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Summary

Summary

The aim of this thesis is to study the thermodynamics and the kinetics of a particular region of the mammalian prion proteins, called β2–α2 loop. To study this
polypeptide segment we used Metadynamics, an enhanced sampling method. In
the last years this loop has attracted special interest in the scientific community
because it seems to be involved in the development of prion diseases.
Although the danger of an epidemic diffusion of these diseases has been avoided
for humans and animals, these proteins are still a fascinating research topic for
scientists of different fields.
In fact, the study of these proteins has created a new paradigm for the concept
of infection. Until a few decades ago it was thought that the only way to infect
an organism was through an external agent containing nucleic acids able to
transcript or make the host organism transcribe toxic molecules. The study of
prions proteins confuted such a dogma.
These proteins have two isoforms: i ) a non-toxic one, called cellular prion protein, and ii ) a toxic one, called Scrapie prion protein, a name that derives from
the first observed prion disease. The Scrapie isoforms are able to impart their
conformation on the cellular isoforms, triggering a chain reaction that leads
to the accumulation of a large amount of fibrils in the central nervous system
causing the death of the organism.
The proliferation of these proteins takes place without nucleic acids, both for
organisms of the same species and for different ones. In the former case this
may happen spontaneously or can be inherited due to some mutation in the
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gene PRNP. In the latter it may arise from dietary exposure to contaminated
food by the Scrapie isoform. The β2–α2 loop region of these proteins, seems to
play a major role in the transmission of prion diseases in different species. In
fact, different sequences of the loop are more or less effective to transmit prion
diseases.
A lot of effort has been done to characterize the kinetics and the thermodynamics of this loop in different species and in different mutants generated by genetic
engineering. Unfortunately neither nuclear magnetic resonance nor X-ray crystallography are able to directly determine lowly populated states or states that
interconvert among them with very fast exchange.
In theory these limitations can be successfully tackled by molecular dynamics,
providing an atomistic description of the explored conformations and of the
transition mechanisms. If the transitions between different conformations are
explored many times one can extract from the trajectories thermodynamic and
kinetic observables defining the relative stability of the conformers and the favored pathways for going from one state to an other. In other words, we can
obtain the free-energy difference between different conformational states and the
relative free-energy barriers allowing the calculation of the rate constants.
For large proteins, with the current super computers, it is possible to reach time
scales on the order of microseconds, or at most, with dedicated architectures, the
milliseconds time scales. Nowadays this is still a substantial limitation, because
proteins with hundreds of residues can have dynamics that reach the time scale
of seconds and beyond. Even for the best possible case in which the dynamics
of a protein is on the order of micro-or milliseconds time scale, the sampling of
the single event is not sufficient to determine the thermodynamic and kinetic
observables.

Summary
Over years, our group has been involved in the development of enhanced sampling methods, based on the deposition of a repulsive potential on few characteristic degrees of freedom that describe the dynamic of the system of interest.
Such a potential discourages the sampling of already visited conformations, allowing the system to explore new ones even if they are energetically disfavored.
If the chosen degrees of freedom are the ones that determine the dynamics of the
system, the accumulated potential allows one to explore the overall conformational landscape and obtain the free-energy as a function of the chosen degrees
of freedom.
In our case of study, we could not guess which fundamental degrees of freedom
could characterize the dynamics of the β2–α2 loop. Thus, we started utilizing
a more general approach that involves all the degrees of freedom of the system.
As first enhanced sampling method we have used the Well-Tempered Ensemble
combined with the Parallel Tempering. This method allows us to explore the
conformational space without giving information on the transition pathways.
The analysis of the conformations gathered from these simulations allowed us
to identify suitable collective variables that have been used to sample the conformational space of the β2–α2 loop, and its transition pathways.
Once the full conformational space has been visited frequently and the changes
in free-energy difference between all the relevant conformational states converge
to a definitive values, it is possible to determine thermodynamics and kinetic
properties of the system.
This study gives a detailed atomistic description of the β2–α2 loop dynamics. Combining these results with the nuclear magnetic resonance allowed us to
provide a better interpretation of the chemical shifts signals.
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Starting from the calculated free energies, it has been possible to provide a
general conformational map of the β2–α2 loop. This map allowed us to distinguish between the conformational landscape of the human prion protein and the
mouse prion protein.
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Questa tesi ha l’obbiettivo di studiare la termodinamica e la cinetica di una particolare regione delle proteine prioniche di mammifero, chiamata β2–α2 loop. Per
studiare questo segmento polipeptidico è stata usata la Metadinamica che è una
tecnica computazionale di campionamento avanzato. Negli ultimi anni questo
loop ha suscitato grande interesse nella comunità scientifica perché sembra essere
coinvolto nello sviluppo delle malattie prioniche.
Nonostante il pericolo della diffusione epidemica di queste malattie sia stato
scongiurato per gli uomini e per gli animali, queste proteine sono ancora un
argomento di ricerca molto affascinante per i ricercatori di diversi campi.
Infatti lo studio di queste proteine ha generato un nuovo paradigma del concetto di infezione. Se fino a pochi decenni fa si pensava che, l’unico modo per
infettare un organismo fosse tramite un agente esterno contenente acidi nucleici,
che all’occorrenza fosse in grado di trascrivere o far trascrivere nell’organismo
ospitante molecole tossiche, con i prioni questo dogma viene confutato.
Queste proteine, hanno due isoforme, una non tossica, chiamata proteina prionica cellulare, ed una tossica chiamata proteina prionica Scrapie, nome che
proviene dalla prima malattia prionica osservata. L’isoforma Scrapie è in grado
di impartire la propria conformazione sull’isoforma cellulare, scatenando una
reazione a catena che porta all’accumulo, nel sistema nervoso centrale, di grandi
aggregati di queste proteine che causano la morte dell’individuo.
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La proliferazione di queste proteine avviene senza acidi nucleici tra organismi
della stessa specie e tra organismi di specie diverse. Nel primo caso può insorgere spontaneamente o essere ereditata per delle mutazioni del gene PRNP,
nel secondo caso questa proliferazioni può scatanarsi in seguito all’esposizione
alimentare a cibi contaminati dall’isoforma Scrapie. Una particolare regione
di queste proteine, il β2–α2 loop, sembra giocare un ruolo fondamentale nella
trasmissione della malattia prionica tra specie diverse. Infatti differenti sequenze
del loop si sono mostrate più o meno suscettibile allo sviluppo della malattia.
Parecchi sforzi sono stati compiuti per caratterizzare la cinetica e la termodinamica di questo loop in differenti specie e in differenti mutanti generati dall’ingegneria
genetica. Tuttavia né la spettroscopia magnetica nucleare e tanto meno la
cristallografia ai raggi-X sono in grado di determinare direttamente stati poco
popolati o stati che interconvertono tra di loro con scambi molto veloci.
In teoria, queste limitazioni possono essere affrontate con successo dalla dinamica molecolare che può fornire una descrizione a livello atomistico delle conformazioni esplorate e dei meccanismi di transizione. In più se le conformazioni e
i cammini di transizione vengono esplorati più volte, si possono estrarre dalle
traiettorie grandezze termodinamiche e cinetiche, che definiscono la stabilità
relativa delle diverse conformazioni e i cammini favoriti per andare da una conformazione all’altra. In altre parole si possono ottenere le energie libere dei
vari stati conformazionali e l’energie libere degli stati di transizione dai quali si
possono estrarre le costanti cinetiche.
In pratica però, per grandi proteine, con gli attuali super computer si possono
raggiungere scale dei tempi dell’ordine dei microsecondi o tutt’al più con architetture dedicate alla dinamica molecolare si possono raggiungere scale dei
tempi dell’ordine dei millisecondi. Questa è tutt’oggi una grande limitazione,
perché proteine con sequenze di centinaia di residui, possono avere delle dinamiche che raggiungono i secondi ed oltre. Anche nella migliore delle ipotesi,
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in cui la dinamica di una proteina abbia la scala dei tempi nell’ordine dei micro o millisecondi, il campionamento del singolo evento non è sufficiente per
determinare le grandezze termodinamiche e cinetiche.
Il nostro gruppo è da anni impegnato nello sviluppo di metodi di campionamento
avanzato, che si basano sull’accumulo di un potenziale repulsivo su pochi gradi
di libertà.
Questo potenziale disincentiva il campionamento di conformazioni già visitate
permettendo di visitarne nuove anche energeticamente sfavorite. Se i gradi di
libertà scelti sono quelli che determinano la dinamica del sistema, il potenziale
accumulato consente di esplorare il paesaggio conformazionale complessivo del
sistema ed ottenere l’energia libera in funzione dei gradi di libertà scelti.
Nel nostro caso, non avendo idea di quali fossero i gradi di libertà fondamentali
che caratterizzano la dinamica del β2–α2 loop, abbiamo inizialmente utilizzato
un approccio più generale che coinvolge tutti i gradi di libertà del sistema.
Infatti come prima tecnica di campionamento avanzato abbiamo usato il WellTempered Ensemble insieme al parallel tempering. Senza entrare nel dettaglio,
questo metodo consente di esplorare lo spazio conformazionale senza però dare
informazioni sui cammini di transizione.
Tuttavia l’analisi delle conformazioni trovate permette di individuare variabili
collettive ad hoc che hanno permesso di campionare la spazio conformazionale
del β2–α2 loop, compresi i cammini di transizione.
Una volta che le varie conformazioni ed i cammini che le uniscono sono stati
esplorati più volte e non vengono osservate variazioni di energia libera significative delle popolazoni degli insiemi conformazionali, sono state determinate le
energie libere relative alle conformazioni ed agli stati di transizione.
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Questo studio ha permesso di dare una descrizione atomistica dettagliata della
dinamica del β2–α2 loop. In più questi dati combinati con quelli della spettroscopia magnetica nucleare hanno consentito di fornire una migliore interpretazione degli spostamenti chimici.
Utilizzando l’energia libera calcolata attraverso queste simulazioni è stato possibile fornire una mappa conformazionale generale del β2–α2 loop. Infatti sono
stati proiettati su questa mappa varie strutture provenienti da prioni di specie
diverse. Questa mappa ha permesso di distinguere ad esempio le differenze del
panorama conformazionale del prione umano rispetto a quello del topo.
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Chapter 1

Introduction
1.1

Protein dynamics

Nowadays, it is known that protein dynamics plays an important role in the
physiology of an organism. The goal of the most recent experimental and computational techniques is to study proteins in real time at atomic resolution. In
other words, we need to add a fourth dimension to structural biology, time, in
order to have a detailed description of a biological system. This is necessary to
clarify how the biologically active conformation of a protein is reached within
its time scale.
Back in 1963, Feynman had a great intuition on the relation between the motion
and the function of proteins. In one of his Lecture of physics [1] he reported
the following: “Certainly no subject or field is making more progress on so
1
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many fronts at the present moment than biology, and if we were to name the
most powerful assumption of all, which leads one on and on in an attempt to
understand life, it is that all things are made of atoms, and that everything
that living things do can be understood in terms of the jigglings and wigglings of
atoms. ”
The early view of proteins as rigid structures were brought into question by
experiments and Molecular Dynamics (MD) simulations. In fact the work of
Linderstrom-Lang [2], on the deuterium exchange between peptides and water,
and the first molecular dynamics simulation of a macromolecule of biological
interest [3], pointed in the direction that proteins were dynamic objects.
In order to describe the motion of large proteins, NMR and MD are widely
used methods. The clear advantage of NMR methods is that they deliver the
timescale of transitions together with atomic resolution, in both solution [4–6]
and solid state [7–9]. The timescales of these methods can span dynamics from
picoseconds to seconds, extracting information from relaxation of nuclei after
excitation. A very remarkable feature of this technique is that the dynamics
of the system can be studied in steady-state conditions. This is in contrast to
most of the other spectroscopic methods, which imply the perturbation of the
system in order to measure its properties.
Both NMR and MD, have some limitations that can be compensated by combining the two methods. For instance, in NMR experiments in order to clearly
characterize two conformational states in a conformational exchange, one must
consider the exchange rate kex , and the ∆ω, that is the difference in chemical
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shift between the two conformational states. Only in the case of slow exchange
rate, where kex < ∆ω, the conformational states can be resolved as distinct
peaks. This allows one to characterize the two conformational states and the
calculation of their population by means of the relative peaks integrals. On the
contrary, at intermediate kex ≈ ∆ω, and fast exchange rates kex > ∆ω, only a
single population averaged signal is obtained.
In these last two cases MD can be a very powerful tool to disentangle the multiple
conformational states involved in dynamical equilibria, for which NMR does not
have the appropriate resolution. In fact, MD combined with enhanced sampling
methods can provide the dynamics of a protein by means of its free-energy
landscape. Here the wells correspond to the conformational states explored,
and the heights of the barriers give us information about the favorable pathways
that interconnect the different conformational states.
By contrast, MD simulations are invariantly limited by at least two issues: i )
atomic motions are described by classical mechanics with energy functions of
finite accuracy and ii ) the accessible size and time scales are severely restricted
with present day computational resources.

