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Introduction

Nowadays computer simulations play an important role in between ex-

periment and theory in science. The crucial advantage of simulations is the

ability to expand the horizon of the complexity that separates “solvable”

from “unsolvable”. Basic physical theories applicable to biologically impor-

tant phenomena, such as quantum, classical and statistical mechanics, lead

to equations that cannot be solved analytically (exactly), except for a few

special cases. The quantum Schrödinger equation for any atom but hydrogen

(or any molecule) or the classical Newton’s equations of motion for a system

of more than two point masses can be solved only approximately. This is

what physicists call the many-body problem.

It is intuitively clear that less accurate approximations become inevitable

with growing complexity: we can compute a more accurate wave function

for the hydrogen molecule than for large molecules. It is also much harder

to include explicitly the electrons in the model of a protein, rather than

representing the atoms as balls and the bonds as springs. The use of the

computer makes less drastic approximations feasible. Thus, bridging exper-

iment and theory by means of computer simulations makes possible testing

and improving our models using a more realistic representation of nature.

It may also bring new insights into mechanisms and processes that are not

directly accessible through experiment.

On the more practical side, computer experiments can be used to discover
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and design new molecules. Testing properties of a molecule using computer

modeling is faster and less expensive than synthesizing and characterizing

it in a real experiment. Drug design by computer is commonly used in the

pharmaceutical industry.

Classical molecular dynamics techniques are commonly applied to com-

putational simulations of molecular interactions that do not include explicit

chemical reactions. As computational resources have increased, simulations

of many aspects of protein behavior have become increasingly well studied

with these techniques, ranging from refinements of static X-ray crystallogra-

phy structures to dynamic conformational changes in ion channels. Molecular

dynamics, in fact, is a computer simulation method for studying the physical

movement of atoms and molecules. The atoms and molecules are allowed to

interact for a fixed period of time, giving a view of the dynamical evolution

of the system. In the most common versions, the trajectories of atoms and

molecules are determined by numerically solving Newton’s equations of mo-

tion for a system of interacting particles, where forces between the particles

and their potential energies are calculated using molecular mechanics forces

fields. In biophysics, in particular, the method is frequently applied to study

the motions of biological macromolecules such as proteins and nucleic acids,

which can be useful to interpret the results of certain biophysical experiments

and model their interactions with other molecules.

This thesis work concerns the computational study of the structure of the

Channelrhodopsin (ChR) protein, precisely the ChR2, rebuilt in membrane

lipid bilayer. This protein plays an important role as ion channel regulated

by light, by means of interaction with the retinal molecule. ChRs are now

widely used for the analysis of neural networks in tissues and living animals
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with light (optogenetics) but the structure/function relationships of ChR,

including the photoreactions as well as the ion channeling mechanism, re-

main unknown. Therefore, the elucidation of its functional mechanism at

the atomistic level of detail, as well as further engineering applications, re-

quire a detailed structure of the protein. In the absence of an experimentally

solved structure, we will develop a structural computational model starting

from the X-ray solved structure of the C1C2 chimeric protein and, after re-

producing the natural environment of the protein, we will perform all-atoms

molecular dynamics simulations, in order to equilibrate, sample and finally

analize the system. The results of the simulations presented within this the-

sis will be necessary for subsequent studies performed by our collaborators

at the University of Liege (Belgium). Selected snapshots extracted from our

equilibrium MD simulations will be further investigated by Time Dependent

Density Functional Theory (TD-DFT), a quantum mechanical theory used

in physics and chemistry to investigate the properties and dynamics of many-

body systems in the presence of time dependent potentials, such as electric

or magnetic fields. The effect of such fields on molecules and solids can be

studied with TD-DFT to extract features like excitation energies, frequency

dependent response properties, and photoabsorption spectra.

The thesis is organized as follows:

• The first chapter introduces the biological aspects of the system of

interest, including a short introduction to protein and membrane pro-

tein physics, with a particular focus on channelrhodopsin. We discuss

also issues about protein structure prediction and resolution by X-ray

crystallography.

• The second chapter describes the classical molecular dynamics simu-

lation technique and focuses on its aspects that are relevant for the
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system under investigation.

• The third and last chapter is dedicated to the investigation of the pro-

tein ChR2 embedded in a model membrane bilayer, its equilibration

by means of classical MD simulations and the analysis of the obtained

MD trajectories.

• The appendix contains technical details on the numerical methods em-

ployed within this work.
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Chapter 1

Biological Background

1.1 Overview of proteins

Proteins can be considered as molecular machines, building blocks, and

the arms of a living cell [1] [2]. Their major and almost sole function is enzy-

matic catalysis of chemical conversions in and around the cell. In addition,

regulatory proteins control gene expression, and receptor proteins (which

sit in the lipid membrane) accept intercellular signals that are often trans-

mitted by hormones, which are proteins as well. Immuno proteins and the

similar histocompatibility proteins recognize and bind “foe” molecules as well

as “friend” cells thereby helping the latter to be properly accommodated in

the organism.

Structural proteins form microfilaments and microtubules, as well as fib-

rils, hair, silk and other protective coverings; they reinforce membranes and

maintain the structure of cells and tissues. Transfer proteins transfer (and

storage ones store) other molecules. Proteins responsible for proton and

electron transmembrane transfer provide for the entire bioenergetics, that is,

light absorption, respiration, ATP production, etc.

The enormous variety of protein functions is based on their high specificity

for the molecules with which they interact, a relationship that resembles a
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key and lock mechanism. However, this specific relationship demands a fairly

rigid spatial structure of the protein. This is the reason why the biological

functions of proteins (and other macromolecules of the utmost importance

for life - DNA and RNA) are closely connected with the rigidity of their three-

dimensional (3D) structures. Even a little damage to these structures, let

alone their destruction, is often the reason for loss of or dramatic changes in

protein activities. A knowledge of the 3D structure of a protein is necessary to

understand how it functions. Later, we will briefly discuss the main physical

techniques for the prediction of structures.

Proteins are polymers: they are built up by amino acids that are linked

into a peptide chain; this was discovered by E. Fischer as early as the be-

ginning of the 20th century. In the early 1950s Sanger showed that the

sequence of amino acid residues (a “residue” is the portion of an amino acid

that remains free after polymerization) is unique for each protein. The chain

consists of a chemically regular backbone (“main chain”) from which various

side chains R1,R2,...,RM) project, as shown in Fig. 1.1.

Fig. 1.1: A schematic representation of a polymeric chain of aminoacids.

The number M of residues in protein chains ranges from a few dozens to

many thousands. There are twenty main species of amino acid residues.

The four hierarchical levels of protein structure include the primary struc-

ture, secondary structure, tertiary structure and the quaternary structure

(Fig. 1.2):
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• The primary structure constitutes the sequence of amino acid residues

in the protein. It determines how a polypeptide chain folds into a

unique three-dimensional structure and thus, in turn, the function of

the protein.

• The secondary structure of a protein indicates the local conformation of

the polypeptide backbone, usually focusing on common regular folding

patterns. A few types of secondary structures are particularly stable

and occur widely in proteins. These may include α-helices, β-sheets,

turns and coils. They are usually distinguished by the backbone tor-

sional angles (φ, ψ) and the type of non-covalent interactions that sta-

bilize them.

• The overall three-dimensional arrangement of all the atoms in a pro-

tein is called the tertiary structure. Amino acids that are far apart in

the sequence and those that reside in the different types of secondary

structures may interact within the completely folded structure of a pro-

tein. The interacting segments of polypeptide chains are held in their

tertiary positions by different kinds of weak or covalent interactions

between different segments.

• Some proteins contain two or more separate polypeptide chains, or sub-

units, which may be identical or different. The arrangement of these

protein subunits in three-dimensional complexes constitutes the quater-

nary structure. Changes in the quaternary structure can occur through

conformational changes within the individual subunits or through re-

orientation of the subunits relative to each other. It is through these

conformational changes that many proteins perform their molecular

function.
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Fig. 1.2: The four hierarchical levels of protein structure.

In an “operating” protein the chain is folded in a strictly specified struc-

ture. In the late 1950s, Perutz and Kendrew solved the first protein spatial

structures and demonstrated their highly intricate and unique nature. How-

ever, it is noteworthy that the strict specificity of the 3D structure of protein

molecules was first shown (as it became clear later) back in the 1860s by

Hoppe-Zeiler who obtained hemoglobin crystals: in a crystal each atom oc-

cupies a unique place. The question whether the structure of a protein is the

same in a crystal and in solution had been discussed for many years until the

virtual identity of these (apart from small fluctuations) was demonstrated by

NMR spectroscopy.

Proteins “live” under various environmental conditions, which leave an ob-

vious mark on their structures. According to their environmental conditions

and general structure, proteins can be roughly divided into three classes:

fibrous proteins, membrane proteins and water-soluble globular proteins.

Since the object of this thesis is a membrane protein, we will spend a few
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words on this class of proteins.

1.2 Membrane proteins

Membranes are films of lipids (fat) and protein molecules. They envelop

cells and closed volumes within them (the so-called compartments). The

lipids form a bilayered sheet structure that is hydrophilic on its two outer

surfaces and hydrophobic in between. Protein molecules are embedded in this

layer (Fig. 1.3), and in the simplest case they are arranged with three dis-

tinct regions: one hydrophobic transmembrane segment and two hydrophilic

regions, one on each side of the membrane. The polypeptide chain of other

transmembrane proteins passes through the membrane several times, usually

as α helices but in some cases as β strands. In these cases the hydrophilic

regions on either side of the membrane are the termini of the chain and the

loops between the membrane-spanning parts. Some proteins do not traverse

the membrane but are instead attached to one side either through α helices

that lie parallel to the membrane surface or by fatty acids, covalently linked

to the protein, that intercalate in the lipid bilayer of the membrane.

Fig. 1.3: Four different ways in which protein molecules may be bound to a
membrane (adapted from Introduction to Protein Structure, second edition
[2]).
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The peculiar role of membrane proteins is to provide transmembrane

transport of various molecules and signals. The membrane is a kind of “insu-

lator” while its proteins act as “conductors”. These conductors are specific,

each ensuring transmembrane transport of molecules of a particular kind or

signals from particular molecules (probably by a slight change in the protein’s

conformation).

Ion transport in living organisms is divided into active and passive, and

the proteins responsible are known as transporters (pumps, exchanges, car-

riers, etc.) and channels. A description of the Channelrhodopsin protein is

provided at the end of this chapter.

1.3 Overview of structure predictions

As already mentioned, the knowledge of the 3D structure of a protein

is fundamental to understand how it functions. Several methods are cur-

rently used to determine the atomic structures of biological macromolecules,

including X-ray crystallography, NMR spectroscopy, and electron microscopy

[3]. Each method has advantages and disadvantages. In each of these meth-

ods, the scientist uses many pieces of information to create the final atomic

model. Primarily, the scientist has some kind of experimental data about

the structure of the molecule. In most cases, this experimental information

is not sufficient to build an atomic model from scratch. Additional knowledge

about the molecular structure must be added. For instance, we often already

know the sequence of amino acids in a protein, and we know the preferred

geometry of atoms in a typical protein (for example, the bond lengths and

bond angles). This information allows the scientist to build a model that

is consistent with both the experimental data and the expected composition

and geometry of the molecule.
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Among these techniques, the X-ray crystallography and NMR spectroscopy

are most utilized because, typically, electron microscopy do not allow the re-

searcher to see each atom in a system. Since the C1C2 chimeric protein was

solved by X-ray crystallography, here we discuss briefly this technique (the

description of the other techniques is outside the scopes of this work).

