ≈ 70◦ ) observed in our plots (see
fig. 6.8.d) and it can explain different free energy landscapes of investigated dipeptides.
All minima regions obtained by metadynamics both in gas phase and solvent were reproduced at some extent by analysis of protein structures, but the overall characteristics
is substantially closer to the free energy landscapes in water. This finding may implicate, that conformational behavior of amino acids in proteins shares the same trends
as in short peptides. The possible explanation is that the general effects of condense
phase in crystal interior is induced by protein environment in similar manner as by water molecules. However, the general extrapolation of this conclusion for longer peptides
or protein fragments is not straightforward. The folded proteins are regarded as more or
less compact structures and flexible regions are utilized to make a connection between
rigid elements as α-helices or β-strands. The observed distribution of dihedral angles
in PDB may be unavoidable consequence of globular shape of protein domains, which
enforce available conformation of backbone to form bents and loops and thus mimics
the behavior of short peptides. The presence of regions with peptide-like conformational preferences contrary to regular secondary structure may also point out on floppy
regions or intrinsically unstructured parts of proteins with special functions. 90 On the
other hand, the gas phase-like minima seem to be participating in regular turns stabilized by local internal hydrogen bonds, as e.g. in β- or γ-turns. 29
Last but not at least, we must also consider some danger of the bias of experimentally
determined X-ray structures. The X-ray experiment does not provide the structural
information directly, but the model structures are created in order to match observables
provided by experiment. The refinement and validation processes applied on models
may suffer from dangerous circular dependency on the structures deposited in PDB
database. 91
The striking similarity of preffered regions between peptides in water and in proteins
may have important implication for protein folding process, despite the different reason
for their stability the effect is similar. The αR regions in α-helices in protein are
maintained by network of hydrogen bonds, but the corresponding region in short peptide
is preferred due to the interaction with solvent. We must emphasize, that the readiness
of such region at free energy landscape presented on peptide level may help to form
protein structure elements without extensive rearrangements and crossing energetic
barriers.
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Chapter 7

Conformational preferences
of amino acids in tripeptides
The goal of this study was to evaluate a general effect of the adjacent residues in context of linear tripeptides on the conformational state of the central residue. Specifically,
we aimed to localize short length peptide motifs with restricted structural preferences
as a consequence of their FES profile. Such structurizing fragments – as mentioned
in previous chapter may play important role during initial state of protein folding
as folding nuclei along a sequence of protein chain.