1.2

Structural flexibility in proteins

Proteins fall onto a structural continuum, from tightly folded, to tightly folded
with disordered regions, to proteins that have a native-like secondary structure

3
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content but without the tightly packed protein interior, and finally, to highly
extended heterogeneous unstructured states.
The folded proteins posses a structural ensemble consisting of thermally accessible states that have small deviation from the ensemble average structure,
whereas disordered proteins sample many conformations in their biological lifetime. In other words folded proteins have a funnel-shaped global energy minimum [10, 11], where the lowest free-energy state corresponds to the native
structure, and the width of the unique global minimum determines the conformational flexibility of the native state. By contrast, disordered proteins have
multiple local energy minima separated by small barriers.
Although in the literature the presence of disordered proteins dates back to
the ’50s [12], they were mostly ignored for several reasons. For instance the
homogenization of tissues to extract proteins releases proteases that degrade
disordered proteins. Another argument that led to ignore these biomolecules is
the molecular crowding inside the cell that favors compact forms of proteins.
By contrast, nowadays the access to a vast library of gene sequences and the
possibility to transcribe the gene, produce the protein and purify it has been
the way to identify most disordered proteins so far. Moreover also some incell NMR studies [13–15] suggest that disordered proteins or disordered protein
regions can be found inside the cell.
In this field bioinformatics has been very useful to support the hypothesis that
disorder, like order, is encoded within the amino acid sequence. Understanding
the differences between ordered and disordered sequences was functional to the
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development of predictors of natural disordered regions from genomic sets of
sequences [16–20]. For instance, it was noticed that disordered regions have few
hydrophobic amino acids which tend to be buried in the protein core, and are
enriched in hydrophilic amino acids which tend to be exposed. Moreover, in
ordered proteins, the necessity to form well-packed protein cores does not allow
mutations of the residues, whereas disordered regions are more susceptible to
amino acid substitutions [21].
Furthermore, these studies indicate that disordered proteins are extremely common, especially in eukaryotic cells, and they are involved in regulation, signaling,
and control. For these functions the binding to multiple partners and highspecificity/low-affinity interactions play a crucial role. In fact, these proteins
are prone to bind their partners and form folded structures [22, 23]. There are
three proposed mechanisms for binding:

1. Conformational selection: the disordered protein is in a dynamic equilibrium among various conformational states. The partners are selectively
bound when the disordered protein is in the appropriate binding conformation [24].
2. Induced fit: the disordered proteins make low-affinity, non-specific contacts with their partners, and then fold as they bind [24, 25].
3. Fly casting: the extended disordered proteins posses a large capture radius
which leads to fast association rates. The extended conformation promotes
the likelihood of having successful encounters with their partners than

5
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folded proteins. Once the low affinity binding event takes place, it is
easier to fold into their bound state [26, 27].

It must be noticed that many of these proteins remain disordered upon binding
their partners, and this disorder may also have functional roles [28].
It also known that a significant number of diseases, such as cancer, diabetes,
Alzheimer’s, and prion diseases, arise from the failure of a protein to adopt its
proper structure. Observed consequences of protein misfolding include protein
aggregation, loss of normal function, and gain of toxic function [29].

1.3

The dissertation

Besides this brief introduction, on protein dynamics and disordered proteins,
this dissertation is organized in three main chapters as follows.
Chapter 2 discusses the basic theory of Molecular Dynamics, standard Metadynamics [30], Well-Tempered Metadynamics [31] and Well-Tempered Ensemble
combined with Parallel Tempering [32]. Here it is also explained how the algorithms of reweighting [33] and Nudged Elastic Band [34] are used to analyze
enhanced sampling simulations.
The chapter 3 is entirely dedicated to the β2–α2 loop of prion proteins, that
seems to play an important role in prion diseases. We focused our attention on
the mouse prion protein (121–231) and mouse prion protein [Y169A](121–231)
[6]. We have chosen these two systems because according to NMR data the
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mutation Y169A changes completely the thermodynamics and kinetics of the
β2–α2 loop. Here we show the different conformational landscape with the
associated free-energy (section 3.2.3) and the relative kinetics (section 3.2.4)
providing atomistic pictures of the transition mechanism of the dynamics of the
loop.
In section 3.2.5 we compare our simulations with the NMR chemical shifts.
We calculated the deviation from the experimental values and we correlated the
rates constant extracted from our free-energy with the type of chemical exchange
shown by NMR signals.
In section 3.2.6 we project the β2–α2 loop structures of different species of prion
proteins on the calculated free-energy of mouse prion protein (121–231). This
approach allows to understand quickly the different arrangements of the loop in
various species.
In chapter 4 we draw our conclusions and we assign a biological interpretation
to the results of simulations.

7

Chapter 2

Molecular Dynamics
Simulations
2.1

Introduction to Molecular Dynamics

Calculating the thermodynamic and equilibrium properties for a complex system
of many particles including different kind of interactions is an insurmountable
task if only analytical techniques are employed.
In this scenario, there are only two ways to solve the problem. The first is
to rely on dramatic approximations to represent the molecular system with an
extremely simplified model. The second is to employ numerical methods.

8
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Molecular dynamics is a technique that allows a numerical “thought experiment”
using a model that resembles a real system.
In this “virtual laboratory” it is possible to carry out many “experiments” that
can be easily set up. Moreover, extreme conditions, such as high temperature
and pressure, can be created in a straightforward manner. The obvious downside is that the quality of the results is directly connected to the reliability of the
numerical model. In addition, the results can be artificially biased if the molecular dynamics calculation is unable to sample an adequate number of relevant
physical states over the time of the simulation.
This technique is very useful both for experiments and theory. In the former
case MD is useful to interpret experiments, because it provides an atomistic
picture of the studied phenomena, in the second case it is used to test a theory.
In fact, nowadays it is rare that a theory is applied to the real world before
being tested by a computer simulation.
In a MD simulation we have the evolution of a system of N particles under the
action of some forces arising from the interactions among the particles. The
evolution of the system is described by integrating the Newton’s equations of
motion,
mR̈ = −

∂U (R)
∂R

(2.1)

where m are the atomic masses, U (R) is the potential energy and R is the full
set of atomic coordinates.
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Here given the positions and velocities at an initial instant, the position of each
particle R is updated after a time step, usually this is done by a Verlet-like [35]
algorithm. In order to solve accurately the equation of motion, this time step
has to be smaller than the fastest motion of the system.
The molecular dynamics simulations can be performed in different thermodynamic ensembles. The most common ensembles are:
1. Microcanonical (NVE): the number of particles (N), the volume (V) and
the total energy (E) are kept constant.
2. Canonical (NVT): the number of particles (N), the volume (V) and the
temperature (T) are kept constant. In this case we have to imagine the
simulation box in thermal equilibrium with a heat bath. Here a thermostat algorithm is used. This modifies the Newton’s equations of motion,
rescaling the velocities of the particles, such that the distribution of the
momenta corresponds to the Maxwell distribution. In this case the energy
is not conserved but fluctuates around a constant value, thus the configurations explored in a MD simulation do not have the same probability,
like in the NVE ensemble.
3. Isothermal isobaric (NPT): the number of particles (N), the pressure (P)
and the temperature (T) are kept constant. We may see an isobaric system
as coupled to a piston that is reproduced by a barostat algorithm. The
barostat rescales the positions of the particles leading to a volume fluctuations, also in this case the total energy is not conserved but fluctuates
around a constant value.
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4. Grand canonical (µVT): the chemical potential (µ), the volume (V) and
the temperature (T) are kept constant. It permits fluctuations in the
particle number at constant chemical potential, µ.

In MD simulations, it is useful to calculate a thermodynamic observable if the
system is ergodic. In other words if it has explored all the possible configurations
during the evolution of the system.
For example in the canonical ensemble, a thermodynamic observable O can be
calculated as ensemble average h...i by a time average:

hOi =

Ns
1 X
O(R(ti )),
Ns

(2.2)

i=1

where Ns is the number of configurations collected during an ergodic MD run
and R(ti ) is the configuration at time ti . Alternatively one can calculate the
ensemble average of a function:

hOi =

Z
dO O P (O),

(2.3)

where P (O) is the probability distribution of the observable. As we will see
later, in section 2.2.1.1, from the probability distribution of an observable is
also possible to calculate the Helmholtz free-energy.
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Interaction potentials

In principle, in order to make a model of the matter at atomistic level, the
interactions should be described at the quantum mechanical level, involving the
electrons and their motions. Unfortunately for large systems this description
is still not affordable for the current computer power. Thus, in classical MD
simulations, the atoms motion is described by classical mechanics for which the
formation and breaking of chemical bonds are generally not allowed and the
electrons are implicitly confined to the ground state.
The intramolecular or bonded interactions are approximated by springs that
describe the stretching, the bending and the torsions of the molecules. Instead
the intermolecular or nonbonded interactions are described by the Coulomb
potential and the Lennard-Jones or Buckingham potentials. The former is used
to describe the electrostatic interactions, the latter describe both short range
atomic repulsion, due to the radii of the atoms, and the dispersion interactions,
due to the fluctuating dipoles.
The calculation of the intermolecular forces, derived from these potentials, is
the most time-consuming part of an MD code. In fact if we consider a model
systems with pairwise additive interactions, we have to consider the contribution
to the force on a particular particle due to all its neighbors. For example for
a protein solvated in explicit solvent, i.e. the solvent is described by discrete
entities and not by a continuum, we have to consider these calculations not only
for the protein-protein interactions but also for the protein-solvent and solventsolvent interactions. To circumvent this kind of numerical bottlenecks several
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computational schemes have been proposed such as neighbor lists, truncation of
the potentials and the Ewald summation techniques [36].

2.1.2

MD Limitations

The main limitations of an MD simulation can be summarized as follow:

1. Accuracy of the potentials,
2. Systems size. Modern computers can deal with 105 , 106 atoms that correspond to system size of tens of nanometers [37],
3. Time scale limitations.

As already said in large systems the interaction potentials or force fields (FF)
do not consider the properties of electrons.
The interaction potentials can be applied only to systems containing the functional groups included in the development of the FF. The accuracy strongly
depends on the quality of the parametrization, in fact the potentials are built
combining quantum mechanical energy calculations and experimental data. For
this reason they should also be validated by an appropriate comparison with
experimental results.
Finally, we have to consider that the parametrization is performed in certain
conditions. This limits the transferability of the potentials to systems in which

13
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there are drastic changes of these parameters like for example temperature and
pressure.
However, many research groups are currently involved in the development of
always more accurate force fields [38–40].
Regarding the size limit, the massive parallelism developed in the last years for
modern computers, is playing a major role in order to alleviate this limitation.
In fact, parallel processors can take care of sub sections of the system and
partitioning the calculations of the forces.
The parallel processors can alleviate also the time scale problem, but in this case
there is a limitation. In fact, if the time to communicate the results of the force
calculations among the processors is larger then the time spent to calculate the
forces, the partition is not advantageous anymore.
Modern super computers have access to time scales of a few microseconds
whereas molecular dynamics dedicated computer architectures can access to
the milliseconds time scale [41]. However, the dynamics of large proteins can
reach the time scale of seconds and even for the best possible case for which the
dynamics of interest is in the order of microseconds or milliseconds, the sampling of a single event is not sufficient to determine thermodynamic and kinetic
observables.
Over years our group has been involved in the development of enhanced sampling
methods based on the accumulation of a repulsive bias on a few degrees of
freedom. One of this enhancing sampling methods is Metadynamics.
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2.2
2.2.1

Enhancing the Sampling
Metadynamics

Metadynamics [30] is an enhanced sampling method based on the identification
of a few selected degrees of freedom, whose fluctuations are critical for crossing
high free-energy barriers so that the rare event of interest takes place. In this
method the sampling is accelerated by a history-dependent bias potential constructed in the space of the collective variables (CVs). Although the idea can
be traced back to the Umbrella sampling method [42], in which a static bias potential is built up by trial and error, Metadynamics follows the strategy of local
elevation [43], adaptive biasing force [44], Wang–Landau algorithm [45], energy
landscape paving [46], and Gaussian-mixture umbrella sampling [47], where the
bias is adaptively constructed during the simulation time.
The outcome of a Metadynamics simulations in the NVT ensemble is the Helmholtz
free-energy as a function of the CVs.

2.2.1.1

Helmholtz free-energy

If one is interested in the calculation of the free-energy in a NVT simulation, we
have to consider that in this ensemble the energy fluctuations are proportional
to the Boltzmann factor and thus the distribution of the configurations are
weighted by e−βU (R) :

15
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R
P (S) =

δ(S − S(R))e−βU (R) dR
Z

(2.4)

being S a function of the atomic coordinates, β = 1/(kB T ) where kB is the
Boltzmann constant, T is the temperature of the system and Z the partition
function:

Z
Z=

dRe−βU (R) .

(2.5)

The probability distribution P (O) is related to the Helmholtz free-energy by the
relation:

1
F = − logP (S) + C
β

(2.6)

where C is an irrelevant additive constant.

2.2.1.2

Standard Metadynamics

The collective variables S are functions, generally nonlinear, of the atomic coordinates of the system R:
S(R) = (S1 (R), ..., Sd (R))

(2.7)
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In standard Metadynamics [30], an external history dependent bias potential
VG = VG (S, t), is added to the energy of the system and acts directly on the
microscopic coordinates. This potential can be written as a sum of Gaussians
deposited along the trajectory of the CVs:

Z
VG (S, t) =
0

t

0



dt ωexp −


d
X
(Si (R) − Si (R(t0 )))2
i=1

2σi2

(2.8)

where ω is an energy rate and σi is the width of the Gaussian for the ith CV.
The energy rate is constant and it is usually expressed in terms of a Gaussian
height W and a deposition stride τG :
ω=

W
τG

(2.9)

In the top quadrant of Fig. 2.1 we show the time evolution of the bias potential V (x) as function of the CV x, wheres in the bottom one we show the
corresponding free-energy F (x), for a one dimensional model with two wells.
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Figure 2.1: Top quadrant: accumulated bias potential in a metadynamics
run. Bottom quadrant: corresponding free-energy to the accumulated bias.