1.4 X-ray crystallography

X-ray crystallography is a tool used to identify the atomic and molec-

ular structure of a crystal, in which the crystalline atoms cause a beam of

incident X-rays to diffract into many specific directions [4]. By measuring

the angles and intensities of these diffracted beams, a crystallographer can

produce a three-dimensional picture of the density of electrons within the

crystal. From this electron density, the mean positions of the atoms in the

crystal can be determined, as well as their chemical bonds, their disorder and

various other information.

The steps in solving a protein crystal structure are represented in Fig. 1.4:

Fig. 1.4: Different steps of structure determination by X-ray crystallography
(adapted from Structure Determination, New Science Press Ltd [4]).

First, the protein must be crystallized. This is often the rate-limiting step in

straightforward structure determinations, especially for membrane proteins.
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Then, the X-ray diffraction pattern from the crystal must be recorded. When

X-rays strike a macromolecular crystal, the atoms in the molecules produce

scattered X-ray waves which combine to give a complex diffraction pattern

consisting of waves of different amplitudes. What is measured experimentally

are the amplitudes and positions of the scattered X-ray waves from the crys-

tal. The structure can be reconstructed by summing these waves, but each

one must be in the correct register with respect to every other wave, that

is, the origin of each wave must be determined so that they sum up to give

some image instead of noise. This is called the phase problem. Phase values

must be assigned to all of the recorded data (the phase cannot be directly

recorded during a diffraction experiment); this can sometimes be done com-

putationally, but is usually done experimentally by labeling the protein with

one or more heavy atoms whose position in the crystal can be determined

independently. The phased waves are then summed in three dimensions to

generate an image of the electron density distribution of the molecule in the

crystal. This can be done semi-automatically or by hand on a computer

graphics system. A chemical model of part of the molecule is docked into the

shape of each part of the electron density (as shown in Fig. 1.4). This fitting

provides the first picture of the structure of the protein. The overall model is

improved by an iterative process called refinement whereby the positions of

the atoms in the model are tweaked until the calculated diffraction pattern

from the model agrees as much as possible with the experimentally measured

diffraction pattern from the actual protein. There is no practical limit to the

size of the protein or protein complex whose structure can be determined by

X-ray crystallography.

X-ray crystallography produces information on the relative positions of

the atoms of the molecule: these are termed atomic coordinates. Because X-
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rays are scattered from the electron cloud of the atoms, X-ray crystallography

provides the positions of all non-hydrogen atoms: hydrogen atoms, in fact,

are not typically detected by X-ray crystallography since their sizes are too

small to interact with the radiation and since they contain only a single

electron. However, the coordinate sets provided in this way represent the

interpretation of the primary data obtained in each case. The objective end-

product of a crystallographic structure determination is an electron density

map (Fig. 1.5), which is essentially a contour plot indicating those regions

in the crystal where the electrons in the molecule are to be found. Human

beings must interpret this electron density map in terms of an atomic model,

aided by semi-automatic computational procedures.

Since interpretation in each case requires assumptions and approxima-

tions, macromolecular structures do have errors. In most cases, however,

these errors are small, and affect only a small part of the structure.

Fig. 1.5: Portion of a protein electron density map at three different reso-
lutions 3Å (a), 2Å (b), 1Å (c). The higher the resolution, the more precise
and accurate is the information that can be extracted from the structure
(adapted from Structure Determination, New Science Press Ltd [4]).

The resolution limit is set by the intrinsic order of the protein plus the amount

of data that the experimenter is able to measure. The greater the amount

of data, the higher the resolution. In favorable cases, the resolution of a
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macromolecular structure determination by crystallography is such that the

relative positions of all non-hydrogen atoms are known to a precision of a

few tenths of an Angstrom.

1.5 Difficulty in the crystallization of membrane
proteins

As already mentioned, membrane proteins are difficult to crystallize.

Membrane proteins, in fact, which have both hydrophobic and hydrophilic

regions on their surfaces, are not soluble in aqueous buffer solutions and de-

nature in organic solvents [2]. However, if some detergents are added to an

aqueous solution, these proteins can be solubilized and purified in their na-

tive conformation. The hydrophobic part of the detergent molecules binds to

the protein’s hydrophobic surfaces, while the detergents’ polar head-groups

face the solution. In this way the protein-detergent complex acquires an

essentially hydrophilic surface with the hydrophobic parts buried inside the

complex. Such solubilized protein-detergent complexes are the starting ma-

terial for purification and crystallization. For some proteins, the addition of

small amphipathic molecules to the detergent-solubilized protein promotes

crystallization, probably by facilitating proper packing interactions between

the molecules in all three dimensions in a crystal. Therefore, many differ-

ent amphipathic molecules are added in separate crystallization experiments

until, by trial and error, the correct one is found.

Despite considerable efforts very few membrane proteins have yielded

crystals that diffract X-rays to high resolution. Our protein of interest here,

ChR2, has not been crystallized yet. Crystallization, so far, has succeeded

only for the related chimeric protein C1C2. This was constructed by merging

the last two helices of ChR2 and the first five of ChR1, hence the name C1C2
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chimera. Crystals were grown in darkness and the structure was resolved by

X-ray crystallography to a resolution of 2.3 Å.

However, there are more or less reliable theoretical methods that help us

to predict the structure of the protein: among these, the most important is

homology modeling.

1.6 Homology modeling

Homology modeling, also known as comparative modeling of protein,

refers to constructing an atomic-resolution model of the “target” protein from

its amino acid sequence and an experimental three-dimensional structure

of a related homologous protein (the “template”). In particular, homology

modeling relies on the identification of one or more known protein structures

likely to resemble the structure of the target protein, and on the production

of an alignment that maps residues in the starting sequence to residues in

the template sequence [2].

The basic concept of homology is that the ways of folding of proteins

are more limited compared to the possible sequences, because the possible

secondary structures are relatively few, and the proteins are all connected to

the other from the point of view of evolution. Since the folding of a protein

is more conserved than the sequence of amino acids, even proteins that do

not have too high homology have a great probability of having a similar

three-dimensional structure.

Generally, sequence alignment is done by computer. There are many

programs searching for homology and alignment, usually freely available on

the web. All of them align sequences trying to achieve the highest similarity of

matched sequence regions. To this end, sequence gaps are often introduced.

Without going into detail, in the end the program returns a model of the
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target protein with the corresponding level of homology.

The quality of the homology model is dependent on the quality of the

template structure and sequence alignment. It was observed that with ho-

mology of 70% or more the model is very accurate and it is also usable for

studies of drug design, but also with much lower homologies (30-35%) it is

possible to obtain a reasonable model of the protein.

In this thesis we constructed a 3D model of ChR2 by mutation from the

X-ray structure of the C1C2 chimeric protein (PDB code 3ug9) [5] using the

SWISS-MODEL web interface.

1.7 Overview of Channelrhodopsin

Ion channels are central to living organisms: they are involved in sig-

nal transduction processes and in the conduction of electrical signals [6] [8].

Specifically, they mediate the uncoupled downhill movement of cations and

anions across biological membranes by transiently opening an ion conduc-

tance pathway, a process known as gating. The ion pathway generally con-

sists of a narrow water-filled pore formed by specific residues in the protein

interior, through which ions can diffuse across the otherwise impermeable

cell membrane. Channels can be classified by the way the gating process

is triggered. Ligand-gated channels open when specific molecules bind to

them, voltage-gated channels open in response to changes in the electric field

across the membrane and mechanosensitive channels open following pressure

changes. The functionality of ion channels is generally studied by electrophys-

iology techniques, by measuring the flow of charges through the membrane

(current) under variable conditions.

Channelrhodopsins (ChRs) are the first and so far unique light-gated

ion channels known in nature [7] [9] [10] [11]. Cation permeation by ChRs
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can be triggered fast, repetitively, reproducibly, and non-invasively by light,

opening new ways of addressing fundamental aspects of channel on and off-

gating with unprecedented temporal and spatial resolution. Upon illumi-

nation, ChRs transiently increase their conductance for a variety of mono-

valent and divalent cations, leading to depolarization of the cell membrane

in milliseconds. Such a property has made ChRs a versatile and valuable

optogenetic tool to alter the membrane potential of a host cell, mostly to

control neural activity. In particular, in neuroscience ChRs are widely used

for neuronal depolarization and firing of action potential light flashes (action

potential is a short-lasting event in which the electrical membrane potential

of a cell rapidly rises and falls, following a consistent trajectory; in neu-

rons, it plays a central role in cell-to-cell communication). ChRs also suggest

hope for certain clinical conditions. For example, ChRs might be employed

clinically for the recovery of photosensitivity in blind mice with degenerated

photoreceptors cells, for deep brain stimulation to treat Parkinson disease,

for peripheral nerve stimulation and treatment of heart pacing failure, and

to modulate synaptic depression and associated fear.

The first identified ChRs were the two isoforms ChR1 and ChR2: they

were originally found in the green alga Chlamydomonas reinhardtii, where

they serve as sensory photoreceptors for phototaxis (phototaxis is a kind of

taxis, or locomotory movement, that occurs when a whole organism moves

towards or away from stimulus light) and phobic responses. ChRs consist of

seven transmembrane helices with a protonated Schiff base of retinal cova-

lently bound to a lysine (Fig. 1.6).

Retinal is a small photosensitive molecule: when the retinal absorbs a

photon, it changes conformation due to a double bond that passes from the

cis state to the trans state. This small structural change of the retinal causes
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Fig. 1.6: A simplified representation of ChR2 based in its secondary structure
and retinal (green).

a structural change in the channelrhodopsin. In fact, light absorption of

dark-adapted ChR causes an isomerization of retinal from an all-trans form

to 13-cis, which triggers a cyclic reaction termed photocycle [12]. During

the photocycle, several intermediate states P500, P390, P520 and P480 have

been spectroscopically identified, as we can see in Fig. 1.7. The intermediate

state P520 is known as a conducting state that allows cation influx from the

extracellular side to the cytoplasmic side, while the channel is closed in the

dark-adapted state as well as in all other intermediates.

Without going into details on the function of the photocycle, at this point
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Fig. 1.7: Photocycle model of ChR2. Six-state photocycle model including
the intermediates as identified by UV-visible spectroscopy and infrared dif-
ference spectroscopy. The D470 dark state with a protonated Schiff base is
converted by a light-induced retinal isomerization into the early intermediate
state P500. Thermal relaxation leads via transient Schiff base deprotonation
(P390) and structural alterations of the protein to the conducting state P520.
The recovery of the D470 dark state proceeds via the two P480 subspecies.
Alternatively the dark state can also be recovered by green light absorption
of P520 (green arrow). Like P520, the P480b intermediate is photoreactive
and can be converted by light to the early P500 intermediate (blue arrow).
The structural alterations of ChR2 during the photocycle as indicated are
deduced from the spectroscopic data (adapted from Photoactivation of Chan-
nelrhodopsin, J. B. C. [12]).

becomes crucial to have a theoretical model of the ChR2 that is in agreement

with these and other experimental data and allows then to investigate (with

the appropriate computational techniques) aspects yet unknown. This is the

main objective of this work. Since most experiments have been conducted

with ChR2 due to its superior expression and twofold higher cation selectivity

(although ChR1 is in fact the dominant photoreceptor in the alga), this thesis

will deal only with ChR2.