7.1

Results

We performed metadynamics in water for set of capped tripeptides comprising all studied amino acids in the central position with selected residues as its neighbours. The sequences in questions were Gly-Xxx-Gly, Ala-Xxx-Ala, Val-Xxx-Val, Ser-Xxx-Ser and
Pro-Xxx-Pro. The Xxx determines three-letter code of one of the 25 natural amino
acids including their protonation states. The Gly, Ala and Val were selected because
of their growing side chains and increasing hydrophobicity profile. The serine was chosen
with respect to its polar character and significant preference for helical region identified
from our simulations of dipeptides. Proline represents a residue with strong conformational restrictions and we intended to examine its influence on the preferences of all
amino acids which are well known from experimental data. Part of the analysis already
performed for dipeptides was comprised in order to evaluate the effect of increasing
size of the peptides. The detailed inspection of all obtained landscapes confirmed only
subtle deviations from topologies observed in dipeptides as illustrated in figures 7.1
and 7.2. The only significant and systematic exceptions were found in peptides with
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Figure 7.1: Free energy landscape of alanine in different tripeptides.
two proline residues (Pro-Xxx-Pro), where the central residue was always stericaly hindered by the adjacent prolines. Generally the high energy regions in the central part
of the FES expanded and influenced the transitions paths between helical (αL and αR )
and ppII regions. The other high energy regions became more disfavored in comparison with other tripeptides. The most dramatic influence on the free energy landscape
by the neighbor residues was observed for tripeptide comprising both extraordinary
amino acids, Pro-Gly-Pro (see fig. 7.2). The presence of prolines caused splitting of regions and made the helical regions (αR and αL ) disfavoured. These regions were originally arranged in proximity of zero ψ as well as in unconstrained glycines in other
peptides. The αD regions have tendency to be separated in two more or less distinguishable minima on FESs of tripeptides (significantly for Pro-Ala-Pro or Ser-Ala-Ser)
as was already observed for PDB set but not for dipeptides.
The helical, extended and polyproline helix-like conformations remained the most preferred structures in all cases and any additional region with comparable properties did
not emerge on the studied FESs.
The results from all 150 simulations are summarized in figure 7.3, where the relative
energy differences between 3 most important regions – helical (αR ), extended and ppII
are compared for all 25 studied amino acids in different sequential context.
The helical and ppII conformation are preferred for majority of amino acids in investigated tripeptides. The helical region seems to be highly preferred in tripeptides Ser-
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Figure 7.2: Free energy landscape of glycine in different sequential context.
Xxx-Ser but disfavored by Pro-Xxx-Pro, which strongly preffers ppII region. The extended conformations were found as the most preffered for valine and in some context
also for Gln, Glu and Hisδ . The radically different preferences were observed for individual protonation states of aspartate acid, glutamate acid and histidine (Asp− , Asp0 ,
Glu− , Glu0 , His , Hisδ , His+ ).
The free energy differences between helical, extended and ppII basins were examined
as a property of the adjacent amino acids by means of correlation coefficients between
whole sets of Ace-Xxx-Nme, Gly-Xxx-Gly, Ala-Xxx-Ala, Val-Xxx-Val, Ser-Xxx-Ser and
Pro-Xxx-Pro peptides. The trends inside groups remained fairly well conserved across
distinct surroundings of the central residue as pointed out by table 7.1.
The best agreement was found for Ace-Xxx-Nme and Gly-Xxx-Gly, but the substantial
amount of correlation was revealed for all families of peptides. On the other hand,
Pro-Xxx-Pro provided the most devious trends, what was reflected by the lowest correlations coefficients. The figure 7.4 graphically manifests the similarities and variances
between Ace-Xxx-Nme and others peptides, but also predicates how many intrinsic
conformational preferences of the central amino acids were retained.
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Figure 7.3: The relative free energy of the 3 main conformation states for the central
residue in different peptides. Error bars define the standart deviation corresponding
to confidence level of 68%
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Figure 7.4: The correlation of conformational trends between Ace-Xxx-Nme and
the other families. The free energy differences between helical and ppII conformation (in black) and analogously for helical and extended (in red) are plotted with respective error bars. The lines specify the linear least square fit for the dependency
of free energy differences of individual peptides. The parameters of the fits are shown
hel (dipeptide) + b
in f , the corresponding equation of lines are F hel − F ppII = a1 ∆FppII
1
hel
ext
hel
and F − F
= a2 ∆Fext (dipeptide) + b2
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Table 7.1: Correlation of free energy differences between 3 main basins across different
families of peptides.
peptides
Ace-Xxx-Nme
Gly-Xxx-Gly
Ala-Xxx-Ala
Val-Xxx-Val
Ser-Xxx-Ser
Pro-Xxx-Pro

