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The problem of spontaneous folding of amino acid chains into highly organized, biologically functional three-
dimensional protein structures continues to challenge the modern science. Understanding how proteins fold
requires characterization of the underlying energy landscapes as well as the dynamics of the polypeptide chains
in all stages of the folding process. In recent years, important advances toward these goals have been achieved
owing to the rapidly growing interdisciplinary interest and significant progress in both experimental techniques
and theoretical methods. Improvements in the experimental time resolution led to determination of the
timescales of the important elementary events in folding, such as formation of secondary structure and tertiary
contacts. Sensitive single molecule methods made possible probing the distributions of the unfolded and folded
states and following the folding reaction of individual protein molecules. Discovery of proteins that fold in
microseconds opened the possibility of atomic-level theoretical simulations of folding and their direct
comparisons with experimental data, as well as of direct experimental observation of the barrier-less folding
transition. The ultra-fast folding also brought new questions, concerning the intrinsic limits of the folding rates
and experimental signatures of barrier-less “downbhill” folding. These problems will require novel approaches for
even more detailed experimental investigations of the folding dynamics as well as for the analysis of the folding
kinetic data. For theoretical simulations of folding, a main challenge is how to extract the relevant information
from overwhelmingly detailed atomistic trajectories. New theoretical methods have been devised to allow a
systematic approach towards a quantitative analysis of the kinetic network of folding-unfolding transitions
between various configuration states of a protein, revealing the transition states and the associated folding
pathways at multiple levels, from atomistic to coarse-grained representations. This article is part of a Special Issue
entitled: Protein Dynamics: Experimental and Computational Approaches.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

sequence information obtained by rapid new gene sequencing methods
continues to severely outpace the experimental determination of protein

The problem of spontaneous folding of protein amino acid chains into
compact, highly organized three-dimensional structures continues to
challenge the modern science [1]. The protein folding research has two
primary objectives. The first is to be able to predict the three-dimensional
protein structure from its amino acid sequence. Protein amino acid
sequences are encoded in genes, but protein structures are key to
understanding the mechanisms that control their ultimate biological
functionality. Protein folding is therefore the final step in translation of the
genetic information to biological function. As the wealth of amino acid
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structures, the significance of reliable structure prediction methods is
enormous.

The second main goal is to understand the mechanism of protein
three-dimensional structure formation. The protein folding mechanism
may not seem as directly biologically relevant, as folding occurs
spontaneously and the biological function is tied predominantly to the
folded structure. However, in many cases protein folding or unfolding is
an integral part of the biochemical function and of other biocellular
processes, such as translocation and degradation. Defects in folding can
lead to severe disorders, illness and death [2]. While the folding
mechanism of a protein with known structure may appear as an easier
problem to tackle than predicting unknown structures, it is no less
daunting task. Determination of the folding mechanism means piecing
together the microscopic, atomic-level pathways along which proteins
pick their way through all the possible conformations in the search for
their folded states. Although the folded structure is known, it represents
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only a single point in the vast space of unknowns. Ultimately,
understanding how proteins fold would also provide the solution to
the first problem: if the physical mechanism of folding could be
simulated, the unknown three-dimensional structures could be pre-
dicted. That most successful protein structure prediction methods
completely bypass the folding process, relying on the databases of
known structures [3], is another testimony to the difficulty of pursuing
physics-based mechanistic studies of folding [4,5].

The intriguing efficiency and robustness of protein folding along
with the great practical significance of uncovering its principles have
stimulated a massive interdisciplinary research effort. While the general
solution still appears far beyond the horizon, tremendous progress has
been made. Especially during the last two decades a series of important
advances in both theory and experiment opened new avenues and
opportunities for understanding the principles behind protein folding.
Introduction of high time resolution experimental methods in the late
1990s made possible determination of the timescales of elementary
events in folding, such as polypeptide chain collapse and formation of
local secondary structure [6,7]. The fast time-resolved experiments led
to the discovery of proteins that fold on submillisecond and microsec-
ond timescales, indicating that the free-energy barriers to folding are
marginally high and, possibly, can disappear altogether. The barrier-less
or “downhill” folding in principle allows experimental detection of the
intermediates along the folding pathways [8], which in slower folding
proteins are not observable due to their high free energy. Particularly in
combination with the rapidly advancing single molecule detection
techniques [9,10] the “downhill” folding proteins promise probing the
microscopic folding pathways one molecule at a time.

Another important significance of ultra-fast folding proteins is that it
is becoming possible to simulate their folding at atomic level owing to
the increasing power of the modern computers and new massively
parallel algorithms [11,12]. The all-atom folding simulations, if accurate,
can provide the most detailed picture of the folding mechanism. The
ultra-fast folding proteins offer an opportunity for direct comparison
between the atomic level folding simulations and experiments.

These exciting properties stimulated a considerable interest and
search for even faster folding proteins with the ultimate goal to
eliminate the folding free-energy barriers. The studies of ultra-fast
folding also inspired new kinds of questions, concerning the analysis of
the kinetic data as the simple chemical mass action laws are no longer
justified for low or absent free-energy barriers. Additional questions
arose about the experimental signatures and identification of barrier-
less folding, in particular the significance of “strange” non-exponential
or probe-dependent kinetics [13,14]. The related problem is how fast
proteins can fold without the free-energy barrier: the protein folding
“speed limit” [15,16]. These new questions underline the importance
of understanding the dynamics of the polypeptide chains, timescales of
the elementary folding steps and factors that affect the protein
motions during folding.

In this review, we attempt to summarize the current knowledge and
understanding of the protein folding dynamics and highlight some of
the recent advances from both experimental and theoretical perspec-
tives. After briefly outlining the basic concepts of kinetics and dynamics
in protein folding, we first focus on the experimental studies, starting
with a general overview of the experimental methods and approaches.
Special emphasis is devoted to high time resolution experiments, which
have been instrumental in uncovering the hierarchy of the timescales of
the elementary processes in protein folding, as well as in the discovery
and investigations of the ultra-fast folding proteins. Next we review the
applications of these methods to the elementary folding events in model
peptides, dynamics of denatured protein chains and ultra-fast protein
folding. We discuss the issues that arose with the ultra-fast and downbhill
folding, namely the interpretation of the experimental data, non-
exponential and probe-dependent kinetics, and the protein folding
“speed limit”. Finally, we address the effects of solvent viscosity and
internal friction on the folding rates.

The final part of this review discusses the theoretical modeling of the
protein folding kinetics, focusing in particular on kinetic network
descriptions of folding—unfolding processes. While this approach is only
one aspect of the significant recent developments in the computational
and theoretical studies of protein folding dynamics, we find it to be an
exciting and promising framework for making direct connections with
experiments. Nevertheless, we acknowledge significant advances being
made in related topics such as understanding the effect of molecular
crowding [17,18] and the specific folding-unfolding dynamics of
intrinsically unstructured proteins [19-21], to mention just a few.

Computational kinetic network models are typically based on the
idea that simulations have the promise to offer an exhaustively detailed
description of both the thermodynamics and the detailed kinetics of
folding proteins as they navigate the free-energy landscapes along
various folding-unfolding routes. The complexity of these systems leads
to well-known problems arising from the limited accuracy of the
molecular interaction potentials being used [4,22-24] and from the
limited sampling allowed by current computational hardware and
software [12]. A third, much less acknowledged limitation, yet as
important as the former two, is the need for a theoretical framework
that could be used to describe in a systematic, quantitative manner the
possible folding mechanisms of a large class of proteins, under various
environmental conditions [25]. We will present several recent advances
in the protein folding simulation and analysis methods that try to
address these problems.

2. Dynamics and Kkinetics in protein folding

Since protein folding is evolution of the folded structure in time,
dynamics is an essential part of the folding process. In general, folding can
be viewed as the motion of the polypeptide chain on a complex energy
landscape [26,27]. The complexity arises on one hand from the vast
number of degrees of freedom available to the polypeptide chain, and on
the other from the intricate network of weak, non-covalent interactions,
which stabilize the native and intermediate structures. The folding
pathways are controlled by two main factors: first the thermodynamic
stability of the partially folded intermediates, and second the dynamics of
the polypeptide chain motions through which these structures are
sampled. Both the thermodynamic and dynamic components contribute
to the kinetics of folding. Kinetics in general refers to the macroscopic
change in the population of protein conformational states in time. Since
the evolution of the folded or unfolded population with time can be
experimentally observed, measurements of folding kinetics are the
primary experimental tool for characterizing the folding process.

2.1. Folding kinetics and rate theories

Despite the vast number of degrees of freedom involved, the
experimental kinetics of protein folding is often indicative of a very
simple process, which can be described by a kinetic scheme containing
only two, or a small number of macroscopic states [28]. Such simple
kinetics arises from separation in timescales between the re-equilibra-
tion of many possible unfolded or partially folded configurations and the
main folding transition [29-31]. Folding is much slower because the
folded state can be directly reached, by an elementary conformational
step, from only a small fraction of the chain configurations. These
“gateway” states constitute a bottleneck on the folding pathways, which
can be represented as a free-energy barrier to folding, provided that a
suitable reaction coordinate or coordinates to measure the degree of
folding can be defined. Although it is not completely clear what the
suitable coordinates are and even whether a single or a few such
parameters exist, the energy landscape theory asserts that without
much loss of kinetic information protein folding can be captured by one
or a small number of reaction coordinates [32,33]. While such reaction
coordinates are seldom accessible experimentally [34,35], their
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existence allows systematic conceptual treatments of folding kinetics
based on reaction rate theories.

For the simple, two-state like process, the macroscopic folding rate
constant can be written as:

ke = koexp(—Aci / 1<BT) (1)

where AG is the free-energy barrier height, kg is Boltzmann constant
and T is the absolute temperature. The dynamics of motions of the
polypeptide chain along the reaction coordinate is contained in the pre-
exponential factor k. If the value of ko were known, the measurement of
the macroscopic folding rates would allow straightforward calculations
of the free-energy barriers to folding. For this reason, the frequency
factor of the transition state theory is often invoked:

ko = kgT/h 2)

where h is Planck constant. While this expression is appealing due to its
simplicity, it was derived for gas phase, small molecule reactions and is
not generally valid for reactions in solution. The value of kgT/
h=6x10'2s~1 at 300 K is likely several orders of magnitude too high
for large-scale motions of the polypeptide chains, which furthermore
collide with the solvent molecules as well as with themselves. The chain
dynamics should correspond to the high friction limit, which is
described by Kramers' theory of diffusive escape over a free-energy
barrier [36,37]:

_ 0gwpDp 0y
ko= Sk, = 2m€ (3)

where @ and wg are (angular) frequencies that characterize the
curvature of the free-energy profile at the unfolded well and (inverted)
barrier top, respectively, Dg is the diffusion constant at the barrier top, §
is the coefficient of friction and the last equality follows from Einstein
relation: Dg=kgT/€. The friction is proportional to the macroscopic
viscosity 1) of the surrounding medium, which, neglecting the
contribution of the “internal” friction (see below, Section 3.3.4), is the
solvent. According to the Kramers' expression (Eq. (3)), the rate is
therefore inversely proportional to the solvent viscosity, which can be
tested experimentally [38]. However, in practice, Kramers' escape rate
does not provide the means for independent, quantitative estimation of
the folding rate prefactors as the frequency terms as well as the diffusion
(friction) constant are unknown.