The system is inizialized in the local minimum B and at fixed interval of time
a Gaussian is deposited at the instantaneous position. The underlying bias
potential grows until the system is pushed away to a new local minimum. At
t = 30 the well B is filled (bottom quadrant) and the system explores the new
well A. Here the Gaussians accumulation starts again, the system is now trapped
in the local minimum A until the underlying free-energy basin is completely filled
(t = 70). Now the free-energy of the two wells is compensated and the system
can move in a random walk on the flat free-energy surface.
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In conclusion Metadynamics accelerates the sampling accumulating an external
repulsive potential VG along a few selected degrees of freedom, the CVs, by
means of the cumulative sum of all the Gaussians. This bias potential pushes
the system away from local free-energy minima. In other words it discourages
the system from visiting again already sampled configurations. By contrast
with the Umbrella sampling, it is not necessary to know a priori the free-energy
surface (FES). In fact given a good set of CVs, Metadynamics explores first
the low free-energy regions and the exchange from one minimum to the other
happens through the lowest free-energy barriers.
The bias potential VG is an estimator of the free-energy F (S) :

lim VG (S, t) = −F (S) + C

t→∞

(2.10)

where C is an irrelevant additive constant.
However it must be noted that it is not clear when to stop a Metadynamics
simulation and VG could overfill the underlying free-energy. If this happens the
system is pushed to visit high free-energy regions that can lead to an unphysical disruption of the geometry of the system. Once this scenario appears the
conformational space explored is totally new and the convergence is impossible
to reach. To avoid this kind of problem the well-tempered Metadynamics was
introduced.
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Well-tempered Metadynamics

In well-tempered Metadynamics [31] (WTMetaD) the height of the Gaussians
decays exponentially if the bias is added in the same CV space. In fact the
initial deposition rate ω0 decreases with the bias accumulated in S over time t
(VG (S, t)). This is achieved by rescaling the Gaussian height W according to:
−

W = ω0 τG e

VG (S,t)
kB ∆T

(2.11)

where τG is the Gaussian deposition stride and ∆T is a tunable temperature.
The WTMetaD allows to enhances the fluctuations of the CVs in a controlled
manner, by tuning the parameter ∆T . In fact standard MD is recovered with
∆T → 0, whereas traditional Metadynamics is achieved with ∆T → ∞. The
tuning of ∆T does not only influence the fluctuations of the CVs but also determines how VG (S, t) converges to the FES:
VG (S, t → ∞) =

∆T
F (S),
T + ∆T

(2.12)

where T is the temperature of the system. At convergence, the height of the
Gaussians have asymptotically approached to zero and the WTMetaD bias converges to the exact free-energy. Here the CVs space is explored at the fictitious
temperature T + ∆T . The convergence of WTMetaD was rigorously shown by
the paper of Dama et al. [48].
Instead in standard MetaD, we do not know exactly when to stop the simulations
and the bias could compensates and overfill the underlying FES. Thus the bias
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does not converge to the exact free-energy but it oscillates around the correct
value.
Therefore, in the long time limit of a WTMetaD simulation, the probability
distribution of the CVs sampled is:
−k

PG (S, t → ∞) ∝ e

2.2.1.4

F (S)
B (T +∆T )

.

(2.13)

Collective Variables

A good collective variable (CV) should be a dynamically relevant measure for
the progress of a reaction. This means being able to distinguish among the
different metastable states of the free-energy landscape and the transition state.
The number of the CVs should be kept low because the use of many of them
implies that a high-dimensional space has to be explored. This may take a
considerable amount of computational time and convergence would be hard to
reach. The additional risk is that in a multidimensional FES the identification
of the metastable states and the pathways of transition would not be trivial. On
the other hand, the number of CVs must to be sufficient to clearly separate the
different metastable states and determine the position of the transition state.
In Fig. 2.2 we show a real example in which one CV is not sufficient to distinguish among different metastable states and to localize the transition state. In
the top quadrant of Fig. 2.2 we have a FES as a function of two CVs. This system is characterized by three free-energy basins (A, B, C) and a transition state
(*) localized between the basins B and C. In the bottom quadrant, where the
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free-energy is projected only on one CV, we can see how the transition state (*)
is shifted between the basins A and B, and the basin B seems to be a shoulder
of the basin C. Moreover there is an underestimation of the basin B because of
the overlap with the basin C at value of dr ∼ 1.
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0.6

0.8
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Figure 2.2: Top quadrant: FES as function of two CVs. Bottom quadrant:
FES as a function of one CV. The A,B,C label represent the free-energy minima, the ∗ represents the transition state. For a definition of the CVs used see
section 3.2.4.
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Well-tempered ensemble combined with Parallel Tempering

In the case in which one does not have a clear physical intuition on the slow
modes of the system dynamics, a successful strategy is to use a replica exchange
method such as the Parallel Tempering [49] (PT). Usually in the PT we have different replicas at different temperatures each in its canonical ensemble. Through
the high temperature replicas the PT allows the system to overcome free-energy
barriers among the different metastable states on all degrees of freedom. The
probability of accepting an exchange between two replicas i and j is correlated
to the area of overlap between the corresponding potential energy distributions
and it is given by:

N
∆i,j = min{1, exp[(βi − βj )(U (RN
i ) − U (Rj )]}

(2.14)

where U (R) is the potential energy, R is the full set of atomic coordinates
and β = (1/kB T ) is the inverse of temperature multiplied by the Boltzmann
constant.
Therefore, a sufficient overlap between the potential energy distributions of
neighboring replicas is required in order to obtain a significant diffusion in temperature space. This makes it a rather expensive method for large systems
because the fluctuations of the potential energy decreases as the inverse square
root of the system size. Thus to have a sufficient overlap among the potential
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energy distributions we need adjacent replicas very close in temperature, thus
increasing the number of replicas needed.
One way to overcome this problem is to use Metadynamics [30] in the so called
Well-tempered ensemble (WTE) [32]. Here an external history-dependent bias
on the potential energy (CV=U (R)) is used in order to enhance the fluctuations
and guarantee an effective overlap between adjacent replicas (Fig. 2.3).
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Figure 2.3: Fluctuations of the potential energy U (R) in a PT and PT-WTE
simulations for the same system and the same temperature range. From time
0 to 1000 we show the fluctuations of a PT simulation whereas from time 1000
to 2000 we show the fluctuations of a PT-WTE simulation.
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The equations of motions in the well-tempered ensemble are:
mR̈ = −

∂U (R) ∂V (U (R), t)
−
∂R
∂R

−

V̇ (U, t) = ωe

βV (U (t),t)
(γ−1)

δ(U − U (t))

(2.15)

(2.16)

where V̇ (U, t) is the time dependent bias, m are the atomic masses ω and ∆T
are parameters that have the dimension of an energy rate and a temperature,
respectively, and γ is equal to:
γ=

(T + ∆T )
≥1
T

(2.17)

Asymptotically, V (U, t):
V (U, t → ∞) = −(1 − γ −1 )F (U )

(2.18)

Within an irrelevant constant:
F (U ) = −U − β −1 ln(N (U ))

(2.19)

N (U ) is the number of the states of energy U . The bias V (U, t) quickly converges
to its asymptotic limit, and the conformations are distributed according to the
ensemble defined by the partition function:
Z
Zγ =

1

dU [e−βU N (U )] γ

(2.20)
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In the WTE, the average energy of the whole system is identical to that obtained
in a canonical simulation. Therefore is it not necessary to take into account
the external bias potential to calculate other canonical average because the
Boltzmann distribution is preserved.
The amplitude of the fluctuations are enhanced through the tunable factor γ,
resulting in a reduced time for a cold replica to reach the hottest temperature
and in an improved convergence. In this way the exchange probability is reduced
by the parameter γ that allows one to reduce drastically the number of replicas
[32, 50]:
N
∆i,j = min{1, exp[γ −1 (βi − βj )(U (RN
i ) − U (Rj )]}

(2.21)

However the application of this approach is not trivial. If one is interested
in enhancing the fluctuations of a particular region of the system, potential
restraints are needed on the rest of the system. We will show in the section
A.2.1 how these restraints were implemented in our case.

2.3
2.3.1

Analyzing an enhanced sampling simulation
Reweighting

In equation 2.13, we have shown how practical it is to recover the Boltzmann
probability distribution from a WTMetaD simulations. This is the case in which
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we describe the probability distribution using the CVs on which the bias potential is accumulated. However, it is not trivial to calculate the probability
distribution as a function of different CVs, because the accumulated bias potential has an effect also on the fluctuations of the others degrees of freedom.
In the reweighting algorithm developed by Bonomi et al. [33] there are two
important steps to recover the unbiased distribution on a set of CVs that differs
from the one on which the bias has been deposited.
The evolution of the biased probability P (R, t) during the WTMetaD run can
be written as follows:
˙

˙

P (R, t + ∆t) = e−β(VG (S(R),t)−hVG (S,t)i)∆t P (R, t)

(2.22)

where the average in the exponent is calculated in the biased ensemble. The
second is a standard reweighting step to recover the Boltzmann distribution of
PB (R):
PB (R) ∝ e+β(VG (S(R),t) P (R, t)

(2.23)

where PB is the probability distribution of the new CV.

2.3.2

Nudged elastic band

The identification of the minimum free-energy path (MEP) between two different minima is a non trivial task especially when we are dealing with high
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dimensional FES. A very powerful method that became popular in guessing
transitions structures onto quantum chemical potential energy surface is the
nudged elastic band (NEB) method [34].
The algorithm works by linearly interpolating a set of images between the known
initial and final minima and then minimizes the energy of this string of images
until the MEP is revealed. Each image among the initial minimum and the final
one, located on a specific point of the FES, is linked to its neighboring images by
a spring, that ensures continuity of the chain and keeps such points equidistant.
The force that drives the yi image toward the MEP is:
∂Fi (S(R)) N EB
∂Fi (S(R)) ⊥ ∂Fi (S(R)) k
=
+
,
∂S(R)
∂S(R)
∂S(R)
where

∂Fi (S(R)) ⊥
∂S(R)

(2.24)

= −Pi ∇F (yi ), is the perpendicular component of the force,

being ∇F (yi ) the gradient of the FES, and Pi is the projection operator. The
parallel part of the force is

∂Fi (S(R)) k
∂S(R)

= k(| yi+1 −yi | − | yi −yi−1 |)ti , where

k is the spring constant and ti is the unit vector of the tangent of yi .

Chapter 3

β2–α2 loop conformational
landscape
3.1

Prions

The prion proteins have two isoforms, one that is called cellular prion protein
(PrPC ) and it is present in healthy organisms, the other one is called Scrapie
isoform (PrPSc ) and it is present in diseased organisms. The latter isoforms form
amyloid plaques in the brain, but compared to the Alzheimer’s and Parkinson’s
conditions that show plaques as well, the prion diseases are also transmissible.
These may arise spontaneously, can be inherited due to some mutation in the
gene PRNP or be acquired for example for dietary exposure to infected tissue.
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To date the recognized prion disorders in humans are the Creutzfeld-Jacob
(CJD), Gerstamnn-Straussler-Scheinker (GSS), fatal familial insomnia (FFI)
and kuru diseases, whereas the scrapie (Sc), chronic wasting disorder (CWD),
and bovine spongiform encephalopathy (BSE) affect animals.
In the past 30 years around 200,000 cattle have died of BSE, this has provoked
a worldwide crisis and huge economic consequences for the European Union and
other countries [51]. In addition, transmission of BSE to humans is believed to
have caused ∼200 cases of variant Creutzfeldt-Jakob disease (vCJD) [52].
The etiology of the diseases was not clear from the beginning, and due to the
transmission and the prolonged incubation periods the term of slow virus infection was coined [53, 54]. However, the absence of an immunological response
and the fact that the transmissible agent showed resistance to treatment with
ultraviolet radiation [55, 56] and nuclease [57], that are supposed to inactivate
nucleic acids, led to the hypothesis that the infectious agent was devoid of nucleic
acids.
In 1967 Griffith proposed that the infectious agent was a protein and it catalizes
the conversion of the cellular isoform of the same protein in a infectious form,
this theory has been recognized with the name of protein only hypothesis [58].
In 1982 Prusiner coined the term “prion” to denote a small proteinaceous infectious particle which is resistant to inactivation by most procedures that modify
nucleic acids. In contrast the prion is neutralized by different chemical compounds and enzymes that destroy proteins [59]. During the same year Prusiner
and co-workers isolated a protein of 27,000 to 30,000 Da (PrP27−30 ) in a brain
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of an infected hamster that was not found in a normal brain of the same animal.
This is derived from a larger molecule of 33,000 to 35,000 Da, the PrPSc isoform
[60].
The experiments of Hsiao et al. [61] and Bueler et al. [62] with transgenic mice
strongly sustained the protein only hypothesis. In fact it was observed that
upon exposure to PrPSc agent, transgenic mice devoid of PRNP were immune
to the pathogen, whereas normal animals fully developed the disease. Another
very strong evindence of the protein only hypothesis has been the synthesis of
an infectious prion protein that is capable of propagating the infection in vivo
[63].
In 1993 Prusiner established that there is no amino acid substitution or a posttranslational chemical modification between the cellular and scrapie isoform and
that most likely the difference between the two isoforms involves the secondary
and tertiary structures [64]. Using infrared spectroscopy and circular dichroism
the content of α helix and β-sheet of the two isoforms was defined. The PrPC
is shown to have 42 % of α-helix and 3 % of β-sheet, in contrast the PrPSc is
shown to have 30 % of α-helix and the 43 % of β-sheet [65]. From this data
the raised hypothesis was that the conformational transition in a protein with
high β-sheet content is necessary for the propagation of prions, however still no
information about the folded structure of PrPC and PrPSc were available.
In 1996 the structure of the cellular isoform of mouse prion protein (121–231)
PrPC was characterized by NMR [66]. The mature cellular form of the mouse
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prion protein is composed of a flexibly disordered N-terminal 100-residue polypeptide segment, a 110-residue globular domain and a short, flexibly disordered
C-terminal peptide segment. The structure of the globular domain (Fig. 3.1) is
composed of three α-helices (α1, α2 and α3) and a short two-stranded antiparallel β-sheet (β1 and β2). There are four loops, one that connects the β-sheet
β1 to the helix α1, one that connects the α1 to the β-sheet β2, one that connects
the β2 to the helix α2 and finally the α2–α3 loop that connects the helices α2
and α3. The tertiary structure is preserved by hydrophobic interactions in the
protein core and by a disulphide bond that links the helices α2 and α3 (Fig.
3.1). This fold has been observed in all the mammalian PrPC s studied so far,
with local variations primarily in the β2–α2 loop [6, 66–100]. Although there
are often mutations in the β2–α2 loop of mammals, the tyrosine at position 169
is strictly conserved.

