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Chapter 1

Introduction

We give a short overview of the protein folding problem. Much insight can be gained from simple
models that supply the basic background for more detailed, fully atomistic considerations. We
present the current view on protein folding as a collective selforganization process that takes place
through an ensemble of pathways. We demonstrate how the idea of a folding funnel can explain the
Levinthal’s paradox and encompass the existence of free-energy barriers and folding intermediates.
We also present the generic protein folding mechanisms and describe the most commonly used order
parameters for protein folding transitions. We end with an overview of this thesis.

1.1 Background

The importance of proteins - biomolecules that appear in all living organisms - is difficult

to underestimate. They are basic components of living cells fulfilling a variety of roles as

structural-mechanical elements, enzymes catalyzing biochemical reactions, antibodies or

hormones. They take an important part in the signalling, cell-division and many other most

fundamental processes within living cells [1, 41].

From the chemical point of view, a majority of proteins can be considered linear heteropoly-

mers, polypeptides, constructed of 20 different kinds of subunits, the aminoacids. These

proteins can be described by the unique sequence of aminoacids, also referred to as primary
structure, which is the information stored in the genetic code as DNA. Proteins are syn-
thesized by ribosomes as linear chains, usually of the length of a few hundred aminoacids.

But how does this one-dimensional sequence translate into the complexity of protein be-

havior and function? After the first discovery of the three-dimensional structure of pro-

teins (myoglobin and hemoglobin [33, 27]), it was realized that it is the link between the

aminoacid sequence and the functioning of the proteins and is characteristic for each indi-

vidual molecule. There are about 100 000 proteins encoded in the human genome [37, 9],

whose folds can be classified in about 1000 to 5000 different, distinct structural architec-

tures [7]. Nowadays, we know that under ambient conditions most proteins acquire a char-

acteristic three-dimensional configuration, the so-called native state. Tens of thousands of
protein structures have already been resolved, but the most fundamental questions have

not yet been fully answered. Firstly, we still do not know how the one dimensional sequence
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6 CHAPTER 1. INTRODUCTION

relates exactly to the three dimensional functional form of a protein. Secondly, we don’t

know how most of the proteins reach their native state. These questions are of high prac-

tical importance because having the answers would allow us to design proteins in silico,

with desired properties and also to understand the origins of diseases like type 2 diabetes,

Alzheimer, Creuzfeld-Jacob, Bovine Spongiform Encephalopathy (BSE), Parkinson’s disease

and many others [14]. This work focuses on the mechanistic, kinetic and structural aspects

of protein folding and unfolding dynamics, namely how fast the proteins fold into the native

state and “what routes they take”. This is important for understanding the function and

disfunction of proteins and eventually allows us to construct predictive models for proteins.

We employ molecular dynamics simulation techniques and prove that the fully atomistic

simulations of protein folding of more and more complex systems are coming within our

reach.

1.1.1 Structure of proteins
The structure of the native state of proteins is known to be hierarchical [19]. Based on

the experimental data we know that the aminoacid sequence translates into a unique sec-
ondary and tertiary structure. α-helices and beta-sheets are the most common secondary
structure “building blocks” of proteins. They are stabilized by hydrogen bonds as presented

in Figure 1.1. The secondary structure elements may further interact and build more com-

plicated aggregates. For instance, interacting α-helices can form helix bundles and β-sheets
can form β-barrels. The secondary structure elements are further stabilized by hydropho-
bic interactions, disulfide bonds, electrostatic interactions, hydrogen bonds and salt bridges

constituting the final tertiary structure of a protein. All these interactions contribute to the

native state being the global free-energy minimum. Protein folding and unfolding occur in

the cell environment, which is packed with multiple organelles and hundreds of different

kinds of macromolecules. In this complex environment, at different stages other processes,

such as aggregation or misfolding, may appear. In addition, folded proteins may arrange

into complicated complexes (quaternary structure), playing different roles in the cell. A
symbolic representation of different states of proteins including aggregates, amyloids and

fibers is presented in Figure 1.2. In this work we do not aim at addressing any of the pro-

cesses that relate to protein-protein interactions. Instead, we will examine the behavior of

a single protein molecule on its way from the disordered unfolded to the folded, functional

native state. We will also consider possible folding intermediates, as well as metastable

traps and misfolding events.

