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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

5



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

(∆S‡

kB

)

exp
(

−
∆H‡

kBT

)

(1.3)

where kB is the Boltzmann constant, h is the Planck constant, κ is the transmission coeffi-
cient, ∆S‡ is the entropy of activation, and ∆H ‡ 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



14 CHAPTER 1. INTRODUCTION

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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CHAHINE, J., AND SOCCI, N. D. The energy
landscape theory of protein folding: Insights into
folding mechanisms and scenarios. Adv. Protein
Chem. 53 (2000), 87–152.

[37] SALI, A. 100,000 protein structures for the biol-
ogist. Nature Struct. Biol. 5 (1998), 1029–1032.

[38] SHAKHNOVICH, E. Theoretical studies of
protein-folding thermodynamics and kinetics.
Curr. Opin. Struct. Biol. 7 (1997), 29–40.

[39] SHAKHNOVICH, E. Folding nucleus: specific or
multiple? insights from lattice models and exper-
iments. Folding Design 3 (1998), 108–111.

[40] SNOW, C., SORIN, E., RHEE, Y., AND PANDE, V.
How well can simulation predict protein folding
kinetics and thermodynamics? Annu. Rev. Bio-
phys. Biomol. Struct. 34 (2005), 43–69.

[41] STRYER, L., TYMOCZKO, J. L., AND BERG, J. M.
Biochemistry, 5th ed. W. H. Freeman Company,
New York, 2002.

[42] TAN, Y. J., OLIVEBERG, M., AND FERSHT, A. R.
Titration properties and thermodynamics of the
transition state for folding: Comparison of two-
state and multi-state folding pathways. J. Mol.
Biol. 264 (1996), 377–389.

[43] THIRUMALAI, D., AND KLIMOV, D. Deciphering
the timescales and mechanisms of protein fold-
ing using minimal off-lattice models. Curr. Opin.
Struct. Biol. 9 (1999), 197–207.

[44] WOLYNES, P. The concept of nucleation. Folding
Design 3 (1998), R107.



Chapter 2

Simulation Methods

We present several methods that can be used to sample the free-energy landscape in equilibrium
protein systems. We give an overview of Molecular Dynamics, Replica Exchange and Metadynamics
Methods that are commonly used to sample the free-energy landscapes. We explain how we can
understand the mechanism of protein folding by direct sampling of the Transition Path Ensemble
using the Transition Path Sampling method. We give a short overview of the rate constant calculation
using Transition Interface Sampling. All of the methods were successfully applied both for small
protein fragments and for relatively large proteins. Together with the sampling methods, we present
the analysis tools, required for the extraction of relevant reaction coordinates.

Several simulation methods allow the exploration of the protein folding process in atomic
detail. The most detailed simulations, which treat both the protein under consideration
and its solvating environment - usually water - explicitly, have now become within reach
of the computational approach. This exciting task of looking at the protein folding process,
considered to be the “holy grail” of biophysics, can be tackled by brute force molecular dy-
namics techniques only when massive computational power is available (as in the case of
distributed computing [52]) or for very small proteins only. For this reason a number of
techniques that aim to improve the sampling of the configuration space of the proteins (or
other systems with a multitude of local energy minima) have been developed. In this thesis
we focus on using methods, that allow for the sampling of the free-energy landscape of pro-
teins (extended ensemble methods [40]), exploring the transition path ensemble (transition
path sampling) [15] and finally calculating the rate of the (un)folding transitions (transi-
tion interface sampling) [57]. In addition, we use Metadynamics [32, 49] for computing
free-energy barriers. While many other techniques are available [18, 19] to sample confor-
mational changes, we believe these methods are most efficient.
This chapter is organized as follows. First, we introduce Molecular Dynamics, the basic sim-
ulation tool of this thesis. In the following sections we present Replica Exchange Molecular
Dynamics and Metadynamics, the methods for computing free-energy landscapes. In the
subsequent parts we acquaint the reader with path methods: Transition Path Sampling,
Transition Interface Sampling and Forward Flux Sampling. We then discuss order param-
eters commonly used in the domain of protein simulations and we introduce the notion of
committor function. Next, we present the Likelihood Maximization, an approach to extrac-
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tion of the reaction coordinate from path ensembles. Eventually we shortly summarize the
clustering algorithm that we use throughout this thesis and give a summary of the entire
methodology in the context of protein simulations.

2.1 Molecular Dynamics
Molecular Dynamics (MD) is a method, that allows for the evaluation of a trajectory of
a molecular system by solving Newton’s deterministic equations of motion. Knowing the
potential energy function V (r) as a function of the positions r of all atoms in the system
(in case of protein simulations, this potential is often called a force-field), one can calculate
forces f(r(t)) = −∇V (r(t)) acting on each atom at any given time t and use an integration
algorithm to get the positions and velocities of all atoms at the next timestep t+∆t. We can
then iterate this procedure any desired number of times.
Many integration algorithms exist, allowing for varying accuracy at the cost of speed. One
of the commonly used algorithms is the so-called Verlet algorithm. Summing up the Taylor
expansions of r(t+ ∆t) and r(t− ∆t) gives:

r(t+ ∆t) = r(t) + ṙ∆t+
1

2
r̈∆t2 +

1

3

...
r∆t3 +O(∆t4) (2.1)

r(t− ∆t) = r(t) − ṙ∆t+
1

2
r̈∆t2 −

1

3

...
r∆t3 +O(∆t4) (2.2)

where the dots denote time derivatives. We can express the positions of atoms at time t+∆t
as a function of the positions at time t and t− ∆t and the forces at time t (Equation 2.3), as
r̈ = f(t)/m from Newton’s law.

r(t+ ∆t) = 2r(t) − r(t− ∆t) +
f(t)

m
∆t2 +O(∆t4) (2.3)

The velocities can be calculated by summing Equations 2.1 and 2.2:

v(t) =
1

2∆t
{r(t+ ∆t) − r(t− ∆t)} +O(∆t2) (2.4)

Another equivalent to the Verlet algorithm is the so-called Leap Frog algorithm [25]. In this
scheme, the velocities are evaluated at half timesteps (Equation 2.5),

v(t+
1

2
∆t) =

r(t+ ∆t) − r(t)

∆t
(2.5)

v(t−
1

2
∆t) =

r(t) − r(t− ∆t)

∆t
(2.6)

leading to the following expressions:

r(t+ ∆t) = r(t) + v(t+
1

2
∆t)∆t (2.7)

v(t+
1

2
∆t) = v(t−

1

2
∆t) +

f(t)

m
∆t (2.8)
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In order to have velocities and positions at the same time, one can employ the velocity Verlet
algorithm [56]:

r(t+ ∆t) = r(t) + v(t)∆t+
f(t)

2m
∆t2 (2.9)

v(t+ ∆t) = v(t) +
f(t+ ∆t) + f(t)

2m
∆t (2.10)

Even though these algorithms seem very simple, they preserve the phase-space (i.e. they
are symplectic) and can be employed in the majority of the Molecular Dynamics applica-
tions. One could think of more sophisticated integration schemes, but none of them would
eventually be able to reproduce exactly a real trajectory because of the Lyapunov instabil-
ity of molecular many body systems [21]. This statement seems rather strong at first, but
one has to realize that reproducing exact trajectories is not the goal of MD simulations.
Molecular Dynamics is aiming at reproducing the correct statistical behavior and generat-
ing trajectories that are in this statistical sense possible, true trajectories [21, 1].
Molecular Dynamics allows the study of protein folding kinetics. The timescales and system
sizes, accessible with Molecular Dynamics are still relatively small, reaching only up to
microseconds for a several tens of thousands of atoms
corresponding to box sizes of the order of a couple of nanometers. These finite system sizes
can have a large effect on the simulation results [21, 1]. In order to diminish the effect of
the system size we use periodic boundary conditions (PBC) The application of PBC consists
of multiplying the box in all possible directions, filling in the whole space and thus imitating
an infinitely large system. Naturally not all box topologies can be used in MD simulations -
only the ones that can effectively tile the whole space. Commonly used are cubic boxes, but
the more efficient, truncated octahedron or dodecahedron boxes, use about 30% less solvent
molecules [21, 42].
In the limit of long times, the ergodicity theorem states that MD samples the microcanoni-
cal, constant energy NVE ensemble. It is possible to sample the canonical, constant temper-
ature NVT ensemble by using thermostats: Nosé-Hoover [43, 26] or Andersen thermostat [3]
for example. In order to tune the pressure to the desired values, one can use a barostat such
as the Parrinello-Rahman barostat [45, 44].

2.1.1 Atomistic Models

All molecular simulations rely on the potential energy function of the examined systems.
In case of proteins, these (semi)empirical potential energy functions, also-called force-fields
(FF) [59], have been developed over the years. The most famous and common force-fields
are AMBER [12], CHARMM [38], GROMOS [53], ENCAD [35, 36] and OPLSAA [30]. The
energy function and the parametrization are derived from experiment and quantum me-
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chanical simulations. The basic form of a force-field is presented in Equation 2.11

V (r) = Ecov +Enoncov = {Ebond +Eangle +Edih} + {Eel +Evdw} (2.11)

Ebond =
1

2
kij

b (rij − r0ij)
2 (2.12)

Eangle =
1

2
kijk

a (θijk − θ0
ijk)

2 (2.13)

Edih =
1

2
kijkl

d (1 + cos(nφijkl − φ0
ijkl)) (2.14)

Eel =
qiqj

4πε0rij
(2.15)

Evdw =

[

CA
ij

rij

]12

+

[

CB
ij

rij

]6

(2.16)

The interactions included in the potential can be divided into two parts: bonded (or co-
valent) and nonbonded (or noncovalent). The first group includes the bond, angle and
dihedral interactions. The second group consists of electrostatic and van der Waals in-
teractions. The bond and angle contributions are approximated by harmonic oscillators
(Equation 2.12 and 2.13) and the dihedral by a cosine function (Equation 2.14) [37]. The
corresponding force constants are demarked as kij

b , kijk
a and kijkl

d for the bond length rij be-
tween atoms i and j, the bond angle θijk between atoms i, j and k and the dihedral angle
φijkl between the atoms i, j, k and l, respectively. Van der Waals interactions are modelled
by a 6-12 Lenard Jones potential (see Equation 2.16), with two parameters CA

ij and CB
ij cor-

responding for the repulsion and attraction between two given atoms i and j, respectively.
Electrostatic interactions are modelled with Coulomb potential (Equation 2.15), where qi

and qj are the partial charges on the atoms i and j, and ε0 is the dielectric constant. Most
force-fields use a model in which each atom has been assigned a given value of charge, that
cannot be influenced by the environment. The next generation of forcefields, now under
development [37], aims to incorporate models for polarizability, in which the charge of an
atom can be affected by electrostatic interactions with its neighbors [37]. The force-fields
are parametrized using ab initio QM calculations, as well as experimental data. Most of
the terms in Equation 2.11 decay within the box-size. The exception is the Coulombic term,
which has to be treated in a special way. The electrostatic interactions, not only have to be
calculated within atoms in the box, but also in between their periodic images. The calcula-
tion scales badly with the box size and some important improvements must be applied, such
as Ewald summation. In the Ewald summation algorithm, the Coulomb interactions are di-
vided in short and long range. The first part is directly summed in real space, while the
latter, infinite sum over all periodic images, converges quickly in Fourier space. Techniques
such as Particle Mesh Ewald (PME) [14, 17] or Particle-Particle Particle-Mesh (PPPM or
P3M) [25] improve the efficient even further by applying Fast Fourier Transform (using a
discretization on the lattice, hence the “Mesh”).
Special attention has to be paid to modelling of water molecules because of their distinc-
tive characteristics. Different models of water have been developed among which SPC [7],
TIP3P [28] and TIP4P [29] are the most commonly used nowadays. SPC and TIP3P are 3
site models: TIP3P uses the experimental angle of 104.5◦ while SPC the tetrahedral angle
of 109.47◦. As a consequence, the charges slightly differ in two models. TIP4P is a 4 site
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water model that employs an extra negative charge placed on a dummy atom. This is done
in order to improve the electrostatic distribution around the water molecule. Further im-
provements of the water models are possible, including 5 and 6 site models which start to
become computationally feasible, nonetheless still are very expensive.
In order to reach high efficiency in Molecular Dynamics simulations, several algorithms are
commonly used. The fast vibrational degrees of freedom can be constrained, allowing for
longer timesteps. In most MD simulations, constraints are enforced using the method of
the Lagrange multipliers. All constraining methods differ only in how they solve the cor-
responding system of equations. The most popular methods are SHAKE [1], RATTLE [4],
LINCS [24] and SETTLE [41]. The SETTLE algorithm solves the system of non-linear
equations analytically for n = 3 constraints only. This is the reason why it is mainly used to
constrain water molecules in the 3-site water models such as SPC or TIP3P. SHAKE was the
first algorithm to be developed in order to satisfy bond constraints in molecular dynamics.
There are different variants of the algorithm, all of them using Lagrange multipliers. Orig-
inally SHAKE was limited to tree-like structures without closed loops of constraints. New
versions of SHAKE, as for instance QSHAKE [39], work for rigid loops such as aromatic
rings, but fail in case of flexible ring-like structures, appearing in proteins as a consequence
of disulfide bonds [39]. RATTLE is a version of SHAKE for the MD Velocity Verlet algo-
rithm [21]. An alternative to SHAKE is the Linear Constraint Solver (LINCS), that uses
Lagrange multipliers to constraint forces and solves them by approximating the inverse of
Jacobian in a series expansion [24].
While many MD packages exist, in this thesis we make mostly use of Gromacs, because of
its efficiency. With the available computer power we can reach up to 3 ns per day for systems
of about 10, 000 atoms.

2.2 Order Parameters
Order parameters (OP) are projections of the very high-dimensional configuration space into
a one-dimensional representation. They are necessary to capture and qualify the behavior of
proteins, as it would be impossible and rather ad hoc to visually inspect the amount of data
that we are dealing with. A number of general order parameters, that can be applied to all
proteins, can monitor the (un)folding transitions and characterize the native and unfolded
states.
One of the commonly used order parameters is the Root Mean Square Deviation (RMSD)
from a given reference structure. Usually the experimentally determined X-ray or NMR
structure is used as a reference. RMSD is defined as:

RMSD =

[

1

M

N
∑

i=1

mi‖ri − r
ref
i ‖2

]
1
2

(2.17)

where ri and r
ref
i denote the positions of atom i of the given structure and the reference

structure, mi the mass of atom i and M the sum of the masses of all atoms used for the
calculation. RMSD should be independent of translations and rotations, and thus it needs to
be minimized with respect to both. RMSD values below 2 Å are considered “low”. RMSD is a
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good order parameter for defining the native state, but its suitability as a tool to distinguish
between different intermediate structures quickly deteriorates above 5 Å.
A measure of the size of a protein is the Radius of Gyration Rg.

Rg =

[

1

M

N
∑

i=1

mi‖ri − rcm‖2

]
1
2

(2.18)

where rcm denotes the position of the center of mass of the protein. This order parameter
can for instance be used to monitor the molten globule collapse transition, during which
the size of the protein decreases significantly. One could easily imagine a number of other
order parameters based on the radius of gyration, for instance the radius of gyration of the
hydrophobic core. The Rg can be used along with other parameters to describe the native
state, as it has been estimated that already the molten globule is about 10 to 30% bigger
than the native state [5].
Another measure of the nativeness of the structure is the ratio of native contacts ρ between
the Cα atoms, defined as the ratio of contacts that are present in a given structure and all
contacts in the native state. In this definition, a contact is a discrete quantity acquiring
value of 1 if the Cα atoms are within the cutoff distance of 6.5 Å, otherwise being 0. Native
contacts can also be considered in a more detailed manner by looking at the binary contact
matrices. In such a matrix the indexes i and j enumerate the residues of interest and the
values mij acquire 1 if a contact between residues i and j is formed and 0 otherwise. By
looking at a binary contact matrix, one can quickly identify helical and anti-parallel β-sheet
regions, which appear as diagonal and anti-diagonal groups in the matrix respectively.
Multiple order parameters are connected with hydrogen bond formation or breakage.
Hydrogen-bonds are defined according to certain cut-offs for distance and angle between
the donor and acceptor. In this thesis we use the standard distance cut-off of 3.5 Å and we
allow for 30◦ deviation from the ideal 180◦ N-H-O angle. An order parameter commonly used
throughout this thesis is the number of native hydrogen bonds (nhb) or the number of native
backbone-backbone hydrogen bonds nhbbb. This quantity also gives a good approximation
of how native a protein configuration is. The hydrogen bonds are subject to fluctuations,
and thus it is often important to define a donor-acceptor distance threshold, above which
we consider the hydrogen bond fully broken (we use a threshold of 7 Å, allowing for two
bridging water molecules, following Ref. [9]). A number of broken native hydrogen bonds
(nhbb) is also a suitable order parameter in many cases.
Several order parameters measuring the solvation of protein are available too. For instance,
the solvent accessible surface (SAS), which is a measure of the protein surface area that is
reachable for water molecules. SAS is sometimes called Lee-Richards molecular surface,
after the inventors of this order parameter [33], which is calculated using a “rolling ball”
algorithm [54]. In the “rolling ball” algorithm, one uses a sphere of a particular size, for
instance comparable with the size of a water molecule, to “probe” the surface of the pro-
tein. Another solvation parameter is the number of solvated native hydrogen bonds (nhbps),
captured by ∆ = 2 ∗ nhbpp − nhbps [9], which measures how many of the native hydrogen
bonds have been replaced by the hydrogen bonds with water molecules. In order to measure
solvent exposure of residue X one can count the number of waters nwX within a certain
distance from that residue. Different distance thresholds can be used. One possible choice



2.3. REPLICA EXCHANGE MOLECULAR DYNAMICS 23

is 3.5 Å, including all waters within the first solvation shell.
Finally, helicity and β-sheet content measure the number of amino acids that take part in
the formation of the respective secondary structure element. Particular boolean variables
can be designed for specific systems, including formation of salt bridges, stacking of aromatic
rings or a set of dihedral angles.

2.3 Replica Exchange Molecular Dynamics
Replica Exchange Molecular Dynamics (REMD) (also referred to as Parallel Tempering) is
a hybrid Molecular Dynamics/Monte Carlo method that aims at improving the sampling of
the configuration space of systems with a rugged energy landscape. REMD belongs to the
wider set of the extended-ensemble methods [40]. In REMD a number of copies of the sys-
tem is considered. For each copy (or replica) an independent NVT simulation is performed,
each of them in different thermodynamic conditions - e.g. by varying the temperature. In
other extended-ensemble methods one may vary for instance pressure, the degree of hy-
drophobicity [22] or scale particular energy terms such as hydrogen-bond interactions. If
temperatures are sufficiently high,it is possible to cross the free-energy barriers that pre-
vent observing rare events in room temperature simulations. By heating, the system can
also leave any of the encountered metastable traps and also in the higher temperatures the
the landscape is less rugged. The idea of REMD is to allow these NVT ensembles to “mix”
by introducing a Monte-Carlo scheme that every timestep tries to exchange temperatures
between replicas. The exchange event of any pair of two replicas i and j must obey detailed
balance [21]:

W (o)pacc(o→ n) = W (n)pacc(n→ o) (2.19)
W (o) and W (n) are given by the Boltzmann distribution:

W (o) = e−(βiUi+βjUj) (2.20)
W (n) = e−(βiUj+βjUi) (2.21)

where Ui is the total potential energy of the replica i and βi = 1
kBTi

denotes the inverse tem-
perature. From Equations 2.19, 2.20 and 2.21 it follows that the detailed balance criterion
can be fulfilled in a simulation by applying the Metropolis rule of the form:

pacc(i↔ j) = min(1, e∆βij∆Uij ), (2.22)

where pacc(i ↔ j) denotes a probability of accepting a swapping move between replicas
i and j, ∆Uij = Ui − Uj - the potential energy difference between replicas i and j, and
∆βij = βi − βj - the difference of inverse temperatures between the replicas. Rule 2.22
assures the canonical distribution for each temperature.
In order to obtain good sampling, one should guarantee a relatively high exchange ratio, so
that all structures are subjected to both high and low temperatures, and all replicas have
a chance to undergo an (un)folding transition. The exchange acceptance depends on the
overlap of the energy distributions of the adjacent replicas [50, 55], Obtaining a more or
less constant acceptance ratio for all temperatures is considered a good rule of thumb [55].
In principle, one should only assure the exchange between the replicas is probable enough
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Figure 2.1: In the high temperature replicas, the native state becomes meta- or un-stable causing the protein
to unfold spontaneously. This rule is not reversible: at low temperatures the barrier for folding still exists, thus
biasing the REMD method towards the unfolded state. Nonetheless, in the limit of infinite time, the method
should be sampling the canonical distribution.

(let us say 10-20%) to make the configurations diffuse efficiently through different tem-
peratures. Nonetheless, each choice of temperatures should lead to the same, canonical
distribution, differing only in the speed of reaching that distribution. In order to fulfill the
constant acceptance ratio condition, we estimate the dependence of the acceptance ratio on
the temperature gap between neighboring replicas, for instance by running a trial 2-replica
REMD simulation, and slowly increasing the temperature gap until the desired acceptance
ratio is reached. This is done for room temperature and for a high temperature in which we
observe the system to undergo quick unfolding transitions. The temperature of replica i (Ti)
is then assumed to depend quadratically or exponentially on the replica index i, allowing
the interpolation of all intermediate temperatures. REMD improves the sampling dramati-
cally compared to straightforward Molecular Dynamics. Nonetheless, the question remains
whether it is an efficient method to sample protein folding. The use of high temperatures
is dictated by the fact that the unfolding happens spontaneously in the high temperature
regime. At these temperatures the native state is destabilized and the free-energy barrier
between the folded and unfolded state is gone, leading to a downhill unfolding process (Fig-
ure 2.1). For the reverse process of folding this is not the case. At low temperatures the
free-energy barrier for folding still exists, so the folding transition does not occur sponta-
neously. In order to sample the folding transition, the system must cross the barrier when
the temperature is still high enough to allow for it. At the same time the native state
should already be metastable, to prevent immediate unfolding. The entropic stabilization of
the unfolded state biases the REMD simulations at high temperatures towards unfolding.
Another drawback of REMD is that the number of replicas needed, increases with the sys-
tem size. The more atoms in the system, the higher the potential energy, the more replicas
one needs to ensure the same acceptance ratio or energy overlap in the given temperature
range. Nonetheless, REMD is a very popular method and has been successfully used in a
number of biophysical applications [58, 31, 51, 46, 9, 34, 6].
Assuming the canonical distribution has been reached, the free-energy as a function of an
order parameters Q and temperature T can be calculated by

F (Q) = −kBT lnP (Q,T ) (2.23)

where P (Q,T ) is the probability of finding the system at certain value of the order parame-
ters Q at temperature T . As the temperature of interest is room temperature, Equation 2.23
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uses only a small fraction of the data generated by the replica exchange simulation. Another
problem is that in the low temperature replicas, the system equilibrates in local minima,
and thus any barrier is sampled poorly. A way to improve this is by using a scheme of includ-
ing rejected states in the calculation of P (Q), as introduced by Frenkel [20]. This approach
was used in the context of Replica Exchange simulations [11] under the name Virtual Move
Parallel Tempering (VMPT). In this scheme one looks at all possible swaps and increments
the histogram P (Q,T ) by their corresponding Boltzmann factor. For the Metropolis scheme
the method yields the histogram presented in the Equation 2.24

Pi(Q) =
N

∑

j=1

prej,ijδ(Qi −Q) +
N

∑

j=1

pacc,ijδ(Qj −Q) (2.24)

pacc,ij = min(1, e∆βij∆Uij ) (2.25)
prej,ij = 1 − pacc,ij (2.26)

where i and j are replica indices. By using VMPT, states from the high temperature replicas
contribute to the low temperature histograms. In this way one can sample the transitions,
not only stable basins, thus making the estimates of the free-energy barriers more accurate.
REMD was used in Chapter 3, 5 and 6 of this thesis.

2.3.1 Clustering of Conformations
Clustering of configurations yields additional insight in the MD and REMD results and is
particularly useful because it does not require the specification of any order parameter other
than a distance metric. We use the Jarvis-Patric clustering scheme supplied in the Gromacs
package [37]. In this algorithm the distance between configurations is defined by their rel-
ative Root Mean Square Deviation (RMSD) of the Cα positions. The algorithm searches for
the M closest neighbors of a certain configuration i. Two configurations are neighbors if the
distance between them is lower than a cut-off distance. The configuration i is then added
to a cluster c, if it is a neighbor of a configuration already belonging to c and they have at
least P neighbors in common. The procedure is repeated for all unclustered configurations i.
If at the end there are still configurations not assigned to any cluster, a configuration for
initiation of a new cluster is chosen at random. This procedure is repeated until all con-
figurations belong to a cluster. We use M= 15, P= 3 and cut-offs ranging from 2 to 3 Å.
After application of the clustering algorithm we examine the cluster size distribution and
choose the clusters containing most configurations. Clusters smaller than 5% of the largest
one are neglected and added to a “structural noise cluster”, containing mostly unfolded or
molten-globular configurations without much structure.

2.4 Metadynamics and Replica Exchange Metadynamics
Another method to explore the multidimensional free-energy surface of complex many-body
systems is Metadynamics, introduced by Laio and Parrinello [32]1. On top of the original

1Similar algorithms were developed earlier, such as for instance flooding [23], local elevation [27] or taboo
search [13]
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dynamics, metadynamics introduces a biasing potential VG(s(x), t) in a collective variable2

(CV) space s(x), that influences the “real” dynamics. The exploration of the configuration
space is accelerated by discouraging the system to revisit previous configurations. We as-
sume a number of collective variables is known that describe the different states and tran-
sition states of the system, thus allowing for dimensional reduction of the folding problem.
The goal of Metadynamics is then the effective exploration of the configuration space of
the system in order to reconstruct its multidimensional free-energy landscape. The his-
tory dependent potential energy function VG(s(x), t), is constructed as a sum of Gaussians
deposited along the trajectory of the collective variables s(x):

VG(s(x), t) =

∫ t

0
dτ

h

τg
exp

[

−
(s(x) − s(x(τ)))2

2w2

]

(2.27)

where h is the height, w the width of the Gaussians and τ−1
g the frequency of deposition. It

has been shown that [32]
limt→∞VG(s(x), t) ≈ −F (s) (2.28)

within the accuracy determined by the parameters h, w and τg, while the free-energy pro-
jection F (s) is given by:

F (s) = −
1

β
ln

∫

exp(−βV (x))δ(s − s(x)))dx (2.29)

Equation 2.28 has been proved rigorously for Langevin dynamics [18] and verified to work
in practice in many systems and for many different collective variables [32, 18].
Metadynamics scales badly with the number of collective variables. Using the method in
more than 3 collective variables simultaneously is unpractical. A way to overcome this prob-
lem is to use an idea similar to the Replica Exchange Method . Instead of using a bias in
temperature, one could use replicas performing metadynamics simulation in various col-
lective variables, allowing for the exchange of the biasing potential between the structures
every few timesteps. This method is know as Bias Exchange Metadynamics (BE-Meta) [49].
Together with the number of biased replicas, we introduce a neutral replica, in which the
system equilibrates without bias. The acceptance probability of the swap-move of the bias-
ing potentials between structures i and j is given by the following Metropolis rule:

pij = min(1, exp{β[V i
G(xi, t) + V j

G(xj , t) − V i
G(xj , t) − V j

G(xi, t)]}) (2.30)

The biasing potential of the neutral replica is V 0
G ≡ 0. The free-energy in the neutral replica

is given by Equation 2.23.
Sample application of Metadynamics and BE-Meta can be found in Chapter 6.

2.5 Transition Path Sampling
REMD is a useful method to explore the configuration space of proteins, but does not yield
details about kinetics or the mechanism of the transition. Replicas diffuse through different

2Note that the term collective variable is completely equivalent to order parameter. In the context of Metady-
namics we often refer to CV to stay in line with literature. In all other cases we use the term order parameter.
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Figure 2.2: A discretized transition pathway connecting stable states A and B.

temperatures and the transitions occur in the high temperature regime. Based on the fold-
ing and unfolding “replica trajectories” we cannot draw trustworthy conclusions about the
mechanism of protein folding. Different barriers in the folding process may have different
temperature dependence, thus making some transitions more favorable at high tempera-
ture than they really are at room temperature. Metadynamics biases the sampling and
cannot give kinetic information. A number of so-called “path methods” is available, that
allow to sample room temperature transition pathways directly. One of these methods is
Transition Path Sampling (TPS) [15]. It is a Monte Carlo sampling scheme in the path
space of transition pathways. The method requires an initial pathway, which does not need
to be the lowest free-energy path. Starting from this path, TPS generates an ensemble of
transition pathways, not depending on any order parameter. The order parameters are only
used to define the endpoints of the trajectories - the stable states, that are separated by
a barrier. New pathways are created using the so-called “shooting algorithm”. The initial
pathway is usually quite difficult to obtain. If so, another method needs to be used, for in-
stance REMD, high temperature MD, Metadynamics or steered MD. Each of these methods
can supply an initial pathway for TPS, that will gradually equilibrate to the same path en-
semble. Based on our experience, equilibrating the high temperature unfolding pathways
turns out to be more difficult than pathways coming from Metadynamics (Section 2.4). In
the following discussion of the TPS algorithm we will assume that the initial pathway is
already supplied.
Let x(T ) be a pathway of length T . We can discretize the pathway by introducing a timestep
∆t and consider it an ordered sequence of states or timeslices x(T ) ≡ {x0, x∆t, ..., xi∆t, ...xT },
where xi∆t ≡ {r(i∆t), p(i∆t)}, the index i = 0, 1, ...N , r(t) are the positions and p(t) the
momenta of all atoms at time t. and N = T /∆t + 1. Let P [x(T )] be a statistical weight
of a trajectory x(T ). P[x(T )] depends on the both the distribution of the initial conditions
and the rules describing the dynamics of the specific system. The ensemble of reactive
trajectories can be written in the form:

PAB [x(T )] ≡ hA(x0)P[x(T )]hB(xT )/ZAB(T ) (2.31)

hA(x) and hB(x) are the characteristic functions of the initial and final states. The function



28 CHAPTER 2. METHODOLOGY

hA(x) equals 1 if the system described by the positions and momenta x resides in state A,
otherwise equals 0 (analogous for final state B). The normalizing factor ZAB(T ) in Equa-
tion 2.31 is a path integral over all possible paths x(T ):

ZAB(T ) ≡

∫

Dx(T )hA(x0)P[x(T )]hB(xT ) (2.32)

2.5.1 Parametrization of Stable States
In all the applications in this work, the characteristic functions are defined only based on
the configuration part r of timeslice x, meaning that our set of order parameters Q depends
only on the coordinates, not the momenta of the system: Q = {qj(r) : R

n → R}, where the
index j enumerates order parameter functions for the system. The characteristic function
of state A can then be written as:

hA(xt) =







1; if r(t) ∈
⋂

j

{r ∈ R
n : qj(r) ∈ [qj

min,A, q
j
max,A]}

0; otherwise
(2.33)

qj
min,A and qj

max,A denote the lower and the upper values acquired by the order parameter
function qj, when the system resides in state A. It is important to remark that the initial
and final states can have different sets of order parameter functionsQA andQB. Identifying
the sets of order parameters that can successfully distinguish between the stable states A
and B may be a difficult task, especially for complex systems like proteins. A set of good
order parameters should fulfill a number of criteria. First, the regions defined by hA(x) and
hB(x) should take the fluctuations in the stable states into account. A regular fluctuation
should not drive the system out of the defined region. If this criterion is not satisfied, it will
result in missing transition pathways. Secondly and more importantly, the regions spanned
by hA(x) and hB(x) should be subsets of the basins of attraction of the stable states. If this is
not the case, non-reactive pathways may be mistaken for reactive trajectories. In practice,
we use REMD along with a basic clustering algorithm to discover and qualify possible stable
states. We also test the resulting definitions by firing a number of canonical trajectories to
test whether they leave the defined regions [15].

2.5.2 Sampling the TPS Ensemble
Transition path sampling is a Monte Carlo random walk in the space of trajectories. By
construction, trajectories have to be generated with the probabilities proportional to their
weights in the transition path ensemble. Non-reactive trajectories have zero weights and
are never visited in the TPS scheme. The MC random walk is realized by performing a trial
move, consisting of the generation of a new trajectory x(n)(T ) from the old one x(o)(T ), fol-
lowed by accepting the move with a certain probability. The acceptance probability results
from the assumption that detailed balance should be fulfilled during the walk in the space
of trajectories. The detailed balance criterion states that the probability of a move should
be exactly the same as the probability for the reverse move: p(o → n) = p(n → o). In the
context of transition path ensemble this condition can be written as:

PAB [x(o)(T )]π[x(o)(T ) → x(n)(T )] = PAB[x(n)(T )]π[x(n)(T ) → x(o)(T )] (2.34)
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where π[x(T ) → x′(T )] is a probability of making a move from x(T ) to x′(T ), which consists
of two parts: acceptance and generation probabilities. Next, we define the generation prob-
ability Pgen[x(T ) → x′(T )] as the probability to obtain the new path x′(T ) from the initial
pathway x(T ). Pacc[x(T ) → x′(T )] - the acceptance probability - is the probability to accept
the trial move x(T ) → x′(T ).

π[x(T ) → x′(T )] = Pgen[x(T ) → x′(T )]Pacc[x(T ) → x′(T )] (2.35)
The condition for the detailed balance (Equation 2.34) together with the path acceptance
probability (Equation 2.35) allows for writing the acceptance probabilities in terms of path-
way weights and pathway generation probabilities. This condition can then be fulfilled in a
TPS simulation using the Metropolis rule, taking into account that the trajectory has to be
reactive:

Pacc[x
(o)(T ) → x(n)(T )] =

hA[xn
0 ]hB [xn

T ]min

[

1,
PAB[x(n)(T )]Pgen[x(n)(T ) → x(o)(T )]

PAB [x(o)(T )]Pgen[x(o)(T ) → x(n)(T )]

]

(2.36)

2.5.3 Shooting Move
The efficiency of TPS depends greatly on the way the trial paths are generated, and how
quickly they decorrelate from the initial pathway. The shooting algorithm generating the
new path is the central move of transition path sampling [15, 10]. The shooting move
consists of a few steps. First, we select a time slice x(o)

t′ on the reactive pathway x(o)(T ). In
the most straightforward version of the algorithm, this is done at random, such that each
timeslice can be chosen with the same probability. The selected timeslice - the so-called
shooting point - can be slightly altered, for instance by changing the momenta by a small
random amount. This small random change will grow exponentially, due to molecular chaos,
and will cause the new trajectory to diverge quickly from the initial path. This procedure
should be used along with deterministic dynamics. In all the applications in this work we
use TPS with stochastic dynamics [8]. By coupling the solvent molecules to the Andersen
thermostat, we ensure that the trajectories diverge from each other even though their initial
conditions were the same. Accepted and rejected shooting moves in the case of stochastic
dynamics are presented in Figure 2.3
The generation probabilities in Equation 2.36 can be written explicitly for the general case,
when both momenta and positions are modified [15]. More importantly, it can be shown [15]
that if 1) the dynamics conserves the stationary distribution ρst(x), p(x → y)/p(y → x) =
ρst(y)/ρst(x), 2) the initial conditions obey an equilibrium distribution ρ(x) = ρst(x) and
3) the generation probabilities of the shooting points are symmetric, the path acceptance
probability simplifies dramatically:

Pacc[x
(o)(T ) → x(n)(T )] = hA[xn

0 ]hB [xn
T ]min

[

1,
ρ(x

(n)
t′ )

ρ(x
(o)
t′ )

]

(2.37)

If the system propagates according to stochastic dynamics, the acceptance probability sim-
plifies even further because the shooting point does not change:

Pacc[x
(o)(T ) → x(n)(T )] = hA[xn

0 ]hB [xn
T ] (2.38)
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Figure 2.3: Accepted (top) and rejected (middle and bottom) shooting trial moves for stochastic dynamics.
The shooting points were left unchanged.