Chapter 2

Molecular Dynamics Simulations

As already mentioned, with faster and more powerful computers larger

and more complex systems may be explored by computer simulations. Molec-

ular dynamics (MD) emerged as one of the first simulation methods from

the pioneering applications to the dynamics of liquids by Alder and Wain-

wright and by Rahman in the late 1950s and early 1960s. Due to the rev-

olutionary advances in computer technology and algorithmic improvements,

MD has subsequently become a valuable tool in many areas of physics and

chemistry. Since the 1970s MD has been used widely to study the structure

and dynamics of macromolecules, such as proteins or nucleic acids.

MD is a technique that allows a numerical “thought experiment” to be

carried out using a model that, to a limited extent, approximates a real

physical or chemical system. Such a “virtual laboratory” approach has the

advantage that many such “experiments” can be easily set up and carried

out in succession by simply varying the control parameters. Moreover, ex-

treme conditions, such as high temperature and pressure, can be created in

a straightforward (and considerably safer) manner. The obvious downside

is that the results are only as good as the numerical model. In addition,

the results can be artificially biased if the molecular dynamics calculation

24
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is unable to sample an adequate number of microstates over the time it is

allowed to run.

There are two main families of MD methods, which can be distinguished

according to the model (and the resulting mathematical formalism) chosen

to represent a physical system. In the “classical” mechanics approach to MD

simulations, molecules are treated as classical objects, resembling very much

the “ball and stick” model. Atoms correspond to soft balls and elastic sticks

correspond to bonds. The laws of classical mechanics define the dynamics

of the system. The “quantum” or “first-principles” MD simulations, which

started in the 1980s with the seminal work by Car and Parinello, take ex-

plicitly into account the quantum nature of the chemical bond. The electron

density function for the valence electrons that determine bonding in the sys-

tem is computed using quantum equations, whereas the dynamics of ions

(nuclei with their inner electrons) is followed classically.

Since we performed classical MD simulations, in this chapter we will focus

only on the classical approach.

2.1 Molecular Dynamics in the microcanonical
ensemble

Mechanics (classical and quantum) describes the motion of entities (par-

ticles, molecules, rigid bodies) subject to forces due to mutual interactions

and/or external agents. When the number of constituents of the system

becomes large a statistical approach is required: we then study the average

behavior of the system.

Statistical Mechanics studies the properties of systems composed by a

very large (N →∞) number of simple elementary units.

Classical MD provides a practical connection between the previous two:
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through the integration of Newton’s equations of motion we sample the phase

space and obtain statistical averages of physical quantities.

We begin our treatment of molecular dynamics for the microcanonical

ensemble [29] [30] (the microcanonical ensemble provides a starting point

from which all other equilibrium ensembles are derived).

In Statistical Mechanics we define an ensemble as a collection of identical

systems, all subject to the same Hamiltonian H and sharing the same macro-

scopic properties. A macroscopic quantity A is obtained as an average, over

all the Nx systems in the ensemble, of a quantity a = a(q, p) depending on

the microscopic state of the system:

A = 〈a〉 ≡ 1

Nx

Nx∑
i=1

a(xi) (2.1)

where xi ≡ {q, p}i is the point in phase space corresponding to the microstate

of the system i. In the limit of an infinite number of systems, we can replace

the discrete sum with an average over an appropriate probability measure:

〈a〉 =
1

Z

∫
dx ρ(x)a(x) (2.2)

Consider now a system that evolves in time compatibly with Newton’s

equations of motion at a constant energy E. Suppose that in an infinite

time the system has visited all points of the constant-energy hypersurface of

phase space with the same frequency: if the system satisfies this property,

it is said to be ergodic. The Ergodic Hypothesis states the equivalence of a

time average and a weighted average over the phase space:

lim
T→∞

1

T

∫ T

0

dt a(xt) ≡
1

Z

∫
dx ρ(x)a(x) (2.3)
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The normalization factor Z =
∫
dx ρ(x) is the partition function of the sys-

tem.

The functional form of the probability measure ρ can be constrained by

means of the following assumptions:

• Equilibrium: the macroscopic properties of the system at equilibrium

should not depend on time; therefore, ∂ρ/∂t ≡ 0.

• Conservation of energy : we assume the system to belong to the mi-

crocanonical ensemble, defined as a collection of identical system

havings constant energy E.

• Equal a priori probability hypothesis : all points of the hypersurface of

phase space defined by the condition H(x) = E are visited with the

same probability.

The probability distribution compatible with these conditions is given by

ρ(x) = Cδ(H(x)− E) where C is a normalization factor.

The ergodic hypothesis allow us to replace the phase space integral with

an average over a dynamical trajectory of the system, provided that its du-

ration is sufficiently long. It is evident that no practical method exists pro-

viding us an infinitely long trajectory sampling the whole of the phase space.

Therefore, since the simulations are of fixed duration, one must be certain

to sample a sufficient amount of phase space and caution should be exerted

when drawing conclusions from such computer experiments.

The trajectory of the system can be obtained by means of a MD simu-

lation. The operation of computing a microscopic trajectory of the system

and averaging over it a given quantity to obtain a macroscopic observable

represents the connection between classical and statistical mechanics.

To perform a MD simulation we need three basic “ingredients”:
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• Defining the model describing the system constituents and interactions

(force field).

• Calculating the forces.

• Integrating the equations of motion.

Each step will be described in detail in the following sections.

2.2 Equations of motion

In MD simulations the time evolution of a set of interacting particles is

usually calculated by numerically solving the Newton’s equations of motion

of the particle system. For a system of N point particles (particles usually

correspond to atoms, although they may represent any distinct entities, for

instance specific chemical groups, that can be conveniently described in terms

of a certain interaction law) of mass mi = (i = 1, ..., N) at position ~ri(t) =

(xi(t), yi(t), zi(t)) and velocity ~vi(t) they are given by:

~Fi = mi
d2 ~ri(t)

dt2
(2.4)

where ~Fi is the force acting upon i-th particle at time t, obtained from the

potential energy of the system U (~r1, ~r2, ..., ~rN) via the equation:

~Fi = −~∇iU ({~r}) = −
(
∂U

∂xi
,
∂U

∂yi
,
∂U

∂zi

)
(2.5)

Eq. 2.4 and eq. 2.5 are the starting equations of MD simulations. Once given

the initial conditions ~ri(t0) and ~vi(t0) at a certain time t0 and the potential

energy (or force field) of the system U , we can solve eq. 2.4 and eq. 2.5,

obtaining the complete information on the motion of the system.
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2.3 Integration of the equations of motion

Due to the complexity of the many-body problem, the only feasible way

to solve the above equations when N > 2 is by discretizing the time and

solving them numerically through a computer. This means that the positions

and velocities are propagated with a finite time interval using numerical

integrators. In other words, we have to discretize the time variable and look

for the values of the (r, v) coordinates at discrete times tn = t0 +n∆t, where

∆t is a fixed quantity.

We need to choose a correct time step ∆t, which requires a compromise.

A small time step will improve the accuracy of the numerical solution of

eq. 2.4, but at the cost of imposing a much larger number of time steps to

obtain a trajectory of the required length. On the other hand, a too large

value for ∆t will cause large fluctuations or drifts in the energy, and can even

make the simulation unstable. In any case ∆t should not be larger than the

typical time-scale of the fastest motions of the system. Bonds involving light

atoms (e.g. the O-H bond) vibrate with periods of several femtoseconds,

implying that ∆t should be on a sub-femtoseconds scale to ensure stability

of the integration: ∆t ≤ 0.5 fs is normally used when bonds involving hy-

drogens are allowed stretching. However, bond stretching is of little interest

in most cases, therefore bonds are constrained to their equilibrium lengths

using LINCS [13], as in this thesis, or SHAKE [14] algorithms. In this way,

a time step up to 2 fs can be employed while still preserving a good accuracy

(a time step of more than 5 fs can rarely be achieved in stable simulations

of biomolecules). Obviously, a good way to asses whether the time step em-

ployed is reasonable is to check the conservation of the total energy within a

microcanonical simulation.

Therefore, a good integration algorithm must satisfy two crucial require-
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ments:

• the trajectories should not depend on ∆t beyond a given tolerance;

• quantities that are known to be conserved in the continuum limit should

not change beyond a given tolerance.

Here we discuss the Verlet algorithm, by far the most used method in

MD simulations to integrate the equations of motions.

2.3.1 Verlet algorithm

By far the simplest way to obtain a numerical integration scheme is to

use a Taylor series. In this approach, the position of a particle at a time

t+ ∆t is expressed in terms of its position, velocity, and acceleration at time

t according to:

~ri (t+ ∆t) = ~ri (t) + ~̇ ir (t) ∆t+
1

2
~̈ ir (t) ∆t2 +

1

3!

...
~ri (t) ∆t3 + o

(
∆t4
)

(2.6)

where all terms higher than fourth order in ∆t have been dropped. Since

~̇ ir (t) = ~vi (t) and ~̈ ir (t) = ~Fi (t) /mi, we can write:

~ri (t+ ∆t) = ~ri (t) + ~vi (t) ∆t+
∆t2

2mi

~Fi (t) +
1

3!

...
~ri (t) ∆t3 + o

(
∆t4
)

(2.7)

Note that the shorthand notation for the force ~Fi (t) is used in place of the

full expression, ~Fi (~r1 (t) , ..., ~rN (t)). A velocity-independent scheme can be

obtained by writing a similar expansion for ~ri(t−∆t):

~ri (t−∆t) = ~ri (t)− ~vi (t) ∆t+
∆t2

2mi

~Fi (t)−
1

3!

...
~ri (t) ∆t3 + o

(
∆t4
)

(2.8)
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Summing up both sides of eq. 2.7 and eq. 2.8, we obtain:

~ri (t+ ∆t) + ~ri (t−∆t) = 2~ri (t) +
∆t2

mi

~Fi (t) + o
(
∆t4
)

(2.9)

After rearrangement, we have:

~ri (t+ ∆t) = 2~ri (t)− ~ri (t−∆t) +
∆t2

mi

~Fi (t) (2.10)

which is a numerical solver accurate to the fourth order known as the Verlet

algorithm [31].

Given a set of initial coordinates {~r1 (0) , ..., ~rN (0)} and initial veloci-

ties {~v1 (0) , ..., ~vN (0)}, eq. 2.7 can be used to obtain a set of coordinates,

{~r1 (∆t) , ..., ~rN (∆t)}, after which eq. 2.10 can be used to generate a tra-

jectory of arbitrary length. Note that the Verlet algorithm generates only

positions. If needed, the velocities can be constructed at any point in the

trajectory via:

~vi (t) =
~ri (t+ ∆t)− ~ri (t−∆t)

2∆t
(2.11)

2.3.2 Velocity Verlet algorithm

The original Verlet algorithm described above, from the point of view of

storage requirements is not optimal, since eq. 2.10 and eq. 2.11 require posi-

tions not only at time t but also at time t−∆t. A variant of Verlet algorithm,

the so called velocity Verlet algorithm [32], stores only information from

one time step.