1.2 Understanding Why Proteins Fold

1.2.1 Levinthal’s Paradox
The fact that there exists a very well-defined, single native structure, and that somehow

this structure is found by the folding protein within from microseconds up to minutes, from

the enormous number of accessible configurations, has drawn big interest from the very

beginning of the discovery of the native state. The time needed to explore all the available

protein microstates was estimated by Levinthal [31] and the conclusion that followed is
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Figure 1.1: (a) A typical medium size protein is shown in the cartoon representation. It contains a mix of
secondary structures: β-sheets and α-helices (plotted in dark grey in cartoon representation with h-bonds as
strings). The backbone is colored and thickened in case of the presence of a secondary structure. Random coil
segments are plotted as white threads. A typical β-sheet (b) and α-helix (c) are plotted along with the Hydrogen
bonds symbolically shown as springs. (d) The same protein has been shown in the space filling representation,
with hydrophobic residues plotted in black and hydrophilic in grey, in order to show the hydrophobic core
formation. In plot (e) all atoms are plotted in lines representation, and the hydrogen bonds as black springs

revealing the hydrogen-bond network.

called Levinthal’s paradox.
Let us consider a polypeptide chain of 100 aminoacids, which is still a relatively small pro-

tein. Next, let us assume that each aminoacid can be found in one of two distinct confor-

mations. The lower limit of the transition time between these two aminoacid states can

be assumed 1ps. Based on the number of available states and this transition time we can
estimate the time needed to sample all available configuration. This time is of the order

of 1010 years. Based on this result, Levinthal proposed that there must be a bias towards

the native state, because otherwise there would be no proteins folded within the life time of

the universe. As a consequence, there must exist a folding pathway. The idea that proteins

fold through very specific sequence of configurational microstates - chemical reaction-like

folding pathways - was introduced [28, 26, 11]
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Figure 1.2: Multiple states of a polypeptide chain. A folding transition from the unfolded to the native state
proceeds through an intermediate. At each state, the protein can form aggregates: disordered aggregates in
the unfolded state, intermediate state aggregates and crystals, that can form in the native conformation. In

the intermediate state, it is also possible to form potentially toxic aggregates, e.g. amyloids, linked to many
diseases. In some cases folded proteins form fibers - linear aggregates. In this thesis we restrict ourselves to
the case of protein folding without interactions with other proteins, and thus looking at the central transition

from the unfolded to the native state, possibly through intermediate state(s).

1.2.2 Energy Landscape View
In the late eighties a new, more general idea emerged: a statistical view of the folding land-

scape [35, 8, 15, 16, 38, 10, 43]. Instead of assuming that proteins fold through a sequence of

microstates, we could rather imagine the folding process as a collective, sequential selforga-

nization process that can proceed through a multiplicity of pathways. This would give rise

to the idea that proteins fold through ensembles of microstates or, in other words, through a

sequence of macrostates. This idea is nicely summarized in figure 1.3, where a protein fold-

ing energy landscape is depicted as a rugged funnel [35, 8, 30], containing traps in which the

protein temporarily resides on its way to the native state, being the global energy minimum.

Origins of the Folding Funnel

But why does the folding funnel exist at all? What are the origins or underlying physical

reasons for its existence? This question was examined using simple lattice hydrophilic-
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Figure 1.3: A golf-course (left) versus funnel-like (right) energy landscape. Random heteropolymers are char-
acterized by a rugged, highly frustrated energy surface, on which there is no correlation between the similarity

to the global energy structure and current configuration. This correlation exists for functional proteins selected
during evolution, which are a very small sub-ensemble of all possible heteropolymers [36].

hydrophobic models [12]. One may look at the simplest random heteropolymer, with only

two kinds of beads. The same type of beads attract each other; different types repel each

other. A sequence of beads is randomly selected. This kind of system in the majority of

cases does not show funnel-like behavior. Instead, the energy landscapes are rugged and

golf-course-like as shown in Figure 1.3. Two features of these random heteropolymer energy

surfaces are important to notice. First, they are frustrated 1, resulting in a high ruggedness
of the landscape. Secondly, there is no correlation between the energy of a configuration

and its “kinetic distance” from the global energy minimum [12]. This is a very important

feature, making the search through the ensemble of configurations of these heteropolymers

a random, unbiased walk. If proteins were random heteropolymers, they would fold in the

time predicted by Levinthal. What then makes proteins so special? Evolution has selected

a very specific, small subensemble of the enormous set of all possible structures. All these

sequences fold within a time between microseconds and minutes, making them useful on

the biological timescale. The above mentioned simplistic models yield a lot of insight in

protein folding and show that this selection can be relatively easily done in two ways: 1) by

minimizing the frustration of the global energy minimum structure and 2) by introducing

new types of specific interactions further reducing the frustration and the number of kinetic

traps. This minimization of the frustration through the evolutionary process is thought to

be the origin of the funnel landscape of proteins, that can easily explain the Levinthal’s

paradox.