The shooting move in which we do not modify the shooting point allows for easy modification
of the two-way shooting into a one-way shooting trial move, in which we accept a forward
or a backward shot independent of each other [15]. For one way shooting, only one trajec-
tory is grown backward or forward, and then glued with the appropriate part of the initial
trajectory after reaching one of the stable states. The decision whether to shoot backward
or forward is taken randomly with equal probability for both directions. In this scheme,
one could easily guess, the acceptance ratio increases dramatically with respect to two-way
shooting. This is because in the two-way shooting algorithm, we would be able to connect
the stable states only in case the shooting point was on, or nearby the transition state. In
case of one way shooting, we accept about 50% of the moves, but the new pathways are par-
tially identical to the old ones. The decorrelation from the initial pathway is more or less
the same for both one way and two-ways shooting algorithms, but in the one way shooting
we gain better statistics of the transition pathways [8].

2.5.4 The Optimal TPS Algorithm for Proteins
It is convenient to allow the path length to fluctuate [57]. We could then stop the propa-
gation of the system right after having entered one of the stable states. The path length
changes the corresponding shooting point generation probabilities, as the probability of
picking the timeslice as a shooting point will not be the same for the old and new path-
way. The resulting acceptance probability follows [57]:

Pacc[x
(o)(T ) → x(n)(T )] = hA[xn

0 ]hB [xn
T ]min

[

1,
N (o)

N (n)

]

(2.39)
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where N (o) is the number of the slices of old path and N (n) the new trajectory length. The
ratio N (o)/N (n) is of course not a priori known at the shooting point. This problem can be
easily overcome by introducing a maximum allowed path length Nmax = N (o)/α, where α is
a uniform random number drawn in the interval (0, 1]. This procedure, that we refer to as
“flexible path length” is used for all the systems under study in this thesis.
This TPS algorithm is the most effective implementation, where diffusive barriers have to
be crossed. The overall procedure consists of the following steps:

1. Choose a random timeslice x′iδt on the current pathway

2. Draw a uniform number α1 from the uniform distribution in the interval (0, 1] and
calculate the maximum path length from the formula Nmax = N (o)/α1.

3. Draw a uniform number α2 from the uniform distribution in the interval (0, 1] If α2 >
0.5 we will integrate the equations forward in time. If α2 6 0.5 then we will integrate
backward in time, and the momenta of the timeslice x′iδt have to be reversed.

4. Propagate the system in the direction chosen in point 3 using the available MD engine
with the Andersen thermostat until either the maximum total path length (after glu-
ing with the respective part of the initial trajectory) is surpassed or one of the stable
states is reached.

5. Concatenate the new trajectory with the appropriate part of the initial trajectory. In
case we were shooting backward in time, the momenta of the path have to be reversed.

6. If the resulting pathway connects stable states A and B - accept and increase the step
by one, otherwise reject.

7. Compute the averages

8. Repeat starting from point 1.

As we use Gromacs as our MD engine, only the Leap Frog algorithm is available to us. In
this integration algorithm velocities are stored at a half time-step before positions. In order
to perform the reversal in step 3 of the TPS algorithm, we need to integrate the chosen
timeslice one timestep forward, reverse the momenta and then join them with the positions
of the initial time slice. The correctness of this reversal procedure was tested on a trial
system and is shown in Figure 2.4. The reversed trajectory follows the forward trajectory
for 0.5 ps before diverging. This divergence is due to numerical integration errors and the
intrinsic molecular chaos in the system. As we employ stochastic trajectories this divergence
will not effect the correctness, nor the efficiency of the path sampling. In fact, one might say
that the method relies on the divergence of trajectories [15].
Transition Path Sampling is the central algorithm of this thesis and its applications can be
found in Chapter 3, 5, 6 and 7.
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Figure 2.4: Reversal of a timeslice: forward (black) and backward (thick dark grey) in time evolution of
the potential, kinetic and total energy of alanine di-peptide in water. A trial sample was integrated forward
in time for 1ps. The resulting last frame was then reversed and integrated backward in time. Note that
the reversed trajectory only diverges after about 500 fs = 250 timesteps, due to numerical integration errors.
Alanine dipeptide was simulated in 167 SPC water molecules and OPLSAA force-field, using the same settings
as for the systems examined in this thesis. The potential and kinetic energy fluctuate, while the total energy
remains constant, with an accuracy of about 1kJ/mol.

2.6 Calculating Rates with Transition Interface Sampling
From the Transition Path Sampling (2.5) we can draw many conclusions, including the
folding mechanism, corresponding free-energy barriers, metastable states and reaction co-
ordinates, but we do not get any direct information about the timescales involved. In order
to calculate the rates of the transitions along with the heights of the corresponding barriers
we have to employ a method related to TPS, Transition Interface Sampling (TIS) [57].
Let us consider an order parameter λ(x), such that it can distinguish between the stable
states A and B. The best way to obtain such order parameter is to analyze the TPS en-
semble. In TIS we introduce a number of interfaces i = 0, ...nI , which are hypersurfaces,
spanned by the order parameter λ: x : λ(x) = λi;λi ∈ R. The interfaces do not intersect
(λi−1 < λi) and the extreme interfaces are identical with the boundaries of states A and B
(λ0 ≡ λA and λnI

≡ λB), as presented in the Figure 2.5
Let PA(i+ 1|i) be a probability that a trajectory coming from A and crossing λi reaches λi+1

before returning to A. It can be shown that the rate of the A → B transition kAB can be
written as [57]:

kAB = f1,0
i=1
∏

nI−1

PA(i+ 1|i) (2.40)

f1,0 =
1

∆t

N+
c

NMD
(2.41)

where f 1,0 is called the effective positive flux factor. It is calculated by running an MD
trajectory of NMD steps3, with a timestep ∆t, and counting the number of re-crossings N+

c

3In practice we run a few parallel MD simulations in order to increase the accuracy of the calculated flux.
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Figure 2.5: (Left) The setting of TIS simulation: the boundaries of states A and B are the initial and final
interface. The intermediate interfaces are hypersurfaces, defined in terms of order parameter λ. (Right) Calcu-
lation of the effective positive flux through the interface λ1. Only the positive re-crossings, coming directly from
the stable state are counted.

Figure 2.6: Transition Interface Sampling trial moves (dotted lines): accepted (left) and rejected (right). The
trial move trajectory can only be accepted if it recrosses the interface λ1 and if it ends either in the initial state
or recrosses the next interface.

of the first interface λ1. Short time scale fluctuations are not taken into account, and thus
the re-crossings before returning back to the stable region A are not counted (Figure 2.5).
It is important to notice, that even though the rate expression in Equation 2.40 looks like a
Markov chain at first glimpse, there is no Markovian assumption behind it. The probabili-
ties preserve the memory of the history, as all trajectories used for the calculation have to
start in the initial state A.
The probabilities PA(i + 1|i) in Equation 2.40 are the most computationally expensive part
of the rate calculation. They are obtained by gathering specific path ensembles consisting of
two types of pathways. Let us consider the first interface λ1. The TIS ensemble for this in-
terface, contains pathways both ending up by crossing the next interface λ2 and reaching B
or relaxing to the state A. All of these pathways cross the interface λ1. The calculation of
crossing probabilities from such an ensemble consists of making a histogram of the visited

In the applications presented in this thesis NMD is of the order of 20 − 30 ns, and we perform about 5-15 MD
simulations of such length.
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values of λ. To do so, we calculate the maximum value of λ for a given pathway and mark
all λ < λmax as visited by incrementing the P (λ) histogram by the total path weight. This
protocol can be repeated for following interfaces, by constructing the TIS ensemble for an
interface λi, consisting of A → λi → B and A → λi → A pathways. The crossing probability
distributions PA(i+1|i), can be re-weighted into a single crossing probability curve, that ex-
hibits a plateau for λ > λ∗, where λ∗ denotes the value of the OP at the transition state. The
existence of the plateau is a straightforward consequence of having crossed the transition
state. The bigger the difference between λ and λ∗ the more trajectories relax into state B.
Eventually all trajectories will end up in B, thus P (λ|λA) = 1 and as a result ∂P (λ|λA)

∂λ
= 0.

We used Transition Interface Sampling in Chapter 4 in order to calculate the folding and
unfolding rate of Trp-cage mini-protein.

2.7 Forward Flux Sampling

Forward Flux Sampling (FFS) [2] is a method that allows the sampling of stochastic dy-
namical pathways connecting two stable states, separated by a free-energy barrier and
calculate the rate constant for the transition. While initially derived for non-equilibrium
dynamics, FFS can also be used for equilibrium transitions. Similar to TIS, FFS divides
the phase space with non overlapping interfaces defined by a parameter λ. As in Transition
Interface Sampling, λ does not have to be the reaction coordinate, nonetheless it should be
able to distinguish between the initial and final states A and B. The interfaces are such
that λ0 < λ1 < ... < λn < λn+1 and if λ < λ0 = λA means the system is in state A, if
λ > λn+1 = λB the system is in state B. The rate constant kAB for the transition from A to
B is given by equation 2.40. The flux factor calculation has already been explained in the
TIS section and consists of counting the positive effective crossings of the interface λA per
time in a MD simulation under ambient conditions. The difference between the TIS and
FFS framework lies in the calculation of the crossing probabilities. First, one collects the
set of timeslices associated with the positive recrossings of interface λ1. Timeslices are ran-
domly picked and used as shooting points for MD simulations without modifying the initial
conditions. The trajectories resulting from a single point are different because of the use
of stochastic dynamics. The MD integration can be stopped after having reached either the
initial state A or the next interface λ2. The estimator of the crossing probability P (λ2|λ1)
is N2/N , where N2 equals the number of trajectories reaching the next interface and N is
the total number of trajectories shot from the interface λ1. This procedure is iteratively
executed for the subsequent interfaces, until λB (state B) is reached. The total crossing
probability P (λB |λ1) is calculated by multiplying all the intermediate crossing probabilities
according to Equation (2.40). The transition path ensemble can be obtained by “gluing”
all the pathways starting from those that reached the last interface. The resulting joint
trajectories are true dynamical trajectories, as we did not modify the shooting points.
We used Forward Flux Sampling in Chapter 4 in order to calculate the unfolding rate of
Trp-cage mini-protein.
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Figure 2.7: The transition state does not always have to correspond to the free-energy maximum in lower di-
mensional projections. The two-dimensional free energies (up) are projected onto the order parameter q (down).
As a result we obtain bi-stable behavior in both cases, but the transition state in the second case does not coin-
cide with the reduced free energy maximum, as the basins of attraction of the stable states overlap in the order
parameter q. We can only draw conclusions about the transition states based on the free-energy projections, if
we know the reaction coordinate.

2.8 Extracting Reaction Coordinates from Transition Path
Ensembles

2.8.1 Commitor Calculation
The definition of a transition state as a saddle point on the free-energy landscape cannot
be applied to complicated systems with a rugged energy surface and a multitude of local
minima, such as proteins. The problem with identification of the transition state comes also
from the fact that the reaction coordinate is not known for these systems. Because of this
fact, drawing conclusions by looking at the low dimensional free-energy projections may be
dangerous, as pointed out in Figure 2.7.
A more suitable definition of the transition state has been given by Du et al [16]. Transition
states can be defined as structures that have the same probability to relax to the initial as to
the final state. If we only have two stable states, this probability is one half. The probability
of relaxing to any of the stable states can be generalized by introducing a function called
the committor:

pB(r) ≡

∫

Dx(t′)P[x(t′)]δ(r(0) − r)hB(xt′)
∫

Dx(t′)P[x(t′)]δ(r(0) − r)
(2.42)

where t′ is the path length and r(0) the configurational part of the initial conditions of the
path x(t). If there are no other basins of attraction, the same quantity can be constructed
for state A, as pA + pB = 1.
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Figure 2.8: The figure depicts the procedure of calculating the commitor function pB. A number of trajectories
with random initial conditions are shot along the transition pathway connecting stable states A and B. The
closer are kinetically the points to a stable states, the more trajectories ends up in this state. The timeslices,
that end up in both states, are close to the top of the barrier. The transition states timeslice will have both
probabilities pB and pA equal to 0.5, and belong to the separatrix depicted as the dashed grey curve.

To estimate the commitor function in practice we shoot N trajectories with initial momenta
drawn from the Maxwell-Boltzmann distribution and calculate the ratio of trajectories end-
ing in the state of interest:

p
(N)
B (r) ≈

1

N

N
∑

i=1

hB(x
(i)
t′ ), (2.43)

where x(i)(t) is the i-th trajectory for the trial timeslice, with configuration r. If the number
of shootings N is large enough and the trajectories are independent, the error σ can be
estimated by approximating that p(N)

B (r) is normally distributed [15]. From this assumption
we get:

σ =

√

pB(1 − pB)

N
(2.44)

The error σ is highest for the transition states, as then the function pB(1 − pB) reaches its
maximum. This means that close to the stable states it is enough to shoot off only about
10 trajectories, for the transition state area, we need more - 100 trajectories would give us
σ = 5%.
The procedure of calculating the commitor function pB presented above, is known in the field
of protein simulations as the p-fold calculation. This algorithm, symbolically presented in
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Figure 2.8, can be repeated on the TPS path ensemble. For each decorrelated trajectory we
will then obtain a different transition state structure. The ensemble of these structures is
called Transition State Ensemble (TSE) (Figure 2.8). This calculation is computationally
very expensive, but yields insight in the mechanism of the reaction. Committor analysis
also enables testing of the prospect reaction coordinates [15]. This is, however, exceedingly
expensive. The TPS shooting points along with their corresponding endpoints can be used
as an input for the reaction coordinate analysis, described in the next section.

2.8.2 Maximum Likelihood Estimation
The committor is undoubtedly the best reaction coordinate. However, an important draw-
back of using the committor itself as a reaction parameter is that it is extremely costly to
calculate. More importantly, the committor does not bring any physical information or char-
acteristics, that could say something about the initial, final and transition states. This is yet
another reason why it is so important to look for good reaction coordinates, that would be
physically relevant. By using the Maximum Likelihood Estimation (MLE) approach [48, 47]
one can search for the reaction coordinate that would most “resemble” the true reaction co-
ordinate, which is the committor. If for a constraint ensemble with a given value of an order
parameter, the histogram of the commitor values is sharply peaked, this is a signature of a
good reaction coordinate, having a good correlation with the commitor [15]. However, ver-
ifying this is exceedingly computationally expensive as it requires a constraint ensemble
and a complete committor calculation for each prospect RC that one would like to test. The
MLE method of Peters and Trout relies only on the TPS path ensemble [47].
For the MLE we need a set of forward shooting points together with the information whether
they relaxed to state A or state B. This information is available from a Transition Path
Sampling simulation, without any additional computational cost. We denote {xsp → B} the
set of forward shooting points, that resulted in trajectories ending up in B, and {xsp → A}
the ones that end up in A4. In their approach, Peters and Trout assume a sigmoidal shape
of the commitor as a function of the trial collective variable r:

pB(r) =
1

2
{1 + tanh(r)}. (2.45)

Next, one tests all possible combinations of the available collective variables q as prospect
RC

r = α0 +
N

∑

i=1

αiqi (2.46)

forN = 1, 2, 3. The commitor probability can then be estimated by maximizing the likelihood

L =
∏

xsp→B

pB(r(xsp))
∏

xsp→A

(1 − pB(r(xsp))). (2.47)

We analyze the Transition Path Sampling shooting points according to the following pro-
cedure. We first calculate all available order parameters for the system, that might be

4Note that if x ∈ {xsp → B}, it does not imply that pB(x) = 1, as we may only have one trajectory originating
in x, going to B. To calculate pB(x) one would have to shoot a number of trajectories initiated in x with random
initial velocities, and divide the number of trajectories finishing in B by the total number of fired trajectories.
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important for the mechanism. We then construct linear combinations of these order pa-
rameters, and maximize the likelihood from Equation 2.47 using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method. The coefficients of the linear combinations result from
the maximization procedure, along with the likelihood, which indicates the best combina-
tion of collective variables as a model of the reaction coordinate. We use this algorithm for
all of our TPS data.

2.9 Summary
All of the methods presented in this chapter have to be used in conjunction. Transition path
sampling is difficult to perform efficiently if the free-energy landscape has not been deter-
mined previously, revealing possible metastable traps and intermediates. Other methods
are also indispensable to obtain the input for TPS - the initial pathway, which depending
on the system, can be a difficult task. One of the possibilities is to use high temperature
unfolding trajectories. Based on our experience, the higher temperatures needed to unfold
the system, the more problems can be anticipated later with the equilibration. One of the
methods we use for the generation of initial pathways for transition path sampling is Meta-
dynamics, presented in Section 2.4, which yields room temperature unfolding pathways.
These pathways have a high advantage over the high energy pathways, as they equilibrate
much quicker.
Based on this thesis, a possible methodology for sampling protein systems emerges. It
is important to discover, at least locally, the free-energy landscape of the system. One
of the methods, useful for this purpose, is Replica Exchange Molecular Dynamics. The
resulting ensembles should then be analyzed, preferably using the Virtual Move Parallel
Tempering Method, in all possible order parameters, in order to propose possible barriers
and intermediates. The room temperature ensemble of configurations should be clustered
in order to compare the outcome of the free-energy calculations with the OP-unbiased
analysis. Replica Exchange trajectories can then be used as an input for sampling the
barriers of interest. A similar procedure can be performed with Metadynamics. Having the
TPS ensemble, we can look for the mechanism, for instance by searching for the reaction
coordinates with the Likelihood Maximization approach, or by projecting the ensemble in
different possible representations. Naturally, visual inspection also helps in understanding
the underlying mechanism. We can use the MLE method to estimate the transition state,
and use the committor calculation to check the resulting trial TSE. Committor calculations
can be done on the ensemble of decorrelated pathways, if sufficient computational power
is available. Having the transition states and the reaction coordinate, we can start rate
calculations, by first calculating the effective positive flux from the stable states, and then
by running a number of TIS simulations. This procedure should yield a detailed atomistic
description of the folding mechanism and also quantities such as rates that can be directly
compared with experiment. In the following chapters we will employ this methodology,
or parts of it, starting with simple polypeptides and finishing with an application to a
functional protein.
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[23] GRUBMÜLLER, H. Predicting slow structural
transitions in macromolecular systems: confor-
mational flooding. Phys. Rev. E 52 (1995), 2893–
2906.

[24] HESS, B., BEKKER, H., BERENDSEN, H. J. C.,
AND FRAAIJE, J. G. E. M. LINCS: A linear con-
straint solver for molecular simulations. J. Comp.
Chem. 18 (1997), 1463–1472.

[25] HOCKNEY, R. W., AND EASTWOOD, J. W. Com-
puter simulations using particles. McGraw-Hill,
New York, 1981.

[26] HOOVER, W. Canonical dynamics: Equilibrium
phase-space distributions. Phys. Rev. A 31 (1985),
1695–1697.

[27] HUBER, T., TORDA, A., AND VAN GUNSTEREN,
W. Local elevation: A method for improving the
searching properties of molecular dynamics sim-
ulation. J. Comput. Aided Mol. Des. 8 (1994),
695–708.

[28] JORGENSEN, J., CHANDRASEKHAR, W. L.,
MADURA, J., IMPEY, R., AND KLEIN, M. Com-
parison of simple potential functions for simulat-
ing liquid water. J. Chem. Phys. 79 (1983), 926–
935.

[29] JORGENSEN, W. L., BLAKE, J. F., AND BUCK-
NER, J. K. Free-energy of TIP4P water and the
free-energies of hydration of CH4 and CL- from
statistical perturbation-theory. Chem. Phys. 129
(2) (1989), 193–200.

[30] JORGENSEN, W. L., MAXWELL, D. S., AND
TIRADO-RIVES, J. Development and testing of
the OPLS all-atom force-field on conformational
energetics and properties of organic liquids. J.
Am. Chem. Soc. 118 (1996), 11225–11236.



40 CHAPTER 2. METHODOLOGY

[31] JURASZEK, J., AND BOLHUIS, P. G. Sampling
the multiple folding mechanisms of Trp-cage in
explicit solvent. Proc. Natl. Acad. Sci. USA 103
(2006), 15859–64.

[32] LAIO, A., AND PARRINELLO, M. Escaping free-
energy minima. Proc. Natl. Acad. Sci. USA 99
(2002), 12562–12566.

[33] LEE, B., AND RICHARDS, F. M. The interpre-
tation of protein structures: Estimation of static
accessibility. J. Mol. Biol. 55 (1971), 379–400.

[34] LEI, H. X., WU, C., LIU, H. G., AND DUAN,
Y. Folding free-energy landscape of villin head-
piece subdomain from molecular dynamics simu-
lations. Proc. Natl. Acad. Sci. USA 104 (2007),
4925–4930.

[35] LEVITT, M. Molecular dynamics of native pro-
tein. I. Computer simulation of trajectories. J.
Mol. Biol. 168 (1983), 595–620.

[36] LEVITT, M., HIRSCHBERG, M., SHARON, R.,
AND DAGGETT, V. Potential energy function and
parameters for simulations of the molecular dy-
namics of proteins and nucleic acids in solution.
Comput. Phys. Commun. 91 (1995), 215–231.

[37] LINDAHL, E., HESS, B., AND VAN DER SPOEL,
D. GROMACS 3.0: A package for molecular sim-
ulation and trajectory analysis. J. Mol. Model. 7
(2001), 306–317.

[38] MACKERELL JR, A. D., BASHFORD, D., BEL-
LOTT, M., DUNBRACK JR, R. L., EVANSECK,
J. D., FIELD, M. J., FISCHER, S., GAO, J., GUO,
H., AND HA, S. All-atom empirical potential for
molecular modeling and dynamics studies of pro-
teins. J. Phys. Chem. B 102 (1998), 3586–3616.

[39] MCBRIDE, C., WILSON, M. R., AND HOWARD, J.
A. K. Molecular dynamics simulations of liquid
crystal phases using atomistic potentials. Mol.
Phys. 93 (1998), 955–964.

[40] MITSUTAKE, A., SUGITA, Y., AND OKAMOTO,
Y. Generalized-ensemble algorithms for molecu-
lar simulations of protein. Biopolymers 60 (2001),
96–123.

[41] MIYAMOTO, S., AND KOLLMAN, P. A. SETTLE:
An analytical version of the SHAKE and the RAT-
TLE algorithms for rigid water molecules. J.
Comp. Chem. 13 (1997), 952–962.

[42] NORBERG, J., AND NILSSON, L. Advances in
biomolecular simulations: methodology and re-
cent applications. Q. Rev. Biophys. 36 (2003),
257–306.
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Chapter 3

Trp-cage mini-protein in explicit
solvent: Folding mechanism
revealed1

We investigate the kinetic pathways of folding and unfolding of the designed mini-protein Trp-cage
in explicit solvent. Straightforward molecular dynamics and replica exchange methods both have
severe convergence problems, whereas Transition Path Sampling allows us to sample unbiased
dynamical pathways between folded and unfolded states and leads to deeper understanding of the
mechanisms of (un)folding. In contrast to previous predictions employing an implicit solvent, we find
that Trp-cage folds primarily (80% of the paths) via a pathway forming the tertiary contacts and
the salt-bridge, before helix formation. The remaining 20% of the paths occur in the opposite order,
by first forming the helix. The transition states of the rate limiting steps are found to be solvated
native-like structures. Water expulsion is found to be the last step upon folding for each route.
Committor analysis suggests that the dynamics of the solvent is not part of the reaction coordinate.
Nevertheless, during the transition specific water molecules are strongly bound, and can play a
structural role in the folding.

3.1 Introduction
Elucidating the mechanism by which proteins fold into their native state remains a central
issue in molecular biology. For single domain two-state folding proteins several decades of
experimental, theoretical, and simulation studies have revealed two major qualitative fold-
ing mechanisms. In the diffusion-collision mechanism [26], proteins first form secondary
structure elements, followed by a diffusive search towards the tertiary native state struc-
ture. In the nucleation-condensation mechanism [1], a nucleus of crucial tertiary contacts
is made, around which the native structure condensates. In recent years, these two mecha-
nisms were combined in a unified view [19].

1This chapter is based on J. Juraszek and P. G. Bolhuis Sampling multiple folding pathways of Trp-cage
mini-protein in explicit solvent Proc. Natl. Acad. Sci. USA 103 (2006), 15859-64.
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By bridging the gap between experiments and computer simulation, the discovery of small
and fast folding proteins has contributed much to the understanding of generic folding
mechanisms. The fastest of those is the designed 20-residue mini-protein Trp-cage (NLYIQ
WLKDG GPSSG RPPPS) [31], which folds in 4µs to a native state with an α-helix, a salt-
bridge and a polyproline II helix shielding the central tryptophan from solvent. Laser
temperature-jump spectroscopy experiments by Qiu et al. [37] indicated two state folding.
Fluorescence correlation spectroscopy by Neuweiler et al. [32], however, revealed that the
protein (un)folds in a more complicated manner, via an intermediate molten globule-like
state, characterized by exposure of the tryptophan to the solvent. It remains unclear at
what stage of folding the helix is being formed. Recent UV-resonance Raman spectroscopy
measurements show some evidence of a helical structure in the denaturated state of Trp-
cage and thus suggesting an early formation of the helix is possible [2]. Many MD simu-
lations were performed to investigate the thermodynamic stability of the protein and elu-
cidate possible folding pathways by using, for instance, all-atom models with implicit sol-
vent [45, 44, 36, 10, 35] as well as explicit solvent [50], or simplified models such as Go mod-
els [29]. REMD simulations in explicit solvent [50] confirmed the two state nature of Trp-
cage. An intermediate state structure, consisting of two hydrophobic cores, was proposed
as the reason of Trp-cage being such a fast folder. Folding events of Trp-cage have been
observed in all-atom implicit solvent MD simulations [44, 45, 35] and in a coarse-grained
model [14]. Existence of misfolded states based on implicit solvent calculations, suggested
that Trp-cage is a less reliable and efficient folder than was previously assumed [35]. Few
simulation studies exist that aim to understand the dynamics of the mechanism, and either
employ an implicit force field (FF) [45] or a simplified model [29]. Recent work suggests
that the solvent does play a crucial role in protein folding, one that current implicit solvent
models are not able to capture [42]. Therefore, it is important to study the dynamical trajec-
tories of folding in which the solvent molecules are treated explicitly. Here we show that the
Trp-cage (un)folding path ensemble consists of two main routes. In contrast to the routes
predicted in Ref. [29] we find that 20% of the paths first form the helix, whereas 80% first
form the tertiary contacts. It appears that Trp-cage folds via both the diffusion-collision,
as well as the nucleation-condensation mechanism [19]. In addition, we predict the nature
of the transition states and investigate the influence of solvent motion during the folding on
the reaction coordinate.
There are other proteins too, that show multiple folding pathways, such as lysozyme and
some immunity proteins [15], indicating that our results are applicable more generally.
Detailed atomistic simulations can give more insight than coarse-grained models, and in
particular are more trustworthy. They give structural insight, as well as the opportunity to
examine the influence of subtle changes in protonation, or solvent effects.
It is still a computational challenge to perform simulations of folding of any protein, includ-
ing Trp-cage, in explicit solvent using all-atom molecular dynamics. The microsecond fold-
ing time scale is still only barely reachable by MD simulations of proteins in solution. The
long timescales involved are due to the presence of relatively high free energy barriers be-
tween the native and unfolded state. Protein folding can thus be seen as a rare event. Many
computational methods exist that aim to overcome such free energy barriers. A direct, but
expensive way of accessing kinetics is the parallel replica method [45], in which of many
simultaneous simulations only a small percentage succeed in crossing the barrier. Other
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approaches try to overcome the barriers by increasing the temperature (high temperature
MD [3], temperature accelerated Dynamics [46], Replica Exchange/Parallel tempering [18]).
In these latter methods accurate information about the rare event at room temperature is
lost, because transitions only occur at high temperatures. Many other methods therefore
employ biasing potentials to enhance conformational sampling at room temperature (e.g.
Umbrella Sampling [18], Metadynamics [27], Hyperdynamics [49] or Flooding [20]). While
most of these methods are well-suited for computing thermodynamic properties, they do
not preserve the dynamical pathways, due to the bias they introduce, and hence cannot be
used to obtain accurate kinetics nor mechanisms in complex systems. Moreover, as the bi-
asing potential must be applied as a function of an order parameter, the important reaction
coordinates must be known a priori to enable proper sampling. However, if this reaction
coordinate is chosen poorly these methods lead to bad statistics, a wrong mechanism and
overestimation of the rate constants. To address this ’reaction coordinate’ problem, Chan-
dler and coworkers developed the Transition Path Sampling (TPS) methods [12, 7, 13], a
suite of techniques that enable the collection of an ensemble of transition paths between an
initial and a final state, without prior knowledge of the transition state region. The TPS
algorithm samples short trajectories (of several ns) connecting folded and unfolded states
of the protein at room temperature. In contrast, a straightforward molecular dynamics tra-
jectory would take many microseconds to achieve the same. In addition, The TPS method
allows evaluation of the mechanism, transition state ensemble and the rate constant. Re-
cently, a more efficient TPS-based algorithm was introduced to evaluate the rate [48]. Path
sampling has successfully been used to investigate the kinetics of the folding of the GB1
beta-hairpin [4, 6]2.
The path sampling method requires order parameters to describe and distinguish the initial
and final stable states. We find these order parameters by calculating the free energy land-
scape as a function of several variables via Replica Exchange Molecular Dynamics (REMD).

3.2 System
3.2.1 System Preparation
The Trp-cage system was prepared from the NMR structure from the Protein Data Bank
(entry 1L2Y). The 304 atom protein was solvated with 2797 water molecules in a rhombic
dodecahedral periodic box with a 50 Å diameter. One water molecule was replaced with
a Cl- counter ion to neutralize the system. After energy minimization and a short protein
position restraint run, the sample was equilibrated under constant pressure of 1 bar and a
temperature of 300 K, using Berendsen coupling for 1 ns. The box size was slightly increased
to 5.02 Å in order to maintain an ambient pressure at room temperature. From here on all
simulations were performed at constant volume.
All MD simulations in this work were performed using the Gromacs molecular simulation
package [28] together with the OPLSAA FF [25] and SPC model of water [28]. Using the
constraints - LINCS [22] for interactions between protein atoms, and SETTLE [30] for
water interactions - allowed for the time step of 2 fs. In all our simulations dodecahedral

2Other path sampling techniques exist (e.g. Ref. [34]) but are often based on unrealistic dynamics.
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periodic boundary conditions were applied. Long range electrostatics was treated with Fast
Particle-Mesh Ewald [11, 17] with a grid spacing of 1.2 Å. For the treatment of the van
der Waals interactions we used truncated and shifted potentials decaying smoothly to zero
between 6 and 9 Å. The Nosé-Hoover thermostat [33, 23] ensured a constant temperature
with 0.2 ps as the time constant for coupling. To equilibrate the system we performed a
10 ns NVT MD run at 300 K.

3.2.2 MD Simulation of The Native State
To investigate the nature of the native state we ran an MD-simulation of the folded
structure for more than 10 ns with both the GROMOS96 43a1 [43] and OPLSAA force
fields [25]. The Gromacs force field did not preserve the native structure of Trp-cage in our
MD simulations in explicit solvent. Within a few nanoseconds we observed a spontaneous
rearrangement of the protein structure, including partial solvation of the tryptophan (see
Fig. 3.1). We concluded that the global minimum for the Gromacs FF does not coincide
with the NMR structure [31]. In contrast, for the OPLSAA FF the protein is stable over the
total simulation time of 10 ns. There are minor fluctuations around the 310-helix region,
caused by a single water molecule entering the Trp-pocket. Nonetheless, the protein stays
within 1.5 Å Cα-RMSD of the NMR structures along the entire trajectory. Because of these
differences between the G43a1-results and the NMR structures and agreement between the
OPLSAA-structures and experiment, we decided to use the OPLSAA FF in our simulations.

3.2.3 Order Parameters
In our simulations we monitor the following order parameters: the radius of gyration of the
protein using the α-carbons only (rg), the fraction of native contacts (ρ), the root mean
square deviation from α-carbon positions in the native structure (rmsd), the root mean
square deviation of the α-helical residues 2-8 from an ideal helix (rmsdhx), the solvent ac-
cessible surface (sas) of the whole protein [28], the salt-bridge distance (sb) defined as the
minimum distance between donors and acceptors in the hydrogen bond between Arg-16 and
Asp-9 and the number of water molecules within 4 Å around tryptophan (nwtrp). We use
these order parameters to construct free energy diagrams and subsequently extract stable
state definitions for TPS.
nm is used as the unit of length.

