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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 foldingmechanisms: 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

statemF . 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 equilibriumpaths 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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