Folding Funnel: “New View” on Protein Folding

A schematic representation of the folding funnel is shown in Figure 1.4. The width of the

funnel is a measure of number of microstates, or equivalently, the entropy. At the beginning

1i.e. there might exist locally unfavorable contacts in the ground state, or favorable contacts may have to be
broken on the way to the ground state. The parts of a frustrated system do not have to be in their global minima

when the system resides in the ground state
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Figure 1.4: Three different folding funnels are schematically depicted (up). Their corresponding free-energy
landscapes as a function of a reaction coordinate Q are shown in the lower panels. The width of the funnels
represents the configurational entropy, while the vertical axis represents the energy. It is convenient to look

at the folding event down the funnel, starting from the unfolded configurations, which have high entropy and
high energy and ending up in the global energy minimum with very low energy and entropy (native state).
The cancellation of the decrease of entropy by the gain of potential energy can be immediate (a) resulting in

a downhill folding. The gain of energy may be slower than the loss of entropy, causing the appearance of the
free-energy barrier (F = U − TS) between the native and unfolded state (b). In the third case (c), we see a
collapse to an intermediate (for instance - molten globule), but in the intermediate the protein is still highly

flexible and many configurations can be sampled. The collapse is then followed by a free-energy barrier as in
the case (b) towards the native state.

of the search through configuration space, when the protein is in the unfolded state, the fun-

nel guides the protein through the multiple pathways towards the native state. When the

protein moves down the funnel, the entropy goes down. The decrease of entropy is accom-

panied by an increase of energy (or, in case of constant pressure, enthalpy). This process is

guided by the interactions within the chain, including the hydrophobic interactions, hydro-

gen bonds, electrostatic (e.g. salt-bridges) and van der Waals interactions. The roughness
of the landscape schematically depicts metastable states that are continually encountered

by the protein travelling down the funnel. It also symbolizes the extent of energetic frus-

tration of the protein. Depending on the sequence and the number of hydrophobic residues,

the protein passes through a more or less structured molten globule state, in which tertiary

contacts may already exist, but still a lot of flexibility is allowed and the protein can con-

tinue the configurational search in order to increase the interaction energy and decrease the

entropy. The existence of the funnel (folding bias) is a generic feature of naturally occurring

proteins, evolved by natural selection: a correlation between structure and energy exists,

that gives rise to a reaction progress variable Q. This quantity and thus the funnel itself
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would not exist for a totally random sequence. A free-energy barrier often exists between

the molten globule and the native state. This free-energy barrier is the source of experimen-

tally observed exponential relaxation times (also referred to as single exponential kinetics).

Discrete pathways appear in the later stages of folding, when secondary structures are al-

ready formed.

The Molten Globule in the Funnel Perspective

The existence of the molten globule (MG) state has been established experimentally

[22, 29, 5, 24, 17, 3] as a productive on-pathway intermediate for many proteins. The MG

is a compact state in which a significant amount of secondary structure elements may be

present, but the native tertiary structure is not reached. It is characterized by a slightly

higher volume (10-30%) than the native state [4], because of sidechains not packed opti-

mally. The schematic energy landscape for the case when an MG-like state would be an

on-pathway folding intermediate, is presented in Figure 1.4. It is a superposition of two

funnels, for the two steps of the folding mechanism. The first step, the hydrophobic collapse

into the molten globule, is characterized by an increase of energy (or, in case of constant

pressure, enthalpy) without significant reduction of conformational entropy (MG state). The

second step, the barrier towards the native state, is mostly entropic, but also requires break-

ing of favorable protein-solvent hydrogen bonds, as well as specific tertiary interactions and

packing of sidechains. This modified funnel, as depicted in Figure 1.4c, results in two state

system The lag between the gain of energy and the loss of entropy as a function of the

progress variable Q, is the source of appearance of the free-energy barrier and corresponds

to the experimentally observed two state kinetics.