3.3 Methods and Results
3.3.1 Replica Exchange MD
The advantage of REMD with respect to biasing rare event methods is that no a priori
knowledge of the reaction coordinates is needed. However, a known problem with the
method is that it is difficult to decide whether the simulation at a given temperature has
already reached the canonical distribution [40]. Reaching the Boltzmann distribution in a
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local part of conformational space, does not guarantee that the sampling over the entire
configuration space is satisfactory. One way of assessing convergence is to initiate two inde-
pendent simulations with significantly different protein structures. If the two simulations
converge to the same distribution and corresponding free energy surfaces (FES), they can
be considered equilibrated [40].
We performed two independent 64 replica REMD simulations of Trp-cage in explicit sol-
vent [50]. The first REMD simulation series (REMD-fol) was started from the final configu-
ration of the equilibration run of the native state. The unfolded REMD series (REMD-unf)
was initiated from an extended structure, which we selected from a 4 ns high tempera-
ture (500 K) trajectory in which the protein unfolded. We used 64 replicas with temperature
ranging from 272 K to 555 K. The temperatures distribution was optimized to give a constant
acceptance probability of around 20−30% for exchange adjacent replicas [47, 38]. Exchange
of temperatures among replicas was attempted every 0.5 ps (250 MD steps). Protein struc-
tures were saved with the same frequency. The REMD-fol simulation was performed for
13 ns per replica (a total integrated time of 0.8µs). The REMD-unf series was run 3 times
longer (36 ns, an integrated time of 2.3µs) as we did not observe convergence with the folded
simulation and more importantly the native state was not reached. In the data analysis we
excluded the first 5 ns to allow for relaxation towards equilibrium.
The free energy landscape of the REMD-fol simulation plotted in the (rg − ρ) plane roughly
agrees with the results by Zhou [50] (see Figure 3.2). In contrast, the REMD simulation ini-
tialized from the unfolded state did not converge to the same FES. The lack of convergence
is clearly visible in the (rg − ρ) representation (see Figure 3.2)
Minima in the FE plots do not always correspond to a single stable state. Depending on
the order parameters overlap can occur between states, and hide a (meta)stable state in-
side another one. To identify the stable states we performed cluster analysis of our REMD
ensembles (see Figure 3.1). We used the full-linkage clustering algorithm [28] with a cutoff
of 3 Å, together with the distance between two structures defined as their relative RMSD.
Application of this procedure to the unfolded initiated REMD ensemble resulted in about
150 clusters, of which we only kept those with a population of more than 2%. The remainder
of the clusters were lumped together and divided into two groups: those containing a helix
and those without a proper helix. We performed this procedure because the helical cluster
could not correctly be recognized by the clustering algorithm due to large fluctuations of
the coil part. The above procedure resulted in essentially three different groups of clus-
ters. The first group (3% of the REMD ensemble ) consists of fully helical structures with
the polyproline detached from the rest of hydrophobic part. The second (15%) comprises
U-shape structures, with the tryptophan oriented correctly and packed in the center of the
protein and one turn of the helix formed. The third and largest group (45%) contains a va-
riety of different, strongly twisted hairpin like structures and bent loop structures, which
all have the tryptophan fully exposed to the solvent. These three groups of clusters are
also visible as FE minima in the rmsdhx vs sas plot in Figure 3.2. Existence of these three
clusters already suggests two routes for the folding process. In the first mechanism the loop
formation would be followed by packing of the tryptophan between the proline residues. The
second route would go via helix formation and subsequent packing of the tryptophan in the
core. Both pathways seem possible according to the REMD-unf data. The FE barriers from
the unfolded state toward both intermediates appear not very high.
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Figure 3.1: Right: (a) PDB NMR structure compared to typical simulated native state structures at room
temperature for the (b) OPLSAA and (c) Gromacs force fields. OPLSAA conserves the overall protein structure
- there are minor fluctuations in the region of the 310-helix. The Gromacs force field (G43a1) shows more
pronounced fluctuations, a damaged 310-helix, and a tryptophan that is solvated from the side of the salt bridge.
The protein is plotted in cartoon representation. Pro-12,17,18,19 and Trp-6 are plotted in stick representation.
Figures made with VMD [24] Left: Three groups of clusters found in the unfolded initiated REMD ensemble.
The top cluster (red, 45%) is a set of several loop structures, with the tryptophan fully exposed to the solvent.
The middle cluster (green, 15%) consists of the loop structures with Trp-6 positioned in between prolines. The
bottom cluster (blue, 3%) denotes fully helical structures. Structures plotted as gray stars belong to clusters that
did not reach the minimum abundance of 2%. Central structures of the three, presented clusters are plotted to
their left.

Based on our TPS simulations we think there are two reasons for the convergence issues in
the REMD-unf runs. First, there is a substantial free energy barrier between the intermedi-
ates and the native state. Second, as this barrier is very diffusive, crossing it can take up to
2−3 ns. If a particular structure would have reached the transition state (something we did
not observe in our REMD-unf simulation) and started to fold to the native state, this would
probably not be accomplished within the residence time in the low temperature replicas.
In Ref. [40] Rhee and Pande suggest that 50 ns per replica is the minimal simulation time
required to converge the simulation of the BBA5 protein (satisfactory convergence was ob-
served only for high temperatures). While this system is comparable in size to ours, we
believe this time would hardly be enough for the Trp-cage, as we did not observe any com-
pletely folded protein structure within 30 ns MD time per replica. Because of the above
mentioned reasons REMD cannot be used for accurate estimating free energies. Never-
theless the REMD simulations allowed us to define the initial and final state for TPS and
simultaneously yielded insight in some important on-pathway intermediate structures for
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Figure 3.2: Free energy contour maps at 300 K for folded-initiated REMD (top) and unfolded-initiated REMD
(bottom). The contours are separated by 1 kT. Left figures show radius of gyration [nm] (rg) versus the ratio of
native contacts (ρ). Right figures - Helix RMSD [nm] (rmsdhx) versus solvent accessible surface [nm2] (SAS).

the (un)folding process.

3.3.2 Transition Path Sampling
We use the stochastic, flexible pathlength version of the shooting algorithm. The Andersen
thermostat ensured the stochastic nature of the MD trajectories. The transition path sam-
pling method relies on the shooting algorithm [13], which alters a time slice on an existing
path randomly and integrates a new trial path forward and backward in time. The deter-
ministic shooting algorithm runs into problems for ’long’ diffusive folding trajectories (long
compared to the time-step, i.e. longer than a few ps). While a random shooting point might
seem to lie in the barrier region (i.e. outside of the stable state definitions) it can in fact
already be completely committed to one of the stable states. In that case the acceptance
ratio will be extremely low. Only when shooting from points around the true transition
state region, we can expect a reasonable acceptance. To alleviate this problem we employ
the stochastic shooting algorithm [5] allowing shooting in one direction, either forward or
backward. Application of deterministic MD to generate stochastic trajectories requires the
introduction of a small amount of stochasticity in the trajectories, for instance by the Ander-
sen thermostat. The Andersen coupling constant can be made small enough so that there is
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Figure 3.3: Path sampling indicators. Left: Tree representation of one of the TPS simulations of Trp-cage
(un)folding. Shooting points are indicated by vertical lines. Depending on the shooting move, lines, representing
generated pathways, are going backward or forward, accordingly. The length of the bars is proportional to the
length of pathways. Note that for clarity, only the new part of a pathway is plotted for each step. Right:
Normalized distribution of path lengths

no noticeable difference with completely deterministic dynamics [18].
The advantage of stochastic sampling is an improved acceptance ratio of about 50%. How-
ever, on the other hand, we have to wait several successful shots before an entirely new
pathway is generated, because a single successful shooting replaces only one part of the tra-
jectory. To check if the algorithm works properly we can plot a tree graph (see Figure 3.3).
This graph clearly shows how many pathways are new, totally decorrelated paths. Addi-
tionally, in case a stable state is defined incorrectly, the graph representation of the TPS
simulation may exhibit a drift in one direction. The existence of a long-lived metastable
intermediate can as well be detected by looking at the tree graph, which would in such case
show a division in two sub-trees.
Trajectories were generated using GROMACS [28] with the same parameter settings as
for REMD. Configurations were saved every 5 ps (this long interval was chosen to prevent
storage capacity problems) The Andersen thermostat randomly chooses a water molecule
with a certain probability (coupling constant) and assigns its center of mass a new velocity,
drawn from the Maxwell-Boltzmann distribution To assure that the dynamics is not altered
substantially we chose the coupling constant so small that the diffusion coefficient D of
water equals that of a deterministic simulation employing the Nosé-Hoover thermostat. The
maximal coupling constant for a water system that yielded the same D = 4.5 ± 0.5nm2ns−1

was p = 0.0004, corresponding approximately to updating the velocity of one water molecule
every time step.
Instead of using a fixed path length, we rely on a flexible path length definition [48]. From
an existing path with N o time slices we choose a random time slice τ as our shooting point.
We randomly choose either the forward or backward direction for shooting and reverse the
momenta for a backward shot. We then integrate the equations of motion using Andersen
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OP Amin Amax Bmin Bmax

rmsd(nm) 0 0.25 0.45 0.8
rmsdhx(nm) 0 0.05 0 1
sas(nm2) 17 18.5 0 30
ρ 0.75 0.90 0.20 0.50
nwtrp 0 7 12 25

Table 3.1: Order parameters (OP) defining the upper (max) and lower (min) boundaries of
the stables state.

coupled MD until after the time τf we reach either region A or B. A trial path is constructed
in which the newly shot trajectory replaces a part of the old path starting at τ . In case of
the backward shot all momenta are reversed again. The new trial path has a path length
Nn = τ + τf in case of forward trial shot and Nn = (N o − τ) + τf in case of a backward
shot. If the trial path does not connect A with B it is rejected straightaway, otherwise,
in order to obey detailed balance it may be accepted with the Metropolis acceptance ratio
Pacc = min(1, No

Nn ), where the min function returns the smaller of its arguments. To avoid
having to reject paths that do connect A and B but are too long, in practice we choose
a random number ξ = [0, 1] and determine the maximum path length Nmax = No/ξ in
advance. The MD integration can then be halted if the total trial path length exceeds Nmax.
Note that our implementation of TPS differs from the implementation in Ref. [6] in that
the beginning and the end of the paths are always at the boundary of respectively A and
B. It also differs from the standard TIS implementation [48] because it uses the stochastic
algorithm. We believe that our implementation here is the most efficient path sampling
algorithm for diffusive processes.
The TPS algorithm relies on a proper definition of the stable states. This requires order
parameters that are able to distinguish the stable states and at the same time are represen-
tative for these states [13, 4, 6], i.e. when the system is in a stable state, the order parameter
is within the definition frequently (at least every few ps). While the length of the paths de-
pends on the definitions of the stable states, the path ensemble itself is rather insensitive to
it, as long as the stable state definition is withing the basin of attraction of that state [48].
We obtain insight in these order parameters from straightforward MD trajectories and
REMD simulations. The stable states were defined by the order parameters listed in Ta-
ble 3.1. While the folded state (A) is defined rather rigorously we do not use3 several of
these order parameters in the definition of the final state (B). The rmsdhx is not used be-
cause we did not a priori know at what stage of unfolding the helix is dissolved. Leaving
out the sas includes molten globular structures with low sas into the final state. Note that
the final region B includes both intermediate states found in the REMD simulation to avoid
unnecessary long pathways in the TPS simulations
We initialize TPS with a high temperature (500K) unfolding trajectory connecting the folded
and unfolded state. Subsequent equilibration of the path ensemble at room temperature

3Technically, because of the structure of our TPS code, we set the boundaries of state B for these OP’s to
very high and low values, such that all possible values the OP are included. This is identical with rejecting the
given OP from the set of definitions of the stable state, as we take the product of all characteristic functions (see
Section 2.5.1, Equation 2.33)
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(300K) in four different simulation runs resulted in 4 entirely independent trajectories,
which we used as input for 20 independent TPS simulation runs (on different nodes). The
number of trial shootings was 3200, and the acceptance ratio around 44%. The production
part of the TPS procedure required 8.5µs simulation time, and resulted in an ensemble of
3200 pathways, on average 3.1 ns long, and representing an aggregate simulation time of
10µs of which about 100 are independent uncorrelated trajectories. Thus, for Trp-cage TPS
is around two orders of magnitude more efficient than a straightforward MD simulation
(apart from the trivial parallelizability of TPS). Figure 3.3 shows that the distribution of
path lengths is quite broad as expected [13].
Besides visually inspecting the equilibrated TPS trajectories we plot in Figure 3.4 a few
selected paths in different representations. The paths broadly follow two qualitatively dif-
ferent folding4 routes, schematically depicted in the same figure. Starting from the inter-
mediate states, both pathways reach the native state within a few ns. The barrier between
the initial and final states is substantial, as we see no spontaneous transitions in a straight-
forward MD simulation at room temperature, nor in the REMD-unf simulations. Below we
describe both (un)folding routes, first starting from the native state.
All of the trajectories begin their unfolding by changing the position of Pro-12 with respect
to Trp-6. This results in a partial exposure of the tryptophan to the solvent and initiates
the solvation process. If the water starts to penetrate the hydrophobic region between Trp-6
and Pro-12, resulting in a thread of waters going throughout the protein, then the protein
will end up in the loop state L. On the other hand if hydrogen bonds form between residues
Gly10-Gly11 and Ser13-Ser14, thus impeding solvation of this region, solvation between
Trp-6 and Pro-18 occurs instead and results in the detachment of the polyproline helix.
Before this happens the protein can stay in the “proline detached” (Pd) state for up to 1 ns.
The first group of pathways (N−L) keeps the compact form of the protein upon the solvation
of the α-helix and Trp-6. When Trp-6 is solvated the remaining steps to complete unfolding
are relatively small. The second group of pathways (N − Pd − I) is characterized by the
breaking of the hydrophobic core and thus formation of two hydrophobic clusters, separated
by a layer of water molecules. We do not see a significant decrease in helicity in this group
of pathways.
A characteristic of the L and I state is the presence of the salt bridge. We find that in our
TPS ensemble the breaking of the salt bridge to complete unfolding to the U state can occur
spontaneously with a probability of 9.2% for the N − I pathways and 28% for the N − L
pathways. These high percentages show that the salt-bridge is in fact not so stable. Indeed
we find that in both REMD and MD it also forms and breaks spontaneously. This indicates
that the rate limiting steps are indeed on the N − L and N − I routes.
The folding pathways occur in the reverse order. Starting from the state U the protein
undergoes either a fast initial collapse or shows helix formation. When the protein forms the
loop structure L it is most probable that the tryptophan will point to the solvent. According
to our REMD-unf simulations, this structure resembles a beta-hairpin and is stabilized by
tertiary contacts and hydrogen bonds. The barrier to incorporate tryptophan in the protein
center seems on the order of 1 kT. If this happens, the protein follows the L−N route.

4Note that as the trajectories are completely time reversible, the A and B labels are arbitrary. The final path
ensemble is equally valid for the unfolding as well as for the folding process (only between the predefined states,
of course. Other possible folding processes (e.g. to misfolded states) are most unlikely to be picked up).
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Figure 3.4: Top panels : 3 trajectories (out of 3000) in different representations. Blue lines: a representative
of the N − Pd − I pathway. Green lines: N − L pathway. Red lines: an intermediate “switching pathway”.
Underlying REMD FE contours are smoothed and plotted in gray. nm is used as the unit of length. Bottom
panel: the two main folding scenarios schematically depicted in our path ensemble in the rmsd− rmsdhx plane.
Protein backbone structures were rendered in cartoon, hydrophobic residues in licorice and waters within 4 Å of
the tryptophan in space-filling representations. Final and initial state boundaries are represented by the thick
black solid lines, and correspond to the values from Table 3.1. At the first stage of folding (U ) key hydrophobic
contacts are formed: either Pro-12 or Pro-17/18/19 collapse on the helical residues. The first scenario gives
rise to the formation of two hydrophobic clusters. The α-helix appears quickly in the larger of the two (I) and
eventually the smaller hydrophobic cluster approaches Trp-6 (Pd). When this is accomplished, the protein finds
its native state (N ) relatively easily. In the second scenario a loop structure (L) with correct tertiary contacts
precedes the formation of the α-helix. All scenarios show water expulsion step in the last stage of folding.
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On the other hand, when at the beginning of the folding process the helix is formed, the
protein will follow the I −N route. There is a small probability of misfolding to structures
with a salt-bridge on the wrong side of the protein. We do not think they are of great
importance for the folding process as we find only 4% of these structures in our REMD-unf
ensemble.
We observe “switching” events along the TPS simulations, i.e. changes between the N − L
to N −Pd− I pathways or vice versa. These switches tend to take place via an intermediate
N − Pd − L pathway (see Figure 3.4), followed by quick equilibration to the other main
route. The conditional probability of going from N − Pd − I to N − L is about 4 times
bigger (29 × 10−3) than the other way around (7 × 10−3). These probabilities agree with the
occurrence of 4 times as many L − N as I − N pathways in the ensemble. This suggests
that the path ensemble is equilibrated and most influence of the initial starting pathway
has disappeared.
Another indication of convergence of the path ensemble follows from the least changed part
of the path ensemble [6]. Every time a forward trajectory starts from a point that belongs to
a backward generated pathway (or the other way around) we mark it as an important new
trajectory. We can now construct a continuous path connecting these important shooting
points. This least-changed pathway does not connect final and initial states but diffuses
in the region of the barrier, because if we tried shooting too far from the barrier we would
never cross it again. The least-changed pathways for our ensemble visit a wide region in
the rmsd− rmsdhx projection suggesting proper path sampling.
We stress that the TPS procedure selects the L and I structures from much broader set
of allowed configurations within the final state (see Table 3.1). More importantly, these
two states were also found in the REMD-unf simulations (Figure 3.1) as helical and loop
structures. Furthermore, the L and I states are the only relevant states for the folding
process in the path ensemble besides the molten-globule and U-shape clusters with the
solvent-exposed tryptophan. TPS allowed the crossing of the highest (un)folding barrier
and connected the native state and the unfolded ensemble. In contrast, this barrier was not
crossed within the 64 × 36 ns REMD simulation time.
Our results agree with experiments. Existence of two pathways can explain both signs of
helical content in the early stages of folding [2], and the involvement of the structurally
restricted intermediate [32] (L-state). Our study is in partial agreement with earlier
simulations. We recognize the intermediate I-state on the N − Pd − I pathway as the
intermediate found by Zhou [50] but we find the proposed folding scenario was not complete.
Identifying the N − L pathway may have been difficult in the REMD ensemble because of
the order parameter issues (see Figure 3.4). In the rg − ρ plane the L-state is very broad,
and may not be be clearly visible as distinct free-energy minimum. In our study we show
the identification of state L is very straightforward when one examins kinetic trajectories.

3.3.3 Water Dynamics
There are some significant differences in the water dynamics for both routes. We examined
the residence times of water molecules in the vicinity of the tryptophan and the surface of
the protein along all trajectories in the ensemble. 90% of all water-protein contacts are made
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for less than 50 ps. But for the water molecules bound to Trp-6 NH group the residence
time is longer, in 25% of the cases it is longer than 100 ps. For the N − L route some
water molecules are also strongly bound to the carbonyl oxygen of Trp-6, with 25% residence
times more than 100 ps. These trapped waters are simultaneously hydrogen bonded to the
backbone oxygen of the tryptophan and to the glycine, and thus connect two secondary
structure elements: the α-helix and the 310-helix. This double hydrogen-bonding increases
the residence time.
In the case ofN−Pd−I route water molecules cannot simultaneously bind to the tryptophan
and glycine after the hydrophobic collapse, as the 310-helical part is separated from the α-
helix, leading to only 2% of the residence times being above 100 ps. These findings show
the molecularity of the solvent clearly has an impact on the kinetics, something that cannot
easily be captured by an implicit solvent.
It may be possible to measure the immobilized waters in the light of the latest developments
of the femtosecond midinfrared spectroscopy [39].

3.3.4 Transition State Calculation
To gain insight into the nature of the transition state (TS) ensemble, we calculated the
commitment probabilities (a.k.a. committor or p-fold, see Section 2.8.1). for trajectories
between the native and loop states (N − L transition) and for the polyproline detachment
(Pd−I transition). We identify a configuration with the same committor for both folding and
unfolding a transition state [16]. A few of such TS structures are shown in the Figure 3.5.
These structures are in fact very similar to the native state, but have a rather wide range
(50− 80%) of native contacts. For the (N − I) path previously estimated TS structures based
on a Go-model only have 50 − 60% of the native contacts [29].
Furthermore, in theN−L TS structure (Figure 3.5a) the helix is mainly dissolved (rmsdhx ∼
1.5 Å). The tryptophan is centered in the middle of the structure, surrounded by a shell of
water molecules, separating it from other hydrophobic amino-acids. The TS structures of
the Pd − I pathway (Figure 3.5b) reveal a polyproline helix perpendicular to the surface
of the tryptophan aromatic ring, separated by a single layer of water molecules. In this
case the degree of solvation of the tryptophan is also high but there is no chain of hydrogen
bonded water molecules underneath it. Figure 3.5 summarizes all the identified stable
and transition states in a scatter plot. Clearly, the rmsdhx/rmsd order parameters allow
to distinguish between the different states of the protein, while ρ/rgsch have a substantial
overlap and separate only the native state. Moreover, the location of the TS is often hidden
in a stable state, making the latter order parameters unfit to act as reaction coordinates.
The gray curve demarcates the projected accessible region of the REMD-unf simulation.
However, even REMD structures coinciding with the TS in this projection still had a relative
RMSD of more than 2 Å with respect to the true TS structure. Assuming that the REMD
boundary line more or less delimits the area of the highest barriers in the configuration
space, we conclude that the last step to folding, the water expulsion transition, is indeed the
rate limiting step in both Trp-cage folding routes.
In an early simulation study of barnase in explicit solvent, Caflish and Karplus [8] already
showed that water entrance is a key step in unfolding. A water-expulsion transition oc-
curring during the packing of the hydrophobic core has been previously observed in other
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Figure 3.5: Upper part: Stable states and transition states obtained by committor calculation, plotted as
rgsch versus ρ (left figure) and rmsd versus rmsdhx (right figure). Transition states for the N − L and N − Pd
transitions are plotted as stars and squares respectively. The scatter points are taken from the corresponding
TPS trajectories. Native states (N) are plotted in green, loop structures (L) in orange, close to native struc-
tures with Pro-12 detached (Pd)in blue and the I-state in black. The region to the left of the gray line on
the rmsdhx/rmsd (to the right on the ρ/rgsch) plot is the part of the configuration space not reachable by our
REMD-unf simulation. Lower part, left: four TS structures (star) calculated for different N − L and six for
Pd − I routes (square). Middle and right: one of the TS structures for both routes and its side view plotted
in cartoon representation. hydrophobic residues are plotted in licorice representation (blue), water molecules
within 4 Å of Trp-6 in space-filling representation.
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computational studies [8, 21, 9]. Even though it has been proposed as a generic mechanism
for larger proteins, it also seems to be important for Trp-cage. Interestingly, it has not been
observed in folding simulations of another small protein (BBA5), forming a hydrophobic
core [42].
In Ref. [41] Rhee and Pande examine the influence of the instantaneous water structure
on the committor, in order to estimate the contribution of the water dynamics to the reac-
tion coordinate. We perform a similar calculation for the Trp-cage, by freezing the protein
coordinates and randomizing the water structure. If the committor for these randomized
structures deviates systemically from 0.5, we can conclude that the solvent dynamics is an
important ingredient of the reaction coordinate. We randomized the solvent by performing
MD at 400 K with a frozen protein, after which we equilibrated the system again at 300 K
for 1 ns. Using the Nosé-Hoover thermostat we observed temperature equilibration after
40 ps. We calculated the committors for several (three) transition states taken from both
I − Pd −N and N − L pathways and observed that they were always around 0.5 ± 0.1. We
can therefore conclude that the committor is independent on the dynamics of the water.
Instead, the instantaneous water configuration has a structural role, as discussed above.
Interestingly, when performed with a 100 ps equilibrated water configuration, the commit-
tor was biased towards the unfolded state (pB = 0.7). At high temperature water molecules
interpenetrate the hydrophobic core of the protein, and apparently the water configuration
has not yet fully equilibrated after 100 ps, whereas it is equilibrated after 1 ns. It shows
how slow relaxation of water is next to proteins and agrees with the observation that some
waters are bound to the protein for very a long time [39].

3.4 Conclusion
In this paper we present all-atom TPS simulations of Trp-cage folding in explicit solvent.
After fast initial collapse, we find that two pathways are possible, one in which the helix
forms first, the second where the loop, the tertiary contact between Trp-6 and the polypro-
line part form before the helix. The second pathway is four times more likely than the first.
This finding is contradictory to implicit solvent results, where the paths through the I state
were more dominant.
The different classes of pathways are reminiscent of the two prevalent generic pro-
tein folding mechanisms, the diffusion-collision (DC) mechanism [26] and the nucleation-
condensation (NC) mechanism [1]. In the DC the secondary structure, the helices and the
β-sheets, form quickly after which the tertiary contacts have to be made through a diffusive
process. In the NC mechanism first a nucleus of tertiary contacts has to form, after which
the protein condensates around this nucleus. Gianni et al. reconcile these mechanisms [19]
in one framework. Some proteins seem to fold via NC, while others via DC, more or less
depending on how stable the secondary structures are. In case of the Trp-cage both mech-
anisms are observed. This suggests that both mechanisms can act simultaneously in one
protein.
Another finding of this work is the existence of a long-lived partly solvated intermediate on
the N − I path,the Pd state, characterized by a detached proline. To our best knowledge,
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this intermediate was not recognized before.
Committor analysis indicated that the water dynamics is not a part of the reaction coor-
dinate for the folding of this small protein. However, the finding that some bound water
molecules are extremely long-lived during the folding might contribute to the improvement
of implicit solvent models.
The TPS methodology also allows for the calculation of the rate constant of the (un)folding
process, but as this is a rather computationally expensive procedure, we will postpone it to
a future publication.
Finally, we note that this work suggests that sampling of folding pathways of larger,
biologically relevant, two-state proteins in solution lies now within reach.
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Chapter 4

Trp-cage mini-protein in explicit
solvent: Calculation of the rate
constant1

We perform rate calculations of the rate limiting folding and unfolding processes of Trp-cage mini-
protein in explicit solvent using Transition Interface Sampling. Previous Transition Path Sampling
simulations revealed that in this (un)folding process the protein maintains its compact configura-
tion, while a (de)increase of secondary structure is observed[14]. The calculated folding rate agrees
reasonably with experiment, while the unfolding rate is 10 times higher. We discuss possible origins
for this mismatch. We recomputed the unfolding rate with the Forward Flux Sampling method, and
found a discrepancy of 4 orders of magnitude. This discrepancy is explained by the fact that the FFS
is much more sensitive to the choice of order parameter than TIS. Finally, we used the previously
computed TPS ensemble [14] to screen combinations of many order parameters for the best model for
the reaction coordinate by employing likelihood maximization. We found that a combination of the
root mean square deviation of the helix and of the entire protein provided the best reaction coordinate
description.

4.1 Introduction
Trp-cage is a model mini-protein (NLYIQ WLKDG GPSSG RPPPS) designed by Neidigh
et al [19] to reach the limits of folding speed but preserving the secondary and tertiary
structure. This 20-residue polypeptide in the native state contains an α-helix (residues 2-
8), a 310-helix (residues 11-14) and a polyproline II helix (residues 17-19) (Figure 4.1). The
three helices form a hydrophobic cavity, further stabilized by a salt bridge (between residues
9 and 16), in which Trp-6 is buried.
Trp-cage has been the subject of many experimental studies in the last six years. Laser
temperature-jump spectroscopy experiments by Qiu et al. [26] revealed two state folding
mechanism with the folding rate k ≈ (4.1µs)−1. This hypothesis has been recently reex-

1This chapter is based on J. Juraszek and P. G. Bolhuis Rate constant and reaction coordinate of Trp-cage
folding in explicit water. submitted to Biophysical Journal
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amined by Neuweiler [20]. The fluorescent correlation spectroscopy shows that the protein
(un)folds in a more complicated manner via an intermediate molten globule-like state, char-
acterized by exposure of the tryptophan to the solvent. It remains unclear at what stage
of folding the helix is being formed. The correlation between tryptophan fluorescence and
circular dichroism (CD) melting data was proposed as evidence of simultaneous breaking
of the hydrophobic core and helix solvation during (un)folding [26]. UV-resonance Raman
spectroscopy measurements show some evidence of a helical structure in the denaturated
state of Trp-cage, thus suggesting an early formation of the helix is possible [1]. The helix
melting curve is also broader than usual, the α-helix is stable until 30◦C and melts between
40 and 70 ◦C [1].
Several computational studies on Trp-cage exist. REMD simulations in explicit solvent [30]
confirmed the two state nature of Trp-cage (un)folding. An intermediate state structure,
containing two hydrophobic cores, was proposed as the reason of Trp-cage being such fast
folder. Folding events of Trp-cage have been observed in all-atom implicit solvent MD sim-
ulations [27, 28, 22], in a coarse-grained model [10] and also recently in the explicit solvent
REMD simulation in the AMBER FF by Paschek at all [23]. Two different folding routes,
the predominant one in agreement with the previously mentioned model, have also been
predicted by an all-atom Go model [18]. In Chapter 3 we studied Trp-cage with Transition
Path Sampling and found that it follows two major (un)folding routes [14] each representing
a generic protein folding mechanism: nucleation-condensation (NC) and diffusion-collision
(DC) (see Section 1.2.3). Along one route (N − I) the polypeptide is first forming the main
secondary structure - the alpha helix, followed by the appearance of the tertiary contacts
(DC). On the second pathway (N − L) the tertiary contacts precede the formation of the
secondary structure elements (NC).
In this chapter, we employ Transition Interface Sampling [29] to calculate the rate con-
stants for the folding and unfolding of Trp-cage mini-protein in explicit solvent. We choose
the most abundant pathway of the two possible folding routes, the nucleation-condensation
pathway [14]. On this pathway, the so-called N − L route (see Figure 4.1), the protein
maintains its native state tertiary contacts, while the secondary structures are solvated.

4.2 System Preparation
The 262-atoms protein NMR structure (PDB entry 1LE3) was solvated in 2030 SPC wa-
ter molecules in a rhombic dodecahedral box of the diameter of 45 Å. The box size was
changed to 45.23 Å upon equilibration at ambient conditions of 1bar and 300 K for 10 ns, pre-
ceded by energy minimization and a protein position restraint run of 100 ps. The MD runs
were performed using Nosé-Hoover thermostat. The pressure coupling in the equilibration
run was done using Berendsen box scaling method. All of the following MD simulation in
this paper were performed at constant volume (box diameter 45.23 Å) using the Gromacs
molecular simulation package [17] together with OPLSAA FF [15] and SPC model of wa-
ter [17]. In all of our simulations the time-step was 2 fs, dodecahedral periodic boundary
conditions were applied, long range electrostatic interaction were treated by Fast Particle-
Mesh Ewald [7, 11] with a grid spacing of 1.2 Å and the Nosé-Hoover thermostat [21, 13]
ensured a constant temperature.
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Figure 4.1: (Un)folding routes of Trp-cage mini-protein. The backbone of the configurations is plotted in
white, in cartoon representation. Side-chains forming the tryptophan pocket are plotted in licorice: tryptophan
side-chain in yellow, proline amino acids in green, tyrosine in orange and lysine in white. Water molecules
within 3 Å of the side-chain of Trp-6 are plotted in licorice, with oxygen atoms in red and hydrogen in white.
Two major routes between the native state (N ) to the unfolded state (U ) are possible [14]: one passing through
state L, the other one through state I. The rate limiting barrier is schematically represented by the light
blue dotted line. The close-to-native intermediate state Pd is still in the basin of attraction of the native state,
allowing for a “mixed mechanism pathway” N − Pd − L, symbolically plotted as black dotted line.

4.3 Methods
4.3.1 Molecular Dynamics
All of our Transition Interface Sampling simulations are performed using Molecular Dy-
namics with a particular version of Andersen temperature coupling, applied only to the cen-
ter of mass motion of water molecules. The coupling we employ is very weak, so the trajec-
tories do not diverge significantly from their deterministic counterparts [12]. We choose the
coupling constant in such a way that the diffusion of water molecules remains unchanged
compared to a simulation using the Nosé-Hoover thermostat. For the box sizes we use, the
coupling frequency appears to be slightly less than 1 water molecule per MD step. We have
tested this procedure on a sample of pure water, in order to check if the system couples
correctly to the desired temperature and if the velocity distribution is preserved compared
to the Nosé-Hoover MD. The simulations were carried out on a system of 2303 SPC water
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Figure 4.2: Comparison between the simulations using our version of the Andersen thermostat and the stan-
dard Nosé-Hoover thermostat. (up) Distributions of the kinetic energy. (bottom) Distributions of the particle
velocity in the x-direction.

molecules in a rhombic dodecahedral box, using the same settings as for all the simulations
of Trp-cage described in Section 4.2. Figure 4.2 shows that this procedure yields velocity dis-
tributions identical to the ones obtained using Nosé-Hoover MD and that the equipartition
of energy is fulfilled.
The velocity distributions of the center of mass of water molecules are Gaussian with the
same standard deviation σ = 0.373 for both Nosé-Hoover and our version of Andersen ther-
mostat. The equipartition of energy is fulfilled, meaning that the kinetic energy is equally
distributed among rotation of water molecules and the motion of their center of mass. Both
kinetic energy contributions are depicted in Figure 4.2 and are identical for both simula-
tions.
After insertion of the protein, we observed that the system relaxes to a temperature higher
by about 2 degrees than desired. This phenomenon is caused by a slight energy drift of the
temperature-uncoupled polypeptide. Many factors cause the uncoupled system to overheat
but the single precision MD of Gromacs is probably the most significant one. The protein
couples to the room temperature through exchange of energy with the solvent, and as in
the folded state the solvent-protein contact area is the lowest, the exchange of energy is
slower than in the unfolded state. Even though the difference of 2 degrees would not have
a significant impact on the (un)folding rate, we compensate for the mild overheating of the
protein by decreasing the imposed temperature of water by about 4 degrees. We could as
well increase the Andersen coupling constant in order to remove heat faster from the water
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shell surrounding the protein, but this in return would cause the diffusion of waters to drop
down below the Nosé-Hoover MD reference.

4.3.2 Transition Interface Sampling

While Trp-cage is considered one of the fastest folding polypeptides forming secondary and
tertiary structure elements, the free-energy barrier separating unfolded from the folded
state is still too high to observe a folding event in a regular MD simulation in explicit sol-
vent. The experimental folding time is τfol = 4.1 µs [26], and one one would have to run
on average 4.1 µs MD to observe one folding event. We know from a previous study that
transition paths crossing the rate limiting barrier are on average τtrans = 3 ns long - three
orders of magnitude shorter than the folding time. As the probability to find the protein on
a transition paths is about 7 ∗ 10−4, it would be a waste of computational effort to examine
the folding rare events with a straightforward MD. Moreover, 4.1 µs is still far beyond to-
day’s computational limits. Instead we use Transition Path Sampling to sample transition
pathways effectively.

Transition Path Sampling.