Consider the expansion of the coordinates up to the second order in ∆t:
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~ri (t+ ∆t) = ~ri (t) + ~vi (t) ∆t+
∆t2

2mi

~Fi (t) (2.12)

Interestingly, we could also start from ~ri (t+ ∆t) and ~vi (t+ ∆t), compute
~Fi (t+ ∆t) backwards in time to ~ri (t) according to:

~ri (t) = ~ri (t+ ∆t)− ~vi (t+ ∆t) ∆t+
∆t2

2mi

~Fi (t+ ∆t) (2.13)

Substituting eq. 2.12 for ~ri (t+ ∆t) into eq. 2.13 and solving for ~vi (t+ ∆t)

yields:

~vi (t+ ∆t) = ~vi (t) +
∆t

2mi

[
~Fi (t) + ~Fi (t+ ∆t)

]
(2.14)

Thus, the velocity Verlet algorithm uses both eq. 2.12 and eq. 2.14 to evolve

the positions and velocities simultaneously. At this point one could calculate

the kinetic energy and, by adding the potential energy, ensure the conserva-

tion of energy.

The Verlet and velocity Verlet algorithms satisfy two properties that are

crucial for the long-time stability of numerical solvers.

The first is time-reversibility, which means that if we take as initial conditions

~r1 (t+ ∆t) , ..., ~rN (t+ ∆t), ~v1 (t+ ∆t) , ..., ~vN (t+ ∆t) and step backward in

time using a time step −∆t, we will arrive at the state ~r1 (t) , ..., ~rN (t),

~v1 (t) , ..., ~vN (t). Time-reversibility is a fundamental symmetry of Hamilton’s

equations that should be preserved by a numerical integrator.

The second is the symplectic property: the algorithm maps the initial phase

space point x0 into x∆t without destroying the symplectic structure of clas-

sical mechanics. Although numerical solvers do not exactly conserve the

HamiltonianH (x), a symplectic solver has the important property that there
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exists a Hamiltonian H̃ (x,∆t) such that, along a trajectory, H̃ (x,∆t) re-

mains close to the true Hamiltonian and is exactly conserved by the map.

By close, we mean that H̃ (x,∆t) approaches the true Hamiltonian H (x) as

∆t→ 0. Since the auxiliary Hamiltonian H̃ (x,∆t) is a close approximation

to the true Hamiltonian, it is referred to as a “shadow” Hamiltonian. The

existence of H̃ (x,∆t) ensures that the error in a symplectic map will be

bounded. In other words, this last property ensures that the trajectory that

we study is close to the real one, that is the trajectory is numerically stable.

2.4 Initial conditions

A few words on the choice of the initial conditions for a molecular dy-

namics calculation are necessary. Indeed, setting up an initial condition can,

depending on the complexity of the system, be a nontrivial problem.

For a simple liquid, one might start with initial coordinates corresponding

to the solid phase of the substance and then simply melt the solid structure

under thermodynamic conditions appropriate to the liquid. Alternatively,

one can begin with random initial coordinates, restricting only the distance

between particles so as to avoid strong repulsive forces initially.

For more complex systems such as molecular crystals or biological macro-

molecules, it is usually necessary to obtain initial coordinates from an ex-

perimental X-ray crystal structure. When using experimental structures, it

might be necessary to supply missing information, such as the coordinates

of hydrogen atoms that cannot be experimentally resolved. For biological

systems, it is often necessary to solvate the macromolecule in a bath of water

molecules (as in our case). In these cases, therefore, a minimization process

is necessary, in order to eliminate all possible steric clashes, i.e. atoms that

are too close together. Indeed, the interactions for atoms that are too close
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would yield very large values of energy and thus lead to huge forces that

would kick particles around, with a trajectory resembling an explosion of the

system of interest. The minimized coordinates constitute the starting point

for the MD.

Once the initial coordinates are specified, it remains to set the initial

velocities. This is generally done by “sampling” the velocities from a Maxwell-

Boltzmann distribution at the desired temperature:

p
(
~̇ ir
)

=

√
mi

2πTkB
exp

(
−mi~̇ ir

2

2TkB

)
(2.15)

2.5 Models for particle interactions: the force
fields

As already mentioned, to integrate the equations of motion we need to

specify the function U , the potential energy of the system, the so called force

field (FF).

The representation of the potential energy of the protein as a function

of its atomic coordinates is fundamental for the simulations. The states ex-

pected to be populated at thermal equilibrium are the low-energy regions of

this potential energy function, and forces on individual atoms are related to

the gradient of this function, which is why such functions are also commonly

referred to as “force fields”. Atomistic simulations of the properties of pro-

teins commonly consider an average over the much-faster electronic motions,

so that the energy surface on which the atoms move is the Born-Oppenheimer

ground-state energy [33]. It is not yet feasible to calculate directly such sur-

faces for macromolecules with high accuracy by means of quantum chemistry

electronic structure calculations, so most practical simulations use a set of
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simple classical functions to represent the energy, adjusting a large number

of parameters to optimize agreement with experimental data and with quan-

tum calculations on smaller molecules. The design and parameterization of

force fields for use in protein simulations is a complex task, involving many

decisions concerning which data to emphasize in the fits, expectations of

transferability to areas outside the “fit set” and computational efficiency.

In the most general terms, molecules are simply defined as a set of atoms

that are held together by simple elastic (harmonic) forces and the FF replaces

the true potential with a simplified model valid in the region being simulated.

Ideally it must be simple enough to be evaluated quickly, but sufficiently

detailed to reproduce the properties of interest of the studied system. There

are many force fields available in the literature, having different degrees of

complexity, and oriented to treat different kinds of systems. Each FF, then,

may be of different type:

• All atoms: each atom is represented by a sphere of radius equal to the

van der Waals radius. The interactions are defined between pairs of

atoms.

• United atoms: more atoms (typically 2 or 3) are represented by a single

sphere. Typically, the aliphatic carbons are represented by a ball which

includes also the neighboring hydrogens.

• Coarse grained: groups of atoms are represented by a single sphere.

• Polarizable force fields: the electric charge present on atoms can vary

due to charge distributions in the surrounding area.

The most popular FFs are AMBER [15], CHARMM [16], GROMOS [17],

OPLS [18], and MM [19]. All of them are quite general, but the first three
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are often employed in simulations of biomolecules. It must also be noted that

many of these force fields are continuously evolving and different versions are

available.

In our simulations we use the latest version of CHARMM, namely CHARMM36

[20].

2.6 Calculation of interactions

A typical expression for a FF is given by:

U = Ubonded + Unon−bonded (2.16)

where

Ubonded = Ubonds + Uangles + Udihedrals + Uimpropers (2.17)

Unon−bonded = UvdW + Uelectrostatics (2.18)

Therefore:

U = Ubonds + Uangles + Udihedrals + Uimpropers + UvdW + Uelectrostatics (2.19)

The first four terms refer to intramolecular or local contributions to the total

energy (bond stretching, angle bending, and dihedral and improper torsions)

and the last two terms describe the van der Waals interactions (typically by

means of a Lennard-Jones potential) and the Coulombic interactions.

We can note that Unon−bonded concerns all the pairs of atoms of the system,

regardless of their state of bond. Unlike Ubonded, in this case it is necessary to

calculate these interactions for all the pairs of atoms: therefore the calculation

of Unon−bonded entails higher costs in terms of machine time.
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2.6.1 Intramolecular terms

Bond stretching (Fig. 2.1) is very often represented by a simple harmonic

function that controls the length of covalent bonds:

Ubonds = kij(rij − rij,0)2 (2.20)

Fig. 2.1: Representation of the bond stretching.

The constants kij and rij,0 depend on the two atoms i and j and the type of

bond (single, double, triple). Reasonable values for rij,0 can be obtained from

X-ray diffraction experiments, while the spring constant may be estimated

from infrared or Raman spectra. The harmonic potential is a poor approxi-

mation for bond displacements larger than 10% from the equilibrium value.

Additionally, the use of the harmonic function implies that the bond can-

not be broken, so no chemical processes can be studied. Occasionally some

other functional forms are employed to improve the accuracy. However, since

those forms are more expensive in terms of computing time and under most

circumstances the harmonic approximation is reasonably good, most of the

existing potentials use the simpler harmonic function.

Angle bending (Fig. 2.2) is also usually represented by a harmonic poten-

tial:

Uangles = kijk (θijk − θijk,0) (2.21)

The constants kijk and θijk,0 depend on the three atoms i , j and k and the

type of bond.
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Fig. 2.2: Representation of the angle bending.

In any molecule containing more than four atoms in a row, we need to

include also a dihedral or torsional term (Fig. 2.3).

Fig. 2.3: Representation of the dihedral term.

While angle bending, and in particular bond stretching, are high frequency

motions that often are not relevant for the study of the properties of interest

and can be replaced by a rigid approximation (see section 2.3), torsional mo-

tions are typically hundreds of times less stiff than bond stretching motions

and they are necessary to ensure the correct degree of rigidity of the molecule

and to reproduce the major conformational changes due to rotations about

bonds. Therefore they play a crucial role in determining the local structure

of a macromolecule or the relative stability of different molecular conforma-

tions. Torsional energy is usually represented by a cosine function:

Udihedrals = kn [1 + cos (nφ− δ)] (2.22)
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where φ is the torsional angle (angle formed by two planes containing three

atoms in a row), δ is the phase, n defines the number of minima or maxima

between 0 and 2π and kn determines the height of the potential barrier. The

torsional parameters are usually derived from ab initio calculations and then

refined using experimental data such as molecular geometries or vibrational

spectra.

At last, we can have improper dihedral (Fig. 2.4), in which the atoms are

located in a plane or form a certain dihedral angle even when they are not

in consecutive positions.

Fig. 2.4: Representation of the improper dihedral term.

To describe these interactions, typical expressions of the potential are:

Uimpropers = kijkl (φijkl − φijkl,0) (2.23)

where the constants kijkl and φijkl,0 depend on the four atoms and the various

bonds involved.

2.6.2 Intermolecular terms

Van der Waals interactions between two atoms arise from the balance

between repulsive and attractive forces. Repulsion is due to the overlap of

the electron clouds of both atoms, while the interactions between induced
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dipoles result in an attractive component that varies as r−6 (r is the distance

between the two atoms). The 12-6 Lennard-Jones potential is very often used

to represent these interactions, but it is not uncommon to find some “softer”

terms to describe the repulsive part.

UvdW = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(2.24)

Fig. 2.5: Representation of the Unon−bonded term.

The electrostatic interactions are described simply by the Coulomb law:

Uelectrostatics =
1

4πε0εr

qiqj
rij

(2.25)

where εr depends on the solvent used, if it is not explicity taken into account

at the atomistic level of detail.

As already mentioned above, non-bonded interactions concern all atom

pairs in the system and thus their computational cost is higher. We must

also note that Lennard-Jones and electrostatics interactions operate on very

different lengths scales: while the latter are a long-range interactions, the

former are a short-range interactions, therefore we can save time by cutting

the Lennard-Jones potential beyond a certain distance.