Free Energy Barrier and Multiple Pathways

Based on kinetic experiments (e.g. fluorescence spectroscopy) it is known that proteins exist
in an equilibrium between the native and unfolded state [2]. More importantly, the free-

energy difference between the folded and unfolded state does not exceed a couple of tens of

kJ/mol. How can be this be explained in the context of the energy landscape? In the unfolded

state the energy is of course higher than in the native state, but the energy difference is not

very high with respect to the absolute energy of the native state, which can reach thousands

of kJ/mol. This is partly because the hydrogen bonds that are formed in the native state are

replaced by hydrogen bonds with water molecules in the unfolded state. This is also why it

is much more natural and convenient to look at the folding process in terms of free-energy

differences instead of absolute energy and entropy values.

Many proteins exhibit apparent two-state behavior (resulting in single exponential kinet-

ics), which can be explained by a single free energy barrier, separating the folded and un-

folded (or molten globular) state. The kinetic rate equations for the transitions between

states A and B can be written as{
∂A(t)

∂t
= −kABA(t) + kBAB(t)

∂B(t)
∂t

= kABA(t) − kBAB(t)
(1.1)

where A(t), B(t) denotes the population of state A, B at time t, and kAB and kBA are the
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forward and backward rate constants, respectively. These equations predict that when a two

state system in equilibrium is perturbed, it will relax back to the equilibrium exponentially:{
A(t) = (A0 − [A])e−kt + [A]

B(t) = (B0 − [B])e−kt + [B]
(1.2)

where k = kAB + kBA and [A],[B] are the equilibrium populations of state A and B: [A] =
lim
t→∞

A(t) and [B] = lim
t→∞

B(t).

Another reason for the single exponential kinetics observed in many experiments is that the

intermediates are in most of the cases present in very low concentrations. Observation of

two state kinetics does not precludes the existence of intermediates on the folding pathways.

Intermediates are often undetectable because of their marginal stability, and usually for the

folding of single domain proteins there exists one highest, so-called rate determining barrier,

that gives rise to the single exponential relaxation times.

In this picture, with one dominating barrier and a host of possible metastable microstates,

one can incorporate the idea of multiple folding pathways. These folding pathways cross

through different intermediate states, but eventually all cross the rate-limiting barrier and

then relax to the folded state. The folding funnel picture, referred to as the “new view” on

protein folding, can thus logically connect ideas that may at first seem contradictory: Two

state kinetics, multiple pathways and intermediates.

Arrhenius Behavior

In principle, in many cases one can conceptually describe the complex protein folding pro-

cess with a two-state kinetic model. It is thus tempting to extend the ideas originating in

the formalism of chemical reactions to protein folding. The most elementary chemical re-

actions follow the Arrhenius equation, k = A exp(−EA/RT ), where A is a reaction specific
constant and EA activation energy. Arrhenius law explains the linear dependence of ln(k)
versus the inverse temperature (T−1). As for proteins both enthalpic and entropic contribu-

tions are important, Arrhenius law must be recast in the context of transition state theory

(TST):

k = kBT
κ

h
exp

(ΔS‡

kB

)
exp

(
−

ΔH‡

kBT

)
(1.3)

where kB is the Boltzmann constant, h is the Planck constant, κ is the transmission coeffi-
cient, ΔS‡ is the entropy of activation, and ΔH ‡ is the enthalpy of activation. Equation 1.3

appears to be fulfilled for proteins, but also for the process of denaturation at high tempera-

tures. Many proteins exhibit a strong non-Arrhenius kinetics for the folding reactions [34],

to the extent that the folding rate can decrease with increasing temperature [34, 42].

1.2.3 Generic Protein Folding Mechanisms
There are two protein folding models that aim to explain what the protein folding barrier

physically means, in terms of protein structure. The so-called nucleation-condensation (NC)
model [32, 18, 21, 44, 39] associates the barrier with an energetically unfavorable situation

in which a precisely defined number of contacts must be made. These contacts are called
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Figure 1.5: (Left) Two generic protein folding mechanisms are presented in a cartoon representation. The
upper - nucleation-condensation model - assumes the transition state of the rate limiting step for the folding

transition has a structure characterized by a specific folding nucleus, that must be formed, otherwise native
state could not be reached. In the diffusion-collision path, presented in the lower part of the figure, the sec-
ondary structures are stable and formed quickly. this event is followed by formation of the native state through

the random walk of the secondary structures. For both mechanisms, transition states have been demarked with
the dagger sign ‡. (Right) Very often the experiments show the folding mechanism lies somewhere in between
these two idealized models. The two views have been united by Gianni et al. [20] and an intermediate situation
has been reconsidered, in which the secondary structures are less stable than in the case of the DC but more
than in the NC mechanism. By gradually decreasing the stability of secondary structure elements, Gianni at
all showed that the DC mechanism transforms into NC mechanism in a continuous fashion.