3.1.1

β2–α2 loop in mouse prion protein

In the last years the β2–α2 loop has attracted special interest in the scientific
community because it seems to be directly involved in the development of prion
diseases. In fact mutations in the β2–α2 loop and in its immediate spatial
environment have been shown to affect susceptibility to spontaneous prion disease [101] as well as the efficiency of interspecies infection [102]. Specifically,
transgenic mice expressing mouse PrP (mPrP) with the amino acid substitutions S170N and N174T developed spontaneous transmissible spongiform encephalopathy (TSE) [101], whereas mice expressing mPrP[Y169G/S170N/N174T]
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presented with resistance to infection [102]. The residue segment 169-YSNQNNF175 of mPrP is very similar to the heptapeptide GNNQQNY in the yeast prion
protein Sup35 [103, 104] that is known to form fibril aggregates, moreover the
sequence SNQNNF has been shown to form steric zipper amyloid-like fibrils
[105].
Recent NMR studies of the β2–α2 loop dynamic conformational equilibria revealed two limiting conformations, i.e., a 310 -helical turn and a type I β-turn
(Fig. 3.2). In mammalian prion proteins, that conserve a tyrosine at position
169, these equilibria are shifted toward the 310 -helical turn conformation but
by mutating a tyrosine at position 169 for a smaller residue like an alanine or a
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glycine the equilibria are shifted toward the type I β-turn conformation [106].
In fact in mPrP(121–231), the β2–α2 loop brings a tyrosine at position 169,
here some nuclei show line broadening of the chemical shift peaks that prove
the existence of a conformational exchange in an intermediate exchange regime
(Fig. 3.2) [6]. By contrast in mPrP[Y169A](121–231) there is no evidence of line
broadening of the chemical shift peaks of β2–α2 loop. This can be interpreted
either with no conformational exchange or with a fast conformational exchange,
both of these views are compatible with a single set of narrow NMR signals of
β2–α2 loop observed over the temperature range of 5 to 40 ◦ C [6, 106]. In other
words, in a fast exchange regime we have low free-energy barriers among the
conformational states, whereas a regime of no exchange, is defined by very large
free-energy barriers that would prevent to the system from visiting more than
one conformational state (Fig. 3.2).
The conclusion coming from the NMR measurements is that the conformational
heterogeneity observed in mPrP(121–231) is composed of 310 -helical turn and
type I β-turn conformations with populations of more than 95% and less than
5%, respectively (Fig. 3.2). This view is justified from the correlation between
the nuclei that show the largest chemical-shift differences for the two limiting conformations, represented by the chemical shifts of mPrP(121–231) and
mPrP[Y169A](121–231), and by the corresponding nuclei of mPrP(121–231)
with the largest line broadening [6].
However it must be underlined that the type I β-turn conformational state in
mPrP(121–231) was not directly characterized by NMR but its structure had to
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be inferred from data collected with variant proteins rather than having been
directly observed. This lowly populated conformation has attracted special interest because it could be the selected conformation of PrPC to interact directly
with PrPSc or with the so called protein X, a putative chaperone that participates in the formation of nascent scrapie isoform [107].

Figure 3.2:
Equilibria of the β2–α2 loop in mPrP(121–231) and
mPrP[Y169A](121–231). The interactions that define the 310 -helical turn conformation are the hydrogen bonds between the atoms HN 168 –O165 () and
HN 169 –O166 (), while the interactions that define the type I β-turn conformation are the hydrogen bonds HN 170 –O167 (N) and HN 167 –Oγ 170
(M).
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Since these transitions occur in the micro to milli-second timescale, MD combined with enhanced sampling technique can help to interpret the line broadening observed in the chemical shift analysis of the wild type protein and to determine which one of two interpretations is correct for mPrP[Y169A](121–231).

3.2
3.2.1

Simulations on the β2–α2 loop
Force field

The Amber99SB∗ -ILDN force field [108] is a reliable force field to study PrPs.
We tested it on eight mammalian prion proteins by running 200 ns long unbiased
simulations (see A.1). We noticed that at least on this time scale, the proteins
do not show any unfolding event or conformational change.
In particular we checked whether the β2–α2 loop conserved the main interactions that define the structure in which it has been characterized and we also
calculated the overall deviation from the experimental structure. Out of the
eight cases, seven of these conserved the tyrosine at position 169 and were characterized in the 310 -helical turn conformation, whereas the mutant Y169A was
characterized in the type I β-turn conformation. The interactions that define
the 310 -helical turn conformation are the hydrogen bonds between the atoms
HN 168 –O165 () and HN 169 –O166 (), while the interactions that define
the type I β-turn conformation are the hydrogen bonds HN 170 –O167 (N) and
HN 167 –Oγ 170 (M) (Fig. 3.2).
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In Table 3.1 we show the averages of the interatomic distances between the atoms
involved in the different hydrogen bonds. The averages of the interatomic distances for the hydrogen bonds of the prion proteins with the loop characterized
in the 310 -helical turn conformation are smaller than 0.3 nm, as well as the interatomic distances for the hydrogen bonds of the mPrP[Y169A](121–231) that
was characterized in type I β-turn conformation are smaller than 0.3 nm.
PrP
WT
ELK
T. WALLABY
V166A
Y225A/Y226A
S170N/N174T
F175A
Y169A


0.22
0.21
0.22
0.25
0.22
0.21
0.21
0.76

[nm]
± 0.03
± 0.01
± 0.04
± 0.04
± 0.02
± 0.02
± 0.02
± 0.04


0.22
0.24
0.24
0.23
0.26
0.21
0.24
0.63

[nm]
± 0.02
± 0.03
± 0.04
± 0.03
± 0.03
± 0.02
± 0.03
± 0.02

N [nm]
0.40 ± 0.04
0.64 ± 0.04
0.57 ± 0.11
0.66 ± 0.05
0.65 ± 0.04
0.43 ± 0.03
0.65 ± 0.04
0.22 ± 0.03

M [nm]
0.63 ± 0.06
1.12 ± 0.11
0.95 ± 0.09
1.02 ± 0.07
0.94 ± 0.05
0.87 ± 0.03
1.07 ± 0.04
0.25 ± 0.05

Table 3.1: Hydrogen bonds: HN 168 –O165 (), HN 169 –O166 (),HN 170
–O167 (N) and HN 167 –Oγ 170 (M)

In Table 3.2 we show the averages of the root mean square deviation (RMSD)
of the backbone atoms from the first conformer of the NMR ensemble deposited
in the protein data bank. We have performed two different calculations, one
for the whole protein and one excluding the flexible N-terminal and C-terminal
tails.
In Fig. 3.3 we superimposed the structures of the NMR ensemble of conformers
and the 200 ns of our MD simulations. Each prion protein can be distinguished
by a different color. While on the left part we report the NMR ensembles,
on the right part we show the simulation ensembles. This qualitative picture
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PrP
WT
ELK
T. WALLABY
V166A
Y225A/Y226A
S170N/N174T
F175A
Y169A

RMSD all [nm]
0.37 ± 0.06
0.33 ± 0.06
0.52 ± 0.07
0.30 ± 0.07
0.54 ± 0.06
0.39 ± 0.09
0.35 ± 0.05
0.39 ± 0.05
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RMSD 128-226 [nm]
0.18 ± 0.02
0.19 ± 0.02
0.19 ± 0.03
0.17 ± 0.02
0.18 ± 0.02
0.17 ± 0.02
0.20 ± 0.02
0.19 ± 0.02

Table 3.2: Average RMSD displacement from the first conformer of the NMR
ensemble deposited in the protein data bank for the whole protein and for the
residues 128-226.

highlights that all the secondary and tertiary structures of the prion proteins
are preserved.
These preliminary results make us confident to use this force field in the enhanced sampling simulations.
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Mouse(121-231)

Tammar Wallaby(121-231)

Elk(121-231)

Mouse [V166A](121-231)

Mouse [Y225A/Y226A](121-231)

Mouse [S170N/N174T](121-231)

Mouse [F175A](121-231)

Mouse [Y169A](121-231)

Figure 3.3: Each prion protein has been represented by a different color. On
the left we report the NMR conformational ensemble, while on the right part
the ensemble of conformers obtained from a 200 ns long MD simulation. The
solid colors represent the polypeptide segment 128–226, whereas in transparent
we show the floppy polypeptide segments 121—127 and 227–231.
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Conformational heterogeneity of β2–α2 loop in
mPrP(121–231) and mPrP[Y169A](121–231) in PT-WTE
simulations.

Unbiased MD simulations of 200 ns were not sufficient to unveil the conformational landscape of the β2–α2 loop. To overcome this limitation we used an
enhanced sampling scheme that combines the PT [49] with the WTE [32].
In PT, multiple copies of the same system at different temperatures are independently simulated. At fixed intervals, an exchange of configurations between two
adjacent replicas is attempted. By exchanging with higher temperatures, colder
replicas are prevented from being trapped in local minima. The WTE increases
the fluctuation of the potential energy in order to guarantee an effective overlap
between adjacent replicas obtaining a significant diffusion in temperature space.
This method has two main advantages:

1. Enhances the sampling along a large number of degrees freedom, this
is functional when there is no a priori knowledge of the slow modes that
govern the conformational exchange among the different metastable states.
2. An external bias on the potential energy enhances the energy fluctuation
reducing substantially the number of replicas required.
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WT

RMSD [nm]

0.3

0.2

0.1

Y169A

RMSD [nm]

0.3

0.2

0.1
0

20

40

60
80
time [ns]

100

Figure 3.4: Time evolution of the RMSD for the polypeptide segment
165–175 during the PT-WTE simulation. Top panel: RMSD for the polypeptide segment 165–175 of mPrP(121–231) from the best representative NMR
conformer of the ensembles mPrP(121–231) (310 -helix, red dots) and the ensemble mPrP[Y169A](121–231) (β-turn, blue dots). Bottom panel: RMSD
for the polypeptide segment 165–175 of the mPrP[Y169A](121–231) from the
best representative NMR conformer of the ensembles mPrP(121–231) (310 helix, red dots) and mPrP[Y169A](121–231) (β-turn, blue dots).
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In PT-WTE we used sixteen replicas that span a temperature interval ranging
from 300 K to 550 K, each replica was started with the best representative
conformer of the NMR ensembles. We simulated in full atomistic details the
entire polypeptide chain of residues 121–231 solvated in explicit water.
In order to avoid undesired unfolding of the protein at the higher temperatures
and since we are only interested in the conformational landscape of the β2–α2
loop at room temperature, we applied restraints on the secondary and tertiary
structures of the proteins that do not involve the β2–α2 loop. This strategy
ensures that the protein remains folded at high temperature while the loop
samples its conformational landscape (see section A.2.1).
Thanks to the enhanced sampling, we could observe significant conformational
heterogeneity in runs of about 100 ns. In Fig. 3.4 we report the RMSD of the
polypeptide segment 165–175 with respect to the NMR conformers observed
at 300K for both systems. This analysis highlights that the β2–α2 loop in
mPrP(121–231) (Fig. 3.4, top panel) may transiently populate type I β-turn
conformations similar to those determined by NMR in mPrP[Y169A](121–231),
whereas mPrP[Y169A](121–231) exhibits a more fluxional behavior with more
frequent transitions and visits a larger number of conformations.
Despite the PT-WTE runs were very informative (Fig. 3.4), there is a question
mark on the extent to which the structural restraints might influence sampling.
Furthermore, as in all PT-type calculations, the transition states could not be
well explored and it was not easy to infer the mechanisms leading to conformational exchange. In order to get an improved quantitative estimate of the
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underlying free-energy surfaces we decided to perform extensive multidimensional WTMetaD simulations.

3.2.2.1

Collective Variables

On the basis of the experimental data and the PT-WTE calculation we identified
four collective variables (CVs) based on the network of hydrogen bonds and the
set of dihedrals angles that characterize the 310 -helical turn and type I β-turn
structures for mPrP(121–231) and mPrP[Y169A](121–231).
First of all we compared the φ and ψ experimental dihedral angles of the backbone atoms of the polypeptide segment 165–175 of the best representative conformer deposited in the protein data bank for the two proteins. As shown in Fig.
3.5 the larger changes involved the ψV166, φD167, ψD167 and φQ168 dihedral
angles (Fig. 3.5, green bars). From this information we decided to analyze our
PT-WTE simulation using these dihedral angles.
In Fig. 3.6 we report the time series of these dihedral angles for the replica
at 300 K of the PT-WTE simulation of mPrP(121–231). If the values of the
dihedral angles cover the light-red area it means that the β2–α2 loop is in the
310 -helical turn conformation, otherwise if they cover the light-blue area means
that the β2–α2 loop is in the type I β-turn conformation. This analysis was
performed only for mPrP(121–231) because it visited only states very similar
to the 310 -helical turn or type I β-turn conformations (Fig. 3.4). This behavior
allowed us to identify the right CVs for the conformational exchange between
these two limiting conformations.
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φ P165
ψ P165
φ V166
ψ V166
φ D167
ψ D167
φ Q168
ψQ168
φY/A169
ψY/A169
φ S170
ψ S170
φ N171
ψ N171
φ Q172
ψQ172
φ N173
ψ N173
φ N174
ψ N174
φ F175
ψ F175

0

Figure 3.5:
Magnitude of the differences of the dihedral angles between the polypeptide segments 165–175 of mPrP(121–231) and
mPrP[Y169A](121–231), of the best representative conformer characterized
by NMR.