Transition Path Sampling (TPS) [8, 6, 9] comprises a set of techniques designed for sampling
the transition path ensemble, connecting two stable states, without prior knowledge of the
TS ensemble nor the reaction coordinate. New transition paths are sequentially generated
starting from the initial pathway using the shooting algorithm.
The transition path sampling method relies on the shooting algorithm [9], which alters a
time slice on an existing path randomly and integrates a new trial path forward and back-
ward in time. The deterministic shooting algorithm runs into problems for ’long’ diffusive
folding trajectories (long compared to the time-step, i.e. longer than a few ps). While a
random shooting point might seem to lie in the barrier region(i.e. outside of the stable
state definitions) it can in fact already be completely committed to one of the stable states.
In that case the acceptance ratio will be extremely low. Only when shooting from points
around the true transition state region, we can expect a reasonable acceptance. To alleviate
this problem we employ the stochastic shooting algorithm [4] allowing shooting in one direc-
tion, either forward or backwards. Application of deterministic MD to generate stochastic
trajectories requires the introduction of a small amount of stochasticity in the trajectories,
for instance by the Andersen thermostat. As mentioned above, the Andersen coupling con-
stant can be made small enough so that there is no noticeable difference from completely
deterministic dynamics [12].
The advantage of stochastic sampling is an improved acceptance ratio of about 50%. How-
ever, on the other hand, we have to wait several successful shots before an entirely new
pathway is generated, because a single successful shooting replaces only one part of the tra-
jectory. In case of Trp-cage in explicit solvent, as examined in this chapter, the method was
two orders of magnitude more efficient than regular MD [14], in finding the uncorrelated
transition pathways.
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Transition Interface Sampling - the algorithm
The TIS algorithm, contrived for the calculation of rate constants [29], adopts the same
concept of sampling transition paths by employing the shooting algorithm as in TPS. The
method does not depend on the choice of an order parameter, and thus in principle can
be applied to complicated systems in which the reaction coordinate is not a priori known.
The only requirement is that an order parameter λ can successfully distinguish between
the initial and final states and can be used to divide the configuration space of the sys-
tem in a number of subspaces by introducing N interfaces λ = λi, where i = 0, ..., N .

Figure 4.3: A TIS simulation repre-
sented as a tree. Only the backward
or forward shots are shown as hori-
zontal lines. The total paths are not
shown for clarity.

The calculation of the rate constant is then reduced to the
subsequent calculation of the conditional crossing prob-
abilities PA(λi+1|λi) that a trajectory starting in state A
crosses interface λi+1, provided that it has passed through
interface λi. The crossing probabilities together with the
effective positive flux through the first interface f 1,0

A , as
defined in Ref [29], enable to calculate the rate constant
kAB :

kAB = f1,0
A

N−1
∏

i=1

PA(λi+1|λi) (4.1)

The flux factor f 1,0
A in equation (4.1) can be calculated by

performing an MD simulation in the initial state A and
counting the number of recrossings events of the first in-
terface λ1 per unit of time. The conditional probabilities
PA(λi+1|λi) can be determined by performing a TIS simu-
lation.
We employ the stochastic version of the shooting algo-
rithm, meaning that upon shooting we do not modify nei-
ther positions nor momenta in the system. The stochastic-
ity introduced by the mild Andersen coupling, will cause
the trajectory to diverge from the initial one, taking care
of the constant temperature at the same time. To increase

the efficiency of sampling we introduce a bias causing the shooting points to be drawn
around the interface, with a Gaussian distribution, to assure that almost each trajectory
will cross the interface. This bias is introduced by assigning to each timeslice τ a non uni-
form weight w(τ), that depends on the values of the order parameter λ(τ) and λi. The
probability of accepting a given timeslice as a shooting point can be written as:

psp(τ) = w(τ)/

τ=N
∑

τ=0

w(τ) (4.2)

and becomes 1/N in case no bias is introduced. In our version of the TIS algorithm psp(τ)
equals to:

pgauss(λi,σ)
sp (τ) =

exp(−(λτ − λi)
2/2σ2)

∑τ=T
τ=0 exp(−(λτ − λi)2/2σ2)

(4.3)
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where σ is of the order of picosecond fluctuations of the parameter λ around interface λi.
Instead of using a fixed path length, we rely on a flexible path length definition [29]. From
an existing path with N o time slices we choose a random time slice τ as our shooting point.
We randomly choose either the forward or backward direction for shooting and reverse the
momenta for a backward shot. We then integrate the equations of motion using Andersen
coupled MD until after time τf we reach either region A or B. A trial path is constructed
in which the newly shot trajectory replaces a part of the old path starting at τ . In case of
the backward shot all momenta are reversed again. The new trial path has a path length
Nn = τ + τf in case of forward trial shot and Nn = (N o − τ) + τf in case of a backward
shot. If the trial path does not connect A with B it is rejected straightaway, otherwise,
in order to obey detailed balance it may be accepted with the Metropolis acceptance ratio
Pacc = min(1, W o

W n ), where the min function returns the smaller of its arguments and W i is a
sum of all weights w(τ) of trajectory i (a path weight). To avoid having to reject paths that
do connect A and B but are too long, in practice we choose a random number ξ = (0, 1] and
determine the maximum path weight Wmax = W o/ξ in advance. The MD integration can
then be halted if the total trial path weight exceeds Wmax. Note that our implementation
of TPS differs from the implementation in Ref [5] in that the beginning and the end of the
paths are always at the boundary of respectively A and B. It also differs from the standard
TIS implementation [29] because of the use of the stochastic algorithm. We believe that our
implementation here is an efficient path sampling algorithm for diffusive processes.
In summary, our stochastic TIS algorithm consists of the following steps:

1. Select uniformly random time slices on the current trajectory o, with the probability
given by Equation 4.3, until a random number α ∈ [0, 1] is smaller than p

gauss(λi,σ)
sp .

Time slice τsp fulfilling this condition is the new shooting point for new trajectory n.

2. Draw a random number ξ ∈ (0, 1] and calculate the maximum allowed sum of weights
W n

max for the new path from W n
max = W o/ξ.

3. With probability p2way = 0.2 start two molecular dynamics simulations: for a forward
move from unchanged timeslice τsp; for a backward move reverse the momenta2. Go
to point 5.

4. If two way shooting is not performed, decide to shoot forward or backward with the
same probability and reverse the momenta of the shooting point in case backward
shooting was accepted.

5. Continue the MD simulation, with Andersen temperature coupling as defined in
Molecular Dynamics section, of Andersten thermostat and an Nosé-Hoover MD. un-
til the sum of weights of the resulting trajectory (after gluing with a part of the old
trajectory o in case of one way shooting or gluing backaward and forward trajecto-
ries in case of the two-way shooting) exceeds W n

max or one of the two stable states is
reached.

2In case of the Leap Frog algorithm, the reversal of the momenta consists of integrating the system half
timestep in order to obtain v(t + 1

2
∆t). The reversed timeslice is of the form (x(t),−v(t + 1

2
∆t)).
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6. In case the resulting trajectory is not of the form A → λi → A or A → λi → B we
reject it. Otherwise, the trajectory is accepted and trajectory n becomes the current
trajectory. In both cases, we restart the whole procedure with point 1.

4.3.3 Analyzing Reaction Coordinates
An order parameter can be considered a good reaction coordinate if it describes the progress
of a reaction. A function, that by construction does so, is the committor [9]. Calculating
the committor function consists of shooting a high number of trial trajectories from the
timeslices along a transition path [9]. This procedure, also known as p-fold analysis is
computationally extremely expensive. Secondly, even though the committor function yields
the transition states, it is an abstract coordinate that does not bring any insight in the
mechanism of the reaction. This is the reason why it is insightful to look for the order
parameter, that would approximate the committor well enough, but would still be a simple
function of the coordinates of the system.
Peters et al. [25, 24] have recently formulated an approach, allowing to choose the order
parameters best reproducing the commitment probability. In the algorithm, known as Max-
imum Likelihood Estimation(MLE), a number of linear combinations of the available order
parameters are tested for the best correlation with the committor function, based on tran-
sition path sampling ensemble. For the existing TPS ensemble, the method yields insight
in the reaction coordinate and allows to approximate the transition states at no significant
additional computational expense.
As an input one can extract from the path ensemble the forward shooting point config-
urations x belonging to trajectories ending in the final states. Using these configura-
tions the MLE predicts the committor from the reaction coordinate r by a tanh function
pB(x) = 1

2 + 1
2 tanh(r[q(x)]). The trial reaction coordinate is estimated as a linear combina-

tion of a maximum of 3 order parameters q, r(q(x)) =
∑n

i=1 aiqi(x)+a0, where n = 1, 2, 3. For
the shooting point configurations x we compute all of the parameters defined in Section 4.4
and try any combination of up to 4 OP’s.

4.3.4 Forward Flux Sampling
Forward Flux Sampling (FFS) [2] is a method designed for sampling stochastic dynamical
pathways connecting two stable states separated by a free-energy barrier and calculate the
rate constant for the transition. The method is similar to TIS in the sense of using the
interfaces. However, the methods differ in the way the new trajectories are constructed. In
FFS one shoots only forward, and the integration is ceased whenever the trajectory reaches
the initial state or the next interface. In contrast, TIS trajectories are always anchored in
the stable states. More details on FFS can be found in Section 2.7.

4.4 Order Parameters
All TPS-based algorithms, including TIS rely on the proper definition of the stable states.
The order parameters used in these definitions should not only distinguish between the
stable states but also should be representative for these states [9, 3, 5]. We obtain the
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OP Nmin Nmax Lmin Lmax

rmsd(nm) 0 0.25 0.45 0.8
rmsdhx(nm) 0 0.05 0 1
sas(nm2) 17 18.5 0 30
ρ 0.75 0.90 0.20 0.50
nwtrp 0 7 12 25

Table 4.1: Order parameters (OP) defining the upper (max) and lower (min) boundaries of the stables state N
(native) and L (loop).

set of state-defining order parameters from straightforward MD and REMD simulations.
For Trp-cage, in all of the simulations, we monitor the following order parameters: the
protein radius of gyration using the α-carbons only (rg), the fraction of native contacts (ρ),
the root mean square deviation from the native α-carbons structure (rmsd), the root mean
square deviation of the α-helical residues 2-8 from an ideal helix (rmsdhx), RMSD of the
hydrophobic core: the tryptophan and the prolines 12 and 17-19 (rmsdcore), the solvent
accessible surface (sas) of the whole protein, the distance (sb) between donors and acceptors
in the hydrogen bonds of the salt-bridge between Arg-16 and Asp-9 and the number of water
molecules around tryptophan (nwtrp). All distances are expressed in nm.

4.5 Results and Discussion
4.5.1 Rate Constant Calculation
As we can tackle only one barrier at a time with TIS, we have chosen the most likely one

of the two possible unfolding pathways of Trp-cage, namely the N − L route (Figure 4.1).
On this route the protein unfolds the helix and water solvates the core while the overall
U-shape, tertiary contacts and small size are preserved. Based on our TPS ensemble, we
know, that this route has a barrier lower than the N − I transition by approximately 1 kBT ,
and there are no additional intermediates on the route. We have performed two sets of
TIS simulations, one for the unfolding (N − L) (TIS-unf simulation) and another one for
the folding transition (L−N ) (TIS-fol simulation). The stable state definitions are given in
Table 4.1. The order parameter we chose to describe the interfaces was the helix RMSD:
λ ≡ rmsdhx. This OP distinguishes the two states. The flux factor f 1,0

N (Equation 4.1) was
calculated based on 10 ns long MD simulations in the native state. The flux factor f 1,0

L

was estimated on the same amount of molecular dynamics as for the folded state. Ten
structures for the loop state flux calculation were picked randomly from the endpoints of
the TIS trajectories. When we calculate the flux, we count only the crossings on the way
from the stable state through the given interface: the effective positive flux [29]. After each
recrossing event we check whether the trajectory relaxes back to the stable state (crosses
through λ0), before a new crossing event can be counted. The procedure yielded a forward
flux f1,0

N = 6.7[ns−1] through the interface λ1 = 0.06[nm] for the native state and a reverse
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N − L transition
λ 0.06 0.08 0.10 0.13 0.15 0.17
acceptance 52% 47% 53% 44% 43% 20%
average path lengtha 260ps 634ps 1.2ns 1.8ns 1.9ns 3.0ns
accepted pathways 1548 730 1209 386 708 102
aggregate timeb 780ns 990ns 3.0µs 1.2µs 3.3µs 1.7µs

L−N transition
λ 0.23 0.19 0.17 0.15 0.12 0.10
acceptance 55% 47% 47% 50% 38% 40%
average path lengtha 1.8ns 1.7ns 2.1ns 1.4ns 2.6ns 2.8ns
accepted pathways 415 226 332 1051 684 481
aggregate timeb 1.4µs 800ns 1.5µs 3µs 4.7µs 3.6µs

Table 4.2: Statistics of the TIS ensembles. The total aggregate simulation time was 26µs (unfolding 11µs,
folding 15µs).
a weighted average over the whole ensemble
b the ensemble aggregate length

process f 1,0
L = 1.0[ns−1] through the interface λ1 = 0.23[nm] for the loop state.

For the calculation of the crossing probability P (λL|λN ) we defined the following interfaces
λi = rmsdhx = 0.06, 0.08, 0.10, 0.13, 0.15 and 0.17. For the reverse transition crossing proba-
bility P (λN |λL) we chose λi = rmsdhx = 0, 23, 0.19, 0.17, 0.15, 0.12 and 0.10. For each of the
above interfaces we have performed a TIS simulation, resulting in an ensemble of trajecto-
ries of the form N → λi → N or N → λi → L for the unfolding process and L → λi → L or
L→ λi → N for the folding. The statistics of all ensembles are presented in Table 4.2.
For each of the interfaces we can plot the crossing probability as a histogram of λ. By
matching and reweighting these histograms we obtain the total crossing probability curve
(Figure 4.4). When plotted on a log scale, the functions P (λ|λN ) and P (λ|λL) both reveal
a plateau beyond certain value of λ. The appearance of the plateau is a consequence of
having crossed the transition state. Beyond (or below) certain value of λ, the trajectories
are committed to the final state, and thus the crossing probability becomes constant. The
value of the plateau is equal to the total crossing probability. From the TIS simulations
P (λL|λN ) = 1.2 ∗ 10−4 and P (λN |λL) = 2.5 ∗ 10−3. These results give the following rates for
unfolding and folding:

kNL = (1.2µs)−1 kLN = (0.4µs)−1 (4.4)

These values can be directly compared to the experiment:

kexp
unf = (12.7µs)−1 kexp

fol = (4.1µs)−1 (4.5)

The error of these numbers is difficult to estimate, but should not be higher than of the
order of 1 kBT . The calculated rate constants yield the free-energy difference of ∆GNL =

ln
[

kLN

kNL

]

≈ 1 kBT between the folded and the intermediate state. This value is the same
as the the free-energy difference between the native and unfolded state ∆Gexp

NU = 1 kBT as
seen in experiments. However, we have to keep in mind, that the experimental results are
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Figure 4.4: Left: crossing probabilities for both N − L and L − N transitions as a function of the TIS order
parameter (rmsdhx) [nm]. The data points were fitted with polynomials of the order 7. Right: schematic repre-
sentation of the calculated N−L−U unfolding route (black solid line), compared to experimental measurements
(dotted line). The calculated unfolding rate is lower by about 2 kBT than the experimental one. The folding rate
differs with experimental measurement only by 0.5 kBT .

relative to the unfolded, not the loop state. From our Replica Exchange simulation of Trp-
cage [14] the free-energy difference between the loop and unfolded states was estimated to
be ∆GUL ≈ 1.5 kBT . Using this value, the computed free-energy difference between the
folded and unfolded state equals to ∆GNU = ∆GNL −∆GLU ≈ −0.5 kBT . The discrepancy of
1.5 kBT with the experimental value might be due to the OPLSAA forcefield. We speculate
that the lower stability of the native state of Trp-cage in the OPLSAA force-field (2.3 kBT
difference with experiment) may be an OPLSAA force-field issue. Interestingly, the folding
seems to agree with experimental measurements. After correcting the rate constant kLN by
the free-energy difference between the L and U state ∆GUL, we obtain kUN = kLN ∗e−∆GUL =
(1.8µs)−1 (see Figure 4.4). This value differs only by a factor of 2 from the experimentally
measured folding rate. This is presumably within the error of the computation.

4.5.2 Multiple Pathways
During the TIS simulation we have encountered several problems, related to the following
observations:

• There are two distinct pathways for the (un)folding process, and when we start the
TIS simulation for an interface close to the initial state, there exists a non-negligible
probability that the system will choose the other pathway, that we want to exclude.

• Parameter λ = rmsdhx does not distinguish between the native state and the other
intermediate state I. This problem is persistent to the folding TIS simulation, started
in state L, may easily end up in state I.

• There is a close-to-native metastable state (Pd), which is on-pathway for the N − I,
but not for the N − L transition. For the interfaces λ < 1 Å the system is sometimes
attracted to this metastable state Pd, rather than to the native state N .
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Figure 4.5: The TPS ensemble of the N − L transition (a,d) versus the TIS ensembles of the N − L (b,e) and
L − N (c,f) routes for their extreme interfaces respectively in two representations: rmsdhx − nwtrp (a,b,c) and
rmsdhx−rmsdca (d,e,f) Red color bin means at least 70% of pathways were crossing through that bin, white - no
pathways. Interfaces have been demarked with vertical lines for the TIS ensembles. The black thick solid line
in the middle of the plots connect the native state, characterized by rmsdhx = 0.05, nwtrp 9 and rmsdca = 0.19
with the L state, having unfolded helix (rmsdhx = 0.23), more waters within the cut-off distance of the Trp-6
(nwtrp 15) and rmsdca 0.35. Additionally in plot (d) rcNL = const lines have been shown (see Section 4.6). The
FFS ensemble is presented in the same representations in plot (g,h), together with the black lines indicating
reaction coordinates. Unfolding crossing probability curves obtained for the order parameter λi = rmsdhx for
FFS (red points) and TIS (black line) are plotted for comparison (i). In all plots, RMSD parameters are expressed
in nm.
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i λi λi+1 P (λi+1|λi) Ntraj

0 0.06 0.08 0.1914 789
1 0.08 0.10 0.0829 1810
2 0.10 0.11 0.1112 2698
3 0.11 0.12 0.1250 1108
4 0.12 0.13 0.1472 1019
5 0.14 0.16 0.1708 896
6 0.16 0.17 0.6085 493
7 0.17 0.18 0.7979 376
8 0.18 0.19 0.8779 374
9 0.19 0.20 0.8761 347
10 0.20 0.22 0.7143 35

Table 4.3: The summary of FFS results: Crossing probabilities P (λi|λi+1) and the total number of generated
trajectories

We tried to circumvent the above mentioned problems by carefully monitoring our TIS sim-
ulations. In case a TIS run switched to sample a different free-energy barrier we rejected
it and restarted at the previous step. We also use TPS trajectories connecting both states
via N −L route as an input for each of the interfaces, to ensure the sampling on the correct
barrier.

4.5.3 Forward Flux vs Transition Interface Sampling
We performed an FFS simulation for Trp-cage starting from the native state, using rmsdhx

as the order parameter (λ). The interfaces we used are presented in Table 4.3. This set of in-
terface values was obtained recurrently by trial and error. In case we were not able to reach
the subsequent trial interface often enough, we decreased the gap in λ, until the desired
minimal ratio was approximately reached. Our arbitrary choice was Pmin(λi|λi+1) ≈ 0.1.
When the probability of crossing through the next interface was higher than 0.1, we con-
tinued the simulation with the next interface. The conditional probabilities P (λi|λi+1) for
the resulting set of interfaces are presented in Table 4.3. The goal of this study was to try
sampling the N − L transition with a potentially faster method than TIS, while calculating
the rate constant at the same time. The transition path ensemble in the rmsdhx − nwtrp

and rmsdhx − rmsdca planes together with the crossing probability curve are presented in
Figure 4.5. The FFS crossing probability is 4 ∗ 10−3 lower than the one obtained with TIS.
This factor increases the unfolding free-energy barrier by 8 kBT resulting in the rate con-
stant kffs

NL = (632µs)−1 = 49 ∗ kexp
unf . This dramatic decrease of the rate constant (2400 ≈ e8

fold) arises because FFS did not sample the correct barrier. By increasing the rmsdhx the
system was biased to unfold the α-helix (see Figure 4.5-g,h). This did not occur via the
lowest free-energy path possible. On the contrary, the barrier crossed was higher by 8 kBT
than the one found with TIS. In some cases, the protein completely unfolded without even
visiting the L state, showing that indeed, direct N − U transitions are possible, although
very improbable. None of the trajectories ended up in the L-state, and the provisional p-fold
calculation showed their endpoints are either committed to the U or N state.
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It is interesting to note the differences in the transition path ensembles for the FFS and
TIS/TPS methods (Figure 4.5). On the FFS pathways, the α-helix unfolds from the N-
terminus. Even when the whole helix is solvated the Trp-6 still stacks in between the
Proline residues. This is the cause of the low values of nwtrp, which are essentially con-
stant on the pathways. In contrast the TIS ensemble showed a slow but steady solvation of
the hydrophobic core. Even though the two simulations were started from the same equili-
brated PDB structure (the TPS was started from an unfolding pathway initiated with this
configuration), it seems that the initial state for the two cases is different. Pathways be-
longing to the TPS ensemble decrease the overall RMSD slower than the ones from the FFS
ensemble. The FFS pathways are all anchored in the initial configuration, while the TPS
paths relax the initial state within the allowed definition. It seems that the last step of fold-
ing of Trp-cage is a final rearrangement of parts of the backbone not belonging to the helix,
causing the 1 Å rmsdca difference between the initial configurations of the TPS ensemble
and FFS pathways. Nonetheless, FFS does not allow the pathways to increase the rmsdca

at the beginning of the simulation. This problem may be solved by moving first interface
further from the initial state, but then the FFS method would become much less efficient.
Both methods are in principle sampling the same ensemble. In principle the FFS method
should eventually relax to the proper transition path ensemble. but this might be problem-
atic if there exist two “valleys”, separated by a free-energy barrier in an orthogonal direction
to the order parameter used. If this is the case, and the order parameter λ is not the best
reaction coordinate, then the FFS method might channel all pathways to the nearest valley,
even if the free-energy barrier will eventually turn out higher. Our implementation of the
TIS algorithm does not have this problem as we guide our ensemble in the right valley, us-
ing initial TPS trajectories, anchored in the final and initial states. On the other hand, TIS
is less efficient than FFS in the sense of the generation of the number of trajectories. the
TIS trajectories are more decorrelated from each other than the FFS ones.

4.6 Analysis of Reaction Parameters
We have divided the whole TPS path ensemble in two parts: one consisting of the N − I
and the other of N − L pathways, and we then subjected both subensembles to the MLE
procedure [24]. For the N-I subensemble the single most committor-correlated OP appeared
to be rmsdca No significant improvements were obtained for combinations of two trial order
parameters. The resulting reaction coordinate is rcNI = −3.7+12rmsdca, where the RMSD is
given in nm. For the N −L subensemble, the highest scoring single OP was the helix RMSD
rmsdhx. By adding another OP to our trial reaction coordinates, we were able to increase the
maximum likelihood by a significant amount [24] for the combination of rmsdhx and rmsdca.
The reaction coordinates of the 3-rd order did not result in significant improvement. The
reaction coordinate for the N − L route can thus be written as rcNL = −4.5 + 13rmsdhx +
8rmsdca.
The TIS ensemble density maps are plotted in Figure 4.5. Although they overlap with the
TPS ensemble connecting both states, the interfaces furthest from the respective initial
states (λ = 0.17 for A and λ = 0.10 for B) do not exactly coincide with the transition state
region (rmsdhx ≈ 0.15 ± 0.025). This is because the TS-ensemble is quite broad in rmsdhx.
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The form of the reaction coordinate for the N-L transition is probably the reason of our
problems with sampling the folding TIS ensembles, as we did not include the rmsdca in
the parameter λ. This information would have been usefull, especially for the folding rate
calculation as with this choice (rcNL) we would exclude the U − I transitions. Nonetheless
successfull sampling was still possible using a single λ.

4.7 Conclusions
The unfolding rate constant calculated with the OPLSAA force-field is one order of mag-
nitude higher then the measured experimental value, while the folding rate, including a
minor correction agrees well with the experiment. This discrepancy is most probably an
OPLSAA force-field related issue. The native state appears to be less stable than the un-
folded state with a free-energy difference of about 2 kBT . The lower stability of the native
state of Trp-cage in the OPLSAA force-filed has already been observed previously [16].
The TPS and TIS ensembles follow the pathways corresponding to the lowest free-energy
barriers. In contrast, Forward Flux Sampling resulted in serious overestimation of the free
energy barriers and hence underestimation of the rate constant, because of the channeling
of paths into the wrong direction. This is not caused by the fact that FFS is in principle
wrong, but in practice more sensitive to the choice of order parameter that TIS.
Application of Likelihood Maximization for the the TPS ensemble revealed that the reaction
coordinate is a combination of the rmsdhx and the rmsdca. Using this rc instead of only
the rmsdhx might improve the sampling of TIS, and will almost certainly improve the FFS
results.
A future study might test the proposed reaction coordinate thoroughly by committor anal-
ysis. Also, TIS can be used to compute the rate for the other transitions in the Trp-cage
system, i.e. the N − I, I − U , L− U and possible transitions to misfolded states.
As a final remark, we plan to apply the methodology to other proteins.
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Chapter 5

A Comparison between the folding
mechanisms of the GB1 and
Trpzip4 β-hairpins using
Transition Path Sampling

In this chapter we perform an extensive simulation study of the effects of a mutation of the GB1 β-
hairpin in Trpzip4, which has a much more stable native state, but its folding rate does not differ
significantly from the original β-hairpin. We employ Replica Exchange Molecular Dynamics to sam-
ple the free-energy landscapes of both hairpins. We attempt to identify the rate limiting barriers and
sample them with the Transition Path Sampling method. We find that the increase of stability is
mainly due to very strong hydrophobic interactions of the sidechains. The appearance of a misfolded
state mF hinders the sampling in REMD. Finally we show that mF is an on-pathway intermediate
and that the last step of folding of Trpzip4 is re-zipping and rearrangement of sidechains, even though
the rate limiting barrier is the hydrophobic collase.

5.1 Introduction
The beta hairpin is the simplest of beta-sheets. Understanding its formation mechanism,
stability and kinetics, leads to improved insight in secondary structure formation as well as
protein folding in general. Among the few hairpins that are thermodynamically stable at
ambient conditions, the 16-residue sequence at the C-terminal of the streptococcal protein G
B1-domain(sequence GEWTYDDATKTFTVTE), is the most well studied. In the last decade
it has become a model system to study hairpin formation experimentally, theoretically and
by simulation [2, 3, 35, 34, 24, 29, 28, 18, 44, 37, 41, 31, 20, 23, 46, 42] Fluorescence exper-
iments by Eaton and coworkers [35, 34] revealed a two state kinetics between the folded
and unfolded hairpin, with a relaxation time of 6 microseconds. This work inspired many
simulation studies on the β-hairpin using either simplified models [29, 28], full atom mod-
els in implicit solvent [18, 44] or in an explicit solvent [37, 41, 31, 20, 23, 46, 42]. The first
simulations showed that the folding takes place via a number of discrete steps, including
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Figure 5.1: Structures of GB1 β-hairpin and Trpzip4. Native backbone-backbone hydrogen used for the
calculation of various order parameters are shown as dotted lines and enumerated started from the termini.

the formation of a hydrophobic core, stabilizing the fold. Other simulations, notably replica
exchange (REMD) simulations by Garcia et al. [23] and Zhou et al. [46], determined the
β-hairpin free-energy landscape in explicit solvent.
Several experimental groups investigated mutants of the GB1 hairpin [12, 19] One of these
mutants is Trpzip4 (sequence GEWTWDDATKTWTWTE) first studied by Cochran in which
3 of the hydrophobic residues forming the hydrophobic core were replaced by tryptophans,
such that the entire hydrophobic core consists of tryptophans. This mutation greatly en-
hances the stability of the fold. Moreover, in a kinetic study [12] Cochran et al., measured
the unfolding rate to be 39 times smaller, while the folding rate remains almost equal to
that of GB1. Up to now, there are no simulation studies on Trpzip4, most likely because it
is very hard to unfold computationally [19].
The kinetics of the folding of β-hairpins in explicit solvent at room temperature remains a
significant computational challenge. Straightforward MD is a widely used tool for kinetic
simulation studies, but can only access simulation times up to a microsecond. While the
GB1 β-hairpin has a relaxation time of 6 µs, it is considered a very fast (un)folder, and most
proteins fold on a much longer timescale. The Trpzip4, while also a fast folder, is a very slow
unfolder with an unfolding time of 240 µs. The unfolding event will be difficult to simulate
using straightforward MD. Moreover, even if a folding event takes place within a microsec-
ond of MD simulation time, it is only one possible pathway out of the many available to the



5.2. METHODS 77

system. The long folding and unfolding times are caused by the existence of high free energy
barriers between folded and unfolded states (and possible intermediates). The kinetics can
be investigated by standard methods for the calculation of rate constants such as the tran-
sition state theory based Bennett-Chandler approach [11, 1]. However, these methods are
ineffective for high dimensional complex systems as it is difficult to find the correct reaction
coordinates for (un)folding a priori. In the last decade, the Transition Path Sampling (TPS)
method [16, 14, 9, 15, 8, 17, 10, 7] has emerged as a viable way to investigate biomolecular
isomerization processes. In particular worth mentioning are the TPS study of the folding
mechanism of the GB1 hairpin including the folding rate constant [4, 6] and the more recent
application on the Trp-cage mini-protein [26].
In this chapter we employ TPS and REMD to elucidate the folding mechanism and kinetics
of Trpzip4. In addition, we investigate the difference between the folding mechanisms of
mutant Trpzip4 and the original GB1 hairpin.
In the literature, questions remain about the nature of the generic folding mechanism of a
hairpin. Some studies seem to conclude that hairpins always form via a zipper-like mecha-
nism in which first the turn folds followed by sequential formation of the backbone hydro-
gen bonds starting from the turn region [35]. Other work, notably simulation studies, seem
to suggest a mechanism in which the initial turn formation is followed by a hydrophobic
collapse resulting in a hydrophobic core that subsequently promotes the formation of the
backbone hydrogen bonds. In this chapter, we aim to give more insight in the nature of this
distinction, its differences and similarities [33].
The paper is organized as follows. In section II we describe the methods and system specific
details. In section III we present and discuss the REMD and the TPS results. We end with
conclusions.

5.2 Methods
5.2.1 System Preparation
All system preparations and molecular dynamics calculations were performed with the Gro-
macs molecular simulation package [30] in combination with the OPLSAA force field [27]
and SPC model of water [30]. The Trpzip4 protein NMR structure (PDB entry: 1LE3), con-
taining 262 atoms was solvated with 2030 SPC water molecules in a rhombic dodecahedral
box with a diameter of 45 Å. After energy minimization and a subsequent 100 ps run with
the protein’s position restrained, a 10 ns MD run provided equilibration at the ambient
conditions of 1 bar and 300 K, by applying the Berendsen box scaling method and the Nosé-
Hoover thermostat [36, 25]. Subsequently, the box size was changed to 45.23 Å in accordance
with the average volume in the constant pressure simulation. All subsequent MD runs
were performed at constant box diameter of 45.23 Å. In all of our simulations the time-step
was 2 fs, dodecahedral periodic boundary conditions were applied, the Fast Particle-Mesh
Ewald [13, 21] technique with a grid spacing of 1.2 Å treated the long range electrostatic
interactions. In all simulations except TPS, the Nosé-Hoover thermostat [36, 25] ensured a
constant temperature.
The GB1 beta-hairpin was taken from the PDB structure of B1-domain of protein G (PDB
entry: 2GB1, residues 41 − 56). The system was prepared following the same procedure as
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for the Trpzip4, resulting in a box diameter of 44.9 Å containing the polypeptide and 1982
water molecules.
The reference PDB structures of GB1 β-hairpin and Trpzip4 were both equilibrated at am-
bient conditions using the OPLSAA force-field. In both cases, the hairpin structures gain
more twist comparing to their PDB reference. These structures are shown in Figure 5.3
with the label N .

5.2.2 Order Parameters
We used the following order parameters to describe the states of Trpzip4 beta-hairpin: the
radius of gyration of the α-carbons (rgα), the root mean square deviation (rmsd) of the α-
carbons (rmsdα) from their native conformation (equilibrated PDB structure), the rmsd from
the native structure of the turn residues (6 − 11) DDATKT using all atoms (rmsdturn), the
rmsd from the native structure of the five first and last amino-acids (1 − 5, 12 − 16) in the
sequence (GEWTW + WTWTE) using all atoms (rmsdstrands). Using the OPLSAA FF, we find
six stable backbone-backbone hydrogen bonds in the MD simulations of the native state of
Trpzip4 at ambient conditions. A hydrogen bond is formed when the donor and acceptor are
less than 3.5 Å apart, and the N-H-O angle is larger than 150◦. We denote the backbone h-
bonds formed by the amino-acid pairs: Glu-2 and Thr-15, Thr-4 and Thr-13, and Asp-6 and
Thr-11 as native h-bonds (each pair forms 2 bonds, see Figure 5.1). Based on this definition
we introduce the following order parameters: native backbone hydrogen-bonds numbered
from 1 to 6 starting from the termini (nhb1,nhb2...nhb6), number of native hydrogen-bonds
(nhbpp), number of solvated native h-bonds donors/acceptors (nhbps), a measure of solvation
of the native h-bonds (∆) defined by ∆ = 2nhbpp − nhbps, sum of the O-H distances of the
backbone-backbone native h-bonds (Roh), the radius of gyration of the sidechains of Trp-3,
Trp-5 and Trp-12 rg3W , number of broken native hydrogen bonds nbb, defined by a distance
between donor and acceptor > 0.7 nm.
For the GB1 beta hairpin we used the same order parameters as above, except that the
rmsdstrands is defined by the sequence GEWTY+FTVTE and rg3W is replaced by rgWY F (the
radius of gyration of the sidechains of Trp-3, Tyr-5 and Phe-12). All of the GB1 β-hairpin
h-bond based OP’s also have a version based on 5 first h-bonds nhb1nhb2...nhb5. These
parameters are denoted by the superscript 5: nhb5, R5

oh, nbb5.