Ace-Xxx-Nme
1

peptides
Ace-Xxx-Nme
Gly-Xxx-Gly
Ala-Xxx-Ala
Val-Xxx-Val
Ser-Xxx-Ser
Pro-Xxx-Pro

Ace-Xxx-Nme
1

7.2

F hel − F ppII
Gly-Xxx-Gly
Ala-Xxx-Ala
0.97
0.9
1
0.89
1

Gly-Xxx-Gly
0.91
1

F hel − F ext
Ala-Xxx-Ala
0.83
0.83
1

Val-Xxx-Val
0.83
0.8
0.86
1

Ser-Xxx-Ser
0.91
0.86
0.84
0.83
1

Pro-Xxx-Pro
0.65
0.6
0.58
0.71
0.57
1

Val-Xxx-Val
0.78
0.79
0.83
1

Ser-Xxx-Ser
0.89
0.82
0.74
0.76
1

Pro-Xxx-Pro
0.71
0.68
0.67
0.66
0.57
1

Discussion

We assessed the conformational preferences of the central residue in tripeptides of sequence Gly-Xxx-Gly, Ala-Xxx-Ala, Val-Xxx-Val, Ser-Xxx-Ser and Pro-Xxx-Pro studied
by metadynamics. The relative conformational free energies for individual conformers
of all tripeptides and their comparison with dipeptides described in the previous chapters revealed significant correlation between them.
We interpreted our results as representative conformational preferences presented at large
extent already in dipeptides. The excellent agreement was found for all amino acids
in Ace-Xxx-Nme dipeptides and Gly-Xxx-Gly tripeptides. We can not directly compare
our findings with an experimental study as for example Avbelj et al. who compared
experimental NMR scalar couplings 3 J(HN , Hα ) of blocked dipeptides (Ace-Xxx-Nme)
and pentapeptides Gly-Gly-Xxx-Gly-Gly. Same as in our study they also found notable correspondence for almost all amino acids and concluded that intrinsic backbone
preferences of all amino acids are fully preserved in blocked dipeptides. 92 Although the
peptides used differ slightly, both studies lead to qualitatively consistent conclusions.
We extrapolated that experimentally confirmed agreement between dipeptide and pentapeptide can be also valid for Gly-Xxx-Gly tripeptides. The adjacent glycines seem
to have minimal impact of conformation preferences of the central residue. What we
cannot conclude from our simulation is that similar extrapolation is possible for conformational states of the rest of residues. Our exploitation of metadynamics was not
aimed to provide such extrapolation due to local character of selected collective coordinates. The common presumption in protein community is that these peptides posses
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random coil behavior. It means that the conformations of all amino acids are sequence
independent. But the staggering flexibility observed in experiments does not implicate
validity of such assumption and our results indicates that the context matters.
The correlation for other studied peptides was not so excellent, but still considerable.
The calculated values of linear correlation coefficients pointed out, that the relation
and conversion between data sets could be also approximated by linear conversion.
Necessary parameters can be estimated from regression plot or equivalently from least
square fit procedure and their values are listed in figure 7.4. Both correlation plots and
regression coefficients suggested, that the neighbor amino acids cause more less uniform
shifts in ∆F and hence in conformational preferences. These effects were most apparent
for Ser-Xxx-Ser which induces helical conformation for the central residue and viceversa and for the Pro-Xxx-Pro which strongly disfavors this conformation. The shift
in the other cases are less significant and moreover the systematic trends diverging
from behavior of dipeptides were observed. We demonstrated that the conformational
preferences of individual amino acids are dependent on the sequential context even inside
of tripeptides, but the significant level of correlation between amino acid is still retained,
because the manifested changes in free energies can be described largely by means
of more or less uniform shift, which is characteristic for given host peptide.
However, the peptides investigated in this study form only small fraction of all possible
three amino acid sequences (more then 8 000 in total). Therefore we cannot state
that the presented results are representative for all tripeptides. It is possible that
some of them behave quit differently reflecting their composition and strong geometry
preferences.
The direct comparison of our result with experiment is hardly feasible. We are not aware
of any experimental study at similar extent and similar compounds. Many experimental setups work with differently terminated peptides, probably because of their better
solubility in water. It has been demonstrated by means of molecular simulations, that
terminally blocked peptides may behave differently from zwitter-ionic forms. 80 Similarly, different conditions as temperature or pH as well as other compounds in solutions
– often denaturants, influence significantly the results of experiments. 93
We did not succeed in calculation of NMR parameters as 3 J vicinal scalar couplings
or chemical shifts which should be directly compared with experimental data. 92,94,95
The published parametrization of empirical relations for estimation of experimental observables resulted in high variability of results and can not be used for reliable comparison. However, many experimentalists use such methods for calculation of population
of conformers or their free energy differences. We consider the parametrized formulas to
be unreliable for peptides and we discourage from their usage in quantitative manner.
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We have found significant differences for general conformational preferences of protonated and deprotonated amino acids, namely histidine, lysine, aspartic and glutamic
acids. We should emphasize that such differences may have important biochemical and
biological consequences. The protonation state of an amino acid side chain is notoriously dependent on the ambient pH. We demonstrated, that change of protonation
may dramatically turn the preference for backbone conformation. Therefore we can
further speculate about induction of larger conformational rearrangement as a response
on change of pH triggered by single de/protonation event on side chain. Such properties
could be exploited for regulation of biological processes.
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Chapter 8