In PT-WTE simulation, ψV166 and ψD167 have the largest torsional change in
the conformational exchange (Fig. 3.6, black dots top quadrants).
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In contrast φD167 does not show large torsional changes (Fig. 3.6, top right
quadrant, brown squares) and φQ168 (Fig. 3.6, bottom left quadrant) does not
distinguish between the 310 -helical turn and type I β-turn conformations.
Moreover, we noticed for mPrP(121–231), both for the NMR ensemble of conformers and for the 310 -helical turn ensemble of our simulations, that ψY169
can adopt two different orientations. In the bottom right quadrant of Fig. 3.6
the two light-red areas highlight the two different orientations of ψY169 in the
310 -helical turn ensemble of conformers.
Finally, to distinguish among the different metastable states of the β2–α2 loop
we identified as necessary the ψ dihedral angles of the residue 166, 167 and 169.
We did not directly use these three torsional angles as CVs for the WTMetaD
simulations but two functions that are:
sdx

ND
1 X
=
(1 + cos(θi − θ¯is )),
2ND

x = 310 , β

(3.1)

i=1

where the sum runs over the ND =3 backbone torsional angles, θi and θ¯is are the
dihedral angle and the reference one, respectively.
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Figure 3.6: Time series of ψV166, φD167, ψD167, φQ168 and ψY169 dihedral angles for the replica at 300 K of the PT-WTE simulation of the
mPrP(121–231). The light-red bands represent the 310 -helical turn conformation whereas the light-blue ones represent the type I β-turn conformation.
In the bottom right quadrant we show for ψY169 two red bands that represent the two different orientations that ψY169 can adopt in the 310 -helical
turn conformation.

In particular sd310 is the distance in the dihedral angle space from a reference
set arranged in the 310 -helical turn conformation. This is taken from the best
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representative NMR conformer of mPrP(121–231), while sdβ is the distance in
the dihedral angle space from a reference set arranged in the type I β-turn
conformation. This is taken from the best representative NMR conformer of
mPrP[Y169A](121–231) (Fig. 3.7b). We used these two functions rather than
the three torsional angles because for a larger number of CVs the convergence
of a Metadynamics run is slower.
While these two functions describe the torsion of the loop, we used two additional
functions to describe the breaking and the formation of the typical hydrogen
bonds of the two limiting structures. These functions are:

shx

=

X 1 − ( dri,j )n
0
i,j

1−(

di,j m
r0 )

,

x = 310 , β

(3.2)

where d is the distance between the hydrogen atom (i) and the hydrogen bond
acceptor (j), r0 was set to 0.45 nm and n and m were set to 5 and 8, respectively.
We took as characteristic of the 310 -helical turn conformation the hydrogen
bonds: HN 168 –O165 (), HN 169 –O166 () and HO 169 –Oγ 178 (). In
mPrP[Y169A](121–231) the third one of these hydrogen bonds is of course not
included. Whereas the CV shβ involves, for both proteins, the hydrogen bonds
of the type I β-turn conformation: HN 170 –O167 (N) and HN 167 –Oγ 170 (M)
(Fig. 3.7a).
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a)

sh310

sh β

sd310

sd β

b)

Figure 3.7: Atomistic picture of the polypeptide segment 165–175 in the
310 -helical turn conformation (red) and in type I β-turn conformation (blue).
a) The typical hydrogen bonds for the two conformations are shown with the
dashed lines. The CV sh310 involves the hydrogen bonds of the 310 -helical turn
conformation: HN 168 –O165 (), HN 169 –O166 (). The mPrP(121–231)
establishes one extra hydrogen bond: HO 169 –Oγ 178 (). The CV shβ involves
the hydrogen bonds of the type I β-turn conformation: HN 170 –O167 (N) and
HN 167 –Oγ 170 (M). b) The atoms in CPK representation are involved in the
sd310 and sdβ CVs, in particular the ψ V166 (⊗),ψ D167(⊕) and ψ Y/A169( ).

We used these four CVs to analyze the PT-WTE simulations for the mPrP(121–231)
and mPrP[Y169A](121–231) (Fig. 3.8). Since we cannot show the four dimensional surface we projected our simulations into two two-dimensional planes.
The planes that have been chosen were sh310 ,shβ and sd310 ,sdβ . It must be stressed
that the CV sh310 is different in the two proteins, in fact for the mPrP(121–231)
is included also the hydrogen bond between the HO 169 –Oγ 178 () (Fig. 3.7a).
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Figure 3.8: Representation of the PT-WTE simulation in the sh310 ,sh310 (top
quadrants) and sd310 ,sd310 planes (bottom quadrants) of mPrP(121–231) (red
dots) and mPrP[Y169A](121–231) (blue dots). The black triangles are the
NMR conformers of mPrP(121–231), the brown circles are the NMR conformers of mPrP[Y169A](121 –231).

We named with the label h the conformers that are similar to the 310 -helical turn
conformation and with b the conformers that have a β-turn character. Using
these four CVs we also projected the experimental ensemble of conformers of
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mPrP(121–231) (black triangles) and mPrP[Y169A](121–231) (brown dots) in
Fig. 3.8. The conformations sampled were close to the experimental conformers,
with one exception. The nature of these regions and the relative populations
will be discussed in details on the next section.

3.2.3

Multiple Walkers Metadynamics

Using this set of CVs, we performed for both proteins multiple walkers welltempered Metadynamics (MWs WTMetaD) simulations [109]. Here all the
walkers contribute to construct a single history dependent bias potential. The
time to communicate the updated bias potential among the walkers is negligible,
and then the use of parallel processors is very efficient. In fact, it is possible,
on a parallel machine to reconstruct the free-energy in a very short simulation
time, considering that the speed at which the FES is filled scales linearly with
the number of walkers. Finally this enhanced efficiency makes the calculation
of the FES in high dimensions more accessible.
These features make this method very useful for complex, slowly diffusing systems, encompassing multiple wells and barriers. For these reasons we decided
to apply this scheme to study the conformational dynamics of the β2–α2 loop.
In our MWs WTMetaD simulations the initial conformations of the loop were
randomly selected from the four conformational ensembles found in PT-WTE
simulations.
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The resulting four-dimensional FES confirmed and greatly enriched the picture
provided by PT-WTE simulations indicating the presence of four main freeenergy minima: two have a 310 -helical turn character (h1 and h2) and two have
a β-turn character (b and b0 ) (Fig. 3.9).

P165
F175

P165
F175

F175

P165
F175

P165

Figure 3.9: In order to provide a representation of the different manifolds
of conformational states in the different minima, we draw superpositions of
low free-energy structures extracted from the MetaD simulations. The β2–α2
loop is drawn in solid color whereas the rest of the polypeptide segment
165–175 is transparent. On the left there are the ensembles of conformers
of mPrP(121–231), whereas on the right there are the ensembles of conformers
of mPrP[Y169A](121–231). We also show explicitly the CO atoms of residue
169 for the ensembles h1 and h2. The sequence locations at the start and end
of the polypeptide segment 165–175 are indicated.
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The difference between h1 and h2 arises from the different orientation of the
carbonyl group of residue 169. In the h1 state, it points toward the solvent
while it is oriented toward the protein core in the h2 state.
Whereas the difference between b and b0 arises from the different type of turn of
the β structure. In fact the b conformational state is a type I β-turn structure
while the b0 conformational state is a type VIII β-turn structure.
The representation of a four dimensional surface in two dimensions is not simple. Thus we examined the projections of F (sh310 , shβ , sd310 , sdβ ) in all the possible
two-dimensional planes. We ordered the projections from the most representative to the less representative FES: F (sd310 , sdβ ) (Fig. 3.10), F (sh310 , shβ ) (Fig.
3.11), F (shβ , sh310 ) (Fig. 3.12), F (shβ , sd310 ) (Fig. 3.13), F (shβ , sdβ ) (Fig. 3.14),
F (sd310 , sh310 ) (Fig. 3.15). In these plots we projected the NMR ensembles of
conformers of mPrP(121–231) and mPrP[Y169A](121–231) together with the
ensemble of conformers of Fig. 3.9.
The FES in Fig. 3.10 are projected on the sd310 , sdβ planes, these provide the
most informative representation of the four dimensional FES. The projection
of the NMR conformers on the sd310 , sdβ planes indicates that our FES can, not
only capture the difference between the 310 -helical turn and type I and VIII βturn conformational states, but also describe the heterogeneity of the 310 -helical
turn ensemble (conformational states h1 and h2) that is also observed in the
experiments [6].
Also the FES in Fig. 3.11 and 3.12 that are a function of sh310 , shβ and sdβ , sh310 ,
respectively, distinguish very well the four minima. The sh310 CV is different
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in the two systems because in the case of the mPrP(121–231) involves also an
hydrogen bond between the sidechains of Y169 and D178.
It is worth noticing how the FES in Fig. 3.10 can distinguish in the h2 minimum,
two sub minima separated by a very low free-energy barrier. The conformational
difference between these two minima is a small displacement of the ψ dihedral
angle of residue 169, represented by the different orientation of the carbonyl
group in Fig. 3.9. Instead, for the FES in Fig. 3.11 and 3.12, this difference
is evident only for the mPrP(121–231) because one of the sub minima is characterized also by the breaking of the hydrogen bond between the sidechain of
D178 and Y169 (Fig. 3.11 and 3.12, sh310 ≈ 2.0).
Besides the FES 3.13 of mPrP(121–231) that still distinguishes all the different
minima, from now on the projections will be distorted by the CVs used. The
FES of Fig. 3.13 and 3.14 of mPrP[Y169A](121–231) report the superposition
of the b0 and h2 minima. This is also evident in Fig. 3.14 for mPrP(121–231).
Finally the FES in Fig. 3.15 superimpose the b0 and b minima for both proteins.
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Figure 3.10:
Free energy surfaces of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of sd310 and sdβ . The black triangles are the NMR conformers of mPrP(121–231) whereas the brown circles
are the NMR conformers of mPrP[Y169A](121–231). The orange, red, black
and blue circles are the ensembles of conformers of h1, h2, b0 and b,respectively.
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Figure 3.11:
Free energy surfaces of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of sh310 and shβ . The black triangles are the NMR conformers of mPrP(121–231) whereas the brown circles
are the NMR conformers of mPrP[Y169A](121–231). The orange, red, black
and blue circles are the ensembles of conformers of h1, h2, b0 and b,respectively.
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Figure 3.12:
Free energy surfaces of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of sdβ and sh310 . The black triangles are the NMR conformers of mPrP(121–231) whereas the brown circles
are the NMR conformers of mPrP[Y169A](121–231). The orange, red, black
and blue circles are the ensembles of conformers of h1, h2, b0 and b,respectively.
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Figure 3.13:
Free energy surfaces of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of shβ and sd310 . The black triangles are the NMR conformers of mPrP(121–231) whereas the brown circles
are the NMR conformers of mPrP[Y169A](121–231). The orange, red, black
and blue circles are the ensembles of conformers of h1, h2, b0 and b,respectively.
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Figure 3.14:
Free energy surfaces of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of shβ and sdβ . The black triangles are the NMR conformers of mPrP(121–231) whereas the brown circles are
the NMR conformers of mPrP[Y169A](121–231). The orange, red, black and
blue circles are the ensembles of conformers of h1, h2, b0 and b,respectively.
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Figure 3.15:
Free energy surfaces of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of sd310 and sh310 . The black triangles are the NMR conformers of mPrP(121–231) whereas the brown circles
are the NMR conformers of mPrP[Y169A](121–231). The orange, red, black
and blue circles are the ensembles of conformers of h1, h2, b0 and b,respectively.
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There are three features of all the FES that are worth underlining:

1. The 310 -helical turn conformational state is most populated in both cases.
2. The conformational space explored by mPrP[Y169A](121–231) is larger
than mPrP(121–231).
3. The free-energy barriers of mPrP[Y169A](121–231), to go from the 310 helical turn to the type I β-turn conformations, are lower than mPrP(121–231).

We will treat the first point in this paragraph while the points number 2 and
number 3 will be assessed in the following section, where we will provide kinetics
information about the conformational dynamics of the β2–α2 loop.
The populations of the different conformational states have been calculated from
the four dimensional FES and they are shown in Table 3.3.
h1

h2

b0

b

WT

0.02

0.77

0.01

0.16

Y169A

0.22

0.43

0.28

0.02

Table 3.3: Population of the different ensemble of conformers. Note that
the probability do not exactly sum to 1.00 due to the presence of a broad
background of conformers from which the mayor peaks emerge.

We believe that, in spite of possible force field inaccuracy, the FES provide a
reasonable description of the systems, especially considering the overall good
correspondence between the NMR structures and the positions of the minima.
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As a further check of the free-energy minima we investigated the structural
stability of the corresponding conformations. Thus we randomly selected conformers from the four minima and run 100 ns long unbiased MD simulations. All
the minima appeared to be stable over this time scale. Furthermore, in order
to test the stability of our results relative to the force field, we repeated this
last calculation using the Charmm22∗ [110] force field. In contrast to the results
presented here, we found that in the mPrP(121–231), the b and b0 conformations can interconvert on the time of 100 ns (Fig. 3.16). One thing that is worth
noticing is that the Charmm22∗ force field does not preserve the type I β-turn
hydrogen bonds (Fig. 3.17). This further analysis makes us confident on the
force field chosen because these bonds were determined experimentally [6].