The following sections describes the different treatment of short and long-

range interactions.
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2.6.3 Periodic boundary conditions and truncated in-
teractions

In a computer, the size of the system is always finite, so we need to impose

some boundary conditions. We could use rigid walls, but then the surface

effects would blur the real bulk physics. So, unless we are really interested

in those effects, we need to use periodic boundary conditions (PBC). In this

case, the simulation box is surrounded by an infinite number of replicas of

itself, as shown in Fig. 2.6. Only the N atoms inside the main cell are

considered explicitly, but as soon as one of the atoms leaves the cell, an

image particle enters from the opposite side to replace it.

Fig. 2.6: Representation of periodic boundary conditions.

The potential energy of a system with PBC, assuming only pair interac-

tions, is:

U (~r1, ..., ~rN) =
∑
i,j;~n

′u (| ~rij + ~nL|) (2.26)

where L is the size of the main cell (for simplicity we assume that it is cubic)

and ~n is a vector with integer components. The prime indicates that the
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summation extends over all particle pairs, except for i = j when ~n = 0. To

calculate the potential energy of a system with PBC, it is therefore necessary

to calculate a sum of infinite terms.

Short-range interactions allow us to consider only neighboring particles

up to a certain distance, i.e. a cutoff radius rcut is introduced beyond which

mutual interactions between particles are neglected. To improve accuracy,

one may introduce long-range corrections ∆u to the potential in order to

compensate for the fact that the interactions beyond the cutoff are neglected

in the calculation. The whole short-range potential may then be written as:

Usr =
∑

ut+s (rij) + ∆u (2.27)

where

ut+s (rij) =

{
u (rij)− u (rcut) if rij ≤ rcut

0 if rij > rcut
(2.28)

This definition takes into account also the the fact that in most cases u (rij)

is not exactly equal to 0 for rij = rcut and therefore there is a discontinuity

which can be eliminated by introducing a shift. However, there is still a

problem: the forces now have a discontinuity at u (rij). A protocol that

ensures continuous forces and energies modifies the truncated interaction as:

ũ (rij) = u (rij)S (rij) (2.29)

where S (rij) is a switching function:

S (rij) =


1 if rij < rcut − λ
1 +R2 (2R− 3) if rcut − λ < rij ≤ rcut

0 if rij > rcut

(2.30)

and R = 1
λ
|rij − (rcut − λ)|. The parameter λ is named healing length of

the switching function. This function has two continuous derivatives, thus

ensuring that both forces and energies are continuous.
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The long-range correction in the case of Lennard-Jones interactions can

be calculated to yield:

∆u = 2πρ

∫ ∞
rcut

dr r2u (r) =
8εijπρσij

3

3

[
1

3

(
σij
rcut

)9

−
(
σij
rcut

)3
]

(2.31)

where ρ is the numerical density of the particles in the system and it was

assumed that the particles are disordered for rij > rcut, that is that their

radial distribution functions is equal to 1. Since in our system of interest we

will also calculate the pressure, we need to introduce a corrective term for it

in the form:

∆P = −2πρ2

3

∫ ∞
rcut

dr r3u (r) =
16εijπρ

2σij
3

3

[
2

3

(
σij
rcut

)9

−
(
σij
rcut

)3
]
(2.32)

Obviously, we cannot truncate any potential: whether this would be possible

or not depends on how fast the potential decays. Assuming a power-law decay

such as U (r) = Ar−n, we have that the corresponding energy correction is:

Uc ∝
∫ ∞
rcut

dr r2−n = lim
r→∞

B

rn−3
cut

− C (2.33)

where B and C are finite quantities. Clearly, if n ≤ 3 in this particular case,

the correction to the energy diverges, no matter how long the cutoff radius is.

Hence, truncation would not be of any use: for the calculation of electrostatic

interactions we cannot simplify truncate the potential since it decays as r−1.

Now, we note that whether the system should interact with its periodic

replicas or not depends on the nature of the interaction. For the short-range

interaction, if the potential range is not too long (the cutoff radius does not

exceed half of the box size), then the Minimum Image Convention can be

adopted in the calculation of short-range terms. In this condition, given a

particle i of thesystem, it will interacts with another particle j within the

same cell or with the image of j that is closest to it.
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In the case of macromolecules simulated in solution (as in our case), the

interactions of the macromolecules with their periodic images would be an

artifact and should be avoided. Thus, a common rule of thumb is to build a

water box around the solute such that the length of each box vector exceeds

the length of the macromolecule in the direction of that edge plus twice the

cutoff radius.

2.6.4 Neighbor list

The cutoff radius alone is not sufficient to reduce the computational cost

associated with the short-range forces, because it is still necessary to look

at all the N2 pairs to determine if the condition rij < rcut has occurred.

However, since the cutoff radius ensures that a given particle will interact

with only a finite number of other particles, we can write a list of all the

j particles with which the i particle interacts. This is called Verlet list

of neighbors (1967). Since typically the particles move around, the list of

neighbors must be updated from time to time during the simulation. The

average frequency of updating is controlled by δ, named skin length. A matrix

of all the particles that are at a distance smaller than rcut + δ is created for

each particle i (Fig. 2.7). Once the list has been stored, we visit its elements

and calculate all the energies and forces of the pairs. The value of δ must be

optimized for each system to be simulated (typically ≈ 1− 2Å).

At the beginning of the simulation, the initial positions {~r1 (0) , ..., ~rN (0)}

are saved and an initial Verlet list is generated. At each time step k∆t

with k = 1, 2, 3, ... the displacements of each particle from its initial position

∆i = |~ri (k∆t)− ~ri (0)| are evaluated, and the maximum of these shifts ∆max

is determined. If at the n-th step ∆max >
δ
2
, then the interactions contained

in the list will no longer be correct, and therefore the list of the neighbors
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Fig. 2.7: Representation of Verlet and link cell list methods.

must be updated. The saved positions {~r1 (0) , ..., ~rN (0)} are replaced by

{~r1 (n∆t) , ..., ~rN (n∆t)} and the Verlet list is written again starting from

this new positions. Now, at each time step, the test on the displacement is

done using ∆i = |~ri [(k + n) ∆t]−~ri (n∆t) |. Again, if ∆max >
δ
2
, the creation

of a new neighbor list is needed. In this way we can determine automatically

when the list of neighbors must be calculated. In all steps, the computation

time required for the interactions is proportional to Nn , where n is the

number of particles in the sphere of radius rcut, and therefore it scale as N .

Only at the step in which the list needs to be updated, the computation time

becomes proportional to N2.

For systems with a large number of particles this may still be a problem,

which can be remedied by introducing the method of the cells, also known

as link list and link cell. This algorithm is used in the case in which rcut is

much smaller than the side of the main cell. In this case it is convenient to

divide the main cell into cells of size l = rcut so that the search for particles

that interact with a given particle can occur only within the cell in which
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it is located, or in those just adjacent to it. It is important to note, finally,

that the Verlet and link cell methods can be used together. In particular,

the implementation of a Verlet list created starting from the division in cells

obtained by the link cell drastically reduces the number of particles to be

subject to the test of the distances, and therefore reduces the disadvantage

of the Verlet list for systems with many particles.

2.6.5 Long range electrostatics: Ewald summation method

As mentioned above, the calculation of electrostatic interactions cannot

be performed without taking into account their intrinsic long-range nature.

In this section, we will describe how this can be achieved by the Ewald sum-

mation method [35]. Specifically, we assume to have to have N particles

in the fundamental cell of the simulation box of volume V = L3; we also

assume the total charge of the system is zero. Our goal is to compute the

total potential Coulomb energy:

UCoul =
1

2

N∑
i=1

qiφ (~ri) (2.34)

with:

φ (~ri) =
′∑
j,~n

qj
|~rij + ~nL|

(2.35)

φ (~ri) is the electrostatic potential in ~ri generated by all the particles of the

system, including images, calculated in the position of the i-th particle. The

prime indicates that the summation extends over all particle pairs in all unit

cell images, except for i = j pairs when ~n = 0 (~n is a lattice vector with inte-

ger components).This summation is conditionally convergent, i.e. convergent

but not absolutely convergent: the result depends on the order in which the

terms are summed. The basic idea of the Ewald method (1921) is to replace



2.6 Calculation of interactions 47

the given system with one equivalent to it, for which the calculation of the

electrostatic interactions can be realized by means of absolutely convergent

series. To this end, we note that the potential in eq. 2.35 is given by N

point-like charges, whose charge distribution is a Dirac delta function; the

electrostatic potential of such charges decays with 1/r. If we screen these

charges with a charge density of the opposite sign, their potential would de-

cay more rapidly, because from a distance the total charge would appear to

be zero. Hence, we can add and subtract a Gaussian distribution of opposite

charge for each delta-like one (Fig. 2.8).

Fig. 2.8: Representation of the Ewald summation method. A set of point
charges is equivalent to the same set of point charges to which screening
charge distributions are added and subtracted.

In this way, then, we separate the calculation of the electrostatic energy into

two parts. In the first, we calculate the effect due to a potential generated

by a distribution of screened point charges, which quickly decays to zero

for long distances. So the first contribution to the electrostatic energy of

the system is provided by a series which converges rapidly in real space,

where the convergence is controlled by the type of screening distribution

adopted. This is a short range contribution. It remains then to calculate

the contribution due to the set of diffused distributions but with the same

charge qi of the point charges, namely its long-range contribution. This will
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prove to be calculable by a series in reciprocal space, whose convergence will

be controlled also by the shape of the chosen distribution.

The charge density of our original system is represented by an infinite set

of point charges qi that can be written in terms of delta functions as:

ρi (~r) = qiδ (~r − ~ri + ~nL) (2.36)

Consider now the isotropic Gaussian charge distributions:

ρGaussi (~r) = qi

(α
π

) 3
2
e−α|~ri+~nL|

2

(2.37)

where α is an arbitrary parameter adaptable to optimize the speed of con-

vergence. We can now decompose the original density eq. 2.36 by adding and

subtracting a Gaussian charge density for each of the delta-like charges:

ρi (~r) =
∑
i

{
qiδ (~r − ~ri + ~nL)− ρGaussi (~r)

}
+
∑
i

ρGaussi (~r) (2.38)

In order to exclude self-interactions deriving by the fact that we considered

point-like particles, the contributions of these three charge densities should

not be evaluated at ri. However, it is convenient to keep self-interactions in

the charge distribution ρGauss (the last term in eq. 2.38) since in this way

it is periodic and can be represented as a rapidly converging Fourier sum in

the reciprocal space. The spurious self-interactions can be easily subtracted

separately at the end.

Thus, the evaluation of UCoul splits into three different terms:

UCoul = Ureal + Ureciprocal − Uself (2.39)

The first two sums, however, depend on the inter-particle separations rij,

which need to be evaluated at each time step. Therefore, the lattice sum is

essentially split into a sum which is evaluated in real space and a sum over
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the reciprocal space vectors, k = 2πn/L at each time step. The first term

in eq. 2.39 gives the potential of a set of point charges that are screened by

an opposite charge of the same magnitude but with a Gaussian form factor

with the width of the Gaussian given by α:

Ureal =
1

2

N∑
i,j=1

′∑
~n

qiqj
|~ri,j + ~nL|

erfc
(√

α |~rij + ~nL|
)

(2.40)

Ureal is very similar to eq. 2.34 although it contains mainly short-range con-

tributions since the long ranged 1/r function is here substituted by the short

ranged erfc (r) /r, where:

erfc (x) = 1− 2√
π

∫ x

0

e−u
2

du (2.41)

is the complementary error function which decays to zero as e−x2 for large x.