2.2. Dynamics on folding free-energy surfaces

Both transition state and Kramers' reaction rate theories are based on
the fundamental assumption of a high free-energy barrier (AG*>> kgT).
High free-energy barriers simplify the analysis of the folding kinetics and
effects of perturbations, such as mutations [39], on the folding rates.
Unfortunately, high barriers also prevent direct observation of the
partially folded states and their inter-conversions during folding due to
their undetectably low populations. For the theoretical simulations, low
probability of crossing high free-energy barriers means sampling the huge
conformational space of the polypeptide chains for intractably long
simulation times. These limitations are eliminated if the folding free-
energy barriers become small (a few kgT or less) [40]. For small barriers
the timescales of the conformational dynamics become comparable to
those of the overall folding. This opens the possibility for direct
measurements of the protein dynamics from the macroscopic folding
kinetics [41]. Furthermore, for the small and ultra-fast folding proteins all-
atom molecular dynamics (MD) simulations of folding have become
possible [11,12]. Unlike the kinetic experiments, which are inherently
limited by the detectable structural detail, the simulations, if accurate, can
provide the most detailed, atomic level picture of folding. An important

new role of the ultra-fast folding proteins therefore is as experimental
benchmarks for the theoretical folding simulations [42-44].

The absence of the activation term in the rate expression (Eq. (1))
suggests that the folding dynamics can be directly measured. However, for
small barriers, the assumptions of the rate theories presented above are
also no longer valid. In fact, in the limit of no free-energy barrier, there is
no clear boundary between the folded and unfolded states. Consequently,
the folding and unfolding rates cannot be directly separated from the
experimental kinetics. More rigorous approach is to develop models for
the folding free-energy surfaces as functions of a suitable reaction
coordinate, where protein folding is represented as stochastic, diffusive
motion. Such low-dimensional free-energy surface picture provides a
general framework for analysis of protein folding experiments and
simulations [45-49], but its application is not without difficulties. Since
the reaction coordinates are projections of multi-dimensional conforma-
tional space, the relevant folding steps correspond to complex combina-
tions of many microscopic degrees of freedom. The folding motions are
furthermore hindered by small activation barriers, typically smaller than
kgT and thus sometimes referred to as “microbarriers” [50]. Microbarriers
originate from hindered rotations around the polypeptide backbone,
steric clashes and breaking non-native interactions, often termed “surface
roughness” [26]. The effective diffusion coefficient on the folding free-
energy profile generally depends on the choice of the reaction coordinate
[51], temperature and buffer conditions, and is expected to increase as the
protein becomes more compact and approaches the folded state [50].
Interpretation of the kinetic folding experiments in terms of the
underlying free-energy surfaces therefore requires characterization of
the timescales of protein motions during all stages of folding, along with
detailed understanding of their dependence on temperature, solvent
properties and other experimental conditions.

The low-dimensional free-energy projections also provide means for
reduction of the atomistic MD simulation data and common basis for the
comparison of the microscopic simulations results with the macroscopic
experimental kinetics. The reduced low-dimensional representation can
be obtained from the full sets of kinetic rate equations by thorough
statistical analysis of the corresponding structure of the associated rate
matrix. As detailed below in Section 4, a working assumption is that a good
definition of states adopted by a folding protein requires that the lifetimes
in each configuration state are long enough such that transitions between
states are essentially de-correlated. The implicit Markovian character of
the folding dynamics can be thus captured fully by a rate matrix that can
be ideally constructed from an exhaustive sampling obtained, for example,
from atomistic level molecular simulations. In practice, it is often the case
that the initially high dimensionality of the configuration space and,
implicitly, of the rate matrix can be reduced significantly by clustering
the states that are strongly connected. The development of methods
that allow the systematic and even automatic clustering is an actively
developing area [25,52-57]. Here, we present a method based on the
eigenvalue and eigenvector analysis of rate matrices [25,58] that has the
promise to offer a general framework that may be extended from the
analysis of relatively small peptides to the folding of larger, more complex
proteins.

3. Experimental studies of protein folding dynamics
3.1. Experimental methods

The main objective of the experimental protein folding studies is to
relate the measurable, macroscopic kinetics to the microscopic
dynamics and energetics of folding. There are two main classes of
experimental approaches for studying the protein folding kinetics.
The first are transient methods, where the equilibrium between the
native and the denatured states is rapidly changed and the folding
and/or unfolding transitions during the subsequent relaxation to the
new equilibrium are followed. The second class is equilibrium
methods, which follow fluctuations between the folded and unfolded
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states under conditions where both are detectably populated.
Measuring the folding kinetics in equilibrium requires monitoring a
property that can be observed for the native and the denatured state
without averaging. Both approaches depend on experimental probes
that can reliably and with sufficient time resolution report on
conformational states and transitions in the folding proteins.

3.1.1. Methods for monitoring protein structural changes during folding

Protein folding is generally followed using low-resolution spectro-
scopic methods. As these methods cannot directly determine the
structure, they rely on the sensitivity to some structural feature, or, most
commonly, structural change. Different experimental techniques may
sense global, average structural content or local environment of the
particular chromophore. Kinetic experiments can in principle detect the
evolution of the macroscopic population of the folded or unfolded states
in time. However, what is truly measured is the time dependence of the
experimental signal, not the (un)folded structure. For the interpretation
of the experimental folding data, it is therefore critical to understand the
properties of the experimental method employed and the relation
between the detected signals and structural changes in the studied
protein.

Fluorescence is one of the most frequently used experimental
methods for measuring protein folding kinetics [59]. The main
advantages are high sensitivity and versatility; fluorescence can be
employed in a number of different ways to monitor various character-
istics of the protein structure. Most commonly, emission of the intrinsic
tryptophan (Trp) provides information on the environment of this
residue. Shifts in the fluorescence spectrum and changes in quantum
yield are observed if the Trp buried inside the hydrophobic core of the
protein becomes solvent exposed upon unfolding [60,61]. The fluores-
cence lifetimes, which are related to the fluorescence quantum yield,
can also be directly measured [62-64]. Alternatively, quenching by
other residue, such as protonated histidine (His), can be used to induce
changes in the quantum yield of Trp and monitor the Trp-His contact
[43,65,66]. Intrinsic fluorescence of tyrosine (Tyr) is occasionally used
[67], although it is much weaker than that of Trp. Finally, an extrinsic
fluorophore can also be engineered into the protein. The fluorescence
lifetimes of the common chromophores are on the order of 1 nanosec-
ond; therefore, fluorescence techniques typically allow investigating the
dynamic processes with nanosecond time resolution.

Forster resonance energy transfer (FRET) allows measurement of
intramolecular distances in proteins [68]. FRET experiments typically
require modification of the protein by inserting a suitable FRET acceptor
and/or donor chromophore. Intrinsic Trp, if present, often serves as a
donor with several options for the acceptor. Using multiple FRET pairs, it is
possible to measure several distances and their changes during protein
folding, which can provide a detailed picture of the structure formation
[69]. Furthermore, FRET can be used in single molecule experiments, to
study distributions of distances during folding of individual protein
molecules [9,70-72]. For single molecule FRET, suitable visible donor and
acceptor chromophores must be engineered into the protein [73].

Infrared spectroscopy (IR) is another commonly used protein
structural probe. IR reports on the protein secondary structure
predominantly through the amide I band (mainly amide C= O stretch,
1600-1700 cm™ '), which is sensitive to the polypeptide backbone
conformation due to characteristic couplings among the local amide
modes [74]. Because of the interference of water (H,O) vibrations,
amide [ is most commonly measured in D,0 solutions as amide I’ (N-
deuterated). While only the average secondary structural content can be
obtained from the standard IR spectra, site-specific resolution is possible
with '3C isotopic editing [75,76]. Moreover, the amide I is sensitive to
the solvent exposure of the amide group and, therefore, tertiary
environment [77,78]. IR methods can be used to investigate kinetic
processes down to sub-picosecond time resolution. Millisecond time
resolution can be achieved with standard Fourier-transform IR (FTIR)
instruments [79], faster kinetics is most commonly measured at specific

discrete frequencies using mid-IR lasers [80,81]. Spectrally resolved
experiments are possible using ultra-fast, femtosecond lasers [82,83]
and step-scanning FTIR [84]. Non-linear 2-D IR spectroscopy has also
been applied to protein folding studies [85,86].

Raman spectroscopy, like IR, is sensitive to the protein secondary
structure. In particular ultraviolet resonance Raman (UVRR) is a
powerful method for measurements of the polypeptide conformational
transitions [87,88]. UVRR takes advantage of specific resonance
enhancement of the Raman scattering intensities for the amide
backbone vibrations. Isotopic editing adds site-specific resolution to
UVRR; especially the bending vibrations of deuterated C*-H groups
represent sensitive secondary structural probes complementary to the
amide modes in the IR [89,90].

Circular dichroism (CD) in the far-UV region (180-250 nm) is most
widely used to monitor the overall protein secondary structural content
in equilibrium experiments. For kinetics measurements, the limitations
of the CD arise mainly from the relatively low signal (~10~> of the
absorbance in the UV). UVCD experiments are commonly coupled with
mixing (stopped flow) setup for initiation of folding or unfolding, which
limits the time resolution to milliseconds (see below). Faster time-
resolved far UVCD faces some experimental difficulties, but nanosecond
time resolution has been achieved with this method in the visible, using
suitable chromophores [91]. An alternative is the measurement of the
optical rotatory dispersion (ORD), which is sensitive to the secondary
structural changes in the near-UV and makes a time resolution of tens of
nanoseconds possible [92]. Finally, magnetic circular dichroism (MCD)
where the dichroism signal is induced by the magnetic field and
generally much stronger than the natural CD, can be employed in some
special cases [93].

Nuclear magnetic resonance (NMR) is perhaps the most versatile
experimental technique, whose main advantage stems from the
unparalleled spectral resolution. The structural information can be
obtained from the chemical shifts, spin—spin coupling constants, residual
dipolar coupling and cross-relaxation (nuclear Overhauser effect—NOE)
signals [94,95]. The inherent timescales of the NMR spectral transitions are
much longer than those for the optical methods. Structural changes in
milliseconds or longer can be followed by NMR directly, using stopped-
flow setup [94,95]. The comparable timescales of the protein and NMR
spin dynamics, however, allow the NMR methods to sense a broad range
of motions from picoseconds to milliseconds in equilibrium [96-98]. The
high resolution of NMR also makes possible probing the dynamics of
unfolded or partially folded states of proteins [99,100].

Hydrogen-deuterium exchange (HDX) is often combined with
NMR but is not in itself a spectroscopic technique [101,102]. HDX is a
chemical method, which allows labeling of the amide hydrogen atoms
which are involved in hydrogen bonding, and therefore protected
from exchange. Since the labeling can take place during the folding
process, HDX can provide detailed, site-specific information about the
evolution of protein structure. HDX can be used as a transient method
by pulse labeling during protein refolding or in equilibrium. In pulse
labeling, the H/D exchange is triggered and/or stopped by the change
in pH at specific time delays after the refolding is initiated [101]. The
protein is allowed to fully refold with the exchange quenched and the
extent of exchange for individual amides is subsequently identified by
2D NMR, or mass spectrometry [103]. The fastest accessible timescales
of pulse labeling are in the millisecond range, limited by the exchange
kinetics and mixing times (see below). Equilibrium HDX takes
advantage of the fluctuations of the protein between folded and
unfolded states under varying denaturing conditions to characterize
the metastable intermediate structures [101].

Many other experimental methods have been used to probe specific
properties of proteins during folding. Some are less common, as they
require very specialized resources. For example, small-angle X-ray
scattering (SAXS), which provides information on the dimensions
and the shape of the polypeptide chain [104-107], requires synchrotron
X-ray source. Another example of a less commonly used technique is
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photoacoustic spectroscopy [108]. Pulsed electron paramagnetic reso-
nance (EPR) techniques in combination with spin labeling as well as
liquid flow EPR have also been applied to investigate protein folding
[109,110].