5.2.3 Replica Exchange
We perform REMD to estimate the stability of the metastable states of Trpzip4 and GB1,
as well as to define the initial and final states for TPS. The REMD is therefore only used as
a qualitative tool. The reason to stress this, is that when trying to apply replica exchange
molecular dynamics (REMD) to a system with a multitude of local minima and barriers,
i.e. an explicitly solvated protein, one may encounter convergence problems[40, 26]. To our
knowledge there have been no studies on how one could estimate the time needed for REMD
simulations of such a system to reach the canonical distribution at a given temperature. We
tackle this problem by performing two independent REMD simulations, initialized with
structures from the extremes of protein configuration space: 1) the folded, native structure
and 2) a fully extended unfolded configuration. By doing so, we can estimate the quality of
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sampling from a comparsion of these two independent ensembles. Even if the convergence
is not reached or worse, the two ensembles do not even overlap, both REMD simulations
supply important insight in the folded and unfolded ensembles and give an indication of
in what region of protein configuration space of the protein the rate limiting barrier for
the (un)folding process is located. This information can subsequently be used to define the
initial and final states for TPS.
To initiate the REMD series, all replicas start from the same configuration. The first REMD
(REMD-fol) series was started from an equilibrated NMR structure [12] of Trpzip4. The
second REMD (REMD-unf) series was initiated with a configuration taken from a high tem-
perature (550 K) trajectory in which the polypeptide had undergone an unfolding event. We
used 58 and 50 replicas covering the temperature ranges of 280 − 648 K and 280 − 557 K in
case of REMD-fol and REMD-unf respectively. We chose the temperatures of intermediate
replicas based on short trial simulations at the extreme temperatures estimating the tem-
perature gaps needed to reach 20−30% acceptance ratio. For instance, in the REMD-fol run
the gaps were 3 K, 8 K and 10 K for 280 K, 557 K and 648 K, accordingly. The intermediate
temperatures were interpolated with a polynomial of the second order, in such a way that
the temperature gap was growing linearly with replica number from 3 K up to 8 K or 10 K
respectively at the upper temperatures. This procedure approximately yielded the required
acceptance ratio for all intermediate temperatures only because we use an explicit solvent
model. The peak in the specific heat near the folding temperature that one observes in im-
plicit solvent simulations is almost absent here due to the dominant energy fluctuations of
the explicit solvent. The same procedure was applied to the GB1 beta hairpin, resulting in
REMD-fol and REMD-unf ensembles of 10 and 20 ns per replica.
The resulting trajectories at 300 K can be histogrammed for different order parameters and
converted to free energies using F (λ1, λ2) = −kBT lnP (λ1, λ2), where kB is Boltzmann’s
constant and P (λ1, λ2) denotes the normalized histogram for a particular order parameter
pair λ1, λ2. Following our previous work and other authors [6, 26, 45, 46, 40] we use two
dimensional contour plots as they show more qualitative information then one-dimensional
free-energy profiles, as well as correlations between parameters..

5.2.4 Transition Path Sampling
Transition Path Sampling is a simulation method that allows the generation of an ensemble
of uncorrelated transition pathways connecting stable states separated by high free-energy
barriers. The method relies on a shooting algorithm [17], which alters a time slice on an
existing path randomly and integrates a new trial path forward and backward in time. Only
pathways connecting the two predefined stable states are accepted. This algorithm is not
very efficient for long diffusive pathways such as encountered in protein systems, unless
the shooting is done from around the transition state area, which in principle is not known
a priori. For this reason, we employ the stochastic version of the shooting algorithm [5],
allowing shooting in one direction backward or forward. The stochasticity is introduced
by Andersen coupling, applied only to the center of mass motion of water molecules. The
coupling is very weak, so that the trajectories do not diverge significantly from their deter-
ministic counterparts [22]. We choose the coupling constant in such way that the diffusion
of water molecules remains unchanged comparing to a simulation using the Nosé-Hoover
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thermostat. This constant turns out to be slightly less than 1 water molecule velocity ad-
justment per MD step. A test of this temperature coupling scheme on a sample of pure
SPC-water yielded equipartition of energy, and the correct Maxwell-Boltzmann distribution
velocity distributions (see Section 4.3.1).
We employ the flexible path length shooting algorithm [43]. From an existing path with
No time slices we randomly choose a time slice τ as our shooting point. Next, we choose
with equal probabilities either the forward or backward direction for shooting. In case of
a backward shot we reverse the momenta of the shooting point in case of a backward shot.
Integration of the equations of motion using Andersen coupled MD results in a trajectory
which is stopped at time τf when reaching either region A or B. In case of a backward shot
all momenta are reversed again. We then construct a complete trial path by replacing the
old path by the newly shot trajectory starting at the shooting point τ . This new trial path
has a path length Nn = τ + τf in case of forward trial shot and Nn = (N o − τ) + τf in case of
a backward shot. If the trial path does not connect A with B it is rejected straightaway, oth-
erwise, in order to obey detailed balance it may be accepted with the Metropolis acceptance
ratio Pacc = min(1, No

Nn ), where the min function returns the smaller of its arguments. To
avoid having to reject paths that do connect A and B but are too long, in practice we choose
a random number ξ = (0, 1] and determine the maximum path length Nmax = No/ξ in ad-
vance. The MD integration can then be halted if the total trial path length exceeds Nmax.
We believe that our implementation here is the most efficient path sampling algorithm for
diffusive processes.
The TPS algorithm needs an input trajectory connecting initial and final state. We use
high temperature unfolding trajectory, that is relaxed to room temperature by performing a
committor [17] calculation, as explained in more detail in Section 5.3.2.

5.2.5 Computing Committors
The resulting TPS path ensemble does not give directly new insight in the transition state of
the mechanism. For that, one can compute the committor along a trajectory. The committor
is the probability that a configuration, initialized with randomized momenta will commit
to one of the stable states, e,g the folded state. Configurations with a committor ≈ 0.5 are
denoted transition states. The committor is also known as “p-fold” [17]. In practice, the
committor is estimated by starting a finite number of trajectories from a configuration, and
integrating the equations of motion using MD until one of the stable states is reached (see
Section 2.8.1 for details).

5.2.6 Analyzing Reaction Coordinates
The order parameters that we have introduced might not be the best reaction coordinates. A
good reaction coordinate can predict the committor. This means that such a RC can describe
the reaction from the initial to the final state. In principle one can test a candidate for the
reaction coordinate by preparing an ensemble of configuration along the reaction coordinate
compute the committor values for these configurations [17]. This committor analysis is
extremely expensive. For processes that are to a large extent stochastic, Peters et al. [39, 38]
recently devised a committor analysis that uses data from the transition path sampling
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alone, based on a Maximum Likelihood Estimation (MLE) method. This approach makes
it possible to screen for many order parameters and combinations of these as candidate
reaction coordinates. The likelihood maximization then gives the collective variables which
reproduce the committor values best (see Section 2.8.2 for details).

Figure 5.2: Free energy contour maps for the unfolded initiated replica exchange simulations in terms of
rgCA vs rmsd, rOH vs delta, rOH vs rmsdturn and rOH vs rmsd for Trpzip4 (left) and GB1 beta-hairpin (right).
The free-energy difference between adjacent color corresponds to 0.5 kBT . All of the used order parameters are
expressed in nm.

5.3 Results and Discussion
5.3.1 Replica Exchange
Figure 5.2 shows the free-energy contour maps of the REMD runs for a couple of main order
parameters, rgCA vs rmsd, Roh vs delta, Roh vs rmsdturn and Roh vs rmsd for both hairpins,
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for both the unfolded and folded ensembles. Figure 5.3 shows the relevant states and their
labels, used throughout this section.

Figure 5.3: States observed along various simulations of both hairpins: N - native state PDB structure
equilibrated in OPLSAA FF, F - so-called “frayed” state, with middle h-bonds 3 and 4 still present, while the
outer fluctuating or broken, mF - misfolded F -state, formed in the REMD-unf simulation only in case of Trpzip4
by forming 2 non-native backbone-backbone h-bonds (depicted in orange), H - hydrophobic collapse state, in
which the hydrophobic sidechains form compact core, while none of the h-bonds are there yet. Structures are
shown in the cartoon representation, with backbone plotted in blue as licorice, native h-bonds in green and
misfolded h-bonds in orange (mF -state). The side-chains of the residues 3, 5 12 and 14 are plotted yellow as
licorice, hydrogen atoms neglected.

General Observation on the Folded and Unfolded Ensembles
Within 10ns of data collection of REMD-fol the polypeptides unfolded only a couple of times
in the high temperature replicas but none of these unfolded structures diffused to the low
temperature regime. Both for Trpzip4 and GB1 beta-hairpin the 300K replica was only
sampling the folded state basin of attraction. Both hairpins bend due to partial solvation of
the hydrophobic side-chains. This process did not lead to any backbone solvation. The side-
chains successfully shield and stabilize the backbone. Trpzip4 appeared to be much more
stable against high temperature unfolding - along the REMD, one replica per nanosecond
was undergoing an unfolding event, while in case of the GB1 beta-hairpin it was 2.4 more
frequent (even though the highest temperature was lower). Trpzip4 is indeed a very stable
mutant of the GB1 hairpin, as confirmed by the studies by Cochran et al. [12], having an
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unfolding rate 39 times lower than the original polypeptide. We think that the OPLSAA
FF overstabilizes both hairpins at high temperatures, compared to other force-fields as for
instance CHARMM [6]. This feature is not desireable especially for REMD simulations, as
we need higher temperatures, and thus more replicas to overcome the unfolding barrier.
In both cases the unfolded ensemble can be divided in two distinct regions: the fully ex-
tended and collapsed/molten globular configurations. These two areas are clearly visible in
the free-energy landscape of rgCA vs rmsd (Figure 5.2). The extended structures fall in the
region of rgCA > 1.1 nm. Interestingly, this fully unfolded state seems to be more stable
for Trpzip4 than for the GB1 hairpin. The collapsed structures are characterized by the
rgCA < 0.9 nm.

The Hydrophobic Collapse into the H State

To investigate whether the hydrophobic collapse mechanism is present for both Trpzip4
and GB1, we plot in Figure 5.4b the turn area hydrogen bonds (nhb5 and nhb6) formed as
a function of the turn RMSD versus Roh, and several other crucial distances between the
sidechains of hydrophobic groups for the REMD-unf ensembles. In the molten globular
state, both polypeptides sample different packing of the hydrophobic side-chains, without
any native turn hydrogen-bond content (black circles). In case of Trp-zipper the native
hydrogen bonds 5 and 6 start to appear when the tryptophans stack together: first the
contact between the side-chains of Trp-5 and Trp-12 must be made (aromatic rings distance
of 5.5 Å) before the turn h-bonds can be formed. In the terminology introduced by Munoz et
al. [32] Trpzip4 folds according to a hydrophobic collapse mechanism into an H-state (see
Figure 5.3). For GB1 we observe the same behavior. The appearance of the turn h-bonds
in GB1 is also highly correlated with the distance between the inner hydrophobic residues:
Phe-12 and Tyr-5. These residues have to approach each other closer than 6Å before the
turn h-bonds form. This correlation does not exist for the contact between the hydrophobic
residues 3 and 12 (Figure 5.4b). We can see that none of the turn area h-bonds 5 and 6 are
formed during the transition from the unfolded to the H-state. At the same time the turn
itself is not formed either, as the transition happens at the values of turn RMSD 0.6−0.8 nm.

The F State

When the inner hydrophobic residues of both GB1 and Trpzip come into contact, h-bonds
can start to form (in particular 3-6) and the polypeptides transform into the so-called frayed
state “F” [6, 37] (denoted as intermediate state found by Zhou at al [46]). The structure
is depicted in Figure5.3. There is a slight difference between previous work and our re-
sults that probably can be attributed to the force-field. The beta-turn in both polypeptides
is formed more often and is more stable in the current work using OPLSAA, than when
using the CHARMM FF [6]. Nevertheless, and interestingly, the higher propensity of our
system to form the turn area h-bonds does not change the folding mechanism significantly,
because as mentioned above, the hydrophobic collapse is still prevalent. The main differ-
ence between the two force fields may lie in the h-bonds order of formation, which we will
examine in the TPS section. The transition from the H to the F state happens in both cases
around rmsd turn = 0.6 nm (Figure 5.4b) meaning that the turns are still far from its native
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conformations. It is important to notice that in the F -state both the turn and nhb5 and nhb6
are not formed.

Misfolded mF State

Interesting misfolding events take place in both hairpins, especially in the F -state. The
GB1-hairpin, for instance, can form a non-native turn that is twisted towards its hydropho-
bic core (structure not shown). This misfolded state corresponds to low values of Roh ' 3 nm
but high turn rmsd ∈ (0.5, 0.7) [nm]. We do not observe such misfolded turns for Trpzip4,
which can be explained by the much higher steric volume of its hydrophobic cluster.
Unlike the misfolded turn the misfolded strands structures (mF ) seem to be more signif-
icant. On the way from the F to the native state the correct turn structure and h-bonds
form very often, while the most problematic seems to be the packing of the outer strand
sidechains. One such misfolded structure (mF ) of Trpzip4 is presented in Figure 5.3. It is
a structure resulted by formation of the turn h-bonds in the F -state and mispacking of the
sidechain of Trp-14, twisted away from the hydrophobic cluster. Two non-native backbone
hydrogen bonds can be formed as well, further stabilizing this structure. Interestingly, this
structure is the most native-like configuration that we have observed in the REMD-unf en-
semble of Trpzip4. Clearly, Trp-14 has a propensity to turn away from the other tryptophan
residues. This might be explained in terms of steric hindrance of the other three trypto-
phans. The formation of h-bonds during the (mis)folding can result in more flexibility for
these tryptophans than in the native state, increasing their steric volume. Trp-14 then is
pushed out, and finds a metastable position twisted around the hairpin. We find similarmF
structures of GB1 (Figure 5.3) but they do not seem to be important intermediates for the
(un)folding process as we started to sample these only much longer after the appearance of
the native state. This behavior can be easily explained by the differences in the hydrophobic
sidechain groups of both hairpins. In case of GB1, the sidechains are not only smaller but
also more flexible, giving less possibility for misfolding. Packing of the Val14 does not pose
significant problems for GB1 comparing to Trp-14 of Trpzip4. This mispacking of the most
outer hydrophobic sidechain seems to be the main obstacle for folding, raising the folding
free-energy barrier in case of the mutant. The misfolded mF state of GB1 is caused by the
wrong positioning of the second outer hydrophobic sidechain, namely Trp-3, but assuming
Trp-3 forms the hydrophobic core in the F-state, this is a much less probable event.
To summarize, two misfolding events can happen on the transition from the F to the N
state: misfolding of the hairpin turn or terminal sidechains. The first event happens only
for GB1, in which case the misfolded turn is easily rearranged into the native conformation.
The second, more important misfolding of the outer sidechains (mF state), is more prevalent
for Trpzip4. In case of the GB1, this is just an off-pathway metastable state, while in case
of the mutant mF becomes an on-pathway intermediate: a turn stabilized F -state with the
most outer Trp-14 sidechain twisted around the hairpin. The presence of the mF state on
the (un)folding pathways of the Trpzip4 could be confirmed by TPS (see section 5.3.2).
The incorrectly folded intermediate state that we reached with our REMD-unf simulation
of Trpzip4 is visible as a well defined minimum on the FE contour plots of rOH vs delta and
also rmsdturn vs rmsdstrands (Figure 5.2).
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Figure 5.4: (a) The average number of native hydrogen bonds (color code: red = 6, orange = 5, yellow = 4,
green = 3, blue = 2, purple = 1, black = 0) in terms of rmsdturn vs rmsdstrands for Trpzip4 (up) and GB1 β-hairpin
(down). (b) Hydrophobic collapse versus turn formation: REMD-unf data for Trpzip4 (left) and GB1 β-hairpin
(right) plotted as rmsdturn versus the distances between the aromatic rings of residues 12-3 (top two figures)
and 12-5 (middle two figures). Turn formation (bottom) depicted in Roh versus rmsdturn representation. Color
code: red - nhb5 and nhb6 formed, orange only nhb5 formed, yellow - nhb6 only formed, grey - no turn h-bonds
formed. All order parameters expressed in nm.
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REMD Conclusion
The main conclusion from our REMD studies of both hairpins is that the strongly hydropho-
bic and stiff side-chains of Trpzip4 not only stabilize the polypeptide in the native state
comparing to its non-mutated counterpart GB1, but also they have an important effect for
the folding mechanism, stabilizing the on-pathway intermediate F-state, and thus increas-
ing the folding N − F barrier. The higher barrier is obviously caused by the introduction of
tryptophans, which make the packing of the sidechains more difficult. In contrast, the GB1
hairpin finds the native state relatively easily once the F -state is reached.

5.3.2 Transition Path Sampling of the Trpzip4
We employ TPS in order to obtain insight into the last step of folding of Trpzip4, i.e. the
step from the intermediate F to the native N state. Although F − H is likely to be the
rate limiting step, our REMD simulations indicate that the mutation mostly effects the
N − F transition. Based on our REMD and MD simulations we chose order parameters
that can successfully distinguish between these two stable states. The most general order
parameters - rgca, rmsdca, sas and nhb turned out to be sufficient to distinguish the basin
of attraction of the native state from that of the intermediate F . Our definition of state F
also includes the mF state as we do not include any parameter distinguishing between the
position of the sidechains of Trp-14. The values of the order parameters used for the initial
(native N ) and final (intermediate F ) states are shown in Table 5.1. They were chosen in
such way that an MD started in a given state would visit its corresponding definitions every
couple picoseconds[17]. It is important to notice, that we have chosen the value of 0 native
h-bonds as defining the F -state, which is of course not in accordance with the characteristics
of the F -state presented before. Nevertheless, the h-bonds in the F -state are less stable, and
are subject to strong fluctuations, causing the system to visit the value of nhb = 0 within
a couple of tens of picoseconds, without leaving the basin of attraction of the state F . This
low value of nhb assures that the system really left the basin of the native state. Because of
the use of the RMSD as one of the order parameters we did not need a definition of broken
hydrogen bonds as in Ref [4].

The Initial Path
Preparing the initial trajectory to bootstrap the TPS consisted of several steps. The initial
1 ns unfolding trajectory, came from an REMD-fol simulation replica that underwent an
unfolding transition while visting the high temperature regime (400K-600K). Because of its
origin, this unfolding pathway is not a constant temperature trajectory. Visual inspection
of the trajectory revealed three distinct steps of the unfolding transition: the backbone h-
bonds 1-4 break almost simultaneously, while the native structure of the hairpin, including
the hydrophobic core hardly changes. Then the exterior tryptophan Trp-14 moves away
from the hydrophobic cluster, shortly followed by the detachment of Trp-3. Both termini
become solvated, while the contact between Trp-12 and Trp-5 persists, but as the residues
become more flexible, hydrogen bonds 5 and 6 break. The polypeptide remained for a few
tens of picoseconds in a state with a disordered but still relatively compact hydrophobic core
before finally unfolding to a fully extended state.
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N − F transition of Trpzip4
OP N t

min N t
max F t

min F t
max

rgca 0.67 0.77 - -
rmsdca 0 0.11 0.4 0.9
sas 14 15 17.5 25
nhb 6 6 0 0

F −H transition of GB1 β-hairpin
OP FG

min FG
max HG

min HG
max

rgWY F 0 0.5 - -
nhb5 3 6 0 0
R5

oh 0 1.9 5.0 10
nbb5 0 1 4 6

Table 5.1: Order parameters (OP) defining the upper (max) and lower (min) boundaries of the stable states
for trp-zipper4 (superscript t) and GB1 β-hairpin (superscript G). All distances in nm.

The timeslices on this trajectory were saved every 70 ps in order to perform a committor
calculation. [17]. For each of the timeslices, starting from the native state, we computed the
committor by shooting 25 MD NVT room temperature trajectories initiated with random
initial velocities drawn from the Maxwell-Boltzmann distribution. The MD integration was
abandoned as soon as a trajectory reached either the native state (N) or the intermediate
region (F) of configuration space (as defined in Table 5.1).
The ratio of the number of trajectories going back to the native state is an approximation of
the native state commitment probability pN . pN remained at 100% up to the point where
the backbone h-bonds started to get solvated. The structures having pN ∈ (0.4, 0.6) i.e.
relaxing either to the native or intermediate state, have the exterior tryptophan Trp-14
detached from the hydrophobic core and 2 or 3 waters bridging the backbone h-bonds.
The protein did not fully unfold at this stage, probably because we halted the simulations
when reaching the intermedate state F , and the high barrier to H still exists.
We refrained from performing any commitor computation for configuration with a commitor
beyond pN = 0.5 for three reasons. 1) The main target of this exercise was to obtain a com-
plete initial unfolding trajectory at 300K. 2) The commitor calculation is rather expensive.
3) We are interested in the dynamics of room temperature events, and the slices came from
a high temperature.
The next step in the preparation of the initial path was to select from the committor anal-
ysis two random complementary trajectories belonging to the same initial configuration of
the high temperature trajectory: one going to the native state, the other to the F -state. The
configurations of the first slices of these trajectories are equal, but their velocities are not,
hence they are able to end in different states. The trajectory going back to the native state
was time reversed and joined with the trajectory committed to the intermediate state. The
resulting trajectory is a room-temperature pathway connecting the native with the interme-
diate state, albeit with a sudden velocity change half way the trajectory. Nevertheless, this
trajectory is perfectly valid as an initial pathway for TPS and has the enormous advantage
of a normal room temperature and energy along the trajectory with respect to the original
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high temperature trajectory.

Sampling the Path Ensemble of the Trpzip4 F −N Transition

A short TPS run of 10 shooting moves resulted in a correct dynamical trajectory connect-
ing both states, sufficiently decorelated from the initial input. This equilibrated trajectory
shares no common points with the initial pathway, and as consequence does not exhibit any
discontinuity in the velocities, except for the ’normal’ Andersen thermostat changes.
Using the TPS-equilibrated trajectory subsequently to seed 20 independent parallel TPS
data collection runs, we performed in total 2500 trial shootings with an average acceptance
ratio of 27%. The aggregeate simulation time was 4.8 µs and the average accepted path
length 2.9 ns. All 20 TPS runs were sufficiently decorrelated, as was clear from the “shooting
trees”. (Ref [26])
In Figure 5.5 we represent the transition path ensemble as ’ path density plots’ in 4 different
projections. These density plots show the fraction of pathways in the ensemble that pass
through the given values of the order parameters at least once. The plots were prepared
as follows. Before preparing these density maps each pathway was smoothed by taking a
running average with a window of 20 ps. Next, by discretizing each of the order parameter
ranges in about 30 − 40 bins, we constructed for each trajectory in the ensemble a binary
matrix, where 1 means the path visits the bin at least once, and 0 means no visitations at
all. The matrices were subsequently ensemble-averaged, resulting in the presented density
maps.
The final structures chosen by the TPS algorithm appeared to be committed mainly to the
mF state upon equilibration in ambient conditions. Based on the REMD-unf simulations
we know that mF state is separated from F by a relatively low free-energy barrier.
Because the TPS trajectories are entirely time reversible we can interpret the results as
unfolding or folding pathways. Below we discuss both directions.
Starting with the unfolding process, the system has a clear propensity to unfold around the
two termini. The density projection rmsdstrands−rmsdturn clearly shows that the rmsdstrands

increases to 5 Å as the exterior tryptophans Trp-14 and Trp-3 are being solvated and drift-
ing in the solution. The path ensemble in the ∆−Roh plane follows more or less an S-curve.
∆ decreases from 10 down to −5, meaning that not only all native hydrogen bonds are
broken but several reform bonds to the solvent. From this plot it becomes clear that the
solvation happens in several steps. First, about 2-3 hydrogen bonds break as ∆ drops down
to around 4, leaving the two turn and middle h-bonds on average intact. This hydrogen bond
breaking event occurs at relatively low values of Roh, not leaving much space for backbone
solvation. Next, the two termini split further apart increasing Roh up to about 2.5 nm at the
value of ∆ ≈ 0 ± 2. When the termini are solvated we observe a further decrease of ∆ down
to the negative values of about −5. This last step corresponds the solvation of the broken
hydrogen bonds. Note that the region between 1.7 < Roh < 2.5 shows a low density of paths.
That low density corresponds to the transition states configurations, which are sampled
relatively sparsely, even with TPS, as the pathways quickly relax to either the native or in-
termedate state. A similar lower density region is visible in the rmsd−Roh plane, although
this plot lacks the characteristic S shape and shows instead a straight line, indicating that
rmsd and ROH are correlated during folding and unfolding. This correlation is also visible
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(a) path ensemble of Trpzip4 (N-F transition)
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(b) path ensemble of GB1-hairpin (F-H transition)

Figure 5.5: (a) Transition path ensemble density maps in Roh −∆, rmsdturn− rmsdstrands, Roh − rmsdca and
rgca − rmsdca planes for the F −N transition of Trpzip4 and (b) in nbb−∆ and Roh −∆ for the F −H transition
of the GB1 β-hairpin (b). Red color means that 50% of pathways were crossing at least once given values of the
used order parameters, yellow - 25%. Trajectories were smoothed with a running average filter window of 20 ps.
In case of Trpzipper4 the reaction coordinate lines from the MLE were plotted in the Roh − rmsdca plane. For
GB1 in the Roh − ∆ plane (see Section 5.3.4). All distances in nm.
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in the rmsdstrands − rmsdturn plane, albeit less clear. In that case there seems to be a small
deviation in the direction of increasing strand rmsd during unfolding. We can interpret this
deviation as a sign that the termini unfold before the turn does. There is a low density of
paths for which the turn seems to be unfolding before the termini. This corresponds to some
rearrangement of the large sidechain of Lys10, which does not affect the stability of the turn
itself and is a minority in the ensemble.
Interestingly, in the rgca − rmsdca plane, the system clearly follows two separate unfolding
routes. A substantial fraction of the path ensemble visits the area of very low radius of
gyration rgca = 0.6 nm. while the other part proceeds directly from the native state to the F -
state at constant rgca. Both routes are about equally likely. The route through low values
of rg is a new pathway, entirely different from the initial path, and arose spontaneously
during the TPS. This route passes through a very short-lived on-pathway metastable state,
already completely committed to the mF -state. This state appears when the sidechain of
Trp-14, detached from the hydrophobic core and twisted around the hairpin, settles down in
a dry cavity formed by the bent hairpin backbone. This structure persists for up to a couple
of tens of picoseconds before the Trp-14 gets re-solvated again. The fact that this state
appears automatically in the TPS simulation means that it is an alternative on-pathway
intermediate.
Next, we discuss the same path ensemble focusing on the folding process starting from the
intermediate mF -state. The system can choose between the two routes introduced above.
The first route consists of twisting of the Trp-14 into a bent hairpin state with low rg fol-
lowed by folding and straightening to N . The other route is more diffuse but goes straight
from the F state to the native state at constant rg. During both routes the rmsd and Roh

decreases in correlated fashion. In most paths the turn is formed before the termini come
together. The decrease in Roh corresponds to an increase in ∆, up to a certain point where
the Roh suddenly decreases, followed by the formation of the h-bonds at a low value of
Roh ≈ 1.5 nm. From the path density plots we cannot infer the h-bond order.

H-bond Formation in Trpzip4 Folding

Analysis of the path ensemble yields insight in the h-bond formation. The presence of two
different folding routes in the density plots suggest a division of the path ensemble into two
sub-ensembles, as the h-bond order can be different in both routes. One part of the ensemble
(A) consist of pathways passing through low values of rgca (Figure 5.5), while the other (B)
is folding more directly to the native state. For each trajectories in the sub-ensembles we
calculated the order of native h-bonds appearance and delay times (in ps) between these
events. These numbers were separately averaged for both sub-ensembles and resulted in
probabilities pn,s that the h-bond with label n is the s-th formed bond . We also obtained
average delay times between formation of each pair of h-bonds.
The path ensemble connects the native state with the intermediate mF -state. In the mF -
state hydrogen bonds nhb6 and nhb5 exist because the turn is practically already formed
(rmsd turn ∈ (0.2, 0.4). Hydrogen bonds 3 and 4 are also formed, but need to be broken
again, during the transition to the N -state, because the peptide needs more flexibility for
the rearrangement of the exterior tryptophan side-chains. This rearrangement takes on
average 800 ps for both sub-ensembles, and only when all tryptophans are re-positioned
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correctly according to the trp-zipper motif h-bond 4 appears. The difference between the
two sub path ensembles is the formation of h-bonds 2 and 3. Trajectories belonging to the
first sub-ensemble (A) tend to form nhb2 before nhb3, while in the second (B) it is the other
way around.
The h-bonds thus tend to form in pairs, on average roughly in the order (3, 4)[F ] →
(5, 6)[mF ] 9 (3, 4)[‡] → (3, 4) → (1, 2)[N ], where 9 (3, 4) means the breakage of the pair
(3, 4). The hydrophobic collapse still holds for Trpzip4: the turn formation is driven by the
hydrophobic collapse of mainly Trp-5 and Trp-12 (Figure 5.4b) and h-bond 3 or 4 appears
first when the system switches to the F -state. The transition to the F -state, is then very
quickly followed by zipping of the other h-bonds. Comparing this with GB1 results, at this
stage GB1 easily reaches the native state along the hydrophobic collapse h-bond order, while
Trpzip4 stops in the partially zipped mF state. In the mF state h-bonds 3-6 are formed, but
the middle pair has to be broken again temporarily on the way to the native state because
of problems with sidechain packing. When only taking h-bond formation into account we
would conclude that the Trpzip4 folds according to a zipper mechanism from mF to the
native state.

5.3.3 Transition Path Sampling of GB1
To compare the folding mechanisms of both hairpins within the same force-field and to
compare with previous work [6], we have also performed a TPS simulation of GB1-hairpin
for the rate limiting F −H transition using OPLSAA. The path ensemble does not diverge
much from the one that was previously calculated for the CHARMM FF [6]. An observed
difference is that the turn seems to form more easily in the OPLSAA case. This is also why
we sample more direct N − H transitions for the GB1 than in Ref. [4]. The F − H path
ensemble is presented in the density plots in Figure 5.5(b). The H −F transition consists of
3 distinct steps, clearly visible in the nbb− ∆ representation. When the polypeptide resides
in the H-state, the strands are relatively far apart, beyond 7 Å, which is the cut-off distance
for the nbb (broken native h-bonds) parameter. 4 hydrogen bonds fulfill this condition in
the H-state (nhb1, ...nhb4). In the first step the donor-acceptor pairs of nhb3 and nhb4 are
drawn together and bridged by water molecules. At this stage the h-bonds are being formed.
The value of ∆ jumps from -6 up to about 1 at constant nbb = 2 (the termini are still free),
meaning that 2 h-bonds are being formed at the expense of loosing h-bonds with the solvent
(1 h-bond formed causes the value of ∆ jump by 4, if both donnor and acceptor have been
solvated). In the last step the fluctuating termini are brought together, such that only nhb1
can be qualified as broken. During these three steps the Roh decreases roughly linearly from
the value of 4.5 to 2.5.

5.3.4 Reaction Coordinate Analysis
To extract the best collective variable from our TPS path ensemble we used the likelihood
maximization approach, proposed by Peters et al. [39]. We prepared the ensemble of forward
shooting points belonging to trajectories ending in the final state (B) and a number of order
parameters, that were calculated for these shooting points. We used all of the parameters
defined in the Order Parameters section plus all of the φ/ψ dihedral angles. We have tested
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Figure 5.6: pB for trp-zipper4 (left) and GB1 β-hairpin from the corresponding TPS ensembles. The solid
line is a fit of pB = 0.5 + 0.5 tanh(rc). Sample structures for which rctrz4 ∈ [−0.1, 0.1] and rcgb1 ∈ [−0.1, 0.1]
are plotted in cartoon representation in blue, with the protein sidechains in licorice: Thr-4 and Thr-13 in pink,
hydrophobic sidechains in yellow and bridging waters in the van der Waals representation. Only hydrogen
bonds formed within the backbone are shown.

all possible linear combinations of up to three order parameters.

F −N Transition in Trpzip4
For the Trpzip4, the RC that best fitted the tanh model of pB was rctrz4 = −4.45 + 6.95 ∗
rmsd+ 0.8 ∗Roh, where both parameters are expressed in nanometers.
The MLE predicts that the protein structures in the shooting point ensemble character-
ized by rctrz4 ∈ [−0.1, 0.1] and pB ∈ [0.4, 0.6] should be a reasonable approximation of the
transition state ensemble. One of these structures is shown in Figure 5.6. Analysis of 10
structures reveals that they have a low rmsdturn, meaning the turn region remains intact
during the transition. Hydrogen bonds 5 and 6 may fluctuate but are not solvated. Besides,
these fluctuations strongly depend on the cutoffs for distance and angle. In contrast, hydro-
gen bonds 3 and 4 are well solvated, revealing a single or double water bridge between Thr-4
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and Thr-13. The side-chains of these two threonines are solvent exposed and not in contact
with each other as in the native state. The terminal parts, including the Trp-3 and Trp-14
side-chains, are also solvated. Trp-14 is especially flexible and turns during unfolding to
the other side of the hairpin in a joint move with Thr-13 splitting from Thr-4. On the other
hand when folding, the presence of the water bridges enables the exterior tryptophans Trp-
14 and Trp 3 to find their native conformation by keeping them apart and creating space for
rearrangement,in particular when Trp-14 is oriented toward the other side of the hairpin.
H-bond formation order showed that during folding, the formation of nhb3 and nhb4 takes
on average 800 ps after the turn h-bond pair 5/6 is already present. This process takes so
long because not only the water bridge has to form but also the tryptophans must acquire
their native position before the water can be expelled and the native state formed. When
h-bond pair 3/4 is formed and all tryptophans are forming native contacts, h-bond pair 1/2
forms almost immediately.

F −H Transition in GB1-hairpin
We performed the above analysis also on the TPS ensemble for the F-H transition in GB1.
Here, the optimized reaction coordinate consists of a combination of 2 order parameters:
rcgb1 = −6.33+1.65∗Roh . In Figure 5.6, a typical structure from the shooting point ensemble,
for which rcgb1 acquires values ∈ [−0.1, 0.1] and pB ∈ {0.4, 0.6} is shown together with the
plot of pB versus rcgb1 . These structures agree with those from the TS ensemble calculated
in Ref. [6]. The hydrogen bonds 3 and 4 formed between the Threonines 4 and 13 are
bridged by water molecules, and the two strands are separated by a strip of water molecules.
This similarity indicate that indeed, the MLE method yielded a good approximation of the
transition state. While a full committor analysis would confirm it, this is outside of the
scope of the current study.
The TPS simulation runs of Trpzip4 and GB1 hairpins are in principle different. We there-
fore also performed a TPS simulation of the F−H transition for Trpzip4 and found a similar
mechanism as in GB1, except for the formation of turn h-bonds, which for Trpzip4 already
tend to appear at the F −H rather than the F −N route as for GB1. The main differences
in the mechanisms are thus in the the last step of folding as illustrated in Figure 5.7. In
case of the F -state of the Trpzip4, the turn stays almost intact and not solvated, while for
GB1 the majority of F -structures structures do not contain a folded turn. Secondly, in the
Trpzip4 F -state residue 14 is either strongly displaced or in between the hairpin strands,
while for the GB1 F -state it is usually situated on the side of the hydrophobic core.