the folding nucleus. In this model, secondary structures themselves are not stable; it is the
interaction with other parts of the protein that makes them so. When the folding nucleus,

usually requiring nonlocal interactions is formed, the condensation of the protein structure

towards the native state is initiated. Folding of large proteins may involve more than one

folding nucleus. The other main model, the diffusion-collision (DC) model [32, 23] assumes
that the secondary structure elements form very quickly and are stable entities. These

microdomains can then search their conformation space for the most energetically favor-

able conformation [25, 26]. Finding the native state is accelerated because the number of

degrees of freedom has been significantly reduced. Diffusion-collision is a hierarchical pro-

cess, that differs from the nucleation-condensation by a strong bias towards the formation

of secondary structure elements, which results in the appearance of a folding intermediate.

Both views on the protein folding mechanism are presented in Figure 1.5. Both mecha-

nisms were observed in experiments, and sometimes the mechanism can also be a mix of

both [6]. Gianni et al [20] proposed a fusion of the two models in one framework. If the

stability of the secondary structure elements is slowly decreased, a transformation of the

folding mechanism from the DC to NC is observed (see Figure 1.5). Nevertheless, in all
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cases the rate limiting barrier stays more or less the same. A mechanism that would be a

mix of both generic pathways, would follow through a partially folded intermediate, with

some secondary structure, through a rate limiting barrier, characterized by a formation of a

folding nucleus (Figure 1.5).

It is important to mention here that we have shown in Chapter 3 that both mechanisms can

also act simultaneously as independent pathways, even in case of very small proteins [13].

1.2.4 Goals of Protein Folding Simulations
In this thesis we employ simulations to study protein systems. Molecular simulation can be

a useful tool to study protein folding, but would be rather meaningless without experimental

validation. A number of simulations have proved to yield reliable predictions [40]. The

observables that can be most easily compared are the folding and unfolding rate and the

thermodynamic properties. The simulations can propose directions for future experiments.

When we study a protein system, we would like to answer the following questions:

1. What is the relative stability of the folded and unfolded state?

2. Is there any residual structure in the unfolded state? If so, what is the structure in

the unfolded state?

3. Are there intermediate states that can be a part of the folding mechanism?

4. Are there misfolding traps on the way to the native state, and what is their character-

istic and stability?

5. What is the rate limiting barrier for the folding and the unfolding process and what is

the corresponding transition state ensemble?

6. What is the height of the barrier and the (un)folding rates?

7. Does the solvent play a role in the transition?

8. What are the characteristics of the transition state ensemble?

9. Are multiple routes involved?

All these questions could in principle be answered by simulations and some of the result-

ing answers can be directly or indirectly compared with experimental results. By doing so,

we would be able to construct a fully atomistic, detailed model for folding of the examined

system. This is one of the reasons why we use all-atom molecular dynamics simulations to

study protein folding: It is the best trade-off between the accuracy and the computational

effort currently available. Moreover, all-atom MD has been shown to have predictive power

and allows for direct comparison with experiment. In Chapter 2, we describe the fundamen-

tals of MD.
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1.3 Outline of This Thesis

In this thesis we aim at studying folding and unfolding events of proteins in atomistic

detail. To achieve this we employ Molecular Dynamics. As the folding process can be

seen as a rare event, we need to exploit a number of techniques that allow to sample

(un)folding barriers effectively. Molecular Dynamics and the techniques allowing us

to study rare events are described in Chapter 2. Next we apply this methodology to

small protein systems. in Chapter 3, we examine the folding rate limiting barriers of

Trp-cage, a mini-protein containing an α-helix in the native state. We then attempt to
calculate its folding and unfolding rates in Chapter 4. In Chapter 5, we investigate the

(un)folding mechanism of β-hairpins based on the example of the GB1-hairpin and its
mutant Trpzip4. β-hairpins are the building blocks of β-sheets. In Chapter 6 we study
the (un)folding routes of a sample β-sheet, the formin binding WW domain. We complete
the thesis by examining partial unfolding and other complex rearrangements in a biolog-

ically relevant system, the Photoactive Yellow Protein. This study is described in Chapter 7.
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