3.1.2. Transient techniques

3.1.2.1. Mixing methods. For decades, the workhorse of the kinetic
protein folding experiments have been stopped-flow methods [111-
114].In stopped flow, mixing of two solutions, one of which contains the
protein sample, abruptly changes the buffer conditions and thus shifts
the equilibrium between the native and the denatured states. Usually,
concentration of a chemical denaturant, typically urea or guanidinium
hydrochloride (GndHC(l), is changed, which can initiate both folding or
unfolding if the denaturant is diluted out or its concentration increased,
respectively. Additionally, the unfolding or refolding process can be
triggered by change in pH, ligand concentration or temperature. To
achieve rapid mixing, it is important to create highly turbulent flow
conditions in a small volume to achieve a homogeneous mixture at
molecular level. The design of the mixer varies from very simple T-
arrangements to more complex mixing sphere setups [115]. The
standard stopped-flow arrangements are limited by the mixing “dead
time” to the time resolution of ~1 ms. Improvements to a submillise-
cond resolution appeared over the last several years [116]. The stopped-
flow technique is usually combined with an optical device observing
fluorescence emission, absorbance (UV through IR), or CD. Less
commonly used probes are fluorescence lifetime measurements [62],
NMR [95], and small-angle X-ray scattering (SAXS) [117]. Pulse labeling
H/D exchange [101,102] also relies on rapid mixing, where following the
denaturant dilution the exchange is initiated and quenched by pH jumps
in additional mixing steps.

An improved time resolution over the stopped-flow methodology
can be achieved with the continuous flow [118]. The continuous flow
technique is also based on mixing of two different solutions but, unlike
the stopped flow, the mixture is probed under steady-state flow
conditions. By monitoring optical properties at different positions
along the jet emerging from the mixer the kinetics can be measured
via the direct relationship between the distance from the mixer and the
reaction time. The dead times of continuous flow experiments are
significantly shorter than those of the stopped-flow methods, ranging as
low as 50 us [118]. One of the disadvantages, however, is the large
sample consumption. Recently, microfluidic mixing devices have been
developed which can dramatically reduce the sample requirement but
also the mixing dead time to several microseconds [119,120]. The
microfluidic devices are typically combined with laser-induced fluores-
cence [119] to probe the protein folding but have been designed for use
with other detection methods, such as synchrotron CD spectroscopy
[121]. Furthermore, combination of rapid, microfluidic mixing techni-
ques with the single molecule detection allows measuring the distribu-
tions of folding subpopulations under non-equilibrium conditions [ 122].
The time resolution of the single molecule mixing experiments,
however, is limited to milliseconds or longer by the flow rate, whose
increase results in the loss of the single molecule signal [123].

3.1.2.2. Temperature and pressure jump. The limitations of the mixing
methods can be eliminated by the rapid perturbation of folding
equilibrium using either temperature or pressure. The temperature
jump (T-jump) can only increase the sample temperature. As a
consequence, the equilibrium shift is toward the unfolded states, except
when the protein can be cold denatured [13,124,125]. Pressure jump, on
the other hand, can be applied in either direction: jumps to high
pressures denature proteins, while rapidly reducing high pressure can
trigger protein refolding [126,127].

Several different ways of inducing the temperature jump are possible.
The classical method [128,129] uses a fast electrical discharge provided
by a capacitor to rapidly increase the temperature of the electrolyte

(buffer) by Joule heating. Temperature changes by 1-20 °C usually occur
within 500 ns-10 ps depending on the experimental conditions [129].
Development of the pulsed laser initiated T-jump opened the possibility
to trigger protein unfolding or refolding on nanosecond and even sub-
nanosecond timescales. The laser T-jump methodology and its applica-
tions to investigations of biomolecular dynamics have been recently
reviewed [130]. The most common experimental arrangement for laser
T-jump is based on a nanosecond near-IR Nd:YAG laser, whose output is
shifted further in the IR to be absorbed by an overtone of water or D,0
(for IR experiments). The absorbed energy directly heats the small
volume of the sample by 10-20 °C over the time of the pulse duration,
typically a few nanoseconds. The wavelength conversion is accomplished
using Raman shifting [131,132], coherent mixing [133] or, more recently,
by an optical parametric oscillator (OPO) [134,135]. The long time limit
of the T-jump experiments is given by the cooling of the sample volume
by thermal diffusion and is typically on the order of a millisecond [130].
Laser T-jump is therefore applicable to fast processes from nanosecond
to microsecond ranges.

Protein folding is generally accompanied by a decrease in reaction
volume and proteins unfold under pressure [126,127]. A sudden
increase in pressure initiates protein unfolding, while for a pressure
unfolded protein, the decrease in pressure triggers refolding. The
pressure jump can be induced as repetitive pressure pulses by a stack
of piezoelectric crystals [136] or as a single pressure jump using a
mechanical valve [137]. Pressure jump measurements are possible over
a wide range of temperature and solvent conditions and can follow the
folding processes over a time range from ~100 ps to minutes [138]. The
protein structural changes in response to the temperature or pressure
jump can be monitored by several spectroscopic methods; the most
commonly used is fluorescence, followed by IR.

3.1.2.3. Optical triggers. A rapid shift of the folding equilibrium can be
caused not just by changes in the environment of the protein, but also in
the protein molecule itself by photodissociation of a ligand, [139],
electron transfer [140] or by specifically designed photoswitches [141].
In particular, small organic chromophores, also known as cages, can be
employed as photolabile linkers. These phototriggers, such as a benzoin
derivate linker, which constrains the protein in the unfolded state until
it is photolyzed by a laser pulse [108], are attractive for folding studies,
since refolding can be initiated from a relatively well-defined unfolded
conformation. The same linker also allows triggering unfolding,
rather than folding, under native conditions by blocking a destabilizing
mutation [142]. Since the photolysis is fast (picoseconds) and
irreversible, it is possible to measure processes lasting from picoseconds
to seconds. The disadvantage of this molecular “staple”, however, is that
the irreversibility of the photolysis prevents averaging of multiple laser
shots in order to improve the signal to noise ratio. Another example of a
folding phototrigger is the photodissociable bond of aryl disulfide cross-
linking group, whose cleavage by a laser pulse takes less than 100 ps
[143,144]. The disulfide cross-linking is fully reversible, but it
recombines in nanoseconds thus making impossible studies of slower
processes. These limitations, along with the necessity to engineer the
suitable linkers into the protein sequences, have so far prevented a more
widespread use.

Another way to modulate the protein structural equilibrium is by
using a linker that isomerizes upon illumination with light of a certain
wavelength [85]. An azobenzene-based ultra-fast reversible photo-
switch built into a 16-residue helical peptide used in combination with
time-resolved IR spectroscopy was reported by Bredenbeck et al. [141]
who achieved a time resolution of 2 ps and a long time limit of 30 ps.
Another azobenzene-based photoswitchable linker was placed in the
turn of a B-hairpin, where the cis-configuration initialized folding and
the trans-configuration unfolding [145].

3.1.2.4. Mechanical force. The mechanical force can also serve as a
denaturant by literally pulling apart single molecules of either large
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proteins or smaller proteins artificially covalently linked into “poly-
proteins” [10,146]. The first method applied to study of the folding of
single protein molecules under force, and still most commonly used, is
atomic force microscopy (AFM) [147]. An alternative to AFM is the use of
the optical tweezers [148], which offer less mechanical stiffness and
reduced loading rates compared to AFM, and allow a more precise study
of the folding or unfolding trajectories [ 149]. The unfolding is monitored
as the increase in the polypeptide chain length. The force unfolding is
carried out either with a stepwise or with a constant increase of the
applied force (force-ramping) [150]. When stretched, protein refolding
can be initiated by release of the pulling force. In contrast to other
denaturing techniques unfolding by force does not always exhibit a
reverse refolding without force. This provides access to parts of the free-
energy landscape not accessible by classical unfolding methods. As a
single molecule experiment, the technique offers the possibility of
elucidating subpopulations of molecules sampling different pathways or
rare intermediates [151,152].

3.1.3. Equilibrium techniques

Measuring kinetics of folding using equilibrium methods does not
require fast initiation, but a significant population of both the folded
and unfolded states must be present. The rates of interconversion can
be measured either from incomplete averaging of the observed signal,
if the timescale of the studied process is comparable to the intrinsic
timescale of the experimental method (NMR), or by eliminating the
ensemble averaging so that the equilibrium fluctuations between the
folded and unfolded states can be resolved (single molecule
methods). Typically, equilibrium techniques are applied to samples
under denaturing conditions, at least mild, and the results have to be
extrapolated to physiological conditions for very stable proteins.

3.1.3.1. NMR methods. NMR offers a wealth of experiments which can be
tailored to probe a wide range of structural and dynamical properties. The
NMR line broadening [153] has been among the first to identify the very
fast folding proteins [154-156]. NMR line broadening is sensitive to the
rates of exchange between two states, which have comparable difference
in their respective resonant frequencies. Much faster exchange yields two
sharp resonances, one for each state, while much slower exchange results
in a single sharp peak due to the complete averaging. In the intermediate
regime, the incomplete averaging significantly broadens the line shapes,
to the point they may become almost undetectable. The exchange rate can
be obtained directly from fitting the line shapes or, alternatively, from the
transverse relaxation time, which is another measure of the line width
[153]. Depending on the NMR field and chemical shift difference, the line
broadening is sensitive to kinetics on the timescales of 107* to 10~ 's
[153].

The NMR line broadening can be used to measure the folding kinetics
from resolved methyl or aromatic 'H resonances in one-dimensional
(1-D) NMR spectra. A significant population of both the folded and
unfolded states (>3%) is required. Relaxation dispersion techniques, in
particular in combination with > N and '3 C isotopic labeling and two-
dimensional (2-D) NMR detection, provide additional sensitivity (>0.5%
population of the unfolded state) as well as site-specific information about
the folding dynamics [97,98]. Relaxation dispersion experiments are
powerful tools for studying protein folding in the millisecond range [157].

One of the limitations of the NMR methods is that the information
about the dynamics is indirect. It is possible to extract rates of folding
or unfolding from the relaxation or line broadening experiments,
which are often in excellent agreement with those determined
directly, e.g. by laser T-jump experiments. However, any deviations
from simple kinetics, e.g. fast kinetic phases or non-exponential
progress curves, which are extremely valuable for the protein folding
studies, cannot be detected [67,158]. On the other hand, in
combination with isotopic labeling the spin relaxation methods
allow probing the kinetics with site-specific resolution. By monitoring
the exchange rates for multiple resonances corresponding to the

different amino acid residues, the deviations from the simple two-
state behavior can be observed [97,159].

3.1.3.2. Single molecule methods. Conventional methods provide only an
ensemble average of the measured properties over all molecules in the
sample. Single molecule methods eliminate the ensemble averaging and
instead of just a single, average value yield the true distributions of the
molecular properties. Single molecule folding, aside from the mechanical
force discussed above, is most commonly studied using Forster
resonance energy transfer (SmFRET) [9,71]. Since the FRET efficiency
correlates to the donor-acceptor distance, it is possible to resolve
different conformational subpopulations [10]. There are two main
approaches to smFRET folding experiments. The simplest is detection
of single protein molecules as they freely diffuse through the confocal
volume [72,73,122]. The second approach is more technically demand-
ing, but allows true watching the conformational fluctuations over
time in individual protein molecules by tethering them to the surface
[70,160,161]. FRET measurements on single immobilized molecules
provide an alternative means to measurement of folding and unfolding
rates from residence times in the extended and folded states as well
as estimations of the folding transit time [161]. The single molecule
methods have been limited by their detection timescales to milliseconds,
but recent improvements in sensitivity have pushed this limit to
submillisecond ranges and even made possible single molecule experi-
ments on small, very fast folding proteins [162]. Furthermore, from the
photon counting statistics or, alternatively, from the correlations of
smFRET acceptor and donor intensities, the timescales of the protein
reconfigurational dynamics in the unfolded states can be extracted
[9,71].

Another method for monitoring dynamics on single molecule
level, and nanosecond to millisecond timescales, is the fluorescence
correlation spectroscopy (FCS) [163,164]. FCS measures the dynamics
of stochastic fluctuations in fluorescence of protein molecules
diffusing through the confocal detection volume. The autocorrelation
function calculated from the time traces of the emission intensity
contains information about all molecular events that contribute to the
fluctuations in the fluorescence. These include the rates of diffusion
through the detection volume, but also the conformational changes,
such as folding or dynamics in the denatured states. To probe the
conformational dynamics, typically a fluorophore and a quencher are
engineered into the protein sequence [165-167]. Quenching of the
fluorescence upon a van der Waals contact yields the rates of contact
formation between the fluorescence and the quencher. FCS provides a
sensitive tool for measuring conformational dynamics down to the
nanosecond time regime.