5.3.5 Concluding Remarks
Based on all of the REMD and TPS simulations that we have performed in this study, we
can summarize the similarities and differences of the folding process of Trpzip4 and GB1-
hairpin (Figure 5.7).
The first stage of folding - the hydrophobic collapse - seems to be more or less similar for
both polypeptides. The hydrophobic interaction between residues 5, 12 and 3 is the driving
force of the collapse. The turn is not present during the transition in both cases.
The effects of the mutations start to appear for the H − F transition. The turn h-bonds 5
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Figure 5.7: Schematic representation of the rate limiting barriers for both hairpins (up) and the folding
routes through these barriers (down). In hairpin structures, black lines symbolize native hydrogen bonds, red
points hydrophobic sidechains, red lines contacts between the hydrophobic sidechains and blue circles - bridging
waters. The schematic free-energy depicted with solid black line corresponds to the GB1 hairpin. The dotted
line refers to Trpzip4, thus showing the effects of the mutation. Green arrows demark the rate limiting step
and the dagger sign ‡, the transition states.

and 6 of Trpzip4 form during this transition, while in the GB1-hairpin they appear in the
later stages of folding. Another difference is the positioning of Trp-14 sidechain of Trpzip4,
that tends to twist around the hairpin and does not take part in the hydrophobic core. In
case of GB1, there is no big sidechain at residue 14.
In the F -state the h-bonds 3 and 4 form in case of both polypeptides. The barrier towards
the formation of the h-bonds 5 and 6 is very low, and GB1 hairpin forms them almost sponta-
neously, when the sidechain contacts are made and the middle h-bonds 3-4 are formed. We
observe less unfolded turn F -state structures in OPLSAA than it was seen in the CHARMM
force field [6].
After the formation of the turn, GB1 follows directly to the native state. We were able to
fold the hairpin without any bias starting from the fully extended structure using REMD.
We also saw a couple of direct H −N transitions, while sampling the H − F barrier. These
facts show that indeed H − F not F − N is a rate limiting step for GB1 hairpin. On the
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other hand, this last step of folding, the F −N transition, that for the GB1-hairpin consists
of crossing a small free-energy barrier of about 1 kBT , appears to be more difficult for for
the Trpzip4 mutant. This is because upon formation of h-bonds 5 and 6, the sidechain of
Trp-14 is misfolded, and instead of following to the native state it proceeds to the misfolded
intermediate mF . This state is the closest-to-native structure we were able to reach with
our REMD simulations. We needed to use TPS to sample the final mF −N transition.
Such a raise of F − N barrier seems to be the effect of the different nature of the F − N
transition for Trpzip4: the mutant cannot zip unless the sidechain of Trp-14 rotates around
the backbone. This rotation is accompanied by temporary brakeage of the middle h-bonds
3 and 4 and formation of a water bridge between the middle threonines, that enables the
tryptophan to slide onto the hydrophobic cluster. This entire rare event takes on average
800 ps. All the above mentioned factors raise the FE barrier of the mF −N transition. The
intermediate mF state does not appear on folding paths of GB1 because it involves misfold-
ing of the big Trp sidechain that GB1 simply does not have. Using the OPLSAA force-field,
both hairpins fold according to the hydrophobic collapse mechanism. GB1-hairpin h-bond
formation order is also in accordance with the hydrophobic collapse model. In contrast,
when looking at the h-bond formation of Trpzip4 during the rate limiting step, the folding
follows roughly the zipper scheme.
When folding from the H to the F -state, in GB1-hairpin the middle h-bonds 3/4 form first.
In Trp-zipper h-bonds 5 and 6 appear at the beginning followed by the formation of h-bonds
3 and 4. In case of GB1-hairpin, it means the rate limiting barrier has already been crossed,
and the remaining h-bonds can be formed relatively easily on the way to the native state.
On the contrary, the Trpzip4 mutant forms h-bonds 3-6 according to the zipper mechanism
(the mF -state ), but then on the way through the rate limiting barrier h-bonds 3 and 4 must
be broken again, while 5 and 6 are kept intact. In conclusion, in the mutant hairpin the
zipper h-bond formation mechanism is preferred.
From these results it follows that the mutation influences the h-bond formation mechanism,
but does not change the rate limiting step, which in both cases is the H − F transition. An-
other conclusion is that the energy landscape gets much more rugged upon the mutations,
and significantly hinder the sampling of the folding process.
In the near future we will study the F −H transition of the Trpzip4 in more detail, in order
to directly compare to the rate limiting step of GB1 folding.
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Chapter 6

Simulation study of the folding
pathways of a WW domain

We study the folding routes of a WW formin binding protein 28 (FBP28) at ambient conditions using
advanced molecular simulation techniques. We perform Replica Exchange simulations in order to
explore the unfolded state basin and possible intermediate states on the way to the folded state. Bias-
Exchange Metadynamics allows unfolding the protein at room temperature and yields a number of
unfolding pathways that act as initial paths for Transition Path Sampling. Subsequent equilibration
of the path ensemble leads to the discovery of two major routes. Both routes pass through a close-
to-native intermediate state, characterized by a detached strand β3 and Trp-30 forming non-native
hydrophobic contacts. Having established good reaction coordinates, we use Metadynamics in order
to calculate the corresponding barriers, and find the unfolding barrier of the order of 17 kBT , in line
with the experimental values.

6.1 Introduction
The WW domain is a large family consisting of small single-domain three-stranded anti-
parallel β-sheet proteins [33, 15, 24, 18] ranging from 35 to 40 aminoacids. The whole family
is characterized by two preserved tryptophans that are separated by about 20 aminoacids
(hence the name). WW domains bind proline-rich ligands and the complexes they form
have been implicated in a number of human diseases such as muscular dystrophy, cancer,
hypertension, Alzheimer’s and Huntington’s diseases [14]. In addition, WW domains have
been identified as a part of many signalling proteins [33]. Being one of the smallest β-
sheets, WW domains are very attractive systems both from experimental and computational
point of view, in particular because they do not contain any disulfide bonds, cis prolines
or prosthetic groups, that can complicate kinetic analysis and simulations. They are the
subject of several studies on the formation of β-sheet structures [16, 20, 5, 12, 11].
From this whole family, we have selected the formin binding protein 28 (FBP28), a WW do-
main that has already been studied both in vitro and in silico, thus providing a model system
to understand β-sheet formation. The structure of FBP28 has been resolved in solution by
NMR [24, 4] and is available in the protein database (PDB entry 1E0L). Under the influ-
ence of denaturant and high temperatures, FBP28 unfolds reversibly [24, 34, 5, 11, 12, 16]
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Figure 6.1: (a) The sequence of FBP28 WW domain. The symbols of truncated aminoacids are shown in grey.
The aminoacids of FBP28∆N∆C are shown in black. Aminoacids, even after the truncation, are numbered ac-
cording to their position in the sequence of original WW domain. The numbers are only shown for the truncated
FBP28∆N∆C. The turn regions are plotted as thick grey lines and the strands β1 (residues 8-12), β2 (residues
18-22) and β3 (residues 27-29) in red, green and blue respectively. Hairpin 1 is built of strands β1, β2 and turn
I t1, hairpin-2 of strands β2, β3 and turn II t2. Turn I is formed in hairpin-1, connecting strands β1 and β2.
Turn II is formed between β2 and β3, and belongs to hairpin-2. Native hydrogen bonds are plotted as black,
dotted lines. (b) The structure of the native state of the WW domain in cartoon representation and color code
as in Figure a). Also the aromatic residues forming hydrophobic cores have been shown as licorice, “upper”
hydrophobic core in pink and “lower” core in ice blue. (c) The side view of the same structure as presented in
Figure b.

but also forms fibers at elevated temperatures [10]. Temperature jump experiments in-
dicated cooperative, 2-state folding without any intermediate states and the folding rate
constant kf = (42 µs)−1 and unfolding rate constant ku = (2.9 ms)−1. Moreover, Φ-value
analysis revealed the formation of the β-turn I as the rate limiting step for the folding
transition [29]. Another laser temperature jump experiment [27] suggest the folding of the
FBP28 WW domain is strongly biphasic at low temperatures, implicating 3 stable states
The two-state behavior can be regained by tuning temperature or by truncation of the ter-
mini. This biphasic behavior of FBP28 has been proposed by Karanicolas and Brooks [19] to
originate in the recently discovered dual binding specificity of the WW domain [14]. In their
implicit solvent simulation study a close-to-native state was discovered, characterized by
an alternative packing of the hydrophobic sidechains, and the Trp-30 more solvent exposed.
The existence of this state was proposed as a link between the biphasic kinetics and the
dual binding specificity of the FBP28 WW domain, as the residues involved belong to the
WW domain binding site.
In order to look at the formation of the beta-sheet we use a smaller variant of the wild type
FBP28, FBP28∆N∆C truncated at the N and C termini as in Ref. [27], leaving the β-sheet
residues intact (Figure 6.1). The truncation of the N-terminal domain (residues Gly-1 to Val-
5) was found to have no observable effect on the stability of the domain [27]. In contrast, the
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truncation of C-terminal domain (residues Gln-34 to Lys-37) decreases the stability of the
protein due to the removal of Leu-36, which in the native state is a part of the hydrophobic
core Trp-8, Tyr-20 and Pro-33 (see Figure 6.1. Nonetheless, the truncation does not result
in significant structural change of the native state. In this work we study the FBP28∆N∆C
WW domain using explicit solvent Molecular Dynamics simulations. We attempt to sample
the unfolding pathways and estimate the barriers associated with the process, as well as to
find possible intermediate states. This approach leads to a better unbiased insight in the
folding mechanism of the WW domain and of β-sheets in general. For instance, we would
like to find out whether the β-sheet forms in a particular order, whether each hairpin forms
independently, or if both hairpins form at the same time. Another question is the role of the
hydrophobic core and the solvent in the formation of the hairpins.
The chapter is organized as follows. After we introduce the methods, we try to calculate
the free energy landscape of the WW domain with Replica Exchange MD. As the method
does not reach convergence within the time available for our simulations, we try to tackle
the unfolding barrier with Transition Path Sampling. In order to do that we need initial
unfolding pathways which we obtain with Bias Exchange Molecular Dynamics. Finally, we
attempt to calculate height of the unfolding barriers with Metadynamics.

6.2 Methods

6.2.1 System Preparation

Following the work of Nguyen et al [27], instead of looking at the wild type formin-binding
domain FBP28 we perform the truncation of the terminal parts of the system. The protein
NMR structure of FBP28 (PDB entry 1E0L), containing 37 aminoacids was truncated af-
ter Val-5 and Pro-33 resulting in the sequence: SEWTE YKTAD GKTYY YNNRT LESTW
EKP (Figure 6.1). Nonetheless, we will keep referring to the aminoacids of the truncated
sequence with the numbers of the original WW domain, for comparison. The truncated
polypeptide was solvated by 2994 SPC water molecules in a cubic box in such way that the
width of the water layer surrounding the protein was 12 Å. All simulations were performed
using the Gromacs molecular simulation package [23] together with the Gromos961 (43a1)
force-field [32] and SPC model of water [1]. and with the time-step of 2 fs and cubic periodic
boundary conditions. After energy minimization and protein position restraint run of 100 ps,
equilibration in the ambient conditions of 1 bar and 300 K for 10 ns determined the box size.
The equilibrium MD runs were performed using Nosé-Hoover thermostat and Berendsen
barostat. All of the subsequent MD simulations described in this paper were performed at
constant volume of 97.24 nm3. Long range electrostatic interactions were treated by Fast
Particle-Mesh Ewald [6, 9] with the grid spacing of 1.2 Å. Unless specified otherwise the
Nosé-Hoover thermostat [28, 13] ensured constant temperature.

1Note that we have used Gromos96 force-field for this work. The choice was made in order to compare our
study to the work of Xavier Periole.
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6.2.2 Order Parameters
We used several order parameters to describe conformational changes in WW domain. We
compute the radius of gyration based on the α-carbons (rgα) positions and the root mean
square deviation (RMSD) from the native conformation (rmsd) based in the whole protein.
We define rg3Y W as the radius of gyration of the upper hydrophobic core (Figure 6.1), con-
sisting of the sidechains of Tyr-11, Tyr-19, Tyr-21 and Trp-30. We also calculate the back-
bone RMSD parameters (rmsdt1 and rmsdt2) for both turns t1 and t2, including the residues
indicated as turn residues in the figure 6.1.
In the analysis of the native hydrogen-bonds we include both distance between the donor
and acceptor and the angle between the donor - hydrogen - acceptor. We use the cut-off
of 3.5 Å for the distance and we allow for the deviations of 30◦ from ideal angle of 180◦.
We include 6 h-bonds between strand β1 and β2 and 3 bonds between strands β2 and β3

(Figure 6.1). We denote the larger hairpin “hairpin-1” and the smaller one “hairpin-2”.
Most of the order parameters were being calculated for the whole system (no superscript),
for hairpin-1 (superscript 1) and hairpin-2 (superscript 2): number of native hydrogen-bonds
(nhbpp, nhb(1)pp , nhb(2)pp ), number of broken native hydrogen bonds (nbb, nbb(1), nbb(2)), defined
by a distance between respective donors and acceptors larger than 0.7nm, the sum of the
O-H distances of the backbone-backbone native h-bonds (Roh, R(1)

oh , R(2)
oh ), number of solvated

native h-bonds donors/acceptors (nhbps, nhb(1)ps ,nhb(2)ps ), and a measure of solvation of the
native h-bonds (∆, ∆(1), ∆(2) ) defined by the formula: ∆ = 2nhbpp − nhbps.
We useR(1)

oh andR(2)
oh often throughout this chapter, because they are continuous parameters,

which characterize and distinguish the native and unfolded regions. Moreover, Roh has also
been found a good order parameter for the β-hairpin unfolding transition in the Transition
Path Sampling simulations of GB1 β-hairpin [3]. In addition, we define a new OP ξ as a
combination of both Roh parameters, normalized per hydrogen bond and the bond distance:

ξ =

√

(R
(1)
oh /6d0)2 + (R

(2)
oh /3d0)2, (6.1)

where d0 = 2 Å. Other useful OP are nα and nγ , defined as number of Cα and Cγ contacts
respectively. Cγ contacts are used in order to describe the packing of sidechains. For many
applications it is more convenient to use continuous parameters instead of discrete. We
make nα and nγ continuous by “filtering” contact distances with a smooth sigmoidal function
f(x) = (1 − xN )/(1 − xM ), where N = 8 and M = 10, as was done in Ref. [30]. The contact
parameters are given by nα =

∑

α f( r
r0

) and nγ =
∑

γ f( r
r0

) where the summations are over
all Cα and Cγ pairs respectively and r0 is an average contact distance. We use r0 = 6 Å for
Cα and r0 = 5 Å for Cγ contacts. The final OP employed in this work is dihedral correlation
φcorr that is defined as φcorr =

∑N
i=2

√

1 + cos2(φi − φi−1).

6.2.3 Replica Exchange
Replica Exchange Molecular Dynamics (REMD) is a method that in principle improves sam-
pling of the configuration space of systems with a glass like energy landscape containing
a multitude of local minima and barriers (an explicitly solvated protein). Even though the
method suffers from slow convergence to the canonical distribution for such systems [31, 17]
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(at least with currently available computational power), REMD gives valuable insight in the
folded and unfolded basins by exploring nearby minima and can also supply unfolding (or
folding) pathways (Chapter 2.3 and 2.9). We perform two independent REMD simulations,
initialized with structures from the extremes of the protein configuration space [31]: the
folded, native structure (REMD-fol) and a fully solvated unfolded configuration (REMD-
unf). The outcome of both REMD simulations will also be used in defining the initial and
final states for Transition Path Sampling simulations (Section 6.2.5).
The native state REMD (REMD-fol) was started from an equilibrated NMR structure of
truncated FBP28 WW domain. The unfolded state REMD (REMD-unf) was seeded with a
configuration taken from a high temperature (550 K) trajectory in which the polypeptide
had undergone an unfolding event. We used 56 replicas covering the temperature ranges
of 280 − 555 K. We chose the temperatures of intermediate replicas based on short trial
simulations in the extreme temperatures estimating the temperature gaps needed to reach
20 − 30% acceptance ratio. The gaps were 3 K for 280 K replica and 10 K for 555 K replica
respectively. We calculated the intermediate replica temperatures using an interpolation:

Tn+1 = Tn + ∆Tn + (∆Tmax − ∆Tmin)/(Nrep − 1). (6.2)

This procedure yielded approximately the desired acceptance ratio for all intermediate tem-
peratures only because we use explicit solvent model and thus the peak in the specific heat
near the folding temperature (for instance seen in implicit solvent simulations) is leveled
out by the solvent fluctuations. For implicit solvent simulations one should compensate for
this effect and use more replicas around the transition temperature.

6.2.4 Metadynamics and Replica Exchange Metadynamics
A recent method designed to explore the multidimensional free-energy surface of complex
many-body systems is Metadynamics, introduced by Laio and Parrinello [21]. The goal of
Metadynamics is to effectively explore the configuration space of the system, and compute
its free-energy landscape. The method applies a history dependent biasing potential, that
discourages the system from visiting the same regions of the collective variable space. An
extension of Metadynamics in the scheme of replica exchange is the Bias-Exchange Meta-
dynamics (BE-Meta). Both methods are described in more detail in Section 2.4.
In our BE-Meta simulations we used eight replicas. Replica-0 was set up as neutral, without
any additional bias. The next six of the seven remaining replicas (1-6) were biasing in the
following order parameters, respectively: R(1)

oh , R(2)
oh , d3Y W , nα, nγ and φcorr. The last replica

(7) introduced a bias in two-dimensions R(1)
oh and R

(2)
oh simultaneously. The weight of the

Gaussian hills was h = 0.25 kBT and we deposited the hills every τ−1
g = 1 ps. We used these

rather high hills and deposition frequency for the BE-Meta, as we initially wanted to fully
unfold the protein and explore the whole range of possible intermediate states. We also
perform one dimensional Metadynamics for the computation of the free-energy profiles. For
this one dimensional case we deposit smaller hills (0.1 kBT ) slower, every 3 ps, in order to
increase accuracy. These values are similar to the ones previously used [30] and are a good
trade-off between accuracy and efficiency.
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OP Imin Imax Fmin Fmax

rmsd 0 0.20 - -
ξ 0 1.41 3.0 +∞

Table 6.1: Order parameters (OP) defining the upper (max) and lower (min) boundaries of the stable initial
(I) and final (F) states for the TPS simulations. All order parameters are given in nm.

6.2.5 Transition Path Sampling

Transition Path Sampling (TPS) comprises an algorithm designed for sampling transition
path ensembles. More precisely, TPS performs a Monte Carlo random walk in the transition
path space, consisting of the generation of a new trial path and subsequently accepting or
rejecting it. New paths are created using the shooting algorithm, in which one randomly
chooses a timeslice on an existing pathway and then propagates the dynamics of the system
backward or forward in time or in both time directions simultaneously, depending on the
version of the algorithm [2, 8]. The acceptance depends on whether the new path connects
the predefined initial and final stable states. Moreover, different dynamics and different
shooting algorithms require different acceptance rules, as explained in detail in Ref. [7, 2].
We employ a version of the TPS algorithm, previously implemented, tested and successfully
applied to protein systems [17]. This algorithm requires stochastic dynamics (Andersen
thermostat applied to the center of mass motion of the water molecules only) and allows a
varying path length through an appropriately modified acceptance rule [35].
The TPS algorithm requires a definition of initial and final states. In this work, we examine
the characteristics of the stable regions, by performing Bias Exchange Metadynamics. In
addition, TPS requires an initial trajectory to bootstrap the simulation. In our BE-Meta
simulations we have observed three qualitatively different types of trajectories, that will be
presented in Section 6.3.2. We ran three TPS simulations, each initiated from one type of
trajectory, to study the equilibrium path ensemble. The advantage of using initial Metady-
namics over high temperature REMD pathways is that since they are at room temperature
they equilibrate faster. In order to allow the pathways to freely switch between various
folding routes we defined the final state using the parameter ξ, given in Section 6.2.2 as
a combination of normalized R(1)

oh and R(2)
oh . This definition includes configurations with an

unfolded hairpin-1, an unfolded hairpin-2 or both hairpins unfolded. For instance, the value
of ξ = 3 for the final state, corresponds roughly to a triple increase of either R(1)

oh or R(2)
oh and

thus allowing for solvation of the strands. This definition also includes structures having
both hairpins (partially) unfolded. In addition, the use of the rmsd for the initial state en-
sures that the overall structure of the sheet remains native-like. The values of the order
parameters we used are presented in Table 6.1. Note that the labels “initial” and “final”
state are arbitrary as the pathways are microscopically reversible and describe the folding
as much as the unfolding process.
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6.3 Results

6.3.1 Replica Exchange

We have performed both folded and unfolded REMD simulations of the FBP28∆C∆N WW
domain. Free energy contour maps, based on 20ns REMD per replica in different, relevant
representations are presented in Figure 6.2-1,2. The REMD-fol simulations reveal an in-
termediate state I2, separated from the native state by a relatively low barrier. This state
I2 is characterized by R

(2)
oh ≈ 2 nm and rmsdt2 ≈ 0.2 nm. The native hydrogen bonds are

broken in hairpin 2, as the respective O and H atoms are separated by 7 Å on average.
Additionally, the turn area t2 is solvated. The metastability of this state is mainly due to
hydrophobic interactions of the Trp-30 and Pro-33 with other aromatic and hydrophobic
residues in hairpin-1. The free-energy plot in the R(1)

oh −R
(2)
oh plane suggests that unraveling

of hairpin-2 is preferential and occurs before unfolding of the large hairpin-1. As we can-
not draw trustworthy conclusions about the sequence of events base on REMD simulations,
we will attempt to confirm this thesis using other methods in the following sections. An-
other conclusion from the REMD-fol simulation is that unfolding of the larger hairpin-1 is
initiated at the turn, or equivalently that the turn forms last in the process of folding, sug-
gesting the so called hydrophobic-collapse mechanism [25] of the formation of large hairpin.
This can be clearly seen in the R(1)

oh − rmsdt1 plane, showing a free-energy contour distinctly
curved in the direction of increasing rmsdt1. Starting from the native state, rmsdt1 reaches
a high value of 0.2 nm, while the R(1)

oh per residue is only doubled compared to the native
state. For hairpin-2, when the rmsdt2 reaches a value of 0.2 nm, the R

(2)
oh per residue is

already tripled.
In the REMD-unf simulation many folding events take place. However, even after 20 ns per
replica, the two simulations have not yet converged. On the R(1)

oh − R
(2)
oh . plane (Figure 6.2-

2a) we observe the folding of hairpin-2 while hairpin-1 remain unfolded (denoted state I1)
as R

(2)
oh reaches the low value of 0.6 nm. On the other hand R

(1)
oh reaches the minimum

value of about 2.0 nm only, corresponding to a hairpin structure with some h-bonds still
misformed, or unfolded because of mispacking of hydrophobic sidechains. Such structure is
presented in Figure 6.2-4b. It is interesting to note that state I1 was reached in the REMD-
unf simulation, while I2 only in the REMD-fol simulation. We thus to hypothesize that
the rate limiting barrier is indeed formation of the large hairpin, and corresponds either
to the I2 − U or N − I1 transition. We will examine this hypothesis in greater detail using
Metadynamics in Section 6.3.2.
By looking at the structures of hairpin-1 with the lowest values of R(1)

oh , we find that most
of these structures are formed with a non-native turn. This leads, at least partially, to
hairpin configurations, with h-bonds shifted relative to their native state. Both misfolded
and native turns are depicted in Figure 6.2-5. We note that, at least in the GROMOS force-
field, the misfolded turn is more stable compared to the native turn, slightly tilted, and
contains only one or two hydrogen-bonds. The higher propensity of the system to form the
misfolded turn, and its stability, may be one of the reasons for the commonly found “shifted
hairpin” structures. These structures suggest a zipper mechanism [26], but as the system
tends to form the non-native turn, the zipping leads to misfolding. Anticipating results
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Figure 6.2: REMD simulations of the FBP28∆C∆N WW domain. 1,2) Free energy contour maps for the folded
(1) and unfolded (2) initiated replica exchange simulations in terms of R

(1)
oh versus R

(2)
oh (a), rmsdt1 versus rmsdt2

(b), rmsdt1 versus R
(1)
oh (c) and rmsdt2 versus R

(2)
oh (d). The legend presented next to the plots is in the kBT units

(a change by one adjacent color corresponds to the free-energy difference of 1 kBT and 0.5 kBT respectively).
All distances and RMSD’s are expressed in [nm]. The native state area is depicted in the REMD-unf plots (2)
as a black ellipse. Note that in the R

(2)
oh − rmsdt2 plane the native state overlaps with the intermediate I1. The

Greek letters α, β, γ and δ correspond to the biggest clusters, of which representative structures are shown in
(3). 3) Clustering of the REMD-unf ensemble, and the representative structures of the most populated clusters.
All structures are plotted in the representation explained in Figure 6.1. All kinds of secondary structures are
formed, including helical conformations (α, γ), parallel β-sheets (β) and non-native β-sheet structures (δ). 4) A
replica trajectory exploring the region very close to the native state, nonetheless not crossing the folding barrier.
The trajectory is plotted as rmsdt2 versus R

(2)
oh on the corresponding free-energy landscape. The structure

presented in the plot (b) contains both turns formed within 3 Å RMSD of the reference native structure and
the hairpin-1 formed except for the mispacked sidechain of Trp-8. 5) The structure of turn I belonging to
the hairpin-1, abundantly formed in the REMD-unf simulation (a) and its native state (b). The turn area of
hairpin-1, has been plotted in licorice, with oxygen atoms rendered in red, hydrogen in white, nitrogen in blue
and carbon in cyan. The hydrogen bonds have been presented as blue dotted lines. Additionally the protein
backbone has been represented as a ribbon.
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from the TPS section, we found that hairpin-1 folds according to the hydrophobic collapse
mechanism [25]. Thus hairpin-1 can either fold via the hydrophobic collapse or the zipper
mechanism, one leading to the native state, the other to misfolding.
The formation of both native-like hairpin turns is presented in terms of their RMSD relative
to the native state in Figure 6.2-1b. Both turns are formed along the REMD-unf simulation,
but they never form simultaneously. We have searched all REMD-trajectories for reaching
very low values of rmsdt1 and rmsdt2. Only two replicas in the entire run explore this region
of configuration space. One of these trajectories is presented in Figure 6.2-4a. In the same
figure, we also show a representative structure for this region, having only the hairpin-1
formed partially. This structure is especially interesting as it highly resembles the final
state of the hairpin-2 unfolding in our BE-Meta and TPS simulations, and the REMD-fol
simulation state I2. The only difference between the structure in Figure 6.2-4b and I2 is
a mispacked Trp-8, which stacks with the upper instead of the lower core, suggesting that
folding can occur only after correct packing of hydrophobic core after the collapse.
We have performed clustering of the REMD-unf ensemble using the clustering algorithm
presented in Section 2.3.1 in order to gain more insight in possible intermediate states and
in the structure of the unfolded state. A high variety of secondary structures appeared in
the REMD-unf simulation. The largest clusters are presented in Figure 6.2-3 and demarked
on the free-energy landscapes as α, β, γ and δ (Figure 6.2-2). The most common structure in
the ensemble is a triple helix, in which the helices replace all β-strands. Other interesting
clusters are represented by parallel beta-sheet, or an αβ structure. Numerous clusters
contain partially formed hairpin-1 or hairpin-2. We believe that these clusters all belong to
the unfolded ensemble and have no particular role in the folding mechanism.
As mentioned above, the REMD simulations are not converged. We estimate that at least
hundreds of nanoseconds is needed to reach convergence as argued in Ref [31].

6.3.2 Bias-Exchange Metadynamics
We perform a BE-Meta simulation on the WW domain using the biasing in the OP’s as de-
scribed in the Method Section 6.2.4. We carried out the simulation for 20 ns per replica. A
full unfolding occurred in most of the replicas after a few nanoseconds. Most of the simula-
tion time was then spent sampling the multiple clusters belonging to the unfolded region.
No refolding was observed. The overall exchange ratio of the biasing potentials between
replicas was 30% and we tried to exchange every 10 ps. In the neutral replica, where the
configurations equilibrate without a bias, we find configurations belonging to the native
state, intermediate state I2 (unfolded hairpin 2), intermediate state I1 (unfolded hairpin 1)
and a host of completely unfolded configurations. The barrier separating the native state N
and I1 is very high. High population of the I2 cluster in the neutral replica agrees with the
REMD-fol simulation, where this state was also observed.
We obtained three generic unfolding scenarios from our BE-Meta simulation (see Fig. 6.3).
These routes cannot be considered equilibrium pathways, as Metadynamics is in principle
a non-equilibrium method by introducing a time dependent potential. For that reason the
pathways will be further equilibrated with the Transition Path Sampling algorithm. Non-
theless the biased pathways are interesting because some resemble (e.g. Scenario 2 and 3)
previously observed elevated temperature (373K) unfolding pathways of the original, non-
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acceptance 36%
average path length a 2.6ns
accepted pathways 268
decorrelated pathways b 15
aggregate time c 2.8µs

Table 6.2: Statistics of all TPS ensembles taken together.
a weighted average over the whole ensemble
b number of pathways that lost memory of the previous decorrelated pathway or the initial pathway
c the ensemble aggregate length

truncated, WW domain [29]. All three scenarios are presented in Figure 6.3-1 and described
in this section.
Scenario 1. In the first scenario following from our BE-Meta simulation, the Tyr-21 be-
longing to the upper hydrophobic core, splits from the rest of the aromatic residues. This
move results in the decrease of interaction between the hydrophobic core and Tyrosine-11,
which detaches, allowing for the solvation of the big hairpin-1. The U-shape of the hairpin
is maintained, mainly due to the lower core, that eventually also breaks up, leaving the
system solvated in the hairpin-1 region. Hairpin-2 stays formed.
Scenario 2. Some of the metadynamics replicas unfolded the WW domain by solvating
small hairpin-2. During this process the hairpin hydrophobic core remains compact, sus-
tained by the interaction of the Trp-30 with the Tyrosine sidechains. RgW3Y decreases
because this core becomes even more compact than in the native state, due to breaking
the three hydrogen bonds stabilizing hairpin-2. At the same time hairpin-1 keeps its native
structure, and all of the seven hydrogen bonds. These bonds only fluctuate more as the hair-
pin gains some extra twist. The next step is the detachment of Trp-30 from the Tyrosines
19 and 21, a step that destabilizes the whole segment and leads to the final solvation of
the hairpin-2, that then looses its U-shape. Eventually hairpin-1 breaks as well, forming a
hydrophobic core including both upper and lower “sub-cores”, which subsequently dissolve.
Scenario 3. The third unfolding pathway starts with the perturbation of the turn area
of the hairpin-1. The hydrogen bonds with Thr-8 break and the turn t1 becomes solvated,
allowing for an extra twist in the large hairpin. This is followed by breaking of the h-
bonds of the hairpin-2. During this process, there is no detachment of residues forming the
hydrophobic cores. Eventually water solvates the bigger hairpin as well, while the protein
keeps the overall topology of the native protein, and the cores are practically native-like.
At the end of the trajectory reorganization of the hydrophobic cores happens, and the N-
terminal part forms a small α-helix.

6.3.3 Transition Path Sampling
We have performed three TPS simulations, initiated with the three types of trajectories from
BE-Meta. As discussed in Section 6.3.2, these initial pathways are different, but because
switches between pathways are allowed in TPS, we expect them to converge to the same en-
semble. The statistics of our TPS simulations is presented in Table 6.2. In the following, we
describe the equilibrated path ensemble. For simplicity, we describe the unfolding process,
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Figure 6.3: Metadynamics simulations of truncated FBP28 WW domain. 1) BE-Meta unfolding trajectories,
described in Section 6.3.2 as unfolding scenarios 1,2 and 3. The protein structures are plotted in representation
described in the Figure 6.1. In Scenario 2, hairpin-2 undergoes unfolding, while hairpin-1 remains almost
intact. Scenario 1 describes unfolding of hairpin-1, without any major changes in hairpin-2. Scenario 3 proceeds
by unfolding both hairpins.
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Figure 6.4: Three typical TPS pathways presented in four planes: a) R
(1)
oh − R

(2)
oh , b) rmsdt1 − rmsdt2, c)

R
(1)
oh − rmsdt1 and d) R

(2)
oh − rmsdt2. The whole TPS ensemble has been represented as yellow and the REMD-

unf ensemble as grey points. The contours represent the free energy landscape of the folded REMD, for which a
difference of one contour corresponds to 1 kBT . In figure (a), we have demarked the initial and the final regions
used in the TPS simulation with green and red lines. The blue trajectory represents a typical N − I2 transition,
the cyan trajectory an N − I1 transition and the violet depicts a switching pathway.
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although the paths are completely reversible.
Paths that follow Scenario 2 (unfolding of small hairpin-2) (N − I2 route) show breaking
and solvating the three hydrogen bonds, and detaching Trp-30 from the rest of the upper
hydrophobic core. This leads to formation of non native hydrophobic contacts. Waters may
be trapped between lower and upper hydrophobic cores. The 2 hydrogen bonds between Tyr-
20 and Thr-29 break simultaneously when Trp-30 rearranges, pulling Thr-29 away from its
hydrogen-bonding partner Tyr-20. Hydrogen bonds in the vicinity of the turn persist a bit
longer, but eventually are also broken in the I2 state.
The pathways initiated with Scenario 1 and Scenario 3 relax to the route presented in Fig-
ure 6.4 as violet line, and although initially they sample unfolding of hairpin-1 only, it is
finally hairpin-2 that starts to unravel. In these paths hairpin-1 does not unfold, indicated
by the fact that R1

oh does not cross the boundary between the folded and unfolded hairpin,
estimated around R1

oh ≈ 4[nm] (see also Section 6.3.2). This switching event shows that
indeed the barrier for the unfolding of hairpin-1 is much higher than for hairpin-2, as ex-
pected. We think that the entire ensemble would finally relax to the N − I2 route, as the
metastable state, the endpoint of all routes, resembles the I2 state, except for extra solvation
of the area of turn I. From Figure 6.4a, it becomes clear that the pathways tend to switch
to the most preferred unfolding “channel”, following the free energy valleys. The I1 state,
was not sampled by the REMD-fol ensemble, but was found in REMD-unf (Figure 6.4). This
may indicate that I1 is already committed to the unfolded state. The TPS simulation did
not show any switching from I2 −N to I1 −N . This probably means that the path ensemble
is not yet entirely equilibrated.
Next, we discuss Scenario 1 from the folding perspective. On the pathways sampling the
folding of hairpin-1 (I1 − N ), the h-bond formation proceeds clearly via the hydrophobic
collapse mechanism [25]. On the way from I1 to N state, hydrogen bonds between Thr-9
and Tyr-20 form first. After this event the hairpin zips in both directions. Turn h-bonds
are formed at the end. This mechanism is different than the one we observed for another
hairpin with strong hydrophobic core, the Trp-zipper4, but is similar to the mechanism
observed for the GB1 β-hairpin (see Chapter 5). The difference in mechanism between Trp-
zipper4 and hairpin-1 of the WW domain can be due to several factors. First, we find that
the sequence DATK found in Trp-zipper4 is strongly turn-promoting in the OPLSAA force-
field. The same sequence is found in the turn of the WW domain, but shifted by one residue.
We think that this is the reason for the formation of the misfolded turn, abundantly found
in the REMD-unf simulation and presented in Figure 6.2-5a. The native turn hydrogen-
bond between Thr-13 and Gly-16 seems much less favorable than the one between Asp-15
and Lys-12 in Trp-zipper. This causes the turn to stay solvated to the end, and form only
at the last stages of the folding. Secondly, the hydrophobic core is further apart from the
turn in the WW domain, decorrelating the appearance of middle hydrogen bonds with the
formation of the turn even more than is the case for the Trp-zipper4. The turn of the hairpin
1 of the WW domain can stay solvated while the hydrogen bonds are forming in the middle.
This would not be possible in Trp-zipper4.
Paths in the TPS ensemble has some other characteristics. All trajectories include tempo-
rary breaking of the contact between Trp-30 and Tyr-19, in order to form a more compact
upper core, or detach the Trp-30 from the core. After equilibration of the TPS ensemble, the
short hairpin-2 is disturbed in all cases, even in case of TPS-runs started with trajectories
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transition bias OP ∆F †[kBT ]

N → I2 R
(2)
oh 11

N → I1 R
(1)
oh 25

N → U Roh 17
I2 → U R

(2)
oh 10

I1 → U R
(1)
oh 14

I2 → N a R
(2)
oh 7

Table 6.3: Summary of all Metadynamics simulations. The free energy barriers ∆F † are given between the
top of the barrier and initial state.
a The I2 → N transition was done in order to confirm that the WW domain in state I2 is committed to the native
state and to check the relative stability of the I2 and N states, which could already have been read from the
N → I2 transition free-energy profile.

in which the hairpin is untouched. Unfortunately, our TPS simulation does not resolve the
question of the most preferred folding route as the I2 − U barrier might still be higher than
the free energy barrier on the N − I1 − U path. Nevertheless, the final structures of the
trajectories all point towards the I2 state, as the on-pathway intermediate. We will try to
confirm this hypothesis, by calculating free energy barriers for all four transition: N − I2,
N − I1, I2 − U and I1 − U with Metadynamics in the following section.