61

Chapter 3. β2–α2 loop conformational landscape
3

WT

h1
h2
b0
b

WT

h1
h2
b0
b

sd310

2

62

1

3

Y169A h1
h2
b0
b

sd310

2

Y169A h1
h2
b0
b

1

sdβ
1
2
∗
Amber99SB -ILDN

3

sdβ
1
2
∗
Charm22

3

Figure 3.16: Projections on the sd310 , sdβ planes of canonical MD simulations which started from one representative conformer of each local minimum
shown in Fig. 3.9. Top quadrants: mPrP(121–231). Bottom quadrants:
mPrP[Y169A](121–231). Left quadrants: projections using Amber99SBILDN∗ force field. Right quadrants: projections using Charmm22∗ force field.
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Figure 3.17: Time series of the interatomic distances of the hydrogen
bonds of the type I β-turn conformation. The gray and violet dots represent
the distance HN 170 –O167 (N) for the Amber99SB-ILDN∗ and Charmm22∗
force fields, respectively. The green and brown dots represent the distance HN 167 –Oγ 170 (M) for the Amber99SB-ILDN∗ and Charmm22∗ force
fields, respectively. Top quadrants: mPrP(121–231). Bottom quadrants:
mPrP[Y169A](121–231). Left quadrants: b0 conformational state. Right quadrants: b conformational state.
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Finally, we monitored the convergence of the MWs WTMetaD simulations by
calculating the four dimensional free-energy differences among different local
minima as a function of the simulation time (Fig. 3.18). For simplicity we show
only the free-energy differences between the 310 -helical turn conformational state
(h1 + h2) and the β-turn conformational state (b + b0 ).
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Figure 3.18: Time evolution of the free-energy differences between the 310 helical turn and the β-turn conformational states. The convergence plot is
shown in red for mPrP(121–231) and in blue for mPrP[Y169A](121–231).

Once we established the consistence of our approach we tried to make some
speculations of our systems. We noticed some qualitative differences between
mPrP(121–231) and mPrP[Y169A](121–231) in the conformational region h. In
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the wild type protein the sidechain of Y169 contributes to the stabilization of the
310 -helical turn, with the sidechain-to-sidechain D178 hydrogen bond and the
stacking interaction with F175. In order to show this extra stabilization effect,
using a reweighting algorithm [33], we calculated the FES for mPrP(121–231) as
function of the distance between the centroid of the aromatic rings of Y169 and
F175 (d0 ) and the distance between the oxygen atom of the sidechain of Y169
and the Cγ of D178 (d1 ). The main free-energy minima (Fig. 3.19) correspond
to the 310 -helical turn ensemble in which both the T-shaped stacking interaction,
between F175 and Y169, and the hydrogen bond, between Y169 and D178 are
formed. Of course this extra stabilization is missing in mPrP[Y169A](121–231).
Overall, the variant protein shows much higher flexibility.
The calculation of the solvent-accessible surface area (SASA) for the polypeptide
segment 165–175 (Fig. 3.20) shows that in the β-turn conformational state
several hydrophobic residues are more exposed to the solvent than in the 310 helical turn conformational state. Moreover the partially polar residue Y169,
which is strictly conserved in mammals, has twice the exposure to the solvent
in the β-turn conformational state.
In prions, the exposure of hydrophobic residue is often associated with fibril
formation [111, 112], moreover the residue Y169, in this polypeptide segment,
seems to have a peculiar role in the formation of fibrils [113].
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F175

d0
D178

d1

Y169

Figure 3.19: Top quadrant: Free energy surface of mPrP(121–231) as a
function of d0 and d1 . Bottom part: representation of distances d0 and d1
in the polypeptide segment 165–175 of mPrP(121–231) in the 310 -helical turn
conformation. The residue D178 is located on the helix α2.
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Figure 3.20: SASA of the polypeptide segment 165–175 calculated using the
g sas tool of GROMACS [114]. The SASA of each residue is normalized to the
maximum allowed solvent accessibilities [115]. The light-blue bands highlight
the hydrophobic residues whereas the light-yellow band highlights the partially
polar Y169.
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Transition pathways and dynamics

To gain insight into the transition mechanisms we traced the minimum freeenergy pathways interconnecting the h1, h2 and b ensemble of conformers in the
four dimensional FES. In Fig. 3.21a these pathways are projected onto the sd310 ,
sdβ plane, whereas in Fig. 3.21b typical structures that correspond to the local
minima and the transition states as well as the energetic profiles associated to
the conformers are shown.
It is worth noticing that in this representation the transitions states do not
correspond to the saddle points in the two dimensional FES confirming that the
conformational dynamics of the β2–α2 loop cannot be satisfactorily described
with only these two CVs let alone with one [116].
In fact we compared our work with a previous computational study [116] on the
same systems, this last was based on umbrella sampling method supplemented
by a cut-based free-energy profile analysis. The reaction coordinate was taken
to be the distance between the residues P165 and Q168 (dr ). Overall we get the
same picture, although in ours we have been able to clearly identify four different
ensembles of conformers. When we projected our data on the variable dr , we
find for F (dr ) results compatible with those of ref. [116], taking into account
the different force field. However if one takes a look at Fig. 3.22, it is clear that
dr is not able to distinguish between the h1, h2 ensemble of conformers and the
b and b0 cannot be properly identified. This leads to a severe underestimation of
the barriers. We would have incurred the same underestimation if we had used
the barriers in F (dr ) rather than the four dimensional ones.
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a)

b)

Figure 3.21: a) Free energy surfaces (FES) of mPrP(121–231) (top) and
mPrP[Y169A](121–231) (bottom) as a function of sd310 and sdβ . The yellow lines
show the transition pathways between the h1 and h2 conformational states.
The yellow dot shows the position of the transition state between the h1 and
h2 minima. The green lines highlight the transition pathways between the
h2 and the b conformational states. The green dot represents the transition
state between the h2 and b minima. b) Free energy differences and corresponding structures of the ensemble of conformers and the transition states
for the mPrP(121–231) (top quadrant) and mPrP[Y169A](121–231) (bottom
quadrant).
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Figure 3.22: We plot our data, first in a one-dimensional representation, that
uses dr as the CV, similar to ref. [116] (top panel). The CV dr is the distance
between the Cα atoms of residues P165 and Q168. The one-dimensional FES
does not resolve in a clear fashion all the minima. Instead, if we supplement dr
sd −sd

with SR = β √2310 , which is the direction perpendicular to the diagonal (sd310 =
sdβ ) of the plane in Fig. 3.10, the different minima are better separated, both
for mPrP(121–231) (middle panel) and for mPrP[Y169A](121–231) (bottom
panel). This CV SR is useful to distinguish between the h conformational
states (SR . –0.7), the b0 (–0.7 . SR . 0.7) and the b conformational states
(SR & 0.7). The black vertical line at 0.82 nm represents the position of the
transition state identified in ref [116]. It follows from this comparison that the
estimation of the transition state on dr is less accurate.
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Coming back to our results we indicate that while the highest free-energy barrier corresponds to the transition h2 → b for both proteins, their heights are
significantly affected by the Y169A replacement. In particular, the barriers between h2 → b in mPrP[Y169A](121–231) are lower than in mPrP(121–231).
The reason for these differences can be traced to the larger steric hindrance
of Y169 [116] movements when compared to A169. Moreover we have seen
that, when going from h2 to b, Y169 rotates pointing toward the solvent while
mPrP[Y169A](121–231) can use also a pathways in which A169 points toward
the helix α3. Such pathways turn out, in this case, to be energetically favored.
This is shown in the two FES of Fig. 3.23, both are functions of the variable
SR , already described in Fig. 3.22, and a distance between the sidechains of
residue 169 and 218, this last residue is located on the helix α3.
In the case of mPrP(121–231) the distance d3 is between the centroid of the
aromatic rings of Y169 and Y218 (top left quadrant) whereas the distance d4 is
between the centroid of the aromatic ring of Y218 and the Cβ of A169 (top right
quadrant). These two FES show how the A169 can pass very close to the α3 helix
in the conformational exchange, whereas this is not allowed for mPrP(121–231)
due to the steric hinderance of Y169. In Fig. 3.24 we superimposed the CαCβ of the MWs WTMetaD simulations for the two proteins, it is clear that a
region of space is forbidden for Y169 because it would point toward the helix
α3 causing steric clashes.
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Figure 3.23: Top part: Free energy surface of mPrP(121–231) and
mPrP[Y169A](121–231) as function of d3 , SR and d4 , SR respectively. Bottom part: representation of the distances d3 , d4 in the polypeptide segments
165–175 and 218–225 in mPrP(121–231) (red) and mPrP[Y169A](121–231)
(blue).
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Y169A

α3
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Figure 3.24: Polypeptide segments 165–175 and 218–225 in mPrP(121–231)
(red) and mPrP[Y169A](121–231) (blue). Superposition of the Cα and Cβ of
residue 169 for the MWs MetaD simulations.

In order to turn our exploration of the FES into kinetic data, we assume that
our investigation has indeed captured the nature of the transition state so that
Kramers’ theory [117, 118] can be used to quantify the kinetic effects of the
Y169A. The qualitative trends are quite clear. Following Kramers kinetic transition rate (ki→j ) between two generic conformations i and j, using the equation
(2),

ki→j ≈ κ

−

e

∆G∗
i→j
kB T

2π

(3.3)

where ∆G∗i→j corresponds to the free-energy barrier between conformational
states i and j, and κ is the prefactor in ensemble i calculated by means of
the autocorrelation time of unbiased MD trajectories (κ = 1/τicorr ). We focused
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here on the h2 → b transition that corresponds to the highest free-energy barrier
and it is therefore the rate limiting step in the structural interconversion of the
β2–α2 loop. The results in Table 3.4 show that the rates of conformational
exchange in mPrP[Y169A](121–231) can be up to three orders of magnitude
faster than in mPrP(121–231).
transitions
WT (h2 → b)
WT (b → h2)
Y169A (h2 → b)
Y169A (b → h2)

κ [s−1 ]
≈ 109
≈ 109
≈ 109
≈ 109

∆G∗i→j [kJ mol−1 ]
38
34
26
18

ki→j [s−1 ]
35
176
4437
111848

Table 3.4: Parameters of eq. 2 and kinetic transition rates.
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Comparison with NMR chemical shifts signals

In this section we bridge the MWs WTMetaD simulations with the conformational exchange regime of the β2–α2 loop observed in the NMR spectra of
mPrP(121–231) and mPrP[Y169A](121–231) [6].
In protein NMR, the analysis of the chemical shifts signals can provide information on the kinetics of the system studied. In the assumption of a two state
model, to characterize the conformational exchange time scales, an apparent
exchange rate, kex and a frequency difference between the chemical shifts of the
two limiting states, ∆ω, are defined.
If we consider the dynamic equilibrium:
A

k1
k2

B

(3.4)

the kex = k1 + k2 and ∆ω = ωA − ωB . Different types of exchange regimes can
be determined from the relationship between these two parameters. In fact the
different ratios between the kex and ∆ω affect the NMR line broadening.
We can summarize the effect of the exchange regimes on the NMR spectrum in
three characteristic behaviors (Fig. 3.25a):

1. Fast exchange regime (kex > ∆ω): the life time of the two conformational
states is too short to assign a frequency to the nuclei. The effect on the
observed spectrum is an averaged single narrow line that depends on the
populations and the frequencies of the two conformational states.
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2. Slow exchange regime (kex < ∆ω): the life time of the two conformational
states is long enough to associate a frequency and a population to the
different conformational states. The effect on the observed spectrum is a
couple of narrow lines with a magnitude proportional to the populations
of the two conformational states.
3. Intermediate exchange regime (kex ≈ ∆ω): it has an intermediate behavior
between the fast and the slow exchange regimes and it is characterized by
the line broadening of the NMR signals.

a)

b)
mPrP[Y169A](121-231)

Fast
exchange

kex>∆ω

mPrP(121-231)

Intermediate
exchange

kex≈∆ω

Slow
exchange
-50 -40 -30 -20 -10

kex<∆ω
0

10

20

30

40

50

Figure 3.25: a) Effect of chemical exchange on lineshape. In this representation the population of both state were set to 0.5. b) Temperature dependence
over the range of 5 to 40 ◦ C of the NMR signals of the polypeptide segment
167–171 in mPrP(121–231) and mPrP[Y169A](121–231). Cross-sections along
ω2 (1 H) from 750 MHz 2D [15 N,1 H]HSQC spectra are shown. This figure is
taken from ref. [6] and slightly modified.
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The NMR spectra of the β2–α2 loop in mPrP(121–231) and
mPrP [Y169A](121–231) are shown in Fig. 3.25b. Here we reported the chemical
shifts signals of the amide proton of the polypeptide segment 167–171 over the
temperature range of 5 to 40 ◦ C [6].
In the case of mPrP(121–231) at ≈20◦ C the line broadening of the signals is
justified by an intermediate exchange regime between the 310 -helical turn and
type I β-turn conformational states (Fig. 3.25b). The higher temperatures
accelerate the transition between the two limiting states and the exchange regime
is shifted from intermediate to fast.
By contrast the narrow NMR signals of mPrP[Y169A](121–231) (Fig. 3.25b)
do not show any line broadening over the temperature. This behavior can be
interpreted either with no conformational exchange or with a fast exchange
regime [6].
The MWs WTMetaD simulations have revealed a free-energy landscapes that
cannot be strictly considered as a two state model. However, we noticed that
the highest free-energy barriers are found between the h2 and b conformational
states (see section 3.2.4, Table 3.4). For this reason we decided to approximate
the dynamic equilibrium of the conformational dynamics of the β2–α2 loop with
a two state model, where the rate limiting step is the transition between the h2
and b conformational states.
Within this approximation, we can determine the kex from the simulations.
More precisely, kex = kh2→b + kb→h2 is the sum of the forward and reverse rates
of the conformational transition of the loop (see Table 3.4). We found that the
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kex were 211 and 116285 s−1 for mPrP(121–231) and mPrP[Y169A](121–231),
respectively. The other parameter that we need to estimate the exchange regime
is the ∆ω. This is calculated as the frequency difference between the h2 and b
conformational states (∆ω = ωh2 − ωb ).
To calculate the ∆ω we first predicted the chemical shifts of the amide protons
(HN ) of the polypeptide segment 167–171 for the two conformational states by
means of shiftx2 [119] and sparta+ [120] codes. The calculated chemicals were
then converted in frequencies as:
ω[Hz] = ν[ppm]B0 [MHz]

(3.5)

where B0 is the magnetic field strength (B0 =750 MHz [6]) and ν is the chemical
shifts provided by the predictors.
D167 [Hz]
Q168 [Hz]
Y/A169 [Hz]
S170 [Hz]
N171 [Hz]

SH
∆ωW
T
187
564
225
756
467

SP
∆ωW
T
347
606
124
577
344

∆ωYSH
169A
167
496
256
673
454

∆ωYSP169A
266
609
159
621
498

Table 3.5:
Chemical shift differences in mPrP(121–231) and
mPrP[Y169A](121–231), calculated with the predictors shiftx2 (SH)
and sparta+ (SP), between the h2 and b conformational states, for the HN s
atom of the polypeptide segment 167–171.