3.2. Dynamics of elementary events in protein folding

As mentioned above, folding of many small, single domain proteins
is limited by sizable free-energy barriers, which on one hand results in a
simple experimental kinetics, but on the other prevents direct
experimental investigation of the microscopic dynamics during folding.
One way around the problem is to divide the folding process into
elementary events, whose dynamic properties can be investigated using
suitable model compounds [7,168]. At the most elementary level, the
polypeptide conformational dynamics involves rotations around the
polypeptide backbone dihedral angles. Combinations of many such
individual transitions lead to formation of secondary structural
elements, tertiary contacts by bringing specific segments of the protein
into spatial proximity, and overall compaction of the polypeptide chains.
Estimates of the timescales relevant for protein folding can therefore be
obtained by kinetic measurements of folding of individual secondary
structures, such as a-helices and p-hairpins, formation of disordered
loops in oligopeptides and studies of the dynamics in denatured
proteins.
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3.2.1. Secondary structure formation

One of the essential events during folding of a protein is formation of
the regular secondary structural elements, a-helices and p-structures.
The kinetics of helix-coil transition in polypeptides was first investigat-
ed more than half a century ago using ultrasonic relaxation methods and
found to occur in nanoseconds [169,170]. Only by late 1980s, however,
have model oligopeptides become available that resemble the length
and composition of a-helices found in proteins [171]. The nanosecond
folding made the folding kinetics of model peptide helices ideal for
applications of newly introduced laser T-jump methodology. Using IR
[133], fluorescence [65] and UV resonance Raman [172] as structural
probes, the laser T-jump experiments determined the folding times for
the Ala-rich oligopeptide helices to be on the order of 500 ns. Like
folding of many small proteins, the helix-coil kinetics resembles a
simple two-state process due to the separation of timescales between
the individual elongation steps and the barrier limited nucleation.
Analysis of the experimental kinetics with the statistical mechanical
model estimated the relaxation time of adding or removing the single
residue from the helix at ~100 ps [65] and the nucleation barrier
of ~3 kgT. Two macroscopic rates were predicted: ~4 ns re-equilibration
among the partially helical configurations and ~220 ns relaxation for the
helix-coil transition, in excellent agreement with the biphasic kinetics
observed in the IR experiments [133].

The detailed mechanism of the o-helix formation remains an
intensely studied problem. Recent experiments revealed that folding
thermodynamics and/or kinetics are probe-dependent [141,173,174]
and the relaxation kinetics non-exponential [173-175]. In particular,
laser T-jump combined with isotopically-edited IR [173,176,177] and
UVRR[178], showed that individual isotopically labeled segments of the
o-helix exhibit different relaxation kinetics. This implies a more
complex folding mechanism than a simple, two-state transition.
Huang et al. [173] proposed that the o-helix folds via a diffusive
conformational search on a complex energy landscape. However, Doshi
and Mufioz [179] have shown that this “complex” kinetics is in fact fully
quantitatively consistent with the nucleation-elongation mechanism.

An important question is whether the Ala-rich peptides are realistic
models for the a-helices in proteins. Gai and coworkers [ 180] found that
the helix from the ribosomal protein L9 from Bacillus stearothermophilus
exhibits a much slower T-jump relaxation kinetics, about 2 ps, than
equivalent Ala-rich peptide helices. Much slower relaxation kinetics in
stable, protein-like helices has been suggested due to higher entropic
cost associated with the alignment of non-alanine side chains, and
breaking of stronger side chain interactions [7]. However, bulky side
chains were found to have no effect the a-helix folding kinetics in
oligopeptides [181] and a-helices in proteins also appear to form on the
same timescales as those in Ala-rich peptides [182].

Compared to the a-helices, peptide models for the B-sheet structure
presented more of a challenge, predominantly due to their tendency to
aggregate. A suitable model was found in the C-terminal 3-hairpin from
the GB1 protein [183]. From laser T-jump experiments, the GB1 -
hairpin folding time was found to be ~6 ps [184], an order of magnitude
longer than that of the a-helix. The -hairpin folds much slower due to a
significant entropy barrier, which arises because non-local inter-residue
contacts must form. Since long-range contacts are a general feature of
protein structures, folding of a 3-hairpin closely resembles that of larger,
single domain proteins. A simple statistical mechanical model used for
the analysis of the p-hairpin folding kinetics [185] also proved to be
remarkably successful when applied to the folding of small proteins
[48,186]. For these reasons, and for its simplicity, the GB1 3-hairpin has
become one of the paradigm models for theoretical studies of the folding
mechanism [187-193].

More recently, other p-hairpin peptide models have appeared,
such as tryptophan zippers (trpzips), stabilized by two pairs of Trp
residues, whose folding kinetics has been intensely studied using laser
T-jump methods [194-197]. Investigation of several trpzips suggests
that the turn formation is the rate-limiting factor in 3-hairpin folding,

consistently with the model for the GB1 hairpin. Comparison of
trpzip4 with GB1, which diverge in their sequence only in the
hydrophobic cluster, shows very similar folding times (~15 and ~6 s,
respectively) although the unfolding rates were found to differ
significantly (~234 and ~6 ps) [195].

The kinetics and mechanism of folding for larger, three- and four-
stranded [(3-sheet peptides has also been investigated [198,199]. Both
the three-stranded and the four-stranded 3-sheet exhibited a surpris-
ingly high folding rate (~0.44 ps at the thermal melting temperature).
The folding kinetics of the four-stranded [3-sheet supports the suggested
dependence of the folding rate on the number of 3-strands by increasing
the folding barrier by 0.8 kcal/mol compared to a three-stranded 3-
sheet [198]. The folding was described by an apparent two-state model
although there are probably parallel kinetic pathways involved [199].

3.2.2. Dynamics in unstructured peptides

Another essential step in protein folding is the formation of tertiary
contacts, which requires bringing to close proximity amino acid residues
distant in the polypeptide sequence. Rates of contact formation in
unstructured model oligopeptides were investigated by several research
groups and different experimental approaches: fluorescence quenching
[200], FRET [201], triplet-triplet energy transfer (TTET) [202] and triplet
quenching [203,204]. The timescales of the contact formation differ
somewhat depending on the particular method, peptide sequence and
conditions. Overall, the Gly-Ser [205] and Ala-Gly-Asn [203] repeat
sequences form loops of 6-10 residues, the most common loop lengths
in proteins, within 15 to 60 ns. The loop formation rates in Gly-Ser
repeat sequences are only weakly dependent on single amino acid
substitutions, with flexible Gly yielding the fastest, and stiffest trans-Pro
the slowest rates [205]. For short loops, the rates are also only weakly
dependent on length, due to the dominating effect of chain stiffness. For
longer loops (2 20 residues), the length dependence of the loop closure
time approaches that expected for the ideal Gaussian chain [206] 7¢ o
n>? [203,205]. Krieger et al. used these values to estimate the value of
the pre-exponential factor in Eq. (1) to be on the order of 10% s—' [205].
However, this estimate is likely to be several orders of magnitude too
high, as discussed in greater detail in Sections 3.3.3 and 3.3.4.

Huang and Nau [200] studied the end-to-end contact rates for tetra-
and hexapeptides of all 20 amino acids as a measure of the
conformational flexibility. For the hexapeptides, the rates ranged from
25ns (Gly) to ~400 ns (lle), with Pro too slow to be measurable.
The rates correlate well with the side chain size, indicating lower
conformational flexibility. In particular, the 3-branched amino acids
were found to be among the most rigid. The charge repulsion in
protonated Asp, Glu and Lys was also found to slow down the rate of
contact formation.

The kinetics of end-to-end, end-to-interior and interior-to-interior
loop formation were compared by Fierz et al. [207]. The rate of end-to-
interior loop formation decreased with increasing chain length to a
limiting factor of 2.5-fold slower than end-to-end loop formation. The
analysis of the length dependence suggested that the rate is determined
by the ratio of loop length to the total length of the peptide. The rate of
interior-to-interior loop formation is slower by an additional factor of
1.7 [207]. These results indicate that the local motions of the peptide
chains are strongly coupled, with those closer to the termini exhibiting
faster dynamics. The loop closure rates for the same loop sequences but
different tail lengths showed the same viscosity dependence, which
argued against increased solvent-peptide interactions causing the
slower dynamics. Local steric effects of the additional tails, which
could potentially restrict the accessibility of the interacting groups, were
also found an unlikely cause for the different dynamics. Fierz et al.
therefore concluded that the differences in the loop formation kinetics
for the three types of loops was caused by the inherent flexibility
between various positions in the chain.

Additional studies explored the effects of denaturants on the
peptide dynamics [201,205,208] The GndHCI in general slows the
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end-to-end contact formation in peptides considerably, in contrast to
the effect on the dynamics in denatured proteins, which is discussed
in the following section. This is due to expansion of the chain in
denaturant, which effectively increases the mean diffusion distance
for the ends to collide. It is possible that more compact peptide
conformations also form intramolecular hydrogen bonds [201]. The
transition from essentially length independent contact rates to the
Gaussian chain dependence occurs for shorter peptide lengths in
denaturant, indicating higher chain flexibility under high denaturant
conditions [205].

3.2.3. Dynamics in unfolded proteins

Our understanding of the properties of unfolded state has been
limited mainly due to the experimental difficulties associated with the
structural heterogeneity of the unfolded ensembles. Furthermore,
investigations of the unfolded states usually have to be carried out
under at least mildly denaturing conditions to ensure the unfolded
states are detectably populated. However, the most physiologically
relevant and therefore interesting for studying protein folding are native
conditions. Such experiments require that the unfolded subpopulations
can be resolved and separated from the folded states, which has become
possible in particular using single molecule methods.

Gopich et al. [209] investigated the dynamics of the unfolded states
of cold shock protein CspTm, using single molecule FRET (smFRET) and
varying concentration of denaturant (GndHCl), from 8 M GndHCl to
essentially zero. From the FRET acceptor and donor intensity autocor-
relation functions the reconfiguration times for the polypeptide chain
have been determined to be ~20 ns at high denaturant concentration
(8 M GndHC(l) and ~65 ns under native conditions. The rate of end-to-
end contact formation (~1 ps™ ') is within the rates of contact formation
in unstructured model oligopeptides extrapolated to the same length.
The effective end-to-end diffusion constants are also very similar to
those for the short peptides [210], suggesting that the denatured
proteins are flexible. Consistently, in a related study [211], multi-site
FRET found isotropic distributions of distances in CspTm and no
evidence for native-like topology in the unfolded states under low
denaturant conditions.

The reconfiguration time 7, is directly related to the rate prefactor
in Eq. (1). Using Kramers' theory (Eq. (3)) and assuming the
frequency factors and the diffusion constant in the unfolded well
and on the barrier top are equal [212]:

S 1 2mkgT
0 ko (D%DO

= 21T, (4)

which yields 7o~ 0.4 ps for 7.~ 65 ns under the native conditions. The
faster reconfiguration time at high denaturant concentration reflects the
decrease in the underlying free-energy “roughness” or, equivalently,
increase in the effective diffusion coefficient, due to more expanded
chain and weakened intrachain interactions by the denaturant.
However, the change in kg is essentially negligible, compared to the
nine orders of magnitude decrease in the folding rate kr=ko(1/Pr—1)
between 0 M and 8 M denaturant for this protein (here P is the folding
probability). This illustrates that the denaturant predominantly affects
the free-energy barrier by shifting the folding equilibrium, and also
highlights the importance of the unfolded state dynamics studies for
estimating the dynamic timescales in folding.