6.3.4 Metadynamics Free Energies
In order to estimate the free-energy unfolding barriers, for the routes we found by BE-Meta
and next equilibrated with TPS, we have performed one dimensional Metadynamics simula-
tions, biasing the system in the appropriate Roh parameters. One-dimensional Metadynam-
ics simulations yield more precise unfolding free-energy barriers, compared to BE-Meta,
as we use smaller hills and lower deposition frequency. We performed 6 Metadynamics
simulations, started in different states and using different biasing parameters. Each of the
simulations was stopped after the transition of interest happened, and hills started to be
added to the final state. The only exception was the N − I2 transition, which was run a bit
longer, in order to measure the relative stability of the N and I2 states. All simulation re-
sults are summarized in Table 6.3 Besides the 4 major transitions N → I1, N → I2, I1 → U
and I2 → U , we perform two additional simulations: a direct N → U and the I2 → N tran-
sition. The N → U simulation was done in order to check the barrier heights calculated for
the N − I2 − U route. The direct N → U transition has a barrier of 17kBT , while the total
barrier on the N − I2 − U path equals to ∆FN−† = 11 − 7 + 14 = 18kBT . The difference
of 1kBT is within the error of the Metadynamics simulations that we perform, which we
roughly estimate to be of the order of 2 − 3kBT [22]. The other Metadynamics run - the
I2 → N simulation - was done to confirm the previously estimated relative free energy of
the I2 and N states, which was indeed 4kBT (not shown in Figure 6.5). We also showed that
Metadynamics initiated in the I2 state, relaxes to the native state, proving that indeed the
I2−U barrier must be higher, and that I2 is essentially in the native basin. Final and initial
structures, free-energy profiles and free-energy barriers are summarized in Figure 6.5.
From our Metadynamics simulation we can draw conclusions concerning the rate limiting
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Figure 6.5: Metadynamics simulations of truncated FBP28 WW domain. The simulations biasing in the R
(1)
oh

are represented as horizontal and in R
(2)
oh as vertical arrows. One Metadynamics simulation was done using

Roh = R
(1)
oh + R

(2)
oh , and is depicted with a grey arrow. The grey arrow is bent, indicating that when biasing in

Roh, the small hairpin-2 unfolds before hairpin-1, and thus the metadynamics is passing by the state I2 without
relaxing in it. The numbers indicate the free energy barriers in kBT associated with every transition. Protein
configurations are depicted in the representation described in Figure 6.1. Configuration (f) depicts the native
state N , (a) - the intermediate state I2 with unfolded hairpin-2, (h) - the intermediate state I1 with unfolded
hairpin-1 and (c) - the unfolded state.
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barriers for the folding process of the WW domain. The difference of the barrier heights
between the N − I2 − U and N − I1 − U route is about 7 kBT , making the second transition
very improbable. The previously proposed picture is thus confirmed. The (un)folding of the
large hairpin-1 is the rate limiting transition, state I1 belongs to the unfolded basin while I2
is already committed to the native state. Both unfolding and folding thus occur via the in-
termediate I2. We speculate that I2 might become more stable for the original, untruncated
WW domain, becoming an alternative native state, and origin in the WW domain double
ligand specificity [14].

6.4 Discussion and Conclusions
In this study we have performed a number of simulations and used several different meth-
ods. None of these techniques separately was able to completely reveal the mechanism of
the WW domain folding and unfolding. Nevertheless, all these methods combined yield an
interesting picture. The unfolded ensemble based on the REMD-unf simulations showed
a rich variety of secondary structures, including non-native anti-parallel and parallel beta
sheets, α-helices and turns. The simulations initiated in the folded state, including REMD-
fol and BE-meta-fol indicate the existence of a close-to-native intermediate state I2, charac-
terized by a stronger disrupted hairpin-2 and non-native sidechain interactions of Trp-30.
The barrier between the native state and this intermediate was estimated to be 11kBT . The
BE-Meta unfolding scenarios 1 and 2 resemble previously observed elevated temperature
(373K) unfolding pathways of the original, non-truncated, WW domain [29]. Metadynam-
ics simulations have confirmed I2 as the on-pathway intermediate in the process of folding
of the WW domain. While the Transition Path Sampling was relatively difficult for this
system, we were able to sample the N − I2 transitions and we showed the multiple ini-
tial pathways eventually start to relax to the same route (resembling Scenario 2), choosing
the transition towards the I2 state, over crossing the N − I1 barrier. We have shown with
Metadynamics that the direct unfolding of hairpin-1 without disrupting of hairpin-2 is very
improbable (25 kBT ), and that unfolding of hairpin-2 destabilizes the barrier for unfolding of
hairpin-1 (14 kBT ), probably due to accompanying disruption of the upper hydrophobic core.
The barrier for the unfolding of both hairpins, first the small and then the large one, but
without relaxing into the state I2 was estimated to be about 17 kBT . The most likely path is
via I2 with a rate limiting barrier of 17 kBT Assuming the error committed in Metadynamics
is of the order of 2 kBT , this value agrees well with the experimental unfolding timescale of
3 ms, which corresponds to the unfolding barrier of the order of 15 kBT . The existence of the
I2 state, was proposed to be the source of the bi-modality observed in experiments for the
FBP28 WW domain [14]. We think the truncation of the termini may have an effect on state
I2, making it less stable, and thus invisible on the experimental timescales. This could be
the reason of the experimentally observed two-state behavior of truncated FBP28.
Previous work using high temperature simulations [29] suggests that the WW domain can
fold via two routes. Our room temperature simulations confirm this. Moreover we have
shown that one of the routes, N − I2 − U , is the most probable folding path at ambient
conditions. To complete the kinetic description, future research might aim at computing
the other barriers, in particular the I1 → N and U → I2 barriers.
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Chapter 7

Conformational transitions
towards the signaling state of
Photoactive Yellow Protein1

The bacterial sensor Photoactive Yellow Protein (PYP) signals the presence of blue light by undergoing
a series of conformational changes. We present transition path sampling simulations of the confor-
mational transitions that occur during formation of the signaling state of PYP. These transitions are
the unfolding of the α-helical region 43-52 and the solvent exposure of the chromophore and Glu-46.
Our simulations enable characterization of the transition states in these conformational changes.
Likelihood maximization analysis further substantiates our initial description of the transition
states. As a result, we present a detailed atomistic characterization of the mechanisms underlying
the formation of the signaling state of PYP.

7.1 Introduction
Photoactive Yellow Protein (PYP) is a water soluble blue-light photoreceptor from Halorho-
dospira halophila [34, 42]. PYP comprises 125 amino acids and a covalently bound chro-
mophore (trans-4-hydroxy cinnamic acid, HC4) [43]. The protein folds into a PAS core
capped by an N-terminal domain, containing two helices [8, 37]. Upon the absorption of
a blue-light photon, PYP undergoes a photo cycle. Starting from its receptor state (pG),
the chromophore first twists along its double bond to a cis configuration within picosec-
onds [19]. Only within microseconds of the isomerization, a proton from Glu-46 (protonated
in the receptor state) transfers to the chromophore, leaving a negative charge on Glu-46
[33, 24]. The intermediate associated with this reversible process is denoted as pB’ [25, 36].
Driven by the negative charge at Glu-46, the protein subsequently partially unfolds to ex-
pose the chromophore and Glu-46 to bulk water [49, 4, 47]. This signaling state (pB) has
a blue-shifted absorption maximum with respect to the receptor state [27]. The completion
of the photocycle, i.e. the refolding of the protein to the receptor state pG, requires several

1This work has been performed in collaboration with Jocelyne Vreede.
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Figure 7.1: Snapshots of (a) the folded state pB’ and (b) the unfolded signaling state pB. The protein backbone
is shown in ribbon representation. The blue-colored ribbon represents residues 43-52. The side chain of residues
Tyr-42 (green), Glu-46 (red), Thr-50 (orange) and Cys-69 with HC4 (yellow) are shown in stick-models, as well
as water molecules (pink and white) in the vicinity of these groups. The black dotted lines indicate hydrogen
bonds.

hundreds of milliseconds [27].
As PYP is an easily accessible system for the application of a wide variety of experimental
techniques, many of its characteristics have been elucidated. For example, the initial events
of the photo cycle have become much clearer recently with the use of ultra-fast spectroscopy
techniques [22] and time resolved X-ray crystallography [40]. Molecular simulation studies
can complement experiments by providing atomistic detail and mechanistic insight. [20].
A recent study using force field and quantum mechanically based simulations showed that
proton transfer can only occur when the negative charge on Glu-46 is sufficiently stabi-
lized [31]. Molecular simulation also provided insights into the formation of the signaling
state pB. In previous work, Vreede et al. have used Replica Exchange Molecular Dynamics
(REMD, a.k.a. Parallel Tempering) simulations to investigate the extent of unfolding as a
result of light-triggered isomerization and protonation/deprotonation reactions [47]. These
simulations showed remarkable predictive potential with respect to the NMR structure of
the N-terminally truncated mutant ∆25-PYP [4]. Figure 7.1 shows typical conformations of
both the folded state pB’ and the unfolded signaling state pB.
Simulating the process of folding of any protein in explicit solvent and using all-atom molec-
ular dynamics, especially for a protein as big as PYP, still poses a computational challenge.
The long timescales involved in the process are due to the relatively high free-energy bar-
riers between stable states. Transitions between the multiple stable states of proteins can
thus be seen as rare events, as they are still only barely reachable by MD simulations.
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A number of methods has been developed in recent years to sample such rare events,
such as high temperature MD [2], temperature accelerated Dynamics [41], Replica Ex-
change/Parallel Tempering [17]), Umbrella Sampling [17], Multi-canonical sampling, meta-
dynamics [30], hyperdynamics [46], flooding [23]) and others. These methods are well suited
for computing thermodynamic properties but they do not supply kinetic insight in the am-
bient conditions either due to the bias they introduce, or the high temperature used to
accelerate the unfolding. Moreover, in order for biasing methods to apply a biasing poten-
tial, the reaction coordinates must be known a priori. However, if this reaction coordinate
is chosen poorly these methods lead to bad sampling statistics, a wrongly predicted reaction
mechanism and overestimation of the rate constants.
Transition Path Sampling (TPS) [13] comprises a suite of techniques that enable the col-
lection of an ensemble of transition paths between an initial and final state, without prior
knowledge of the transition state region. The TPS algorithm samples short trajectories (of
several ns) connecting an initial with a final state of the protein at room temperature. In
contrast, a straightforward molecular dynamics trajectory would take many microseconds
to achieve the same. The TPS method allows evaluation of the mechanism, transition state
ensemble, and the rate constant of the reaction under study. Recently, a more efficient TPS-
based algorithm was introduced to evaluate rate constants [44]. This path sampling has
successfully been used to investigate the kinetics of the folding of the GB1 beta-hairpin [5, 7]
In this work we use Transition Path Sampling (TPS) simulations to investigate the mech-
anism underlying the transition from the folded pB’ state to the unfolded signaling state
pB of PYP. Based on previous work we can identify three partial processes that occur in the
unfolding reaction: loss of α-helical structure in the 43-52 region, solvent exposure of the
chromophore and solvent exposure of Glu-46 [47, 48].
We sample the unfolding transitions in the Photoactive Yellow Protein starting from the
pB′ state. We find that the unfolding of the α3 helix (residues 43-52) occurs as the first
step, and is followed by exposure of either Glu-46 or the chromophore. We sample these
transitions, and find the most suitable reaction coordinates for each of the processes. We
perform further analysis of the transition path sampling ensembles in order to approximate
the transition states for each of the routes.

7.2 Methods
7.2.1 System Preparation
Preparation of the system and subsequent molecular dynamics simulations we performed
using the GROMACS package [32], with the Gromos96 43a12 force field [45, 11] in combi-
nation with the SPC water model [3]. As a starting point for the folded pB’ state of PYP,
we used the NMR structure of PYP (PDB entry 3PHY, conformation 11 [15]) with manual
alterations to reflect the different chemical topology of the chromophore binding pocket (i.e.
protonated chromophore and deprotonated Glu-46, and the chromophore in cis configura-
tion, obtained from the crystal structure of pR (PDB entry 1UWP) [29]). This structure
was placed in a periodic rhombic dodecahedral box of SPC water [3]. The box size allowed

2The Gromos96 43a1 FF was also used in previous work on PYP.
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accommodation of the protein with a minimum solvation layer of 1.5 nm. Water molecules
that resided in the internal hydrophobic cavities were removed. Sodium ions replaced six
water molecules at the most electronegative positions in order to neutralize the charge of
−6 on the protein. The system was energy minimized using 200 steps of the conjugate gra-
dient method, and equilibrated to dissipate excess energy and relax the box volume. After
relaxation of the water molecules and the protein hydrogens for 20 ps, 1 ns of equilibration
of the whole solvated system in the NPT ensemble resulted in a diameter of 54.83 Å. Van
der Waals interactions were treated with a cut-off of 1.4 nm, and PME handled the elec-
trostatics with a grid spacing of 1.2 Å [10, 16]. Using constraints, LINCS for interactions
between protein atoms [26] and SETTLE for water interactions [35], allowed for a time step
of 2 fs. Parameters for the chromophore were taken from [21]. To keep the temperature con-
stant in the TPS simulations we used a modified version (see Section 7.2.2) of the Andersen
thermostat [1].

7.2.2 Transition Path Sampling
Transition Path Sampling (TPS) is an algorithm designed for sampling the ensemble of
pathways connecting an initial and a final state. It consists of a Monte Carlo scheme in
which new paths are generated from old paths using a shooting algorithm. Acceptance
of these new paths, governed by a Metropolis rule depends on the detailed balance con-
dition. Different dynamics and different shooting algorithms require different acceptance
rules, as explained in detail in Ref. [12, 6]. In this work we use the TPS algorithm as pre-
viously implemented, tested and successfully applied to the Trp-cage polypeptide [28]. We
use stochastic dynamics by coupling the water molecules in the system to the Andersen
thermostat, with a coupling constant of p = 0.00031. This probability corresponds to select-
ing roughly one water molecule per time step on average. After selecting a water molecule,
its momenta are randomly drawn from the Maxwell-Boltzmann distribution, leaving the
rotational motion unchanged, resulting in alteration of the center of mass motion of the
molecule. Compared to simulations using the Nosé-Hoover thermostat, the diffusion con-
stant of the water does not change with the choice of the coupling constant p. Applying the
Andersen thermostat ensures that the trajectories will diverge due to molecular chaos, even
when started from identical initial conditions. By using a relatively low coupling constant p
and only changing the momentum of water molecules, the trajectories will closely resemble
true dynamics.
To improve the Monte Carlo acceptance ratio of the shooting move, we use a one-way shoot-
ing algorithm. In addition, the flexible path length algorithm [44] (see Section 2.5.4) im-
proves efficiency. The shooting move starts by randomly choosing a point on the initial tra-
jectory containing N (o) time slices. The chosen time slice is denoted τ . Drawing a random
number ξ between 0 and 1 determines whether the new trajectory is grown in a backward
or forward direction. For ξ > 0.5 a forward trajectory will be generated from the time slice
as it is. Backward trajectories are generated when ξ ≤ 0.5 by reversing the momenta in the
chosen time slice. The equations of motion are then integrated using Andersen coupled MD.
During the evolution of the new path, the instantaneous path length is monitored. Denoting
τf the number of time slices in the new trajectory initiated from time slice τ , the length of
the new path when shooting forward is N (n) = τ + τf , while for backward shooting moves
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the new path length becomes N (n) = (N (o) − τ) + τf . The MD integration ceases when the
path reaches either the initial or the final state.
The Monte Carlo Metropolis acceptance rule for the TPS shooting move includes two parts.
First, the new path must connect two stable regions A and B, with A indicating the initial
state and B the final state. If this is not the case, the acceptance probability vanishes,
and the trial path can be rejected right away. The second term in the acceptance rule comes
from the fact that the new path can, and generally will be of different length than the initial
path. At this stage the Metropolis acceptance ratio reduces to Pacc = min(1, N(o)

N(n) ), where the
min function returns smaller of its arguments. Instead of wasting CPU time by rejecting
paths that do connect A and B but are finally too long, we substitute the second stage of the
acceptance-rejection procedure by introducing the maximum path length Nmax = N (o)/ξ,
where ξ is a random number ∈ (0, 1] (see Section 2.5.4). We determine Nmax in advance and
stop the generation of the new path whenever the instantenous value of N (n) exceeds Nmax.
We believe that this implementation here is the most efficient path sampling algorithm for
diffusive processes.

7.2.3 Maximum Likelihood Estimation
When performing the TPS simulations, we monitor about 60 order parameters. Some of
them are used to determine whether the initial or final state has been reached. These order
parameters are chosen on the basis of the initial input trajectory and might not describe
the reaction coordinate optimally. A good reaction coordinate must be able to predict the
commitment probability (committor or p-fold) of a conformation to either the initial or the
final state, i.e. the reaction coordinate must be able to describe the progress of the reaction.
Committor analysis facilitates judging whether an order parameter is a good reaction coor-
dinate [14]. However, this procedure is very expensive from a computational point of view,
to the extent that it easily requires a time comparable with a whole TPS simulation.
For processes that are stochastic (to a large extent), Peters et al. [39, 38] recently devised
a committor analysis based on a Maximum Likelihood Estimation (MLE) method that re-
quires only the data from a TPS simulation itself. The MLE approach extracts the collective
variable that best describes the reaction coordinate from the TPS path ensemble. Required
as input for this procedure is the ensemble of forward shooting point configurations xsp be-
longing to accepted trajectories ending in the final state (xsp → B) and the rejected shooting
points ending in the initial state (xsp → A). Using these configurations, the MLE optimizes
the likelihood L =

∏

xsp→B pB(r(xsp))
∏

xsp→A(1 − pB(r(xsp))), and predicts the committor
from the reaction coordinate by a tanh function pB(x) = 1

2 + 1
2 tanh(r[q(x)]) [38]. The reac-

tion coordinate r is a linear combination of order parameters q: r(q(x)) =
∑n

i=1 aiqi(x) + a0.
This approach facilitates the screening for many (combinations of) order parameters as can-
didate reaction coordinates. The likelihood maximization then gives the collective variables
which reproduce the committor values best.

7.2.4 Order Parameters
Using various order parameters we aim to characterize the transitions occurring in the for-
mation of the signaling state of PYP. These include distances between various groups and
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atoms, number of waters within a distance from specified residues, root mean square de-
viation (RMSD) of different parts of the protein and hydrogen bond counts within helices
and in the chromophore binding pocket. Several of these order parameters also describe the
initial and final state in the TPS simulations. In the MLE method all of them are included
as possible candidates for the reaction coordinate. Table 7.1 lists the order parameters we
calculated from the TPS trajectories. The selection includes distances between the chro-
mophore and surrounding residues, hydrogen bonds forming the chromophore hydrogen
bonding network, solvation of crucial residues (Glu-46, Tyr-42 and the chromophore) and
a number of distances between the motile residues (e.g. Arg-52) and parts of the protein
that do not change much during the transitions. We included all collective variables that
we thought may be relevant for the examined transitions.

7.2.5 Sampling the Transition Path Ensembles
Starting a TPS simulation requires an input trajectory connecting the initial state to the fi-
nal state. Here we use high temperature unfolding trajectories, taken from previous Replica
Exchange Molecular Dynamics REMD) simulations [47, 48], during which solvent exposure
of both the chromophore and Glu-46 occurs. Initial TPS simulations served to equilibrate
these high temperature trajectories, resulting in suitable room temperature input path-
ways. Note that the unfolding trajectory that we use as initial pathway may be considered
valid folding trajectory after time reversal, based on microscopic reversibility.
A single TPS simulation allows for sampling only one barrier at a time, as intermediate
states will lengthen pathways dramatically. Therefore we split the process of signaling state
formation into three parts: Unfolding of the A3 helix (pB ′−Iα3), exposure of the chromophore
(Uα3−EHC4) and exposure of the glutamic acid 46 (Uα3−EGlu−46). The definition of the initial
and final state for all three TPS simulations are presented in Table 7.2.
For each shooting point we computed all the parameters listed in Table 7.2. Employing
the MLE approach we tested all possible linear combinations of up to three order param-
eters, and kept the one with the maximum likelihood as our best model for the reaction
coordinate [38].

7.3 Results
In this work we use Transition Path Sampling (TPS) simulations to investigate the mecha-
nism underlying the transition from the folded pB’ state to the unfolded signaling state pB.
Starting a TPS simulation requires a definition of the initial state and the final state, and an
initial trajectory connecting these states. Parallel Tempering simulations can provide such
initial trajectories, although these are likely not a constant temperature paths. Our first
attempt to sample the transition from pB’ to pB with TPS ended in very long trajectories,
caused by the presence of several metastable states along this reaction. As it is not possible
to sample more than a single barrier simultaneously in a TPS simulation, we split up the
simulation of the formation of pB into different parts. Free energy profiles from previous
REMD simulations already suggested the presence of metastable states in the formation of
pB [48]. Figure 7.2d displays such a free-energy profile as a function of the RMSD of helix α3
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number of waters around a

HC4 nwX

Tyr-42 nwY

Glu-46 nwE

distance b

HC4 – Tyr-42 dXY

HC4 – Glu-46 dXE

HC4 – Phe62 dXF1

HC4 – Phe96 dXF2

HC4 – Ile49 dXI

Lys64 – Thr70 dKT

distance between atoms
HC4-O4’ – Tyr-42-OH daXY

HC4-O4’ – Glu-46-CD daXE

HC4-O1 – Cys-69-N daOaC

Glu-46-CD – Thr-50-OG1 daET

Glu-46-CD – Tyr-42-OH daY E

Arg52-CZ – Asp97-CG daRD

Lys64-NZ – Thr70-OG1 daKT

HC4-O1 – Asp97-N daOaN

HC4-O4’ – Ile49-N daXI

HC4-O4’ – Thr-50-N daXT

HC4-O4’ – Arg52-N daXR

HC4-O4’ – Asp97-N daXN1

HC4-O4’ – Asp97-CG daXN2

Ala44-N – Pro54-CG daPA

Gly47-CA – Arg52-O daRG

Glu-46-CD – Asn43-ND2 daEN

Glu-46-CD – Gly51-N daEG

Asn43-O – Gly47-H dhb
(1)
α3

Ala44-O – Asp48-H dhb
(2)
α3

Ala45-O – Ile49-H dhb
(3)
α3

Glu-46-O – Thr-50-H dhb
(4)
α3

Gly47-O – Gly51-H dhb
(5)
α3

Root mean square deviation (RMSD) c

α3 rmsdα3 = rmsdhx

Other
number of hydrogen bonds in α3 nhbα3

cosines of dihedral angles φ in α3 φ42 − φ53

cosines of dihedral angles ψ in α3 ψ42 − ψ53

Table 7.1: List of order parameters. The order parameters are sorted according to their type. Atom names
used in the description of the distances between atoms follow PDB nomenclature convention.
a For the number of waters around a residue we included all water molecules within a radius of 3.5 Å.
b We calculated the distance between the centers of mass of the residue side chains, except for the chromophore
HC4, in which case only the carbons in the aromatic ring were used.
c The RMSD is calculated with respect to the crystal structure of the receptor state using the Cα-positions.
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pB′-Iα3 - unfolding of the A3 helix
OP pB′min pB′max Imin

α3 Imax
α3

nhbα3 4 5 0 1
rmsdα3 0 0.10 0.23 +∞

Uα3-EGlu−46 - exposure of Glu-46
OP Umin

α3 Umax
α3 Emin

HC4 Emax
HC4

nwX 0 3 5 +∞
dXY – – 1.0 +∞
daXY 0 0.35 – –
daY E 0 0.40 0.85 +∞
daXE 0 0.60 – –
daET 0 0.45 – –
nwE – – 10 +∞

Uα3-EHC4 - exposure of the chromophore
OP Umin

α3 Umax
α3 Emin

Glu−46 Emax
Glu−46

nwX 0 3 10 +∞
daXY 0 0.35 0.9 +∞
daY E 0 0.4 – –
daXE 0 0.45 0.9 +∞
daET 0 0.45 – –

Table 7.2: Order parameters (OP) defining the upper (max) and lower (min) boundaries of the stable states
for the three TPS simulations. All distances are given in nm. In case an order parameter was not used for
defining a state, we demark it by the hyphen. +∞ sign means there is no upper boundary - all values above
certain threshold are included as belonging to the state, as in all of the examined cases the OP’s increase from
low to high values.

(rmsdα3 ) and the distance between the chromophore and Glu-46 (daXE ) [48] and shows sev-
eral minima that represent the various (intermediate) states visited by the system during
unfolding. The label pB’ indicates the fully folded state, Iα3 indicates a state in which the
helical conformation of helix α3 is partially gone. Uα3 denotes a state in which this region is
completely unfolded, while Glu-46 and the chromophore are still inside the protein, and the
chromophore hydrogen-bonding network is not disrupted. The labels EGlu−46 and EHC4 cor-
respond to states with exposed Glu-46, and chromophore, respectively. Finally pB indicates
the signalling state, with helix α3 unfolded and both the chromophore and Glu-46 exposed
to solvent. As the presence of states Iα3, Uα3, EGlu−46 and EHC4 hampers sampling the full
transition of pB ′ to pB because it leads to trajectories that can be much longer than 10 ns,
we split up this process into three separate subtransitions. These three processes are: 1)
the loss of α-helical structure in helix α3 (pB′ − Iα3) 2) solvent exposure of the chromophore
(Uα3 −EHC4) and finally 3) solvent exposure of Glu-46 (Uα3 −EGlu−46).
During the pB ′ − Uα3 transition the helical region comprising residues 43-52 unfolds, while
no large conformational rearrangements occur in the chromophore binding pocket. Similar



7.3. RESULTS 125

Figure 7.2: Representative pathways for three different transitions are plotted in blue (pB ′ − Iα3), red (Uα3 −
EGlu−46) and green (Uα3 −EHC4) on the underlying free-energy landscape (grey contours) from previous REMD
simulations [47, 48]. A difference of one contour corresponds to a difference in free-energy of 1kBT . Important
free-energy minima were labeled with state names. The boundaries of the initial and final states used for TPS
are plotted as thick solid and dotted lines, respectively. For the pB ′ − Iα3 transition the boundaries are plotted
in indigo, for Uα3 −EGlu−46 in brown and for Uα3 −EHC4 in dark green. The NMR structures of pB of ∆25−PYP
are represented with black stars. For the unfolding of the A3 helix, we also show in cyan a trajectory connecting
directly pB′ with Uα3, with a residence in the metastable state Iα3.
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pB′ − Iα3 Uα3 −EHC4 Uα3 −EGlu−46

acceptance 43% 38% 25%
average path lengtha 76 1.5 ns 1.8 ns
accepted pathways 2184 584 305
decorrelated pathwaysb 72 7 18
aggregate timec 0.4 µs 2.3 µs 2.3 µs

Table 7.3: Statistics of the TPS ensembles
a weighted average over the whole ensemble
b number of pathways that lost memory of the previous decorrelated pathway or the initial pathway
c the ensemble aggregate length

to our attempt to sample the pB ′ − pB transition, an initial TPS simulation of the pB ′ −Uα3

transition resulted in most pathways being trapped in a metastable state, Iα3. Interestingly,
we observed that conformations in the Iα3 state equilibrate to Uα3 within nanoseconds, in-
dicating that the barrier separating Iα3 and Uα3 is much lower than the barrier separating
pB’ and Iα3. To enhance sampling of the unfolding of helix α3, we limited a subsequent TPS
simulation to the pB ′− Iα3 transition. In the processes involving the solvent exposure of the
chromophore and Glu-46, we did not observe any additional metastable states.
We performed TPS simulations of the three transitions pB ′ − Iα3, Uα3 − EHC4 and Uα3 −
EGlu−46, using the definitions for the initial and final states as listed in Table 7.2 and ini-
tial trajectories from the REMD simulations [48]. These initial trajectories resulted from
following replicas through temperature space as a function of time and are therefore not
representative of the system at room temperature. To obtain valid input trajectories at
room temperature, we equilibrated these pathways first by short TPS simulations. The
resulting trajectories then served as input for a new series of TPS simulations.
Table 7.3 lists the output obtained from the TPS simulations sampling the three transitions
in the formation of the signaling state pB. The average path length of the pB ′−Iα3 transition
indicates that the unfolding of α3 is a very fast process. Figure 7.2 displays typical pathways.

7.3.1 The Barrier Region
The conformations in the transition state ensemble have comparable commitment prob-
abilities for either the initial or the final state, meaning that the system can still relax
into either of the two states. It is possible to roughly approximate the transition state
ensemble from the TPS results, by extracting the so-called top-of-the-barrier (TOB) tra-
jectory, also known as the least changed pathway [28]. A top-of-the-barrier path is a con-
catenation of parts of trajectories connecting successful backward shooting points initiated
on a forward-generated trajectory with successful forward shooting points initiated on a
backward-generated trajectory [28]. These shooting points delimit the region at the top of
the barrier, as obviously, shooting too far from the barrier would never result in a crossing
event. As a consequence, visual inspection of the TOB-paths gives insight in the conforma-
tion of the transition state. We stress that this trajectory does not necessarily represent the
committor = 0.5 surface.
The TOB-paths in the pB ′ − Iα3 transition all show a water molecule approaching the phe-
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Figure 7.3: MLE estimates of the transition states. a) Transition between the pB’ and Ia states - the A3
helix (presented in blue) unfolding - is initiated by the solvation of hydrogen bond 2, depicted in pink. Atoms
of Pro-54 and Ala-44 used for the calculation of daPA are shown as brown spheres. When these residues move
apart, water molecules (light pink) can approach Tyr-42 (green). b) During the exposure of glutamic acid 46
(red), Tyr-42 (green) is pulled along with Thr-50 (orange). It is important to notice that due to this transition,
the hydrogen-bonding network of the chromophore (yellow) has been damaged, and Thr-50 has taken the place
of the chromophore. The hydrogen bonds with the glutamic acid are depicted as black dotted lines. c) The
barrier for the solvent exposure of the chromophore consists of opening of the gating Arg-52 (purple) and waters
(light pink) entering the binding pocket. Both insets zoom on the region where the transition happens.
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nolic oxygen OH of Tyr-42, followed by hydrogen bond formation (Figure 7.3a). During this
solvation of Tyr-42, the α3 helix remains in a helical conformation. After formation of the
hydrogen bond between the water molecule and Tyr-42, the distance between the hydroxyl
group of Tyr-42 and the hydrogen bond acceptors in the sidechain of Glu-46 has increased,
indicating a weakening of the interaction between Tyr-42 and Glu-46 (Figure 7.3a). Note
that in the Iα3 and Uα3, the hydrogen bonds with the chromophore remain unchanged.
For the solvent exposure of the chromophore (Uα3 − EHC4) all TOB-paths show Tyr-42 and
Glu-46 interacting via hydrogen bonds, while the chromophore detaches from this hydrogen
bond network and is partially solvated (Figure 7.3b). Gating residue Arg52 [18, 9] is no
longer in the vicinity of the chromophore, and points toward the bulk solvent.
The main characteristic of the barrier region for the solvent exposure of Glu-46 (Uα3 −
EGlu−46) is the strong hydrogen bond between Glu-46 and Tyr-42 (Figure 7.3c). Even when
interacting with solvent molecules, this hydrogen bond persists, while interactions between
the chromophore and Glu-46 as well as Tyr-42 are disrupted. Also, water molecules do not
enter the protein interior.

7.3.2 Reaction Coordinates
To obtain an appropriate description of the reaction coordinates governing the three transi-
tions occurring in the formation of the PYP signaling state, we have performed Likelihood
Maximization Estimate (MLE) analysis. The results of the likelihood maximization proce-
dure are presented in Table 7.4. The order parameters included in the analyses followed
from the visual inspection of the TOB-paths and chemical intuition and are listed in Ta-
ble 7.1. Linear combinations of these OP’s were used as a model to predict the probability
that a shooting point belongs to B or to A. When considering only single order parameters to
describe the pB ′ − Iα3 transition, the helix RMSD rmsdα3 proved the best model for the RC.
According to the Bayesian criterion, adding more variables in the model of the RC is sig-
nificant only if the log-likelihood increases by at least δLmin = 1

2 ln(N) [38], where N is the
number of shooting points. For this transition δLmin = 3.75. Including the number of water
molecules around Tyr-42 nwy improves the log-likelihood by a value of δL = 8. Using three
OP’s, we gain an improvement of δL = 12 when replacing nwy by the distance of the second
hydrogen bond in helix α3 and the distance between Pro54 and Ala45 (daPA). The optimized
reaction coordinate is of the form rcpB′−Iα3

= −5.29+15.28∗rmsdhx +5.65∗dhb
(2)
α3 +2.52∗daPA.