As a result, the interaction vanishes above a cutoff roughly equal to α−1/2,

and for each pair of particles i and j the interaction can be approximated by

only one periodic image term. Typically, α is chosen such that the truncation

error is of the order of 10−5 − 10−6 of Ureal.

In contrast, the second term in eq. 2.39 contains mainly long-range con-

tributions. Therefore, the sum is better evaluated in reciprocal space:

Ureciprocal =
4π

2L3

N∑
i,j=1

∑
k 6=0

1

k2
qiqje

− k
2

4α eik~rij (2.42)

Ureciprocal is in principle a sum over an infinite number of terms, but the factor

exp (−k2/4α) ensures a fast convergence in the reciprocal space for large k-

vectors, and normally no more than 5 − 10 wave vectors in each direction

are required. Its calculation is however the most time consuming part in the

Ewald scheme.

The Uself term is given by:

Uself =

√
α

π

N∑
i=1

q2
i (2.43)
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Uself is the self-interaction of the Gaussian charge distributions: it must be

subtracted from the total, but it does not depend on the atomic configuration

and can be calculated at the beginning of the simulation.

2.6.6 Particle Mesh Ewald

Ewald summation is the most correct method to treat Coulombic inter-

actions, although its application to simulations of disordered system is some-

times criticized because it imposes an artificial periodicity in a system that is

not inherently periodic. Another inconvenience is that it is computationally

expensive. An optimized Ewald sum scales with the number of atoms as

O
(
N

3
2

)
, while for large systems the computation of the short-range poten-

tial scales as O (N). There are several variants of the Ewald sums scaling

as O (N logN). They are called particle-mesh methods because they exploit

the fact that the Poisson equation can be solved much more efficiently if the

charges are distributed on a mesh. The most popular ones are the Particle-

Particle / Particle-Mesh (PPPM) [21], the Particle Mesh Ewald (PME) [22],

and the Smooth Particle Mesh Ewald (SPME) [23] methods.

The idea is to introduce a mesh in real space and approximate the dis-

tribution of atomic charges of the system with a charge distribution on the

grid, through an interpolation with appropriate polynomial functions. The

long-range contribution is then calculated with a discrete Fourier transform

applied to the grid, through the Fast Fourier Transform (FFT) algorithm

[24]. Moreover, thanks to a rescaling of the coordinates, one can control the

density of the grid points in the main cell, and then choose the accuracy of

this approximation.

The PME method is employed in the NAMD program [34] and used in

this thesis.
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For the use of this method it is important to note that the total charge of

the system must be zero, so that we do not have a system that will become

infinitely charged when considering the periodic images of the simulation

cell. Therefore, the system is neutralized adding sodium and chloride ions of

physiological concentrations.

2.7 Molecular Dynamics in the NVT and NPT
ensembles

The microcanonical ensemble represents a collection of systems isolated

from the surroundings. Each system in the ensemble is characterized by fixed

values of the particle number N , volume V , and total energy E. Moreover,

since all members of the ensemble have the same underlying Hamiltonian

H(x), the phase space distribution of the system is uniform over the constant

energy hypersurface H(x) = E and zero off the hypersurface. Therefore, the

entire ensemble can be generated by a dynamical system evolving according

to Hamilton’s equations of motion q̇i = ∂H/∂pi and ṗi = −∂H/∂qi, under

the assumption that the dynamical system is ergodic, i.e., that in an infinite

time, it visits all points on the constant energy hypersurface. Under this

assumption, a molecular dynamics calculation can be used to generate a

microcanonical distribution.

The main disadvantage of the microcanonical ensemble is that conditions

of constant total energy are not those under which experiments are per-

formed. It is, therefore, important to develop ensembles that have different

sets of thermodynamic control variables in order to reflect more common

experimental setups. The canonical ensemble is an example. Its thermo-

dynamic control variables are constant particle number N, constant volume

V, and constant temperature T, which characterize a system in thermal con-
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tact with an infinite heat source. Although experiments are more commonly

performed at conditions of constant pressure P (as in our case), rather than

constant volume, or constant chemical potential , rather than constant parti-

cle number, the canonical ensemble nevertheless forms the basis for the NPT

(isothermal-isobaric) and µVT (grand canonical) ensembles.

When a system is in thermal contact with an infinite external heat source,

its energy will fluctuate in such a way that its temperature remains fixed,

leading to the conditions of the canonical ensemble. The Hamiltonian H(x)

of the system, which is not conserved, obeys a Boltzmann distribution,

exp [−βH(x)]. Although we may argue that these energy fluctuations vanish

in the thermodynamic limit, most simulations are performed far enough from

this limit that the fluctuations cannot be neglected.

In order to generate these fluctuations in a molecular dynamics simula-

tion, we need to mimic the effect of the thermal reservoir. In practice, we

need a thermostat algorithm to control the temperature of the system during

the MD run. Various methods to achieve this have been proposed (Langevin,

Berendsen, Nosé-Hoover).

In general, one can distinguish four different types of control mechanisms

(also valid in the case of the pressure):

• Differential control: the thermodynamic quantity is fixed to the chosen

value and no fluctuations around an average value occur.

• Proportional control: the variables, coupled to the thermodynamic

property f , are corrected in each integration step through a coupling

constant towards the chosen reference value of f . The coupling con-

stant determines the strength of the fluctuations around the mean value

of f .
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• Integral control: the system’s Hamiltonian is extended by introducing

extra-variables that represent the effect of an external system. The time

evolution of these variables is determined by the equations of motion

derived from the extended Hamiltonian.

• Stochastic control: the values of the variables coupled to the thermo-

dynamic property f are propagated according to modified equations

of motion, where certain degrees of freedom are additionally modified

stochastically in order to give the desired mean value of f .

It must be mentioned at the outset, however, that most canonical “dy-

namics” methods do not actually yield any kind of realistic dynamics for a

system coupled to a thermal bath. Rather, the trajectories generated by

these schemes comprise a set of microstates consistent with the canonical

distribution. In other words, they produce a sampling of the canonical phase

space distribution from which equilibrium observables can be computed.

The most straightforward approach to kinetic control is a simple peri-

odic rescaling of the velocities such that the instantaneous kinetic energy

corresponds to a desired temperature. The instantaneous temperature T is

obtained directly from the instantaneous kinetic energy K = 1
2

∑N
i=1mi~v

2
i

and from the theorem of equipartition of energy, for which:

T =
2K

3NkBT
(2.44)

where N is the number of degrees of freedom and kB is the Boltzmann con-

stant. In the algorithm known as velocity rescaling, the velocities are cor-

rected by a multiplicative factor so as to obtain a kinetic energy compatible

with the desired temperature. This simple approach is wrong for two reasons:

it introduces sudden jumps of the kinetic energy and of the trajectories at

certain instants of time and, therefore, its characteristic of discontinuity fits
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badly with the approach of molecular dynamics. Moreover this algorithm

cancels the fluctuations of the kinetic energy which are instead typical of a

canonical ensemble.

It is possible to improve this approach by replacing the velocity rescaling

with a periodic extraction of the velocity from a Maxwell-Boltzmann distri-

bution. Such a scheme ensures only to obtain a canonical distribution in

the generalized momentum space and not in the position space. However, it

may be useful in the initial phase of a calculation of molecular dynamics to

avoid unfavorable contacts due to particularly unfortunate choices of initial

positions.

This method can be further refined (Andersen thermostat [25]) by select-

ing a subset of velocities that are resampled at each time step according to a

collision frequency ν. The probability that each particle will undergo a colli-

sion (i.e. a resampling event) over a time ∆t is ν∆t. Therefore, if a random

number in the interval [0, 1] is less than ν∆t, the velocity of the particle is

recalculated.

Among all methods, the approaches of the “extended phase space” are by

far the most popular. These techniques, developed mainly in the ’80s and

’90s, enrich the physical phase space with additional variables that are used

to mimic the effect of a thermal bath in a dynamic deterministic scheme.

Examples are the Nosé-Hoover algorithm [26] and Nosé-Hoover chains [27].

As regards the NPT ensemble, in order to maintain a fixed internal

pressure, the volume of a system must be allowed to fluctuate. We may

therefore view an isobaric system as coupled to an isotropic “piston” that

compresses or expands the system uniformly in response to instantaneous

internal pressure fluctuations such that the average internal pressure, calcu-

lated by the virial, is equal to an external applied pressure.
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Volume fluctuations can be isotropic or anisotropic. Bulk liquids and

gases in equilibrium only support isotropic fluctuations. However, in any

system that is not isotropic by nature, anisotropic volume fluctuations are

possible even if the applied external pressure is isotropic.

Also in this case, the dynamics of the NPT ensemble can be achieved

through techniques of extended phase space: the volume is treated as an

additional dynamic variable with a corresponding generalized moment, which

serves to control the fluctuations of the external pressure. In this sense, the

most used simulation algorithm is the MTK [28]

2.7.1 Langevin thermostat and barostat

In this thesis, to sample the NPT ensemble we used the Langevin ther-

mostat and barostat: both algorithms are based on the Langevin dynamics.

In particular, the barostat is derived from the Nosé-Hoover constant pressure

method, where an extra degree of freedom corresponding to a piston is added

into the equations of motion.

The Langevin dynamics is a way to control the kinetic energy of a system,

and thus to control the temperature. The method uses the Langevin equation

which, for a single particle, can be written as:

q̇ (t) = F (q (t))− γp (t) +
σ√
m
R (t) (2.45)

In the second member of the equation, two additional terms accompany the

ordinary force acting on the particle. The second term represents a frictional

damping that is applied to the particle with frictional coefficient γ. The third

term represents random forces which act on the particle and simulate random

collisions with the particle of a thermal bath with R (t) Gaussian random

number with average 〈R (t)〉 = 0 and autocorrelation 〈R (t)R (t′)〉 = 0. The

action of the two terms keeps the kinetic energy and thus the temperature of
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the system constant. The higher the chosen value for the damping constant

γ the smaller the fluctuations of the temperature but also the smaller the

diffusion of the particle and hence the slower the sampling of the phase space.

Hence, this parameter should be chosen as small as possible so as to keep the

temperature constant without slowing the dynamics too much.

By coupling the Langevin dynamics to the velocity Verlet algorithm, we

obtain the following algorithm which keeps the temperature constant:

• Update the positions and momentum until the time ∆t/2:

p← p+ 0.5∆tF (2.46)

q ← q + 0.5∆t
p

m
(2.47)

• Extract the random Gaussian number R.

• Apply the thermostat which leads to an update of the quantity of mo-

tion of this type:

p← p exp (−γ∆t) +
σ√
m

√
1− exp (−2γ∆t)

2γ
R (2.48)

Update the positions until the time ∆t:

q ← q + 0.5∆t
p

m
(2.49)

• Calculate the forces.

• Update the momentum:

p← p+ 0.5∆tF (2.50)
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As regards the barostat, the simulation algorithm is based on the numer-

ical solution of these equations:

q̇ =
p

m
+ ėq (2.51)

ṗ = F − ėp− γp+R (2.52)

V̇ = 3V ė (2.53)

ë =
3V

W
(P − P0)− γeė+

Re

W
(2.54)

W = 3Nτ 2kBT (2.55)

where e is the moment conjugate to the volume V , W is an inertial term

associated to the volume, R and Re are two random Gaussian numbers, γ

and γe are the damping constants associated with the atoms and the piston

respectively, P0 is the external pressure, τ is the period of oscillation of the

piston.