Somewhat slower contact formation was found for a small 44-
residue domain BBL using single molecule fluorescence correlation
spectroscopy (FCS) by Fersht and coworkers [167]. The BBL domain
was destabilized by mutation to ensure detectable population of the
unfolded state under native condition. The fluorescence autocorrela-
tion function of extrinsic fluorophore oxazine, which is efficiently
quenched upon contact by tryptophan engineered into the BBL
sequence, revealed several distinct processes. The submicrosecond
decay was assigned to the contact formation in the unfolded states, the

~10-ps phase to folding and the slow millisecond decay to the diffusion
through the detection volume. The contact formation time was found
to be 500 ns, which is several fold slower than the rates of contact
formation in the model oligopeptides [203,205], and in CspTm
[209,210]. Furthermore, the rate was found independent on the
loop length in two BBL variants with the quencher (Trp) 35 and 25
residues apart from the oxazine fluorophore [167]. The differences
were attributed to the intrachain interactions and/or lower flexibility
compared to the model peptides. However, no such effects were
observed for the dynamics of the unfolded CspTm [209,210] or for the
collapse of the BBL domain measured using laser T-jump [135],
discussed in the next paragraph.

By contrast, residual intrachain interactions support the observation
of significantly slower unfolded state dynamics in several other proteins,
such as RNAseH, which was investigated by smFRET on surface
immobilized proteins [160]. The reconfiguration time for this protein
was estimated as 20 ps from the acceptor-donor cross correlation
function even at high denaturant concentration (6 M GndHCl). The
Gaussian chain model, however, yielded the lower bound to the
reconfiguration time of 170 ns. Single molecule FCS study of the
dynamics in intestinal fatty acid binding protein (IFAPB) [166] revealed
the apparent relaxation time of the conformational fluctuations ~1.6 pis
at 3.5M GndHC, significantly longer than that estimated for the
Gaussian chain. The relaxation slowed down with increasing viscosity,
suggesting a diffusion limited process. The relaxation was slower
(~2.5 ps) in a molten globula state at pH 2, further increasing with the
amount of salt-induced secondary structure. Like the kinetics of the o~
helix folding above, it still remains a question whether the dynamics of
the unfolded chains of proteins occurs on the same or slower timescales
than that of the unstructured peptides.

3.2.4. Hydrophobic collapse

The compaction of the polypeptide chain is an important step in the
protein folding process, in particular when the solution conditions are
changed from denaturing to native [213]. The collapse may occur
concurrently with [214] or precede [215,216] the formation of native
structure. Experimental studies of the collapse transitions are difficult
due to competition with folding under native conditions, while chemical
denaturants weaken the hydrophobic driving forces. Single molecule
methods again offer a distinct advantage owing to their capability to
resolve the unfolded subpopulations even under essentially native
conditions.

The kinetics of the hydrophobic collapse was first studied in
cytochrome ¢ under mildly denaturing conditions using laser T-jump
and Trp fluorescence as a probe [217]. The ~100-ps collapse kinetics was
found to be a two-state activated process with an apparent activation
energy of ~5 kcal mol~'. More recently, Mufioz and coworkers [135]
investigated the hydrophobic collapse without chemical denaturants for
an acid denatured small protein BBL. The spectrally resolved fluores-
cence laser T-jump setup monitored FRET between the ends of the
protein. The collapse relaxation was found to be much faster, ~60 ns at
305K, and with no evidence for the activation barrier. At low
temperatures, the relaxation kinetics follows the temperature depen-
dence of the solvent viscosity, indicating that it is a diffusive process
with no activation energy. At higher temperatures the collapse slowed
down, as a consequence of the decrease in the effective diffusion
coefficient due to stronger hydrophobic effect.

The compaction of the denatured proteins is evident from the
equilibrium distributions of end-to-end distances in smFRET experi-
ments. The unfolded distribution generally shifts toward lower values
with decreasing denaturant [73]. Single molecule studies of the
collapse dynamics, however, support both barrier limited and
diffusive barrier-less collapse. In RNAseH immobilized on the surface,
so that the individual transition events could be followed in real time,
very slow barrier limited dynamics within the denatured ensemble
been found with the time constant of ~2 s [160]. The barrier height
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was estimated from the measured reconfiguration time of 20 ps to be
10 kgT and attributed to preorganized structure and intramolecular
interactions. By contrast, the nanosecond collapse dynamics in CspTm
[194], which falls within the range of dynamic timescales measured
for short disordered peptides, points toward absence of any specific
interactions and energy barriers. Similarly, barrier-less collapse was
reported by the smFRET study of the immunoglobulin G binding
domain of protein L [218].

The nanosecond collapse times measured in denatured proteins
should be considered only as lower limit of the collapse transition
[213], since they correspond to only a small change in the overall
chain dimension. The collapse during folding, on the other hand,
should be a large-scale, non-equilibrium transition in which the chain
attains essentially the size of the folded state. Attempts to study the
hydrophobic collapse with rapid mixing devices using FRET [216] or
SAXS [104,219] to monitor, respectively, the end to end distance or
radius of gyration, can only set an upper limit around a few hundred
microseconds [213] for the collapse uniformly takes place during the
dead time of the measurements. The timescales of the protein
hydrophobic collapse along with its role in the folding process
therefore still remain an unresolved problem.

3.3. Dynamics during folding

The studies of model compounds and denatured proteins have
provided important insights into the timescales of the intramolecular
polypeptide chain dynamics. As with the secondary structure
formation and dynamics of the unstructured chains, the important
question is whether these timescales correspond to those in actual
proteins. As some of the above discussed examples indicate, the
dynamics in proteins may be significantly slower [160,166,167,180],
especially as the folded state is approached [50]. These problems can
be addressed by studies of proteins which fold over marginally small
free-energy barriers or even “downhill” in free energy. In such “ultra-
fast” folding proteins and particularly in the limit of no free-energy
barrier, the dynamics of the re-equilibration among the partially
folded populations can be directly experimentally observed [8].

3.3.1. Ultra-fast folding and non-exponential kinetics

In protein folding, ultra-fast refers to microsecond or faster folding
times, approaching the rates of the elementary events, discussed above.
Within the last decade, a number of ultra-fast folding proteins have been
identified [16,220]. Experimental studies of such proteins are well
beyond the time resolution capabilities of the mixing methods, and have
been carried out predominantly using laser T-jump techniques. Most of
the ultra-fast folders are small «-helical proteins, either naturally
occurring domains or de novo designed sequences. However, several all
-sheet WW domains [221,222] also fold ultra-fast, as do some o/p
proteins [223]. In fact, the fastest folding rate to-date has been record for
a B-sheet structure [198].

In many ultra-fast folding proteins the relaxation kinetics is bi-
exponential with the two phases often well separated in timescales
[41,43,67,224-226]. The bi-exponential kinetics suggests either inter-
mediates, re-equilibration among the partially folded states as in the
a-helix-coil transition or, possibly, the signature of the “molecular”
diffusive dynamics. Furthermore, the folding kinetics is often dependent
on the particular experimental probe used to monitor the structural
changes. These characteristics can provide important clues about the
mechanism of the folding process. An example is one of the most
intensely studied small a-helical domains, a three helix bundle B-
domain of protein A (BdpA). The folding kinetics was first studied using
NMR line broadening in the presence of denaturant and the folding rate
of ~10° s~ (folding time of ~ 10 ps) was determined by extrapolation to
the native conditions [155]. The NMR, however, cannot follow the fast
folding kinetics in real time, in particular detect the additional kinetics
phases. By contrast, laser T-jump experiments revealed a very fast

~80ns relaxation in addition to the microsecond transition [67].
Relative amplitudes of the ~80 ns and the microsecond phases in the
IR amide I’ signatures of the buried and solvent exposed o-helices, as
well as site-specific fluorescence probes [67], led to a clear picture of the
folding mechanism. The middle a-helix of BdpA forms rapidly, followed
by the cooperative folding of the other two helices together with the
tertiary structure, consistently with the protein engineering studies
[227].

The BdpA example demonstrates the utility of measurements of
the real-time fast folding kinetics, in particular within the nanosecond
time range. It also shows that the kinetics, in this case the relative
amplitudes of the individual macroscopic phases, may depend on the
experimental probes. Consequently, simple exponential kinetics
measured with one particular experimental probe does not necessar-
ily guarantee simple kinetics behavior overall. Finally, the knowledge
of the characteristic timescales for folding of a-helices, elucidated
from the experiments on model peptides, provides important clues as
to the origins of the additional, very fast kinetic phases.

Similar biphasic kinetics were observed for another ultra-fast folding
protein, the 35-residue villin headpiece subdomain (HP-35) indepen-
dently by the fluorescence (an N27H variant, N = Asn, H = His, with the
His introduced as a Trp quencher, providing a fluorescence probe for
folding) [43] and IR experiments [228]. The ~70-ns kinetic phase was
interpreted as re-equilibration within the folded well, since the
amplitude was maximum at low temperatures with high folded state
populations. Moreover, due to the placement of the fluorescence probe
on the C-terminal helix, the fast phase was tentatively assigned to the
partial unfolding of this helix. This explanation was supported by
additional experimental evidence [229], statistical mechanical modeling
[230] and simulations [231]. Very recently, using TTET Kiefhaber and
coworkers reported a ~1-ps unlocking transition in the native state of
HP-35, where the individual a-helices cooperatively break from the
hydrophobic contact [232]. The unlocking leads to the transient
unfolding of the C-terminal helix with the relaxation time of 170 ns.
This observation is consistent with the observed biphasic T-jump
relaxation kinetics and proposed folding mechanism of this protein. The
TTET study also found that GndHCl denatured HP-35 shows identical
behavior to unstructured peptides, implying the residual native
structure in the unfolded state is not the reason for ultra-fast folding.

Different explanation of fast kinetic phases was proposed by
Gruebele and coworkers [225,233,234], who studied an ultra-fast
folding variant of the N-repressor by laser T-jump experiments. The
wild type of Ng_gs folds in ~250 ps via an apparent two-state process, but
stabilizing mutations accelerate folding to ~20 ps. An additional, ~2 ps
relaxation observed for the ultra-fast folding variant was interpreted as
the diffusional dynamics on the folding free-energy surface, which
directly corresponds to the pre-exponential factor kg in Eq. (1). The
“molecular phase”, as the fast kinetic phase is termed, has been detected
in other proteins as well [235]. Observation of the molecular phase is the
signature of low barrier, as it arises from the population in the activated
region that folds “downhill” in free energy. The amplitude of the fast
phase increases with the bias toward the native state [236], which is
consistent with the decrease in the folding barrier height, and scales
inversely with solvent viscosity, as expected for a diffusional process
(Eq. (3)).Inthe limit of no barrier, the activated phase vanishes and only
the molecular phase is observed, which may further deviate from a
simple exponential by becoming “stretched”, i.e. of the form exp(kt*),
where 3<1. The stretched, or “strange” kinetics was predicted in the
energy landscape theory of folding as a consequence of the kinetic traps
or, equivalently, free-energy surface roughness [26]. Stretched T-jump
relaxation kinetics was observed in a-helical peptides [174-176] (see
above) as well as in proteins [13], and assigned as the downhill folding
phase. In addition, the kinetics, as well as the folding thermodynamics,
of the ultra-fast folding Ng_gs depends on whether it is followed by
fluorescence or IR [234], a signature of non-cooperative folding. To
support the interpretation of the experimental folding data, Gruebele
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and coworkers used folding simulations by Langevin dynamics on
empirical one-dimensional free-energy surfaces [41,225,234,237]. The
surfaces predict the biphasic, non-exponential and probe-dependent
kinetics when the folding is essentially downhill in free energy. While
these simulations can reproduce well the observed kinetics, they do not
necessarily exclude other solutions [238].