Conclusions
In the presented work we implemented metadynamics – a modern method for mapping free energy landscapes into Gromacs molecular dynamics package. This method
were further applied on amino acids in short peptides to study their conformational
preferences.
First of all, the performance of several available force fields were investigated. We have
confirmed the generally known tendencies of parm94 and parm99 to favor conformers
which are not observed in experimental studies. The other force fields, OPLS-AA and
parm03 have shown more balanced character leading to more adequate sampling of ppII
conformers in better agreement with published experiments.
We tested the 3 different explicit water models commonly used for simulation of biomolecules (TIP3P, TIP4P and TIP5P). Despite their increasing complexity and computational cost, the induced differences in conformational preferences and the other
properties demonstrated for alanine dipeptide (modeled by parm03) were found rather
minor and negligible.
The free energy landscape for 20 biogenic amino acids in all possible protonation states
in dipeptide form were constructed. The conformational preferences of dipeptides were
studied in gas phase and in explicit water environment and the comparison revealed
substantial changes of free energy landscapes caused by solvation. The charged and
polar amino acids can form intramolecular hydrogen bonds or interact with peptides
bonds by electrostatics controlled manner. These interaction are weakened in water due
to the competition of binding sites or water screening. We also extracted and compared
structural preferences of the amino acids in proteins obtained from PDB database.
The strong resemblance in distributions of backbone dihedrals from X-ray structures
and free energy landscapes in water was found. In some rare cases minima from gas
phase were also found in proteins.
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We performed extensive comparative study of all amino acids in different tripeptides
with sequence Gly-Xxx-Gly, Ala-Xxx-Ala, Val-Xxx-Val, Ser-Xxx-Ser and Pro-Xxx-Pro.
Our findings has shown that the conformational preferences of amino acids in dipeptides
remain conserved in sequence Gly-Xxx-Gly. A significant amount of correlation was
found between amino acid conformers in dipeptides and in the longer studied peptides.
Nevertheless, we observed strong effect of adjacent amino acids on conformational preferences of the central residue in peptides Ser-Xxx-Ser and Pro-Xxx-Pro, where the conformation preference of the central residue were uniformly shifted towards α-helical
region for the former and toward ppII and extended regions for the letter.
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Ala

Arg+

Asp0

Figure 8.1: Free energy surface of individual dipeptides in gas phase (left) and in water
(right)
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Asn

Asp−

Cys

Free energy surface of individual dipeptides in gas phase (left) and in water (right).
Continue.
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Glu0
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Free energy surface of individual dipeptides in gas phase (left) and in water (right).
Continue.
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Free energy surface of individual dipeptides in gas phase (left) and in water (right).
Continue.

APPENDIX I

73

His+

Ile

Leu

Free energy surface of individual dipeptides in gas phase (left) and in water (right).
Continue.

APPENDIX I

74

Lys0

Lys+

Met

Free energy surface of individual dipeptides in gas phase (left) and in water (right).
Continue.
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Free energy surface of individual dipeptides in gas phase (left) and in water (right).
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Free energy surface of individual dipeptides in gas phase (left) and in water (right).
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Val

Free energy surface of individual dipeptides in gas phase (left) and in water (right).
Continue.
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Figure 8.2: The propensities of individual aminoacids in PDB.
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The propensities of individual aminoacids in PDB. Continue.
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The propensities of individual aminoacids in PDB. Continue.
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The propensities of individual aminoacids in PDB. Continue.
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Appendix III
Implementation of metadynamic to Gromacs
The overall algorithm of metadynamics is not complicated and its incorporation in MD
package demands only minor changes of the program code. Gromacs 59 is one of the leading packages for molecular dynamics of biomolecules, exceeding in performance and
optimizations. We implemented metadynamics algorithm in langevin and direct version to modified Gromacs 4.0.2. All introduced modifications follow the philosophy
of keeping the original code intact as much as possible. The additional code were
placed in self-standing module “meta dyn.c” and almost all new functions are called
exclusively from the main loop of the molecular dynamics algorithm (“md.c”).
The attached CD contains the source code of the modified Gromacs and the other used
tools for processing and analysis of metadynamics data.