In our simulations, the Langevin dynamics was applied to the atoms and

to the piston so as to mantain a constant temperature of 300 K and a constant

pressure of 1 atm.



Chapter 3

MD Investigation of
Channelrhodopsin-2

In this Chapter we describe the application of classical Molecular Dynam-

ics simulations to the study of the protein Channelrhodopsin-2. In order to

prepare the system for the simulation, we adopt a protocol that consists in a

series of steps. Starting from the X-ray solved structure of the C1C2 chimeric

protein we used the Swiss Model web interface to build a 3D model of ChR2.

Then, we reproduced the natural environment of the protein (adding the wa-

ter and the ions) through the VMD (Visual Molecular Dynamics) software.

VMD is a graphics program that allows to view and analyze molecules and

trajectories of the systems. We used the NAMD simulation package [34] to

run the classical MD simulations. NAMD is a parallel molecular dynam-

ics code designed for the high-performance simulation of large biomolecular

systems. There are also other codes, e.g. GROMACS and LAMMPS, each

with their own features, that can be used depending on the system under

investigation.

58
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3.1 System Setup

The ChR2 model obtained by mutating the C1C2 chimeric protein (PDB

code 3ug9) did not contain the retinal. This was added by taking its co-

ordinates from the chimeric form and inserting them into the model ChR2,

covalently bound to the lysine residue 257. In order to simulate the whole

system, the force field parameters for the retinal [46] were inserted into the

CHARMM36 parameter file. The protonation states of HIS201, GLU123,

GLU90 and ASP156 were chosen following ref. [11]. Hydrogen atoms were

added and a phospholipid bilayer of POPC molecules was built using the

specific VMD plugin tool. The membrane was aligned with the protein and

a hole was carved into it so as to accommodate the whole protein structure

avoiding steric clashes between the phospholipid molecules and the protein.

A first short simulation (500 ps) of the system in vacuum allowed to minimize

and equilibrate the system of the protein (held fixed) and the membrane. The

obtained system was solvated: the TIP3P model [47] was chosen for water

molecules. Na+ and Cl− ions were added in order to obtain the neutrality

of the whole system and a total physiological concentration of 150 mM. The

final system consisted of 91223 atoms. A new minimization and equilibra-

tion was performed first with the protein held fixed (500 ps) and then by

introducing harmonic restraints on the protein atoms (300 ps). The system

was then equilibrated by performing MD simulations with a time step of 2

fs in an NPT ensemble at a temperature of 300 K and a pressure of 1 atm.

Details of the configuration file are reported in Appendix A. All simulations

were run on the JURECA supercomputer in Jülich (Germany) and on the

GALILEO supercomputer at CINECA, Italy. The total simulation time was

120 ns, corresponding to 60 millions of steps.

The following sections will describe my analysis of the obtained trajec-
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tory, with the twofold aim of assessing the quality of our simulations and to

investigate different aspects of the membrane protein under analysis.

3.2 RMSD and RMSF

Usually the initial structure of a protein is determined experimentally.

For this reason it is affected by crystal packing artifacts and may even lack

some atoms. This structure is far from equilibrium and requires a so-called

equilibration phase in order to obtain a reliable sampling of the chosen sta-

tistical ensemble.

To this aim, we calculated the RMSD (Root Mean Square Deviation) of

the protein backbone to prove that our protein is conformationally stable.

The RMSD evaluates the geometrical difference between two structures. It

is defined as:

RMSD =

√∑Natoms
i=1 (ri (t1)− ri (t2))2

Natoms

(3.1)

where Natoms indicates the number of the atoms and ri (t) is the position of

the atom i at time t. In practice, the RMSD quantifies the deviation from a

defined position in space of a given portion of our molecule of interest.

Using a TCL script in VMD, we selected the atoms of the backbone of the

protein, excluding the hydrogens, and calculated the RMSD for each frame

(time t1 in eq. 3.1) of the first 50-ns of the simulations, using frame 0 as a

reference (time t2 in eq. 3.1). The obtained RMSD is reported in Fig. 3.1.

The RMSD increases in the first 20 ns: we can therefore assume that, in

this phase of the simulation, the protein changes its conformation evolving

towards equilibrium. After 20 ns the RMSD is constant: the protein has

relaxed from the initial crystal structure to a more stable one. Hence, we
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Fig. 3.1: RMSD plot.

can conclude that our system was sufficiently equilibrated after the first 20

ns of the simulation. The remaining 100 ns are therefore suitable for the

statistical analysis of the equilibrium state of the protein.

We also calculated the Root Mean Square Fluctuations (RMSF). The

latter is a measure of the deviation between the position of the particle i and

its reference position:

RMSF =

√√√√ 1

T

T∑
tj=1

(xi (tj)− x̃i)2 (3.2)

where T is the simulation time, and x̃i is the reference position of particle i.

We notice that RMSD and RMSF are similar but different. The RMSF

is an average over time and it is defined for each particle i. On the contrary,

the RMSD is an average over all the selected particles of the system at each
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time t. Fig. 3.2 displays the RMSF for each Cα of the protein calculated over

the last 100 ns of the trajectory.

Fig. 3.2: RMSF plot.

ChR2 is a dimer thus Chain A and Chain B indicate the two identical

monomers. The x axis reports the residues of the protein, identified by

their corresponding number. We have analyzed the fluctuations of the Cα

atoms since there is only one Cα for each residue. The y axis reports the

corresponding RMSF values. Since the two chains are identical, the two

curves are very similar. There are a few peaks, in correspondence with the

most unstable residues. Fig. 3.3 reports the secondary structure of the protein

in which we colored in red these unstable residues: these residues correspond

to the coils of the protein, which are the most mobile portions of a protein.

On the contrary the other more stable residues correspond to α-helices and

β-sheets.
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Fig. 3.3: Secondary structure of the ChR2 with unstable residues colored in
red.

3.3 Hydrogen bonds analysis

In this section we discuss the hydrogen bonds present in our system. It is

important to analyze these bonds because they influence the conformational

structure of the protein and some of them can be of high relevance in the

protein function. In general between an electronegative atom with a hydrogen

bonded to it (the donor, D) and another electronegative atom (the acceptor,

A) there is a hydrogen bond if the distance D-A is less than a cut-off distance

(usually 3.0 Angstroms) and if the angle D-H-A is less than a cut-off angle

(usually 20 degrees).

We found all possible hydrogen bonds between the residues of the protein

using VMD and we focused on those that have a high persistence over the

trajecotry and that, in our opinion and on the base of recent studies, may

be important for the function of the ChR2. In particular we focused our

attention on intrahelical hydrogen bonds in the proximity of the retinal active
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site: intrahelical hydrogen bonds, indeed, can play an important role in

protein function by bending the helical structure [36]. Previous studies [11]

found several intrahelical hydrogen bonds in the proximity of the retinal,

which are T127-E123, S155-G151, T159-S155 and T188-Y184. The common

pattern is a hydrogen bond between a polar residue and a backbone oxygen

atom with a hydrogen bonded to it. In particular, these studies found two

most probable conformations of Ser155:

Fig. 3.4: Two conformers regarding Ser155 in the gauche− conformation (on
the left) and in the gauche+ conformation (on the right) (adapted from Un-
derstanding of Channelrhodopsin Function [11]).

in the first knowns conformer (identical with the one found in the crystal

structure of C1C2) T188 forms a hydrogen bond with S155, which has an

intrahelical hydrogen bond in the gauche− conformation (gauche is the usual

term to indicate an internal dihedral angle between 30◦ and 90◦ here reported

as g+ or −30◦ and −90◦, reported as g−); in the second conformer both

T188 and S155 form an intrahelical hydrogen bond in a g+ conformation.

Note that no conformer has an intrahelical hydrogen bond with T188 in
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the g− conformation, which would lead to a definite helix kink according to

Ballesteros et al. [37].

We analyzed all the mentioned intrahelical hydrogen bonds in our tra-

jectory. In particular, Fig. 3.5 and Fig. 3.6 report, for each chain, the two

characteristic dihedral angles of both conformers (the dihedral angles of S155

and T188) calculated for each frame of the trajectory:

Fig. 3.5: Conformers for the chain A.

In chain A (Fig. 3.5), the g+ conformation of S155 is more stable than g−

while for chain B (Fig. 3.6) the g− conformation of S155 is more stable.

Interestingly, we found a third conformer with T188 in the g− conformation,

in which there is a hydrogen bond between the H of the N of T188 and the

O of Y184, as shown in Fig. 3.7. This interaction may bend the α-helix E

and, for this reason, it could be related to the ChR function.
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Fig. 3.6: Conformers for the chain B.

Fig. 3.7: Conformer with Thr188 (T188) in the g− conformation.

3.4 DC gate

Now we concentrate on the so called DC gate formed by the D and C α-

helices. Recent studies identified residues Cys128 and Asp156 in the retinal
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binding pocket to be crucial for the on and off kinetics of the conducting

state: substitution of these residues dramatically slows down the opening and

closure of channel up to 100000-fold [38] [39] [40]. Fourier transform infrared

(FTIR) measurements [41] initially revealed the DC gate formed by a direct

hydrogen bond between Asp156 and Cys128, where a protonated Asp156 is

the acceptor and Cys128 is the donor. However, this model cannot explain

the photocycle kinetics. The question is still opened: other studies [11], based

on the C1C2 X-ray structure, suggest that this hydrogen-bonding pattern

is not very probable and propose other models to explain the photocycle

kinetics, including the presence of a water molecule in the DC gate between

sites 128 and 156.

We found no direct hydrogen bond between these two residues in our

simulation, as showed in Fig. 3.8 and in Fig. 3.9: the distance between the

S of Cys128 and the H of Asp156 is greater than 3 Å during the simulation,

confirming that FTIR measurements are questionable.

Fig. 3.8: Distance between the S of Cys128 and the H of Asp156 during the
simulation.
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Fig. 3.9: Representation of Cys128 (C128) and Asp156 (D156) in a frame of
the simulation. The distance between the S of Cys128 and the H of Asp156
is greater than 3 Å.

On the other hand, we did not find any water molecule between the two

residues, in contrast with what has been proposed in ref. [11]: probably this

is caused by the shorter time span of our simulations (120 ns vs 300 ns),

but our simulations seem to suggest that there is no interaction between

these two residues. A further hypothesis to explain the photocycle kinetics,

is the presence of a van der Waals interaction (dispersion forces) of some

other residues with the retinal. The question is still open, but we can obtain

further insight by looking at the active site of the protein, containing the

retinal molecule.

3.5 Active site

In this section we focus on the active site of ChR2. A comparison of

the active site of ChR2 with that of bacteriorhodopsin (BR) is instructive,

since the latter has been intensely investigated over the last decades [42] [43].
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Both BR and ChR show a comparable fast spectroscopic response to photo-

excitations, which could imply a structural similarity of the active sites [44].

BR has three water molecules in the active site that are characterized by

a pentagonal hydrogen-bonding pattern connecting the Schiff base and the

counterions [45]. Recently MD simulations of the ChR2 [11] showed a direct

interaction between the retinal Schiff base and Glu123 (also named E123). In

these simulations no water molecule was directly bound to the retinal Schiff

base and no pentagonal hydrogen bond network was found. Using QM/MM

simulations (quantum mechanics / molecular mechanics simulations), how-

ever, the authors observed a water molecule approaching the Schiff base

(Fig. 3.10): this water molecule forms a hydrogen bond with the Schiff base

similar to BR.