3.3.2. Experimental signatures of barrier-less folding

The signatures of the downhill folding remain a controversial
problem. Deviations from a mono-exponential relaxation, in partic-
ular stretched kinetics [13], which reflects a distribution of different
rate processes, was proposed as one possible characteristics. Kinetics
dependent on the particular experimental structural probe,
corresponding to non-cooperative sequential or gradual process, is
another possibility. However, simulations of folding as diffusion on
low-dimensional free-energy surfaces demonstrated that both barrier
limited or downhill folding can lead to either exponential or non-
exponential and probe-dependent kinetics [238]. Simulations have
also shown that virtually any realistic folding scenario leads to
exponential kinetics [239]. Non-exponential and probe-dependent
kinetic are thus unreliable signatures of barrier-less folding.

Gruebele and coworkers proposed that the downhill folding is
revealed if the protein is “stressed” [41], i.e. destabilized, by
temperature, solvent conditions or mutations. The stressing results
in “tuning” of the free-energy barrier, which leads to the characteristic
changes in the experimental folding kinetics. This is supported by
additional studies on the \-repressor, which could be tuned from a
two-state to a downhill folder, where the kinetics changes from a
single exponential (slow “activated” phase) to bi-exponential for low
barrier, to only the “molecular” phase (~2 ps) [236]. The molecular
phase can be exponential or stretched, if the diffusion is not simple,
and dependent on the experimental probe. The transition from
downbhill to two-state folding under thermal stress was demonstrated
for a number of mutated \g_gs variants [240].

Muiioz argued that barrier-less folding will be identified as gradual,
non-cooperative process by probe dependence of the unfolding
thermodynamics [241,242]. Using multitude of experimental methods,
the Mufioz group showed that the variant of a small peripheral subunit
binding protein BBL folds globally “downhill” [243]. Global downhill
folding in which there is no free-energy barrier to folding under any,
even highly destabilizing, conditions is the Holy Grail of the folding
studies, since unfolding results in the gradual shift of populations
toward the unfolded state. In such scenario, the intermediates can be
observed under equilibrium conditions. A particularly noteworthy
experiment is the thermal unfolding of the BBL monitored by NMR for
hundreds of protein resonances [244]. This study found that virtually
each proton thermally unfolds through a distinct transition. Sanchez-
Riuz and Mufioz also developed a method for estimation of the free-
energy barriers from the unfolding heat capacity profiles, measured by
the differential scanning calorimetry (DSC) [245], which revealed a
unimodal, barrier-less folding free energy. While model dependent, the
estimations show good correlation with the kinetic data, especially for
fast folding proteins [246], and with barrier height estimations from the
rate theories and statistical mechanical models [247]. The laser T-jump
folding kinetics of BBL was also recently reported, monitored by IR and
FRET [80]. Both probes show exponential relaxation with common
relaxation times of 1.3 ps at 333 K, but an order of magnitude slower
(20 ps) at low temperature, indicating a relatively rough underlying
energy landscape.

The global downhill folding of the BBL domain was, however, from
the onset challenged by Fersht and others [162]. Recently, Fersht and
coworkers were able to follow the GndHCI unfolding of the BBL using
smFRET [248]. While at the limit of detectability due to the microsecond
folding-unfolding, with increasing denaturant the smFRET could
resolve two distinct distributions of FRET efficiencies. The two
populations are a characteristic of two macroscopic states, at least as

probed by the FRET acceptor-donor distances, and were observed for
two-state proteins, such as CspTm [73]. By contrast, the global downhill
or one-state protein is expected to have just one detectable population,
which should gradually shift between the folded and unfolded. Single
molecule experiments may therefore represent the most direct criterion
for distinguishing between one- or two-state folding. It appears that BBL
does not fold globally downhill with respect to GndHCl denaturation.
This, however, does not mean that the BBL could not behave as a
downhill folding protein without denaturant. Bimodal smFRET distance
distribution was reported for another ultra-fast folder BdpA [162],
where, however, the bi-exponential kinetics also points toward the
existence of a free-energy barrier.

3.3.3. Protein folding “speed limit”

The maximum rate at which the protein can fold without the free-
energy barrier is another possible criterion for the identification of
downhill folding. The concept of speed limit is based on the notion
that when the bias toward the native state is increased, the maximum
rate of protein folding is achieved when the barrier to folding first
disappears. Further increase in the native bias may not further
accelerate folding, since stronger stabilizing interactions are expected
to increase the surface roughness (frustration) and decrease the
effective diffusion coefficient.

The question of the folding speed limit was first invoked by Hagen
and Eaton [15], who proposed a generic value of the maximum folding
time of ~1 ps, based on the collapse rates in denatured cytochrome
¢. Subsequently, with fast kinetic data available for the timescales of the
elementary events in folding, unfolded chains and ultra-fast folding
proteins, the problem of the speed limit was revisited. Using the
available data, theoretical estimates and scaling arguments from the
polymer theory, Kubelka and Eaton [16] proposed the minimum folding
time for an N-residue protein to be Tjjmi~N/100 ps. Comparison with
the folding rates of known proteins, which were empirically normalized
to different stabilities and lengths, suggested that most ultra-fast folders
can be engineered to fold considerably faster. Indeed, stabilization of the
villin headpiece subdomain HP-35 N27H by double mutation resulted in
the record breaking rate of ~700ns [66]. However, the relaxation
kinetics was still biphasic, reflecting the timescale separation due to the
free-energy barrier. The residual free-energy barrier height was
estimated from the Kramers' theory (Eqs. (1) and (3)) to be < 1 kcal
mol ™!, indicating that further stabilization is required to eliminate the
barrier and further supporting the speed limit estimate.

The above speed limit estimate only depends on the length of the
protein. The argument for the linear scaling is that on the downhill
folding surface the folding time will be proportional to the number of
diffusion steps along the reaction coordinate, which is commonly the
number of ordered (native) residues. It is clear, however, that additional
factors will affect the folding speed limit for specific protein sequences.
In particular, the a-helical proteins are expected to fold faster than those
containing (3-sheets. More recently, Mufioz and coworkers [249]
analyzed the ultra-fast kinetic data of nine proteins using a one-
dimensional free-energy surface model. The analysis indicated that one
of the ultra-fast folders, the albumin binding domain, is a globally
downhill folding protein, while several others, including the wild-type
HP-35, fold downhill at room temperature (298 K). The minimum
folding times at the unfolding midpoint temperature were calculated in
the vicinity of 2 ps, with the exception of HP-35 N27H (0.5 ps) and Pin
WW domain (10 ps). Owing to the strongly temperature dependent
effective diffusion coefficient, a significant increase in the minimum
folding time was predicted at 298 K, ranging from about 2-fold to
more than a factor of 50. It is not clear whether the results are not
simply a consequence of the assumptions and parameters of this simple
model. In particular, only the overall folding rates and their tem-
perature dependence were modeled, with no attempt to fit the kinetic
amplitudes or additional kinetic phases. Especially peculiar is the
significant difference in the predictions for the two variants of HP-35,
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which experimentally show very similar behavior [43,228]. However, an
important point is that the intrinsic dynamical timescales in proteins
can be significantly different. Proteins with high barriers in some cases
can fold faster than others that are downhill and the dynamics, rather
than free-energy barriers can significantly contribute to the tempera-
ture dependence of the folding rates.

3.3.4. Solvent viscosity and internal friction in folding dynamics

From the above discussion it appears that the maximum rates of
protein folding are considerably lower (ko ~ 10°s~!) than those
observed in diffusion limited contact formation in peptides (e.g.
estimate ko ~ 108 s~ of Krieger et al. [205]). Folding of the peptide
a-helices is also faster than the estimated folding speed limits, despite
the fact that a-helices and ultra-fast folding proteins cross comparable
free-energy barriers [179]. The limits to folding rates are thus set by the
dynamics, or the effective diffusion coefficient in the energy landscape
view. According to Kramers' theory (Egs. (1) and (3)), the folding time is
proportional to friction, which, to the first approximation is given by the
solvent viscosity: Tg o< 1/kg oc 1. However, additional contribution to the
effective friction is expected to arise from the polypeptide chain itself
[250], so that 7 o< 1+ 0. The “internal” friction o arises from hindered
bond rotations, steric clashes, breaking of non-native interactions and
other processes that dissipate energy in the reaction coordinate [251].
The contribution of the internal friction is likely to be significant
especially in compact structures, as indicated, for example, by the
dynamics of collapse discussed above [135,209].

Interestingly, some proteins show no evidence of internal friction:
for example, for the IgG-domain of peptostreptococcal protein L the
viscosity dependence of the folding time extrapolated through zero for
1n — 0 [252]. Hagen et al. [251] argued that the associated timescale,
rather than the internal viscosity per se, should be the measure of its
contribution to the folding dynamics. For millisecond and slower folding
proteins, the effects in micro- to nanosecond ranges would be
undetectable. On the other hand, the internal viscosity effects should
stand out for very fast folding proteins. Significant contribution of the
internal viscosity was detected for two microsecond folders: the
ferrocytochrome ¢ folding from a highly compact, collapsed state
[253], and the de novo designed miniprotein tryptophan cage (Trp cage)
[254]. The extrapolated zero viscosity folding time for the ferrocyto-
chrome ¢ was 8 ps (293 K), compared to 12 ps in water. The internal
friction is therefore a dominant factor in determining the folding rate of
this protein from the compact late stage intermediate. Furthermore, the
extrapolated zero viscosity folding times are strongly temperature
dependent, indicating a large enthalpic contribution. By contrast, for the
Trp cage the extrapolated folding rates are temperature independent,
which is consistent with diffusive, entropic search for the folded state. On
the other hand, for the unfolding times, a significant activation enthalpy
was found, as expected due to breaking stabilizing interactions [254].

The internal friction is expected to increase as the protein
approaches the folded state, where the structures are more compact
and a higher number of intrachain interactions formed. Recently,
Cellmer et al. [255] studied the effects of solvent viscosity on the folding
kinetics of HP-35 N27H villin headpiece subdomain. These authors used
ethylene glycol as viscogen, which was found to have no effect on the
protein stability; adding denaturant to ensure isostability conditions
was therefore unnecessary. The folding kinetics was modeled by
diffusion on a 1-D free-energy surface calculated from a statistical
mechanical model based on the folded structure. The model could
explain the data with the internal friction constant linearly increasing as
a function of the number of native contacts, used as the reaction
coordinate. The overall change in the effective diffusion coefficient,
however, was relatively small, decreasing by a factor of 10 or less.
Interestingly, an increase in the internal friction was found for
increasing temperature, somewhat in contrast to the estimations by
Mufioz and coworkers [249]. However, the experiments and modeling
were carried out only at high temperatures (50-70°C) and it is

therefore not clear how the internal friction scales down to the room
temperature. Since an increase in the strength of the hydrophobic effect
at high temperature was suggested as one of the possible explanations
[255], it is possible that the temperature dependence of the internal
friction is non-monotonic and may start to decrease at lower
temperatures, as observed for an acid denatured BBL [135]. An
alternative explanation for the internal friction increase is the shift of
the transition state with temperature towards the native structures,
predicted by the model free-energy surface, where the chain dynamics
becomes more restricted [255]. Finally, the solvent viscosity and internal
friction may have even more pronounced effects on protein folding,
such as altering the folding pathways, as indicated by both experiments
[256] and simulations [257].

4. Protein folding kinetics from molecular dynamics simulations

Molecular dynamics (MD) simulations present an alternative
method for investigating the intricate details of folding processes that
can complement the experimental observations. However, there are
major problems that limit the usefulness and the applicability range of
simulations. In a nutshell, computer simulations of folding are limited by
their efficiency, accuracy and, last but not least, methodology.

The most obvious problem is efficiency: how much statistical data
can be generated for a certain molecular system. While this used to be
the major problem in the past, current molecular simulations can
benefit dramatically from Moore's law. Recent all-atom simulations
have been used on systems as large as the entire ribosome [258]. A
second aspect affecting the efficiency is the resolution of the molecular
model being used. While ab initio quantum calculations are still
prohibitively expensive for most systems of biological interest, classical
atomistic MD remains the norm. Recent years have seen a renewed
interest in simplified (i.e., coarse grained) models that often consider the
interaction with water as implicitly included in a minimal representation
(e.g., one interaction center per residue) of peptides and proteins [4].