Including more variables only slightly improves the likelihood. For the pB ′ − Iα3 transition,
the reaction coordinate resulting from MLE matches our analysis of TOB-pathways. Dur-
ing the unfolding of α3, the interaction between Tyr-42 and water molecules is crucial. This
interaction can only occur if the protein interior around Tyr-42 opens up to allow water
molecules access to Tyr-42. In the fully folded state, residues Ala44 and Pro54 prevent
Tyr-42 from contact with bulk solvent. During the unfolding of α3, these residues move
away from each other, enabling water molecules to interact with Tyr-42. The MLE analy-
sis included also the hydrogen bond distance between the oxygen of Ala44 and hydrogen of
Asp48 (dhb(2)α3 ) as an important ingredient in the reaction coordinate. Hydrogen bond dis-
tances 1 and 3 increase the log-likelihood by a significant amount as well, but h-bond 2
(dhb(2)α3 ) proved to correlate best with the committor. On the other hand, hydrogen bonds 4
and 5 do not contribute at all to the reaction coordinate, and have no influence on the likeli-
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pB′ − Iα3 transition δLmin = 3.75

Nop L reaction coordinate
1 -899.33 −4.13 + 29.39 ∗ rmsdhx

2 -891.56 −4.12 + 27.05 ∗ rmsdhx + 0.21 ∗ nwY 42

3 -887.61 −5.29 + 15.28 ∗ rmsdhx + 5.65 ∗ dhb
(2)
α3 + 2.52 ∗ daPA

4 -884.64 −4.39 + 14.19 ∗ rmsdhx + 5.36 ∗ dhb
(2)
α3 + 2.58 ∗ daPA − 0.85 ∗ cos(ψ47)

Uα3 −EGlu−46 transition δLmin = 3.06

Nop L reaction coordinate
1 -279.69 −2.03 + 2.70 ∗ daXE

2 -277.85 −2.06 + 2.67 ∗ daXE + 0.38 ∗ cos(φ45)
3 -276.05 −1.90 + 2.20 ∗ daXE + 2.76 ∗ daY E + 0.56 ∗ cos(ψ45)

Uα3 −EHC4 transition δLmin = 3.33

Nop L reaction coordinate
1 -396.26 −6.40 + 6.92 ∗ dXY

2 -387.64 −5.92 + 4.25 ∗ dXY + 3.01 ∗ dXE

3 -383.39 −5.05 + 5.02 ∗ dXY − 2.51 ∗ dXE + 4.30 ∗ daXE

Table 7.4: MLE analysis of the TPS ensemble. The minimal improvement of likelihood needed to accept an
additional order parameter in the reaction coordinate is indicated for each analysis as δLmin. All distances are
given in nm. Reaction coordinates used to model the committor are placed in boxes.

hood. As hydrogen bonds 1-3 are located at the solvent accessible side of helix α3, unfolding
of α3 may start with the solvation of these helical hydrogen bonds. Figure 7.3a displays a
typical configuration of the estimate of transition state in the unfolding of helix α3.
MLE analysis of the Uα3−EGlu−46 transition indicates that the exposure of Glu-46 to solvent
has a straightforward reaction coordinate. Distances between Glu-46 and the chromophore,
daEX , between Glu-46 and Tyr-42, daY E and between Tyr-42 and the chromophore, daXY

score highest, as well as the dihedral angles φ and ψ in residue Ala45. The parameters
indicate that disruption of the hydrogen bond network around Glu-46 inside the protein
and the backbone torsions in residue 45 lead to the solvent exposure of the side chain of
Glu-46. Linear combinations of these order parameters did not significantly improve the
likelihood, so the best reaction coordinate is rcUα3−EGlu−46

= daex. Figure 7.3b shows the
MLE estimate of a transition state for the solvent exposure of Glu-46. In this configuration,
one of acidic side chain oxygens of Glu-46 is already fully solvated, whereas the other is
still pointing towards the protein interior, hydrogen bonding to Tyr-42 and Thr-50. The
partial solvation of Glu-46 has excluded the chromophore from the internal hydrogen bond
network.
Finally, for the Uα3 − EHC4 transition, distance between Tyr-42 and the chromophore, dY X ,
is the order parameter with the highest score in the MLE analysis. Unfortunately, this
reaction coordinate does not provide additional insights into the solvent exposure of the
chromophore. Using two order parameters to describe the chromophore transition signifi-
cantly improves the log likelihood, as indicated by the increase of δL = 8.6. The additional



130 CHAPTER 7. PYP YELLOW PROTEIN

order parameter is the distance between the centers of mass of the chromophore and Glu-46,
dEX . The overall reaction coordinate comprises dEX and dY X . Figure 7.3c displays the MLE
estimate of a transition state conformation of the solvent exposure of the chromophore. This
conformation shows partial solvation of the chromophore, with a water-mediated hydrogen
bond between Tyr-42 and the chromophore. Glu-46 is still located inside the protein. In-
triguingly, no order parameters describing fluctuations of gating residues that would allow
water to solvate the chromophore were able to significantly add to the log-likelihood, al-
though we included several distances that could describe such interactions. Experimental
studies have indicated that Arg52 and Tyr98 act as gating residues [18, 9]. However, our
simulations do not indicate that gating residues govern the solvent exposure of the chro-
mophore. A possible explanation is that such gating residues exhibit large fluctuations,
as they are on the protein surface, and that fluctuations in the internal hydrogen bond
network in the chromophore binding pocket govern whether the chromophore can become
solvent exposed.
As we considered the solvent exposure of Glu-46 and the chromophore in separate TPS sim-
ulations, we cannot give a direct mechanistic explanation for which event occurs first. Our
results indicate that Glu-46 destabilizes the hydrogen bond network in the chromophore
binding pocket, and that such fluctuations ultimately lead to solvent exposure of the chro-
mophore. We have not observed spontaneous simultaneous exposure of both Glu-46 and
chromophore. This can indicate that the exposures happen sequentially one after another
rather than both at the same time.

7.4 Concluding Remarks
To our knowledge this is the first fully atomistic path simulation of complex rearrange-
ments in a protein system as large as Photoactive Yellow Protein. We were able to gain
unbiased, mechanistic insight in the signalling process of PYP and these results might
be used as a guide for future experiments. Based on the NMR data, the final step of the
pB′ − pB transition must be the exposure of both the chromophore and Glu-46. We did
not sample these pathways because of the metastability of the on-pathway intermediates
EHC4 and EGlu−46. While sampling the final exposure of these two crucial residues should
be addressed in future simulations, we can already hypothesize that the process follows
two major routes: pB ′ − Iα3 − Uα3 − EHC4 − pB and pB ′ − Iα3 − Uα3 − EGlu−46 − pB. Which
of these two pathways is more preferred is at the moment difficult to judge, and would re-
quire Transition Interface Sampling [44] simulations to estimate the height of both barriers.
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E. 1.4 Ångstrom structure of Photoactive Yel-
low Protein, a cytosolic photoreceptor - Unusual
fold, active-site, and chromophore. Biochemistry
34 (1995), 6278–6287.

[9] BORUCKI, B., KYNDT, J., JOSHI, C., OTTO, H.,
MEYER, T., CUSANOVICH, M., AND HEYN, M.
Effect of salt and pH on the activation of Photoac-
tive Yellow Protein and gateway mutants Y98Q
and Y98F. Biochemistry 44 (2005), 13650–13663.

[10] DARDEN, T. A., YORK, D. M., AND PEDERSEN,
L. Particle mesh Ewald: An Nlog(N) method for
Ewald sums in large systems. J. Chem. Phys. 98
(1993), 10089–10092.

[11] DAURA, X., MARK, A., AND VAN GUNSTEREN,
W. Parametrization of aliphatic CHn united
atoms of GROMOS96 force-field. J. Comput.
Chem. 19 (1998), 535–547.

[12] DELLAGO, C., BOLHUIS, P. G., AND CHANDLER,
D. Efficient transition path sampling: Applica-
tion to Lennard-Jones cluster rearrangement. J.
Chem. Phys. 108 (1998), 9236–9245.

[13] DELLAGO, C., BOLHUIS, P. G., CSAJKA, F. S.,
AND CHANDLER, D. Transition path sampling
and the calculation of rate constants. J Chem
Phys 108, 5 (1998), 1964–1977.

[14] DELLAGO, C., BOLHUIS, P. G., AND GEISSLER,
P. L. Transition path sampling. Adv. Chem. Phys.
123 (2002), 1–78.

[15] DUX, P., RUBINSTENN, G., VUISTER, G., BOE-
LENS, R., MULDER, F., HARD, K., HOFF, W.,
KROON, A., CRIELAARD, W., HELLINGWERF, K.,
AND KAPTEIN, R. Solution structure and back-
bone dynamics of the Photoactive Yellow Protein.
Biochemistry 37 (1998), 12689–12699.

[16] ESSMAN, U., PERERA, L., BERKOWITZ, M.,
DAREN, T. A., LEE, H., AND PEDERSEN, L. A
smooth particle mesh Ewald method. J. Chem.
Phys. 103 (1995), 8577–8592.

[17] FRENKEL, D., AND SMIT, B. Understanding
molecular simulation, 2nd ed. Academic Press,
San Diego, CA, 2002.

[18] GENICK, U., DEVANATHAN, S., MEYER, T.,
CANESTRELLI, I.L. AN D WILLIAMS, E., CU-
SANOVICH, M., TOLLIN, G., AND GETZOFF, E.
Active site mutants implicate key residues for
control of color and light cycle kinetics of Photoac-
tive Yellow Protein. Biochemistry 36 (1997), 8–14.

[19] GENSCH, T., GRADINARU, C., VAN STOKKUM,
I., HENDRIKS, J., HELLINGWERF, K., AND VAN
GRONDELLE, R. The primary photoreaction
of Photoactive Yellow Protein (PYP): anisotropy
changes and excitation wavelength dependence.
Chem. Phys. Lett. 356 (2002), 347–354.

[20] GROENHOF, G., BOUXIN-CADEMARTORY, M.,
HESS, B., DE VISSER, S., BERENDSEN, H.,
OLIVUCCI, M., MARK, A., AND ROBB, M. Pho-
toactivation of the Photoactive Yellow Protein:
Why photon absorption triggers a trans-to-cis iso-
merization of the chromophore in the protein. J.
Am. Chem. Soc. 126 (2004), 4228–4233.

[21] GROENHOF, G., LENSINK, M., BERENDSEN, H.,
AND MARK, A. Signal transduction in the Pho-
toactive Yellow Protein. II. Proton transfer initi-
ates conformational changes. Proteins 48 (2002),
212–219.

[22] GROOT, M., VAN WILDEREN, L., LARSEN,
D., VAN DER HORST, M., VAN STOKKUM, I.,
HELLINGWERF, K., AND VAN GRONDELLE, R.
Initial steps of signal generation in Photoactive
Yellow Protein. Biochemistry 42 (2003), 10054–
10059.
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Outlook

In this thesis we have applied advanced simulation techniques to address the folding pro-
cess of small proteins. The application of these methods yields a tremendous amount of
information on protein folding processes, amongst others, mechanisms, kinetic rate con-
stant and intermediates. The use of these special rare event methods turns out to be much
more efficient than straightforward MD. In addition, this data can and should be compared
with experiments. At the same time simulation results are complementary to experiments,
and can be used to interpret experiments.
Naturally, the quality of the simulation results depend very much on the quality of the
force-fields. In our view, the current generation of force fields should only be trusted as
semi-quantitative, as the errors in free energy can easily be a couple of kT. However, we
should stress that the aim of the thesis is not the perfect reproduction or prediction of
quantitative folding properties, but to show that the methodology works, and can be used to
address atomistically detailed questions in complex protein conformational changes.
From the studies in this thesis it also becomes clear that there is no such thing as the ulti-
mate method that allows calculation of all interesting properties for complex protein confor-
mational changes. Instead, as already put forward at the end of chapter 2, several methods
should be employed in conjunction. First, one should study the landscape of (meta)-stable
states, for instance, with reaction coordinate free method such a REMD. The resulting free
energy landscape can be used to locate possible dynamical bottlenecks. These bottlenecks
are the target of the transition path sampling methodology. The path ensembles that are an
outcome of the TPS, can be analyzed for important reaction coordinates, using e.g. the LME
methodology. In a last step one can test these reaction coordinates with committor analysis,
and compute free energy barriers, using metadynamics or umbrella sampling. When multi-
ple transitions occur in a proteins systems, one can approach the problem by dividing into
several subprocess as we have done with PYP in chapter 7.
Several research groups are currently developing the so-called Markovian state models, or
coarse-grained master equation approaches, in order to deal with complex protein conforma-
tional rearrangements in which many intermediate states are being visited. The methods
described in this thesis can be incorporated in such approaches and may improve sampling
of the protein kinetics. Another possible future direction is to extend the TPS-methodology
to include multiple states. Using this type of approach to bridge the time scale problem that
plagues protein folding simulation, will hopefully in the near future lead to better insight
in the folding, misfolding and functioning of biologically important proteins.
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Summary

Proteins are one of the most important compounds of living cells. Each protein, apart of
the unique sequence of aminoacids, is characterized by a three dimensional structure. This
structure enables proteins to fullfill their biological functions within cells. One thus cannot
fully understand the complex cellular processes without investigating the structure and the
mechanism allowing the folding and unfolding of proteins. Understanding the mechanism
and the thermodynamics of folding would in principle allow for designing proteins with
desired functions. General ideas on proteins and protein (un)folding have been discussed in
Chapter 1 of this work.
In this thesis we aim to study folding and unfolding events of proteins in fully atomistic
detail. To achieve this we employ Molecular Dynamics (MD) simulations. Every timestep,
we calculate forces acting on all atoms in the protein and the surrounding solvent, and use
them to obtain velocities and positions at the next timestep using the Newton’s equations
of motion. The maximum timestep we can use for this procedure is 2 fs, because of the fast
vibrational moves of the atoms. With such approach, and the currently available computa-
tional power we can reach the speed of about 3 ns a day for a system of about 10,000 atoms.
This is not fast enough to simulate protein folding in a brute-force manner, as if for instance
we ran an MD simulation of Trp-cage (a fast folding polypeptide, examined in Chapter 3)
with a folding time of 3 µs, we would have to wait for about 3 years to observe a single
folding event on average. This example shows why protein (un)folding can be considered a
rare event. One possibility to overcome this rare event problem could be waiting for faster
processors. If Moore’s law does not fail for the next 12 years, by then we should have pro-
cessors that will allow us to simulate Trp-cage with a speed of about 1 µs a day. Another,
less passive way, is to try to implement methods that improve the sampling of rare events.
Some of such methods that have been successfully used in this thesis to simulate protein
folding events are presented in Chapter 2.
The central technique of this work is Transition Path Sampling (TPS), a method that al-
lows for sampling of transition pathways between stable states. Eventhough the folding
times of proteins span from microseconds to seconds, the folding transition itself can be
very short and normally is of the order of nanoseconds. With TPS we sample the transition
patways only, without spending time in the stable states, as we would do with brute-force
MD. We use Likelihood Maximization to extract the best reaction coordinate from tran-
sition path ensembles. In this approach all available order parameters and their linear
combinations are tested how well they are able to model the committor function. When
a reaction coordinate is known, we use Transition Interface Sampling, a method derived
from TPS, to calculate the folding and unfolding rate constant. The method introduces an
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effective way to calculate the effective flux through the (un)folding barrier by dividing the
calculation in few steps. This is done by introducing a number of multidimensional hyper-
surfaces, called interfaces. In order to define the stable states - the endpoints of transition
pathways - we use a number of methods, of which the most important is the Replica Ex-
change Molecular Dynamics (REMD). In REMD, one uses high temperature dynamics, to
improve the sampling of the conformational space of proteins. Many replicas of the system
are run in parallel in different temperatures, and exchanged according the Metropolis crite-
rion, in order to preserve the detailed balance and thus yield canonical distribution. When
reaction coordinates are known, we use Metadynamics to calculate the free-energy land-
scapes and barriers. The method applies a history dependent potential, that discourages
the protein from revisiting the same configurations twice. Metadynamics can be used in the
replica-exchange framework in order to improve the sampling of configurations. A number
of replicas run Metadynamics in parallel, and randomly exchange their biasing potentials,
according to an appropriate Metropolis rule to preserve detailed balance. This approach is
called Bias-Exchange Metadynamics.
In chapters 3− 7 we apply all the methods to small polypeptides and functional proteins, to
characterize possible intermediate states and study the (un)folding kinetics.
In Chapter 3, we study the folding mechanism of Trp-cage, a mini-protein, containing an α-
helix, designed to reach the folding speed limit. We show that the protein can fold along two
major routes, which represent generic protein folding mechanisms: nucleation-condensation
and diffusion-collision. In nucleation-condensation an appearance of a specific folding nu-
cleus starts the condensation towards the native state. In diffusion collision, secondary
structures form independently, and then diffuse in search of the ground state. We find that
the system can switch between the two scenarios relatively easily. We describe a close-to-
native intermediate state Pd, which allows for easier switching between both routes. We
perform a p-fold or committor calculation in order to find the transition state ensmble for
each route. We also prove that water degrees of freedom are not a part of the reaction co-
ordinate, by showing that the transition state does not change upon resolvation. We find
a number of bridging waters bound to the protein structure during both transitions, and
showed the last step upon folding is the water expulsion from the hydrophobic core of the
protein.
In Chapter 4, we investigate the folding and unfolding rate of the mini-protein, using Tran-
sition Interface Sampling (TIS). The calculated folding constant agreed well with experi-
ment. On the other hand the unfolding rate constant was higher than the one from fluo-
rescence measurements. We explain the lower stability of the native state (approximately
3 kBT less) as an OPLSAA force-field issue. We try to use Forward Flux Sampling, another
path sampling method designed for the calculation of rate constants, to recalculate the un-
folding barrier. The method seriously underestimated the rate constant (by 8 kBT ). We
discuss the reasons of this problem.
Chapter 5 studies the change of the folding mechanism of the GB1 β-hairpin upon a triple
mutation of its hydrophobic residues into tryptophans. We show that the mutation results
in stabilization of the native state of the polypeptide and an appearance of a misfolded
state mF . This misfolded state is characterized by one of the tryptophan sidechains twisted
around the hairpin. We show with the TPS simulations that mF becomes an on-pathway
intermediate as a result of the mutation. We show with REMD that the stability of this
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new intermediate state is quite high, although the rate limiting transition does not change.
We find that the mechanism of the formation of hydrogen bonds changes upon the mutation
into a more zipper-like mechanism.
In Chapter 6, we study the (un)folding pathways of a functional polypeptide - a WW domain
consisting of two β-hairpins - a model system for the β-sheet structure. Along with TPS
and REMD we employ Metadynamics, a method improving the sampling of the free-energy
landscape of the system. We find two (un)folding routes, and estimate the rates associated
with each of them using the method. In this way, we show which one of the two routes is
the most probable one. We show that the unfolding of the large hairpin is the rate limiting
transition and that the hydrogen bond formation follows according to the hydrophobic col-
lapse mechanism. We conclude, that one should use the employed methods in conjunction,
as none of them does not yield satisfactory results separately.
Finally, in Chapter 7, we investigate the transitions on the way to the signaling state of
PYP - the Photoactive Yellow Protein. We find that the partial unfolding, which starts the
signalling process in the cell, can follow via two routes. We characterize them with TPS
and use the Likelihood Maximization approach to approximate the transition states and
reaction coordinates associated with each of the three major transitions involved in the
process. The unfolding is initiated with the intrusion of water molecules in the α3 helical
region, triggering the unfolding of the helix. The protein then follows either by exposure
of the residue Glu46 or the chromophore to the solvent. The barrier for the simultaneous
exposure of both sidechains is probably much higher.
We have successfully applied all of the above mentioned methods to simulations of protein
systems. We also showed that each of the methods have their drawbacks. REMD converges
very slowly to the equilibrium and even for small systems is not reliable if one wants to
explore the whole free-energy landscape. Nonetheless, it is a good method to explore the
landscape locally, and proved to be helpful in defining possible intermediate states and, most
importantly, gives unbiased results, independent of any order parameter., Metadynamics is
much faster than REMD in sampling the conformational space but in contrast to REMD
relies on the choice of reaction parameter. If the reaction parameter is chosen badly, the
free-energy landscape connot be trusted. The risk of a bad choice of reaction coordinate
can be minimized by employing Bias-Exchange Metadynamics. Many candidates for the
reaction coordinates can be used allowing for better sampling. The method also results in
unfolding pathways, that are not equilibrium paths but can be used as an input for TPS. TPS
can equilibrate these unphysical paths to the most probable route and give the equilibrium
transition path ensemble. This ensemble can be used to analyse the mechanism of folding
and in search of the reaction coordinate. One can use Maximum Likelihood Estimate to
extract the best reaction coordinate from the transition pathways. This reaction coordinate
could then be used for the calculation of rate constant using Transition Interface Sampling
or Forward Flux Sampling. We find that the latter is a more sensitive to the choice of the
reaction coordinate, thus giving less trustworthy results. This thesis shows that simulations
of protein folding can be difficult, but also that they can be tackled with a combination of the
described methods. In this way, we can make progress and really understand how proteins
fold and predict their properties.
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Samenvatting

Eiwitten zijn een van de belangrijkste onderdelen van een levende cel. Elk eiwit heeft
naast de unieke volgorde van aminozuren ook een karakteristieke driedimensionale struc-
tuur. Deze structuur stelt eiwitten in staat om hun biologische functie in de cel te vervullen.
Zonder onderzoek aan eiwitstructuren en het mechanisme van vouwen en ontvouwen van
deze structuren is het daarom niet mogelijk om complexe cellulaire processen te begrijpen.
Inzicht in deze mechanismen en de thermodynamica van eiwitvouwing zou in principe het
ontwerpen van eiwitten met gewenste functies mogelijk maken. Algemene ideeën over ei-
witten en eiwit(ont)vouwing worden besproken in Hoofdstuk 1 van dit werk. In dit proef-
schrift hebben we ons als doel gesteld de vouwing en ontvouwing van atomen tot in volledig
atomistisch detail te bestuderen. Daartoe hebben we gebruik gemaakt van Moleculaire Dy-
namica (MD) simulaties. Tijdens elke tijdstap berekenen we voor elk atoom in het eiwit en
het omringende oplosmiddel de krachten die erop werken. Deze gebruiken we vervolgens
om met behulp van Newtons bewegingsvergelijkingen de snelheden en posities voor de vol-
gende tijdstap te verkrijgen. Door de snelle vibrationele bewegingen van de atomen is 2 fs de
maximale tijdstap die we voor deze procedure kunnen gebruiken. Met deze benadering en
de huidige beschikbare computerkracht kunnen we een snelheid van ongeveer 3 ns per dag
bereiken voor een systeem van ongeveer 10.000 atomen. Om eiwitvouwing te simuleren op
een ’grof geweld’ manier is dit niet snel genoeg. Als we bijvoorbeeld een MD simulatie van
Trp-cage (een snel vouwend polypeptide, onderzocht in Hoofdstuk 3) met een vouwingstijd
van 3 µs uitvoeren, dan zouden we ongeveer drie jaar moeten wachten om gemiddeld één
enkele vouwing te zien. Dit voorbeeld illustreert waarom eiwit(ont)vouwing beschouwd kan
worden als een zeldzame gebeurtenis, oftewel een ’rare event’. Eén mogelijkheid om het
rare event-probleem op te lossen is wachten op snellere processoren. Als de wet van Moore
de komende twaalf jaar blijft gelden, dan zijn de processoren tegen die tijd krachtig ge-
noeg om Trp-cage te simuleren met een snelheid van ongeveer 1 µs per dag. Een andere,
minder passieve manier is proberen om methoden te implementeren die het waarnemen
van de zeldzame gebeurtenissen verbeteren. Een aantal van dergelijke methoden, die met
succes gebruikt zijn in dit proefschrift om eiwitvouwing te simuleren, zijn beschreven in
Hoofdstuk 2.
De techniek die centraal staat in dit werk is Transition Path Sampling (TPS), een meth-
ode die het mogelijk maakt om overgangspaden tussen stabiele toestanden te onderzoeken.
Ondanks dat het vouwen van een eiwit microseconden tot seconden duurt, kan de tijd
van de vouwingsovergang erg kort zijn, meestal in de orde van nanoseconden. Met TPS
bekij-ken we alleen de overgangspaden, zonder tijd te besteden in de stabiele toestanden,
zoals wel gebeurt met rechtstreekse MD. We gebruiken Likelihood Maximization om de
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meest geschikte reactiecoördinaat te verkrijgen uit een ensemble van overgangspaden. In
deze benadering worden alle beschikbare orderparameters, en lineaire combinaties daar-
van, getest op hoe goed ze de committorfunctie kunnen modelleren. Als een reactiecoördi-
naat eenmaal bekend is, kunnen we Transition Interface Sampling (TIS), een methode
afgeleid van TPS, gebruiken om de vouwings- en ontvouwingssnelheden te berekenen. De
methode introduceert een efficiënte manier voor de berekening van de effectieve flux over
een (ont)vouwingsbarrière. Door de introductie van een aantal multidimensionale hyper-
oppervlakken, ook wel interfaces oftewel grensvlakken genaamd, wordt deze berekening
in een aantal stappen verdeeld. Om de stabiele toestanden - de eindpunten van de over-
gangspaden - te definiëren, gebruiken we een aantal methoden waarvan Replica Exchange
MD (REMD) de belangrijkste is. In REMD wordt dynamica bij hoge temperatuur gebruikt
om de sampling van de conformationele ruimte van een eiwit te verbeteren. Een groot
aantal replica’s van het systeem lopen parallel bij verschillende temperatuur en wisselen
uit volgens het Metropolis criterium, om ’detailed balance’ te bewaren, en zo te resulteren
in een canonieke distributie. Als de reactiecoördinaten bekend zijn gebruiken we Metady-
namica om de vrije energielandschappen en barrières te berekenen. De methode past een
geschiedenisafhankelijke potentiaal toe, die het eiwit ontmoedigt om dezelfde configuraties
nog een keer te bezoeken. Metadynamica kan gebruikt worden in een replica exchange con-
structie om de sampling van configuraties te verbeteren. Een aantal replica’s voert Meta-
dynamica uit in parallel en wisselen hun sturende potentialen willekeurig uit, volgens een
toepasselijke Metropolis regel om ’detailed balance’ te bewaren. Deze benadering wordt
Bias-Exchange Metadynamica genoemd. In Hoofdstuk 3 tot en met 8 passen we al deze
methoden toe op kleine polypeptiden en functionele eiwitten, om mogelijke tussenliggende
toestanden te karakteriseren en de (ont)vouwingskinetiek te bestuderen.
In Hoofdstuk 3 bestuderen we het vouwingsmechanisme van Trp-cage, een mini-eiwit
bestaande uit een α-helix dat ontworpen is om de limiet in vouwingssnelheid te bereiken.
We laten zien dat het eiwit langs twee belangrijke routes vouwt, die beide een algemeen
eiwitvouwingsmechanisme voorstellen: nucleatie-condensatie en diffusie-botsing. Tijdens
nucleatie-condensatie is het verschijnen van een specifieke vouwingsnucleus het begin van
de condensatie naar de natieve toestand. Tijdens diffusie-botsing vormen secundaire struc-
tuurelementen zich onafhankelijk van elkaar, om vervolgens op zoek naar de grondtoes-
tand te diffunderen. We vinden dat het systeem relatief gemakkelijk kan schakelen tussen
de twee scenario’s. We beschrijven een tussenliggende toestand Pd die dicht bij de natieve
toestand ligt en die het schakelen tussen de twee routes eenvoudiger maakt. We voeren
een p-fold of committor berekening uit om het ensemble van overgangstoestanden voor elke
route te vinden. Ook bewijzen we dat bewegingsvrijheidsgraden van water geen onderdeel
uitmaken van de reactiecoördinaat, door te laten zien dat de overgangstoestand niet ve-
randert na opnieuw oplossen in water. We vinden een aantal bruggende water moleculen
die gebonden zijn aan de eiwitstructuur tijdens beide overgangen, en we laten zien dat de
laatste stap voor vouwing bestaat uit het uitdrijven van water uit de hydrofobe kern van
het eiwit.
In Hoofdstuk 4 onderzoeken we de vouwings- en ontvouwingssnelheid van het mini-eiwit
met Transition Interface Sampling, een methode afgeleid van TPS voor het berekenen van
snelheidsconstantes van zeldzame gebeurtenissen. De berekende vouwingsconstante komt
goed overeen met de experimenteel bepaalde waarde. Aan de andere kant, de snelheidscon-

140



stante voor ontvouwing blijkt hoger te zijn dan de experimentele waarde, die bepaald is
met fluorescentiemetingen. We schrijven de lagere stabiliteit van de natieve toestand, een
verschil van ongeveer 3 kBT , toe aan een OPLSAA krachtenveld probleem. We proberen
vervolgens om Forward Flux Sampling, een andere path-sampling methode ontworpen voor
het berekenen van snelheidsconstantes, te gebruiken om de ontvouwingsbarrière opnieuw
te berekenen. Deze methode onderschat de waarde van de snelheidsconstante ernstig, met
circa 8 kBT . We bespreken de oorzaken van dit probleem.
Hoofdstuk 5 bestudeert de verandering van het vouwingsmechanisme van de GB1 β-hairpin
na een drievoudige mutatie van hydrofobe aminozuren naar tryptofaan. We laten zien
dat de mutaties leiden tot stabilisatie van de natieve toestand van het polypeptide en de
verschijning van een verkeerd gevouwen toestand mF . Karakteristiek voor deze verkeerd
gevouwen toestand is dat één van de tryptofaanzijketens gedraaid is langs de hairpin. Met
de TPS-simulaties laten we zien dat mF een tussentoestand is op het vouwingspad als
gevolg van de mutatie. Met REMD laten we zien dat de stabiliteit van deze nieuwe tussen-
toestand behoorlijk hoog is, ook al verandert de snelheidsbepalende overgang niet. Tenslotte
vinden we dat het mechanisme waarmee de waterstofbruggen gevormd worden na mutatie
meer lijkt op een ritsmechanisme.
In Hoofdstuk 6 bestuderen we de (ont)vouwingspaden van een functioneel polypeptide - een
WW domein bestaande uit twee β-hairpins - een modelsysteem voor de β-sheet structuur. In
combinatie met TPS en REMD gebruiken we Metadynamica, een methode die de waarne-
ming van het vrije energielandschap van het systeem verbetert. Met deze methode vinden
we twee (ont)vouwingsroutes, en kunnen we een schatting geven van de bijbehorende snel-
heden. Op deze manier laten we zien welke van deze routes de meest waarschijnlijke is. We
laten zien dat de ontvouwing van de grote hairpin de snelheidsbepalende overgang is en dat
vorming van waterstofbruggen volgens een mechanisme van hydrofobe instorting gaat. We
concluderen dat de gebruikte methoden samen gebruikt moeten worden, omdat ze los van
elkaar onvoldoende inzicht opleveren.
Tenslotte, in Hoofdstuk 7, onderzoeken we de overgangen tijdens de vorming van de sig-
naaltoestand van PYP - Photoactive Yellow Protein, fotoactief geel eiwit. We vinden dat de
gedeeltelijke ontvouwing, het begin van het signaleringsproces in de cel, twee routes kan
volgen. We karakteriseren beide routes met TPS en we gebruiken de Likelihood Maximiza-
tion benadering om de overgangstoestand en reacticoördinaat van de drie grote overgan-
gen in dit proces te beschrijven. De ontvouwing begint met het binnendringen van water-
moleculen in het α3-gebied, om zo het ontvouwen van deze helix op te starten. Vervolgens
wordt ofwel residu Glu46 ofwel de chromofoor blootgesteld aan oplosmiddel. De barrière
voor het tegelijkertijd blootstellen van beide groepen is waarschijnlijk een stuk hoger.
We hebben alle bovengenoemde methoden met succes toegepast op simulaties van eiwit-
systemen. Ook hebben we laten zien dat elke methode zijn nadelen heeft. REMD con-
vergeert erg langzaam tot evenwicht en is zelfs voor kleine systemen niet betrouwbaar om
vrije energielandschappen volledig te verkennen. Desalniettemin is het een goede methode
voor het lokaal verkennen van vrije energielandschappen en is het een nuttige methode
om mogelijke tussentoestanden te definiëren en als belangrijkste, zijn REMD-resultaten
niet gebiased en onafhankelijk van welke orderparameter dan ook. Metadynamica is veel
sneller dan REMD wat betreft het in kaart brengen van de conformationele ruimte, maar in
tegenstelling tot REMD hangt het succes van deze methode sterk af van de keuze van reac-
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tieparameter. Als deze slecht gekozen is, dan is het vrije energielandschap onbetrouwbaar.
Het risico van een slechte keuze van de reactiecoördinaat kan verminderd worden door
Bias-Exchange Metadynamica te gebruiken. Meerdere kandidaten voor de reactiecoördi-
naat kunnen gebruikt worden, waardoor de sampling verbetert. Ook resulteert Meta-
dynamica in ontvouwingspaden die als input kunnen dienen voor TPS, ook al stellen ze
geen evenwichtssituatie voor. TPS kan deze onfysische paden equilibreren naar de meest
waarschijnlijke route en het evenwichtsensemble van overgangspaden geven. Dit ensemble
kan dan gebruikt worden om het vouwingsmechanisme te analyseren en de reactiecoördi-
naat te identificeren. Met behulp van Maximum Likelihood Estimation kan de beste reac-
tiecoördinaat uit de overgangspaden gehaald worden. Deze reactiecoördinaat kan vervol-
gens gebruikt worden voor de berekening van snelheidsconstantes met behulp van Tran-
sition Interface Sampling of Forward Flux Sampling. We vinden dat de tweede methode
veel gevoeliger is voor de keuze van reatiecoördinaat dan de eerste en dat deze dus leidt
tot minder betrouwbare resultaten. Dit proefschrift laat zien dat eiwitvouwingssimulaties
lastig zijn, maar dat deze systemen met een combinatie van de beschreven methoden goed
aangepakt kunnen worden. Op deze manier boeken we vooruitgang en kunnen we echt
begrijpen hoe eiwitten vouwen en zo hun eigenschappen voorspellen.
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