Fig. 3.10: ChR2 representative structure obtained by the QQ/MM MD sim-
ulations (adapted from Understanding Channelrhodopsin Function [11]).

They justified these results with a deficiency of classical force field models.

We notice that, in their plain MD simulations, they used the CHARMM27
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force field.

Interestingly, we observed the presence of a water molecule between the

retinal Schiff base and Glu123 despite our simulations are classical MD sim-

ulations and do not take into account the quantum description of the active

site. The typical pentagonal hydrogen pattern was found for each of the

chains A and B as depicted in Fig. 3.11.

Fig. 3.11: Typical pentagonal hydrogen pattern obtained by our classical MD
simulations.

Since we used the same model for the water molecules (TIP3P), our different

result is probably due to the different force field used in the simulation: the

recently released version of CHARMM, CHARMM36 [20] presents optimized

parameters, especially for the study of biological systems including lipid bi-

layers. This is certainly an important result, confirming the validity of our

simulation procedure, since our results were obtained without resorting to

the computationally expensive quantum calculations.
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3.6 Analysis of the interactions between residues
Thr127 and Glu123

Intrahelical hydrogen bond of Thr127

As shown in Fig. 3.11, Thr127 resides in the active site of ChR2. This

residue forms a hydrogen bond with Glu123. The same motif is found in BR

where a corresponding threonine forms a hydrogen bond with the side chain

of an aspartic acid. It is important to analyze in detail this hydrogen bond.

We measured the dihedral angle χ of Thr127 around the covalent bond

Cα-Cβ. Fig. 3.12 and Fig. 3.13 represent the dihedral angle distribution for

the chain A and B during the MD simulations: they both show two peaks:

a higher peak around 290◦, which corresponds to the intrahelical hydrogen

bond between Thr127 and Glu123, and a smaller peak (more evident for the

chain A) around 220◦, which corresponds to an interaction of Thr127 with

the side chain of Glu123.

Fig. 3.12: Dihedral angle distribution of Thr127 for the chain A.

Since the conformation with χ = 290◦ is predominant, we can conclude that

in the ChR2, as well as for the correspondent residues in the BR, there is an
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Fig. 3.13: Dihedral angle distribution of Thr127 for the chain B.

intrahelical hydrogen bond between Thr127-Glu123.

Correlation between Thr127 and Cys128

Thr127 and Cys128 take part in two significant structural motifs, the

active site and the DC gate, respectively. Recent studies [11] have identified

three stable conformers (labeled as A, B and C) analyzing the dihedral angle

Cα-Cβ-Oγ-Hγ of Thr127 and the dihedral angle Cα-Cβ-Sγ-Hγ of Cys128.

As showed in Fig. 3.14, we also found three conformers:

• in A, Thr127 forms a hydrogen bond with the side chain of Glu123 and

Cys128 is oriented towards the active site;

• in B, Thr127 forms an intrahelical hydrogen bond with the backbone

oxygen of Glu123, while Cys128 remains in the same orientation as in

conformer A;

• in C, Cys128 faces the DC gate region while Thr127 preservs the in-

trahelical hydrogen bond.
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Figure 3.14: Correlation between Thr127 and Cys128: conformers for the
chain A (upper) and chain B (lower).

These conformers are represented in Fig. 3.15.

It is clear that the B conformer is the most stable: when water approaches the

active site between the retinal and Glu123, the stable pentagonal hydrogen

pattern is formed. Consequently, Thr127 forms an intrahelical hydrogen bond

with the oxygen of the backbone of Glu123. On the other hand, Cys128 is
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Fig. 3.15: Representation of the conformers A, B, C.

mostly oriented towards the active site since it doesn’t form any direct bond

with the DC gate. We can also note that in chain A the conformer A is

slightly more populated when compared with the same in chain B: in the

time span of the simulation in chain A the pentagonal hydrogen pattern
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typical of the active site forms later respect with chain B. This is clarified in

Fig. 3.16, which represents the distance between the retinal Schiff base and

the oxygens in the side chain of Glu123 during the simulation (d-O1 in red

and d-O2 in blue).

Fig. 3.16: Distance between the Schiff base and the oxygens O1 and O2 of
Glu123 (E123) for the chain A.

Fig. 3.17: Distance between the Schiff base and the oxygens O1 and O2 of
Glu123 (E123) for the chain B.
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In Fig. 3.16 in the first 26 ns there is a direct hydrogen bond between the

retinal base Schiff and one of the two oxygens of the side chain. After 26 ns,

the oxygens are at a distance higher than 3Å from the retinal. This means

that Thr127 establishes a hydrogen bond with the oxygen of the backbone

of Glu123. In Fig. 3.17 the distance between the Schiff base and the two

oxygens is always greater than 3Å.

3.7 Distribution of water and ions

This section reports a qualitative analysis of the distribution of water

molecules and ions within the protein. Since most of the negatively charged

residues are in helix B, we expect water to be mostly distributed around this

helix. Fig. 3.18 shows a snapshot of our simulation.

Fig. 3.18: Distribution of water inside the protein.

Helix B is colored in blue. It is evident that, inside the protein, water is

mainly distributed along this helix, which contains a large number of charged
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residues, located at every second helix turn and pointing towards the pro-

tein interior, forming a quasi one-dimensional chain of negative charges that

allows water molecules to arrange in a rope-like structure.

As far as ion distributions are concerned, we found two possible sites

where sodium ions tend to persist, which may indicate potential ion binding

sites, as showed in Fig. 3.19. We colored in red these potential ion binding

sites and in yellow sodium ion. Ions enter inside the protein from bulk water,

since the initial structure does not contain ions inside the protein.

Figure 3.19: Two potential ion binding sites (colored in red).



Conclusions

The work described within this thesis aimed at the full reconstruction of

the Channelrhodopsin-2 protein embedded in the realistic environment of a

phospholipid bilayer and in a NaCl solution at the physiological concentra-

tion of 150 mM. This was a difficult task, since the protein structure had

not been resolved by X-ray diffraction nor by NMR. However, the chimeric

structure C1C2 could be considered a good starting point to reconstruct the

ChR2 structure by homology modeling. As with any other model, the vali-

dation with known experimental results and/or more detailed descriptions is

a crucial step. In our case, this meant testing hypothesis on the photoreac-

tion cycle and/or comparing with previous calculations including quantum

mechanical ones. Both situations required a well equilibrated classical MD

simulation, which was the main result of this work. We have shown that

MD simulations are able to equilibrate the system in about 20 ns in the NPT

ensemble and we have achieved a significant statistical sampling of about 120

ns. These simulations can be considered as preliminary, but still sufficient to

draw conclusions based on the analysis of the obtained trajectory.

We have found that many results are in agreement with previous studies.

In particular, the most important result in this respect is the distribution

of water molecules in the active site of the protein. These water molecules

could not be accounted for in previous classical MD studies although compu-

tationally expensive quantum calculations did show that they were present
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and also crucial for the photoreaction cycle of the protein. Most likely, the

reason for our success in this respect lies in the choice of the force field,

CHARMM36, the latest update in the CHARMM family of force fields, re-

leased in 2013. However, we have also found differences in the interactions

between residues that are close to the active site: these will require further

investigation. More importantly, this work is part of a collaboration with the

research group of Prof. M. Verstraete, at the University of Liege, in Belgium.

This group is specialized in TD-DFT calculations: these can be applied to

the retinal molecule in order to predict its absorption spectrum. However,

in order to perform TD-DFT calculations, a reliable starting structure is

needed, since the absorption spectrum of a molecule (let alone the retinal),

depends crucially on the electric field in its surroundings. This thesis work

indeed provides a reliable starting structure and will thus form the basis for

subsequent studies aiming at the full understanding, at the molecular level,

of the photoreaction cycle of ChR2.
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Appendix A

An example of configuration file
of NAMD

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

JOB DESCRIPTION

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

@ Eq. of ChR2

@ embedded in POPC membrane, ions and water.

@ Protein released (restart). PME, Constant Pressure.

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

ADJUSTABLE PARAMETERS

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

structure ../ChR2.psf

coordinates ../ChR2.pdb

outputName ChR2(100ns)

set temperature 300

@ Continuing a job from the restart files

if (1) (
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set inputname ChR2(90ns)

binCoordinates ../*inputname.restart.coor

binVelocities ../*inputname.restart.vel ;@ remove the "temperature" entry if

you use this!

extendedSystem ../*inputname.restart.xsc

)

firsttimestep 0

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

SIMULATION PARAMETERS

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

@ Input

paraTypeCharmm on

parameters ../parametrsall36.txt

@ NOTE: Do not set the initial velocity temperature if you

@ have also specified a .vel restart file!

@ temperature *temperature

@ Periodic Boundary Conditions

@ NOTE: Do not set the periodic cell basis if you have also

@ specified an .xsc restart file!

if (0) (

cellBasisVector1 116.0 0.0 0.0

cellBasisVector2 0.0 94.0 0.0

cellBasisVector3 0. 0. 115.0

cellOrigin 0.07639 -0.000366 3.00824

)
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wrapWater on

wrapAll on

@ Force-Field Parameters

exclude scaled1-4

1-4scaling 1.0

cutoff 12.0

switching on

switchdist 10.0

pairlistdist 13.5

@ Integrator Parameters

timestep 2.0 ;@ 2fs/step

rigidBonds all ;@ needed for 2fs steps

nonbondedFreq 1

fullElectFrequency 2

stepspercycle 20

@PME (for full-system periodic electrostatics)

if (1) (

PME yes

PMEGridSizeX 100

PMEGridSizeY 96

PMEGridSizeZ 100

)

@ Constant Temperature Control

langevin on ;@ do langevin dynamics

langevinDamping 1 ;@ damping coefficient (gamma) of 5/ps
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langevinTemp *temperature

@ Constant Pressure Control (variable volume)

if (1) (

useGroupPressure yes ;@ needed for 2fs steps

useFlexibleCell yes ;@ no for water box, yes for membrane

useConstantArea yes ;@ no for water box, yes for membrane

langevinPiston on

langevinPistonTarget 1.01325 ;@ in bar -> 1 atm

langevinPistonPeriod 200.0

langevinPistonDecay 50.0

langevinPistonTemp *temperature

restartfreq 1000 ;@ 1000steps = every 2ps

dcdfreq 1000

xstFreq 1000

outputEnergies 50

outputPressure 50

@ Fixed Atoms Constraint (set PDB beta-column to 1)

if (0) (

fixedAtoms on

fixedAtomsFile

fixedAtomsCol B

fixedAtomsForces on

)

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
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EXTRA PARAMETERS

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

@ Put here any custom parameters that are specific to

@ this job (e.g., SMD, TclForces, etc...)

@ constraints on

@ consexp 2

@ consref ../ChR2(popc,wi,eq).pdb

@ conskfile ../ChR2(popc,wi,eq).cnst

@ conskcol B

@ margin 3

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

EXECUTION SCRIPT

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

@ Minimization

if (0) (

minimize 2000

reinitvels *temperature

)

run 5000000 ;@ 10 ns
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