The accuracy is mainly affected by the choice of interaction parameters,
and therefore largely independent of simulation length and system
dimensions. Being independent on computational hardware, accuracy
cannot be improved by simply taking advantage of Moore's law, and thus
the quest for force fields with better interaction parameters is likely to
remain central to MD simulations research for years to come. While most
atomistic force fields with explicit solvent seem to provide a reasonable
agreement with (at least global, macroscopic) experimentally measurable
quantities (e.g., folding populations, J-couplings, etc.) [23], improvements
are still needed. As mentioned above, it would be crucial in protein folding
to obtain agreement between atomistic MD simulation and experimental
observations in terms of the microscopic, local structural transformations
that control the specific folding-unfolding mechanisms (i.e., pathways
and populations of intermediates, kinetic traps, etc.).

Finally, advances in theoretical and algorithmic methods for studying
protein folding can both alleviate problems affecting efficiency and
accuracy, as well as evolve the understanding of protein folding
processes in general and thus bridge the current gaps between
experiments and computational simulations. While both experiments
and simulations are evidently affected by their intrinsic sources of
errors, certain errors such as those related to methods used to define and
discretize the configuration space or to estimate the transition rates
from time series could benefit significantly from a systematic theoretical
framework [25,52-55,259]. On the algorithmic side, recent years have
seen a dramatic development and use of advanced simulation methods
such as replica exchange, simulated tempering, STMD, metadynamics,
etc. [12,260-265]. In particular, promising new methods such as the
ones presented below, based on a Markovian assumption about the
character of transitions between the configuration states and their
associated propagators, also offer a systematic method for analyzing and
describing the way in which peptides and proteins navigate their
typically complex free-energy surfaces [25,52-57,266].
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4.1. Coarse master equations: a theoretical framework for protein
folding dynamics

Master equations of the coarse configuration space dynamics [267-
275] provide a rigorous theoretical framework that can be used to
address in a systematic and quantitative manner both the kinetic
aspects of protein folding that are relevant to experimental observa-
tions, as well as the increasingly complementary data offered by
molecular simulation methods. Their utility comes from the basic
possibility to map the typically complex kinetic processes involved in
protein folding on a reduced (thus “coarse”) representation that would
capture accurately the relevant relaxation timescales and folding-
unfolding probabilities. The various limitations of projecting molecular
kinetics, which occurs on intrinsically complex free-energy landscapes,
on coarse-grained low-dimensional reaction coordinates has long been
recognized and analyzed in detail [269,276-278]. In the master equation
formalism, in close connection to kinetic rate theories for barrier
crossing, the protein folding dynamics is modeled as an intrinsically
stochastic process in which the molecules explore their energy
landscape by following a sequence of transitions (or “jumps”) between
their various kinetic states (or “cells”). The statistical configuration
space of proteins or other biomolecules is thus mapped using the coarse
master equation (CME) approach on a low-dimensional manifold
consisting of a kinetic network of states that are metastable compared
to the timescales characteristic to inter-state transitions. For Markovian-
like dynamics (i.e., for systems with rapidly decaying memory with
regards to the specific sequence of transitions between their states) the
probability of observing the system in a configuration state n at a certain
time t, denoted by p,(t), depends on the connectivity between state n
and its neighboring states (e.g., m). The variation in time of the
probability of state n is related to the rates of transition between m and
its connected neighbor states m through a flux balancing relation known
as the master equation

PO — F Kb Kunba0) 8

where ki, is the rate of transitions from state n to state m, and N is the
total number of states. Using the vector-matrix notation, Eq. (5)
becomes simply

dp

o =xp (6)

where K is the square rate matrix of size N, and p is a column vector of
time-dependent probabilities p,(t)>0,n={0,1,..,N—1}.

The stationary equilibrium distribution on a fully connected
kinetic network of configuration states is given by

Kp’=0 (7

N—1
whichis normalized such that }_ p9 = 1and positive py>0, n={0,1,...,
0

N — 1}. The elements of the sqrh:alre rate matrix K have the property
- Z k.,n=m
knm = i=0 (i#n) " (8)
KnPn / Py 0> M

The definition of the rate matrix (8) ensures that local equilibrium is
attained through the detailed balance relation

knmp; = kmnpz~ 9)
4.1.1. Spectral properties of the rate matrix

Beyond brevity, an important advantage of the matrix formulation
of master equations is that it allows the use of powerful spectral

analysis methods to study the intrinsic kinetic properties of a system
described by a certain rate matrix K. As required by the condition of
unique stationary equilibrium (Eq. (7)), one of the eigenvalues is zero,
and all others are real and negative.

In general, the non-symmetric rate matrix K has distinct right and
left eigenvectors ¢; and y;, respectively, that satisfy the corresponding
eigenvalue equations

Ko = N, and ;K = Ny (10

In the following, we assume that the eigenvalues are sorted by
magnitude: Ag=0>A;>A3>>Ay_1.

Motivated by both theoretical and computational reasons, we
discuss the eigenanalysis of the rate matrix K by introducing the
symmetrized rate matrix H defined as
H=pP, ? K P)? (11)
where P, = diag[p}, ...,py_,] is the diagonal matrix of equilibrium
probabilities such that its trace is tr(P,) = 1.

The elements of the symmetrized rate matrix H are given by [58]:

N—1

kpp = — > kip, n =m

= =0 ‘ (12)

knmkmna n#m

The symmetrized rate matrix H has eigenvalues \; with corresponding
orthonormal eigenvectors such that

Hy; = N (13)

Note that the matrix H has the same eigenvalues A; as the original K
matrix and analytically related eigenvectors. Moreover, the left and right
eigenvectors of the K matrix are obtained from the corresponding
elements of the eigenvectors of the symmetrized rate matrix as the
product of the squared eigenvector elements of H with the
corresponding equilibrium probability values, such that

@i(n)? = py-ti(n)?,
%(m)? = ;(n)%/p}

and @i(n)*= (p})** xi(n)>.

It follows from Eq. (7) that the first right eigenvector of the original
matrix K (i.e., the one corresponding to the eigenvalue Ay =0) is
given by the equilibrium population, ¢o(n) = pj;, and, correspondingly,
x,(n)=1, for any n=0,1..,N— 1. Using Eq. (14) one then finds that

b = Uo(n).Vn={0,1. .N—1}. (15)
From the orthonormality of the i\, eigenfunctions one obtains the
normalization conditions

N—1 N—1 .
> Ui () (n) = 2 Xi(m)x;(n)py,

n=0 n=0 (]6)
N—1

ngo@i(”)Xj(") = 6,.j

N—1 )
= ngo@i(n)@j(n) /Py =

where §; is the Kronecker delta function. Consequently, we have
N—-1
T wim)y/pt = Zm

As shown next, these relations are central to the computational
investigation of the dynamics of kinetic systems such as protein
folding.

N—1
P = L i) = b (17)
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4.1.2. Evaluating relaxation timescales with correlation functions and
propagators

The rate matrix symmetrization presented above allows the
convenient treatment of the formal solution of the coarse master
Eq. (6), which can be rewritten using the matrix H as

dn
= Hm (18)

where we use the mapping

n="Pp, ’p. (19)
The solution of Eq. (6) is thus given conveniently in terms of the
eigenvalues and eigenvectors of the symmetric matrix H as

N=1
Pt = pn(0) igo Ui () exp (\;t) (20)

for any n€0,1..,.N—1.

Interestingly, the mapping on a symmetrized dynamics allows us
to express any correlation function in terms of the eigenvalues and
eigenvectors of matrix H. For example, the autocorrelation function of
any time-dependent observable a(t) projected on the N states of the
system can be written as

N—1

N—1 2
(a(t)a(0)) = 2 Lgoan%(n)lhi(n)} exp (\it). (21)

i=0

In general, a(t) can be any function depending on the discrete confor-

mational state function of the system denoted by s(t) {0,1..,.N—1}.
Note that for the particular case when a(t) = s;(s(t)) / Wo(s(t)) =

xi(s(t)), we find that the autocorrelation function of a(t) is given by

Pi(s()  Wi(s(0) \ _ e
<¢o(s<t>> ¢o<s<0>>> e (22)

Eq. (22) is central to a particularly useful procedure for finding the
eigenvalues of a Markovian dynamic system by monitoring the decay
of the autocorrelation functions calculated for the projections of the H
eigenvectors on the s(t) trajectory. In conjunction with the expression
for the propagator, we have

N—1
Yol 5= (mys (m) exp(ND) (23)

Kt
Glm t}m, 0) {e Lm Yo(m) =0
where the Green's function G(n,t|m,0)=G(n,t|m,to=0) is defined as
the conditional probability that the system is in state n at time t, given
that it was initially in state m at time t, =0.

Finally, we emphasize that the ability to estimate correctly the
propagators of a Markovian system is crucial to our analysis of protein
folding trajectories as they are required by the computation of the
likelihood function for molecular trajectories obtained directly from
simulations. For any trajectory of a Markovian system we express its
likelihood function as

A= n1"[ G(s(iAt), At|s((i—1)At),0) (24)
i=1

where the trajectory is divided uniformly in the Nj,, number of
intervals of equal time length At, the total time of a simulated
trajectory being t;ora) = NintAt. Considering the Markovian character of
the dynamics, if T,,,,(At) is the total number of transitions that take a

trajectory from state m to state n after a lag time At, the likelihood to
observe this trajectory can be written [25] as

A= (G(n, At|m, 0)]"m ). (25)

n=0m=0

Eqs. (23) and (25) provide the formal connection between the
number of transitions observed in an MD simulation trajectory and
the intrinsic transition rates that dictate the dynamics. The maxi-
mum likelihood value for A (or equivalently the minimum value of
—log(A)) could be attained by optimizing our estimation of the
elements of the rate matrix K for an observed number of transitions
collected in the transition matrix T.

4.2. Sampling the configuration space

The rate analysis methods described above, either based on
likelihood maximization or on correlation functions, rest on the assump-
tion that the entire configuration space of the system can be identified
and sampled with a good accuracy. The limited sampling problem
remains one of the major obstacles in using molecular simulations to
study biomolecules. However, the methods for extracting rates from
molecular trajectories do offer a systematic way to evaluate the quality
and the convergence of the sampling results. For this reason, the first
systematic studies of rate extraction were performed on relatively short
polyalanine peptides (e.g., Ala,, Alas, etc.) for which the conformational
space spanned by all the possible combinations of Ramachandran angles
can be sampled exhaustively. For example, each residue in the capped
alanine pentapeptide, presents its own well-known free-energy surface
in Ramachandran coordinates.

Fig. 1 illustrates this energy landscape (AG) for MD simulations using
the Amber-GSS all-atom force field with explicit TIP3P water molecules
[12,25]. While in general there are obvious differences along the sequence,
in this simple case the features of the free-energy landscapes remain
essentially the same for different residue numbers. For alanine residues,
the main feature of these landscapes is the presence of a well-defined -
helical basin. Therefore, one can approximate the configuration space of a
residue as consisting of two states: a-helical and non-a-helical. Thus, for
pentaalanine, a 2° = 32 state initial size of the conformational space can be
used to enumerate all the possible combinations. Also shown in Fig. 1 is a
sample trajectory for one residue that crosses between its a-helical and
non-a-helical states. Note that this represents just a potential low-
dimensional projection of the inter-state trajectory of the entire
pentaalanine molecule as it travels between its 32 possible conformations
[25]. Also shown are possible conformational boundaries that could be
used in a conformation-based assignment of states. If only the a-helical
minimum and its neighboring barriers are used, the simplest black square
boundary could be used to separate the two states on the Ramachandran
map. A better state assignment could be done by using also information
about the presence of the second (3-sheet) minimum, using thus the red
circular boundaries depicted in Fig. 1. In both cases, however, a purely
conformational-based assignment (CBA) of states for a given trajectory
would lead to the well-known problem of the occurrence of transition
boundary “re-crossings” that could be easily misidentified as actual
conformational transitions.