The resulting ∆ω are reported in Table 3.5 for the two different predictors
shiftx2 (∆ω SH ) and sparta+ (∆ω SP ).
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Summarizing the results that we obtained from the comparison of the calculated
kex and ∆ω, we found for mPrP(121–231) that kex ≈ ∆ω. In fact, for all the

amide protons of the polypeptide segment 167–171, ∆ω is on the order of 102

s−1 as well as kex . Moreover we have noticed that S170 is characterized by
line broadening also at higher temperatures (Fig. 3.25b). This means that its
dynamics is somewhat slower than the other residues. What we found is that
the HN proton of S170 has the largest ∆ω. Considering that the calculated
kex =211 and the ∆ω of S170 is ≈700, also for our calculations the exchange
regime of S170 approximates more the slow exchange regime than the others
residues. As previously discussed a kex ≈ ∆ω reveals an intermediate exchange
regime that is characterized by the line broadening of the NMR signals (Fig.
3.25a).
In mPrP[Y169A](121–231) the kex is on the order of 105 s−1 and the ∆ω is on
the order of 102 s−1 (Table 3.5). As we have shown in Fig. 3.25 a kex > ∆ω
defines a fast exchange regime that is characterized by narrow lines.
The MWs WTMetaD simulations are in very good agreement with the NMR
signals. The estimated kex and ∆ω for mPrP(121–231) are compatible with
the line broadening of the NMR data (Fig. 3.25b), [6]). Moreover in ref. [6]
was suggested a low limit of the kex at 800 s−1 and an upper limit at 56000
s−1 , considering the inaccuracy of the force fields the calculated kex has a good
correspondence with the experimental one.
The results of mPrP[Y169A](121–231) are even more instructive. In fact the
broad FES (see section 3.2.3), characterized by lower free-energy barriers than
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mPrP(121–231) (see section 3.2.4) led to a kex >> ∆ω. This allows the interpretation of a fast exchange regime rather than no conformational exchange.
Moreover, the large difference between the kex and the ∆ω can further provide
a justification to the fact that there is no line broadening at lower temperatures
(Fig. 3.25b).
For both proteins the calculated kinetics rates have suggested a consistent interpretation of the chemical shifts signals.
In the second part of this section we perform a more quantitative analysis of the
chemical shifts. In fact we calculated these NMR observables as an average over
all the conformational states of the MWs WTMetaD simulations and determined
the deviations from the experimental ones.
The experimental chemical shifts were gathered from ref. [6], in particular from
the NMR data collected at 20 ◦ C and 37 ◦ C for mPrP[Y169A](121–231) and
mPrP(121–231), respectively. As shown in Fig. 3.25b both the systems at these
temperature are in the fast exchange regime, here the chemical shifts values are
weighted averages over the populations of the dynamic equilibrium of the β2–α2
loop.
We used the codes shiftx2 [119] and sparta+ [120] to predict the chemical shifts
of the nuclei Hα , Cα , Cβ , N and HN , for the polypeptide segment 165–175.
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n ) over the ensembles average, for the different
The calculated chemical shifts (νobs

nuclei (n), can be seen as:
n
= Ph1 νh1 + Ph2 νh2 + Pb0 νb0 + Pb νb
νobs

n = Hα , Cα , Cβ , N, H N

(3.6)

where h1, h2, b0 , b are the different conformational states and P and ν are the
relative populations and associated chemical shifts, respectively.
Once is determined νobs for the various nuclei of the polypeptide segment 165–175,
we calculated the RMSD from the experimental chemical shifts (νN M R ):
v
u
NR
u 1 X
n
i − νi
2
RM SD = t
(νobs
N M R)
NR

(3.7)

i=1

where the sum runs over the NR =11 residues of the polypeptide segment 165–175.
For the HN nuclei the sum runs over 10 residues because the residue P165 does
not have the HN atom.
In Table 3.6 together with the RMSD calculated from our MWs WTMetaD
simulations (RMSDM eta ) we show as a reference the deviations calculated from
the NMR ensemble of conformers deposited in the protein data bank (RMSDpdb ).
For almost all the nuclei the RMSDM eta have lower deviations than RMSDpdb .
This means that the simulations improves the representation of the global conformational landscape of the two proteins with respect to the NMR ensemble
deposited in the protein data bank.
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shiftx2
Hα [ppm]
Cα [ppm]
Cβ [ppm]
N [ppm]
HN [ppm]
sparta+
Hα [ppm]
Cα [ppm]
Cβ [ppm]
N [ppm]
HN [ppm]
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T
RMSDW
pdb
0.26
1.73
1.31
2.10
0.46

T
RMSDW
M eta
0.10
0.62
0.71
1.85
0.29

RMSDYpdb169A
0.25
1.91
0.86
2.52
0.44

RMSDYM169A
eta
0.20
1.26
0.86
2.18
0.40


0.12
0.44
0.52
1.12
0.17

0.37
1.00
1.20
2.33
0.37

0.11
0.54
0.68
1.74
0.24

0.29
0.92
0.86
1.01
0.40

0.21
1.33
0.82
1.99
0.38

0.25
0.94
1.14
2.45
0.49

Table 3.6: RMSD of polypeptide segment 165–175 from the experimental
chemical shifts of mPrP(121–231) (RMSDW T ) and mPrP[Y169A](121–231)
(RMSDY 169A ). The deviations are shown for the nuclei Hα , Cα , Cβ , N and
HN in MWs WTMetaD simulations (RMSDM eta ) and for the ensemble of
conformers deposited in the protein data bank (RMSDpdb ). In the last column
we reported the accuracy of the predictors [119, 120].

In particular mPrP(121–231) shows the best agreement with the experimental
T
data, since for all the nuclei RMSDW
M eta shows lower values than RMSDpdb .

Also for mPrP[Y169A](121–231) we have a rather good agreement with the
experimental data, besides the chemical shifts of the nuclei Cα and N calculated
with the predictor sparta+, all the other deviations are equal or better than
RMSDpdb .
The overall better quality of the results reported for the mPrP(121–231) with
respect to mPrP[Y169A](121–231) has to be identified on the overestimation of
the 310 -helical turn conformation in the variant protein Y169A.
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However this result is not surprising because another computational study [116]
performed with a different force field has shown the same overestimation of the
310 -helical turn conformation in mPrP[Y169A](121–231). This discrepancy is in
terms of few kB T , a free-energy difference that cannot be fully captured by the
current force fields.

3.2.6

The sd310 , sdβ as general map for the β2–α2 loop in prion
proteins.

Given the putative role of the β structures in the formation of fibrils, due to the
larger exposure of the hydrophobic residues, it would be useful to construct a
map that allows comparing the behavior of the different species and variants of
prion proteins.
The success of the representation of the mPrP(121–231) and
mPrP[Y169A](121–231) suggests the use of a similar scheme. In particular it is
remarkable that both the proteins can be described well using the sd310 and sdβ
CVs, that measure the distance from the same reference structures (see section
3.2.2.1, Eq. 3.1). Naturally it would be too costly to report the MWs WTMetaD
calculations for all the prion proteins.
For this reasons we have projected all the prion proteins structures downloaded
from the protein data bank [6, 66–100] (see section A.4) and we found that they
all group into four different regions (Fig. 3.26).
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For all pdb conformers we performed 5 ns unbiased MD simulations. The cumulative distribution of points is shown in Fig. 3.26. Remarkably they all lie
very close to the mPrP(121–231) FES (see Fig. 3.10) minima, indicating a kind
of general pattern.

P

3
PrPs

h1

0.002
0.0018
0.0016

h2
2

0.0014

sd310

0.0012
0.001

b0
1

0.0008

b

0.0006
0.0004
0
0

1

2

3

sdβ

Figure 3.26: Probability distribution of 5 ns in the NVT ensemble for all the
conformers of 84 prion proteins structure deposited in protein data bank. The
probability distribution is shown as a function of sd310 sdβ CVs.
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We illustrate the power of this structure classification using the mouse [6, 66–
68] and the human prion proteins (HuPrPs) [69–73] (Table 3.7). The projection
of these two proteins on the sd310 , sdβ plane obtained in Fig. 3.26 are shown in
Fig. 3.27. In mPrPs the equilibrium between the 310 -helical turn and β-turn
conformations is shifted toward the 310 -helix structure while in HuPrPs the
β-structures have a more important role.
mPrP
HuPrP

β2–α2 loop
P V D Q Y S
• M •
E •
•

N Q N N F
• • • • •

Table 3.7: Amino acid sequence alignment for the polypeptide segment
165–175 of mPrP and HuPrP, which includes the β2–α2 loop. Filled circles in
HuPrP indicate identical residues.

We thus consider the HuPrPs M166V variant whose sequence of β2–α2 loop is
in between the mPrP and HuPrP. The result is rather comforting as we observe
a more balanced distribution (Fig. 3.28).
This behavior of the variant HuPrPs M166V can be traced to the fact that
because of the substitution of a valine to a methionine at position 166, one of
the hydrogen bonds of the 310 -helical turn conformation, that contributes to its
stability, is absent in HuPrP (Fig. 3.29).
This is further confirmed by the the double variant of HuPrP M166C/E221C
[76]. These substitutions allow the formation of a second disulphide bridge.
While the first one is between the helices α2 and α3, this is between the β2–α2
loop and the helix α3. Again the substitution of the methionine, in this case
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to a cysteine, together with the restricted mobility of the loop that is bound to
the helix α3, tends to favor the 310 -helix structure of the β2–α2 loop.
3

HuPrPs

h1
h2

sd310

2

1

b0

3

b

mPrPs

h1
h2

sd310

2

1

b0

1
0.001

b

sdβ

2

3

P
0.002

Figure 3.27: Top panel: probability distribution of 5 ns in the NVT ensemble
for all the conformers of HuPrPs. Bottom panel: probability distribution of
5 ns in the NVT ensemble for all the conformers of mPrPs.
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Figure 3.28: Probability distribution of 5 ns in the NVT ensemble for all the
conformers of HuPrPs M166V as a function of sd310 sdβ CVs.
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Figure 3.29: Probability distribution of 5 ns in the NVT ensemble for all the
conformers of HuPrPs (black) and mPrPs (red) as a function of the distance
between the HN 169 –O166 () atoms.
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M166C/E221C

h1
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0.0018
0.0016
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0.0014

sd310
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0.001
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0.0008
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1
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Figure 3.30: Probability distribution of 5 ns in the NVT ensemble for all the
conformers of HuPrPs M166C/E221C as a function of sd310 sdβ CVs.

As general consideration we can say that the large volume of the methionine
could disfavor the formations of the 310 -helical turn conformation.

Chapter 4

Conclusion
We have taken advantage of two enhanced sampling schemes to obtain a comprehensive and detailed picture of the conformational dynamics of the β2–α2 loop
in mPrP(121–231) and mPrP[Y169A](121–231). In particular, parallel tempering combined with the well-tempered ensemble approach provided an initial
characterization of the structural heterogeneity of the two proteins, suggesting
the most relevant ensemble of conformers. This initial analysis allowed us to
devise collective variables that can distinguish between the different ensembles
of conformers and allowed us to obtain insight into the structural and kinetic
properties of the β2–α2 loop and their dependence on the Y169A mutation.
Here, we compare the results of our computational investigation with previous
NMR investigations of mPrPs. Regarding mPrP(121–231), we find, in agreement with NMR experiments, that the most populated conformational state of
90

Chapter 4. Conclusion
the β2–α2 loop is the 310 -helical turn. Furthermore, we confirmed the existence
of a lowly populated type I β-turn conformation in mPrP(121–231), as was
suggested by NMR chemical shift analysis of mPrP[Y169A](121–231) [6, 106].
It is very encouraging that the results from the present calculations and earlier
experimental studies by NMR in solution [6, 106] are mutually supportive and
in interesting ways complementary. Thus, regarding mPrP(121–231), the calculations show, in agreement with implications from combined analysis of the
NMR chemical shifts of mPrP(121–231) and mPrP[Y169A](121–231), that the
β2–α2 loop forms a 310 -helical turn, and that there is an admixture of type I
β-turn conformation. Similarly, for the variant protein with Y169A, the calculations find conformations that coincide closely with the experimental structures.
With regard to the thermodynamic equilibria and the exchange kinetics between
the multiple locally different conformations, the combined results from the two
approaches expand the overall view of the system.
The calculations showed that the exchange rate between the 310 -helix turn and
the type I β-turn conformations is orders of magnitude faster in the variant
protein than in mPrP(121–231), which explains why a single set of narrow NMR
signals of β2–α2 were observed over the temperature range from 5 to 40 ◦ C
[6, 106].
It also appears that the model calculations overestimated the populations of the
minor species in both proteins, i.e., the conformations b and b0 in mPrP(121–231)
and the h-type conformations in mPrP[Y169A](121–231). Combining the information from the two investigations thus provides us with a rather complete
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picture of the structure, thermodynamics and conformational exchange kinetics
of the β2–α2 loop in prion proteins.
The line broadening behavior of the β2–α2 loop for mPrP[Y169A](121–231) and
the triple variant Y169G/S170N/N174T [106], that has shown to resist prion
infections [102], are very similar. We suggest that a free-energy landscape with
multiple local minima and low free-energy barriers, together with a small residue
at position 169 [113] are key elements to resist to prion infections.
The protein only hypothesis states that the propagation of the fibrils is caused
by the conversion of PrPC in PrPSc . Until this happened it is necessary that
PrPC interacts with the putative protein X that facilitates the conversion in
PrPSc , or directly with PrPSc . This dissertation supports the idea that a β-turn
conformation, in mammalian prion proteins, could be a suitable conformation
of PrPC to interact with one of the two aforementioned proteins. The peculiar
feature of this conformation is that it increases the exposure of the hydrophobic
residues as well as the partially polar residue Y169, these two events have been
seen to be necessary to the formation of fibrils.
Thus, if we consider a conformational selection mechanism, a β-turn like state
would be the more efficient way to interact with the putative protein X or
PrPSc , in fact this interaction would be not possible in the 310 -helical turn
conformational state, where Y169 and the hydrophobic residues are buried in
the protein core.
The map that we have identified on the sdβ , sd310 plane, could help the researchers
to this purpose. In fact, it can be easily recognized if the loop of different species