To address this concern, one can use a transition-based assignment
(TBA) of states, where history about the states visited by a molecular
trajectory is also used in addition to conformational information in
order to assign a certain instantaneous conformation of a molecule to
its proper kinetic configuration state [25]. The TBA procedure is
illustrated in Fig. 2 for a typical 1D trajectory for which it is possible to
identify with high confidence the values of a certain reaction
coordinate that would correspond to each of the two states S1 and
S2 (e.g. folded and unfolded). In practice, it is often possible to identify
(e.g., by simple conformational averaging) reaction coordinate values
that correspond to the two free-energy minima and to define
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Fig. 1. Ramachandran angles and a representative Ramachandran free energy map for
an alanine residue in pentaalanine, modeled with an all-atom Amber-GSS force field
and explicit TIP3P water molecules. A possible trajectory (white curve) crosses in and
out of a-helical regions. The features of this energy landscapes are used in the
conformation-based (CBA) and transition-based (TBA) assignment of configuration
states for each alanine residue.

relatively narrow regions (depicted as gray in Fig. 2a) around those
minima that correspond to the two target states.

In the first step, conformations are assigned based only on
conformational (geometric) characteristics by using the boundaries of
these two narrow regions. The states outside the “gray” regions are
assigned at this first stage to a “temporary” fictional state that would
consist of states, re-crossings, as well as transition paths. After this first
step, the continuous trajectory (see Fig. 2b) becomes a discrete
trajectory including one extra state “S3” (blue line). This state is finally
eliminated in a second trajectory analysis step (see Fig. 2¢) by using the
TBA method that takes into account the past and future history of the
trajectory in the S3 regions. Thus, if both past and future states
neighboring a temporary S3 region are identical, the S3 states are
assigned to this corresponding state. However, if the past and future
neighboring states differ, the S3 segment can be assigned to either of
them. For a time-reversible state assignment, the first half of the S3
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Fig. 2. Schematic representation of state assignment of a two-state trajectory. A typical
conformation-based assignment (CBA) Kramers' approach uses a single (transition state)
boundary, located on or near the top of the barrier and searches for corrections of the
transition rate that estimate the effect of re-crossings. In contrast, a transition-based
assignment (TBA) Markovian approach on using history information, relies on estimating
first the location of the centers of the two-state manifolds and using narrow regions (gray)
to define relatively narrow reaction coordinate ranges near the well bottoms that can be
used to assign states. These regions are used in a first step (b) to assign instantaneous
conformations along a trajectory to the well-defined two states together with a third
“temporary” state. Finally, in a second step (c) the “temporary” state is eliminated based on
the history of the conformational trajectory (see text and [25]).

segment can be assigned to the past and the second half to the future
conformation [25]. Also shown in Fig. 2 are possible examples of
trajectory segments that are only short non-reactive excursions that
enter and exit of the narrow S1 and S2 regions (noted A, Band D) as well
as actual transition paths (e.g., in the C region).

4.3. Extracting kinetic transition rates from simulation trajectories

As mentioned above, Egs. (23) and (25) provide a robust formal
connection between the number of configuration transitions observed
in a typical MD simulation trajectory and the intrinsic transition rates
that dictate the actual dynamics of a certain biomolecular system.
Alternatively, if the quality of the sampling is converged, the more
typical method to obtain the elements of the rate matrix is by statistical
analysis of lifetime distributions for each configuration state [25]. Both
the propagator-based (PB) method presented here and the more
common lifetime-based (LB) method of estimating rates are equivalent
to each other in the limit of infinite sampling. However, the actual LB and
PB estimated rates could vary significantly for simulations that do not
benefit from a sufficiently long exploration of the entire space of
configurations [25,279]. While the results of the LB method are affected
mainly by the number of observed transitions between states and, thus,
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by the total simulation time of a given system, the rates estimated with
the PB method are also affected by the length or the observation
windows (a.k.a., lag time) used for estimating the propagator values
from the molecular simulation trajectories. At the same time, as
illustrated in the previous section, both methods depend also on the
accuracy of the procedure used for assigning the instantaneous
configurations visited by the system to actual kinetic states.

The lag-time dependence of the rates extracted with the PB method
presents the further advantage of offering a systematic way to explore
these effects on the accuracy of the MD extracted rates. In the limit of
infinitely small lag times, for identical trajectories (yet sufficiently
converged), both the LB and PB methods give the same results. However,
as the lag time values approach the intrinsic relaxation times scales of the
optimal rate matrix K, the PB values become more accurate and less
sensitive to the accuracy of the state assignment. As the propagator lag
times increase further above the relaxation timescales intrinsic to the
system being investigated, errors introduced by the limited sampling
become especially important for long-time propagators and the accuracy
of the PB-extracted rates decreases again [25].

The advantages of using a PB method for extracting rates as opposed
to the more commonly used LB methods using lifetime distributions
becomes apparent, as it offers a systematic way of targeting the rate-
extraction procedure towards higher accuracy. Moreover, in certain
cases such as simulations based on short trajectories, lifetime distribu-
tions are not even available. A typical case is rate extraction from protein
folding simulations using the replica exchange molecular dynamics
(REMD) method, where trajectories at a certain temperature are often
interrupted because of the accepted exchange events. Nevertheless,
since short lag time propagators can still be estimated, the PB method
allows the estimation of accurate transition rates even for the
increasingly popular REMD studies [12].

Methods such as the PB-based rate extraction coupled with the TBA
method of assigning conformational states in folding-unfolding
trajectories are one example of the recent methodological advances
that could eliminate to a great extent the ubiquitous artifacts due to
more or less arbitrary definitions of kinetic states and their boundaries.
Other significant steps in this direction were already made in analyzing
single-molecule time series [280,281]. These studies represent just a few
of the recent excellent examples [259,282,283] in which network
descriptions of protein folding are used for kinetic analysis, with the goal
of making proper connection with experiments. At the same time, it is
worth emphasizing that the problem of properly assigning configura-
tion states to a certain molecular trajectory remains of central
importance as it is directly related to Kramers' barrier re-crossing issues
and, therefore, it can affect the results of estimating lifetimes and,
implicitly, transition rates. The transition-based state assignment [25]
presented above offers a systematic method to control and minimize the
errors due to a certain conformation-based state assignment. Recent
alternative methods based on automatic clustering of states [53,54,284]
or on analyzing inherent structures [285] also lead towards a similarly
systematic Markov analysis of folding-unfolding trajectories. Thus, it
appears that different more or less independent approaches can reveal
the underlying folding free-energy landscape and its associated kinetic
network of configuration states and converge towards a systematic and
unbiased description of protein dynamics [53,282,285].

4.4. Analyzing coarse-grained projections of folding kinetics

Arguably, one of the most important consequences of being able to
estimate the full rate matrix K for a certain protein folding system is
the ability to infer its minimal representation that is able to capture its
characteristic intrinsic dynamics. For many systems using an atomistic
level representation, the dimensionality of the entire configuration
space (and thus of the rate matrix) N is typically extremely large,
much larger than current analysis methods can handle. Therefore,
there is an increased interest in clustering together states that are

intrinsically connected by fast transition rates, as being part of the
same extended configuration basin. This clustering represents in fact
an effective coarse graining of the protein folding-unfolding dynamics
under study, and several methods are available [25,52-54]. For
properly defined basin boundaries, the transitions between configu-
ration basins are typically orders of magnitude slower than intra-
basin relaxation processes and are reflected in gaps observable in the
eigenvalue spectrum of a rate matrix K that is initially very detailed
and thus high dimensional.

The typical example is the kinetics of an effective two-state protein
for which there is a significant separation between the value of its first
(i.e., non-zero) eigenvalue \; and the rest of the spectrum (i.e., Ay/
A1>>1,withAg=0). In this case, the quantities of interest are mainly
the slowest inter-basin relaxation rate and the boundaries (and thus
the populations) of the two basins. This information can be easily
derived by eigenvalue analysis of the rate matrix K. Recent work has
shown that the corresponding eigenvectors of the rate matrix K can be
used to effectively assign the different configuration states to each
basin, preserving both the basin populations as well as the slow
relaxation rates [25,52,54]. In particular, for two-state proteins, the
elements of the eigenvector corresponding to the largest non-zero
eigenvalue are directly correlated to values of the folding probability
of the system (i.e., the probability that the system would fold first
before reaching the unfolded basin) [286]. This powerful observation
offers an excellent approximation for calculating the folding proba-
bility, for identifying transition states and for analyzing the folding-
unfolding kinetics in many practical cases [25,286,287].

5. Summary and outlook

Understanding the dynamics of protein amino acid chains is
essential for uncovering the mechanism by which proteins fold. The
rapidly growing interest in the protein folding problem among many
different scientific disciplines has led to a considerable wealth of
experimental and theoretical information on the dynamics of folding.
The sheer volume of the available data makes an exhaustive review of
all the contributions and literature related to the dynamics of protein
folding all but impossible; in the above, we attempted to highlight the
most important current issues on selected examples, in particular in
areas closest to our own expertise.

On the experimental side, the most important contributions have
come from fast, laser-triggered methods, which extended the
available time resolution beyond the millisecond dead time limit of
the traditional stopped-flow experiments. The data on the kinetics of
formation of the secondary structure elements and inter-residue
contacts have established an important basis for estimation of the
intrinsic timescales involved in folding. The nanosecond time
resolution is also critical for studying the kinetics of the ultra-fast
folding proteins, in particular for following the “complex” kinetics and
fast phases, which provide important additional information about
the folding process. Secondly, single molecule techniques have
provided critical information on the dynamics of the polypeptide
chains, particularly in denatured proteins, that is not available to the
ensemble experiments.

Application of these methods to a variety of systems, including
oligopeptide models and a number of different proteins, indicates that
the characteristic dynamics timescales may differ considerably. It is
therefore likely that the protein dynamics may not be universal but
dependent on the particular protein sequence and its related
structural and energetic properties. In what lies ahead, the focus
should therefore shift on the residue- and sequence-specific effects in
folding. The use of multiple independent spectroscopic probes, which
report on different structural properties, will be essential to gain
detailed structural insights into the dynamic processes. In this respect,
the isotopically edited IR or UVRR spectroscopies, which provide
structurally non-perturbing, site-specific markers of the local
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backbone conformation and solvation, and can be adapted for ultra-
fast folding experiments, are especially promising. Reliable interpre-
tation of the experimental spectral signals in terms of the protein
structural changes is another area that will require further attention
as different experimental probes often reveal distinct and even
contradicting results. In hand with the more specific experimental
probes, it will also be necessary to implement new methods for the
data analysis. The low-dimensional free-energy surfaces have proven
to be very powerful in this respect. However, it will be necessary to
move beyond empirical ad hoc free-energy profiles and those treating
all residues in the same, “averaged” manner and incorporate residue-
specific properties. Relating the experimental data through the free-
energy surfaces to the energetics of the individual protein amino acid
sequences will lead to the understanding of general principles that
govern folding of specific, individual protein sequences. It will also be
necessary to model the observable spectroscopic signals based on
their physical properties and in relation to the specific protein
structures rather than by using arbitrary “dividing surfaces”.

Ultimately, the most detailed interpretation of the folding
experimental data in terms of the microscopic mechanism will have
to come from theoretical folding simulations. As the modeling quality
of current atomistic force fields converges, new methods that allow an
automatic and, ideally, exhaustive analysis of the typically complex
kinetics of peptides and proteins are highly needed. To capture the
essential intrinsic dynamical feature of folding biomolecules, the new
methods will likely have to span various levels of detail in a systematic
and theoretically consistent manner. The stochastic kinetic analysis
methods based on coarse master equations presented in this paper are
promising candidates for fulfilling these theoretically challenging
demands.
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