Chapter 4. Conclusion
is in a β-turn like conformational state, and thus if it is prone to interact with
the protein X or PrPSc .
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Chapter 5

Outlines
As we said in the conclusion, in the β-turn conformations the tyrosine at position
169 and the adjacent hydrophobic residues are more exposed to the solvent. For
this reason the β2–α2 loop could be in a suitable conformation to interact with
PrPSc and trigger the conversion of the PrPC in the toxic isoform.
Whereas in the 310 -helical conformations, where the aromatic ring of the tyrosine
at position 169 being less exposed to the solvent, as well as the hydrophobic
residues, would prevent a favorable interaction with the PrPSc avoiding the
conversion of the cellular isoform. This is also supported by the recent paper of
Baral et al. [94] that has shown how phenothiazines, stabilizing the β2–α2 loop
in the 310 -helical conformation, inhibit the propagation of prions.
Our calculations suggest for the wild-type protein that the 310 -helical conformation is stabilized by an hydrogen bond between Y169 and D178, and a stacking
94
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interaction with F175 (Fig. 3.19). We think that the substitution of a tyrosine at position 169 with a protonated histidine (many prion proteins were
characterized in acidic environment in which the histidines are supposed to be
protonated [6, 66, 67, 69, 74, 76–78, 80, 82, 84–87, 89–93]) could further stabilize the 310 -helical conformation because of the putative salt-bridge between the
H169 and D178 (Fig. 5.1). Of course the histidine has been chosen because the
imidazole, as the phenole is an aromatic ring and it can be protonated in mild
acidic environment. This substitution could avoid the formations of the β-turn
conformations and confer resistance to prion infection.

a)

b)
D178
Y169

D178
H169

Figure 5.1: a) mPrP(121–231). The dashed line represents the hydrogen
bond between Y169 and D178 b) mPrP[Y169H](121–231). The dashed line
represents the salt bridge between H169 and D178.

Instead to increase the propensity of forming fibrils in prion proteins we thought
that the double substitution D178L and Y169F would destabilize the 310 -helical

Chapter 5. Outlines

96

in favour of the β-turn conformations. These substitutions would also increase
the hydrophobic surface in the region of the β2–α2 loop. We have chosen the
leucine at position 178 because it is the hydrophobic residue more similar to
the aspartate. The further two substitutions S170N/N174T, that have already
shown the spontaneous development of transmissible spongiform encephalopathy [101], could form a very toxic form of prion proteins (Fig. 5.2).

a)

b)
D178

N174

S170

Y169
Figure

L178
T174

N170

F169

5.2:
a)
mPrP(121–231).
mPrP[Y169F/S170N/N174T/D178L](121–231).

b)

Starting from the h2 and b conformation of mPrP(121–231) we have generated
the single-variant Y169H and the quadruple variant Y169F/S170N/N174T/D178L,
respectively. We have preformed standard MD simulations for both systems and
they were stable in the time-scale of 100 ns as shown in Fig. 5.3. Of course we
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cannot say anything about how these mutations can affect the folding event of
PrPC .
3

h1

Y169H
Y169F/S170N/N174T/D178L

h2

sd310

2

1

b0

0

b

1

2

3

sdβ

Figure 5.3:
Projections on the sd310 , sdβ planes of canonical MD simulations of mPrP[Y169H](121–231) (red points) and
mPrP[Y169F/S170N/N174T/D178L](121–231) (blue points).

Finally, we suggest to express these two protein variants to extend the understanding of the role of the β2–α2 loop.

Appendix A

Simulations details
A.1

Details of unbiased MD simulations

Molecular dynamics simulations were performed using Gromacs 5.0.4 [114] with
the Amber99SB∗ -ILDN force field [108]. The equations of motion were integrated with time steps of 2 fs. All covalent bonds were constrained to their
equilibrium values using the LINCS algorithm [121]. The electrostatic interactions were calculated by the Particle Mesh Ewald algorithm [36], and a cutoff
of 0.9 nm was used both for Lennard–Jones interactions and for the real-space
Coulomb contribution.
The initial conformation taken from the best representative structure of the
20 NMR conformers deposited in the pdb data bank (pdb codes 2l39, 2l40 [6],
1xyw, 1y16 [67], 2kfl, 2kfm, 2kfo [80], 2l1e [85]) was solvated in a truncated
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dodecahedron box with periodic boundary conditions with ∼ 9000 TIP3P [122]
water molecules. Considering that the environment in which the proteins were
characterized is at pH 4.5, we assigned the protonation states of the different
side chains with the program PROPKA [123].
The systems have been energy minimized and heated step by step from 0 K
to 300 K, while constraining the heavy atoms with a decreasing force constant.
We then equilibrated the system in the isobaric isothermal ensemble (T=300 K,
P=1 atm) for 100 ns and for 200 ns in the canonical ensemble. In all of the runs,
the temperature was kept constant using a stochastic thermostat [124].

A.2

Details of PT-WTE simulations

To accelerate the sampling we used the PT-WTE [32] simulations using Gromacs
5.0.4 [114] with PLUMED 2.0 plug-in [125]. We used sixteen replicas that span a
temperature interval ranging from 300 K to 550K, according to the distribution
proposed in ref. [126]. The starting conformations of the mPrP(121–231) and
mPrP[Y169A](121–231) [6] for the PT-WTE calculations correspond to the final
structures obtained after the MD runs in the canonical ensemble (see A.1).
Before the introduction of Metadynamics bias, an additional equilibration step
was performed for the systems by running a short (1 ns) PT simulation. We set
the γ-factor of the WTE ensemble equal to 30. The Metadynamics bias in the
potential energy space was constructed by depositing Gaussians with a width
of 500 kJ/mol, and a height of 2.5 kJ/mol at every picosecond. We used welltempered Metadynamics to rescale the Gaussian weight factor, ensuring the
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theoretical convergence of the Metadynamics simulations [31]. The exchange
acceptance probability was around 20%.
Five different restraints were implemented: three for the stabilities of the three
α-helices, one for the two β-strands and one for the Cα’s of the polypeptide
segments of mPrP (121–231) that do not belong to the β2–α2 loop. The parameters of these restraints at room temperature were chosen so as to allow
a degree of conformational flexibility exceeding the natural fluctuations of the
system [127, 128] (see A.2.1). These were measured in a preliminary 200 ns
unconstrained MD run. At the higher temperature the restraints were strengthened by a factor proportional to the temperature.
Using this set-up, we performed 115 ns of PT-WTE simulation for a total aggregated time of 1.84 µs for mPrP(121–231) and mPrP[Y169A](121–231).

A.2.1

Restraints of PT-WTE simulations

The secondary and tertiary structures were restrained by means of five harmonic
potentials with the following form:

VP =



k(x − x0 )2 ,

if x > x0


0,

if x ≤ 0

(A.1)

where x corresponds to the root mean square deviation from the experimental
structure. The secondary structures were restrained in the N C Cα O distance
space whereas the tertiary structure is restrained in the Cα distance space.
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We first chose the force constant k1 , at T = T1 , in such a way that when
x/x0 = 1.25, VP is ∼ 5kB T (Eq. A.1), then we extrapolated the other kis
according to the following relationship:


ki =

Ti
T1

2
k1

(A.2)

Restraints parameters are reported in Table A.1.
x0 [nm]

k1 [kJ/(mol·nm−2 )]

Helix α1

0.0231

372718

Helix α2

0.0387

134178

Helix α3

0.0417

111815

β-sheets β1β2

0.0478

85725

Cα

0.1500

8386

Table A.1: Restraints parameters.

A.3

Details of MWs MetaD simulations

We used eight walkers for mPrP(121–231) and mPrP[Y169A](121–231) in the
MWs MetaD simulations, for a total aggregated time of 4.25 µs. The initial
conformations of the β2–α2 were randomly selected from the four conformational
ensembles found in PT-WTE simulations. For the equilibration of the systems
and PT-WTE details see sections A.1 and A.2.
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Also in this case to perform this enhanced sampling simulations we used Gromacs 5.0.4 [114] with PLUMED 2.0 plug-in [125]. We set the γ-factor of the
MWs WTMetaD equal to 30. The MWs WTMetaD bias in the sh310 , shβ , sd310 , sdβ
space was constructed by depositing Gaussians with a width of 0.020, 0.020,
0.015, 0.050, respectively and a height of 2.5 kJ/mol at every 2 ps.

A.4

Details of the unbiased MD simulations on the
84 pdb files

Each conformer of the 84 pdb files (Table A.2) was solvated in a truncated
dodecahedron box with periodic boundary conditions with ∼ 9000 TIP3P [122]
water molecules.
The systems have been energy minimized and heated step by step from 0 K
to 300 K, while constraining the heavy atoms with a decreasing force constant.
We then equilibrated the system in the isobaric isothermal ensemble (T=300
K,P=1 atm) for 5 ns and finally we run 5 ns in the canonical ensemble with
Gromacs 5.0.4 [114]. In all of the runs, the temperature was kept constant
using a stochastic thermostat [124].
For the calculations on mPrPs wild type were taken the pdb files with codes:
1ag2 [66], 1xyx [67], 2l39 [6], 4h88 [68], 2l1h whereas for HuPrPs wild type were
taken the pdb files with codes: 1qm1, 1qlz, 1qm3, 1qlx, 1qm0, 1qm2 [69], 1hjn,
1hjm [70], 2w9e [71], 4dgi [72], 4n9o , 4kml [73]. The HuPrP M166V has the
pdb codes: 1e1g, 1e1j [74].
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pdb code

Species

Mutation

Reference

1ag2

mouse

[66]

2l39

mouse

[6]

2l40

mouse

Y169A

[6]

2l1d

mouse

Y169G

[6]

1xyx

mouse

[67]

1xyw

elk

[67]

1y15

mouse

N174T

[67]

1y16

mouse

S170/N174T

[67]

4h88

mouse

[68]

1qm1

human

[69]

1qlz

human

[69]

1qm3

human

[69]

1qlx

human

[69]

1qm0

human

[69]

1qm2

human

[69]

1hjn

human

[70]

1hjm

human

[70]

2w9e

human

[71]

4dgi

human

[72]

4n9o

human

[73]

4kml

human

[73]

1e1j

human

M166V

[74]

1e1w

human

R220K

[74]
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1e1p

human

S170N

[74]

1e1g

human

M166V

[74]

1e1u

human

R220K

[74]

1e1s

human

S170N

[74]

1b10

syrian hamster

1h0l

human

1dwy

bovine

[77]

1dx0

bovine

[77]

1dwz

bovine

[77]

1dx1

bovine

[77]

1xyu

sheep

1xyq

pig

[78]

1xyj

cat

[78]

1xyk

canine

[78]

1y2s

ovine

2k56

bank vole

2k5o

mouse

2kfl

tammar wallaby

2kfm

mouse

Y225A/Y226A

[80]

2kfo

mouse

V166A

[80]

2ku4

horse

2ku5

mouse

D167S

[81]

2ku6

mouse

D167S/N173K

[81]

2fj3

rabbit

[75]
M166C/E221C

H168a

R168a

[76]

[78]

[78]
[79]

S170N

[79]
[80]

[81]

[82]

Appendix A. Simulations details

105

2joh

rabbit

S173N

[82]

2jom

rabbit

I214V

[83]

3hak

human

V129

[84]

3heq

human

M129a /D178N

[84]

3her

human

V129a /F198S

[84]

3hes

human

M129a /F198S

[84]

3hj5

human

V129a

[84]

3hjx

human

V129/D178N

[84]

2l1e

mouse

F175A

[85]

2m8t

human

V209M

[86]

1fo7

human

E200K

[87]

1fkc

human

E200K

[87]

2lv1

human

V210I

[88]

2lej

human

M129a /V210I

[89]

5l6r

human

2lft

human

2lsb

human

2kun

human

2mv8

ovis aries

[93]

2mv9

ovis aries

[93]

2n53

ovis aries

[93]

4ma7

mouse

[94]

4ma8

mouse

[94]

4hls

rabbit

[90]
E219K

[91]
[91]

M129a /Q212P

S170N

[92]

[95]
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4hmm

rabbit

S174N

[95]

4hmr

rabbit

S170N/S174N

[95]

1uw3

sheep

[96]

3o79

rabbit

[97]

4yxl

syrian hamster

[98]

4yx2

bovine

[98]

1tpx

ovine

[99]

1tqb

ovine

[99]

1tqc

ovine

[99]

2lh8

syrian hamster

[100]

2l1h

mouse

to be published

2l1k

mouse

Y169A/Y225A/Y226A

to be published

2k1d

mouse

D178N

to be published

Table A.2: Protein data banks file projected on the sd310 , sdβ map. The
label indicates a polymorphism.

a

Publications directly related to this thesis

Publications directly related to this thesis

1. Enrico Caldarulo, Alessandro Barducci, Kurt Wüthirch, and Michele
Parrinello. Prion protein β2–α2 loop conformational landscape. Submitted to Proceedings of the National Academy of Sciences USA.
2. Enrico Caldarulo, Alessandro Barducci, and Michele Parrinello. The
sd310 , sdβ as general map for the β2–α2 loop in prion proteins. In preparation.
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