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Abbreviations
ACBP acyl CoA binding protein ACBP

AFM atomic force microscopy

APD avalanche photo diode

CCD charge-coupled device

CI2 chymotrypsin inhibitor 2
mprehensive Biophysics, Volume 3 doi:10.1016/B978-0-12-374920-8.00306-4
Csp cold stock protein

FCS fluorescence correlation spectroscopy

FRET Förster resonance energy transfer

MBP maltose binding protein

TIRF total internal reflection fluorescence
Glossary
Confocal fluorescence detection An optical

configuration common in single-molecule detection and

fluorescence correlation spectroscopy that uses point

illumination by the focal volume of the exciting laser beam

in combination with a pinhole in the optically conjugate

plane in front of the detector to eliminate out-of-focus

fluorescence.

Energy transfer efficiency (E) Probability of Förster

resonance energy transfer from donor to acceptor

chromophore. In single-molecule experiments, E is usually

determined either from the fraction of emitted acceptor

photons over the total number of photons or from

fluorescence lifetimes.

Fluorescence correlation spectroscopy An experimental

technique based on the correlation analysis of fluctuations

in fluorescence intensity over time originating from the

dynamics of a molecular system – for example, from

translational diffusion or conformational dynamics.
Förster resonance energy transfer The radiationless

transmission of an energy quantum from its site of

absorption (the ‘donor’) to the site of its utilization in the

molecule, or system of molecules (‘the acceptor’), by

resonance interaction between the chromophores, over

distances considerably greater than interatomic. In most

biophysical applications, both donor and acceptor are

fluorescent.

Markov process A random process whose future state

probabilities are determined by its most recent state only

(a ‘memoryless’ process).

Single-molecule spectroscopy Optical detection of

individual molecules, usually using fluorescence.

Total internal reflection fluorescence An optical

configuration common in single-molecule detection in

which the evanescent field formed by a totally internally

reflected laser beam is used to excite molecules close to an

interface, which can then be imaged onto a detector, usually

a charge-coupled device camera.
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3.6.1 Introduction

We are used to depicting chemical reactions and biochemical

processes in terms of individual molecules. We do so on

various levels of complexity, ranging from simple textbook

cartoons to the atomic detail of molecular dynamics simu-

lations. However, remarkably, the vast majority of our know-

ledge about these systems has been derived from experiments

on large ensembles of molecules, which yield only average

values of observable properties. The sequence of molecular

events describing the underlying reactions is typically inferred

from testing a model by systematic variation of parameters.

For kinetic ensemble studies, the reactions need to be syn-

chronized, which is often difficult. The concept of observing

single-molecules is particularly appealing for processes with a

large degree of conformational and dynamic heterogeneity,

with protein folding being a case in point.

Only recently has it become feasible to investigate the

folding of single-protein molecules. These techniques offer a

fundamental advantage beyond our mere fascination for the

direct observation of molecular processes: They can resolve

and quantify the properties of individual molecules or sub-

populations inaccessible in ensemble experiments. Fluor-

escence spectroscopy is a particularly appealing technique due

to its extreme sensitivity and versatility. With Förster resonance

energy transfer (FRET), we can investigate intramolecular

distance distributions and conformational dynamics of single-

protein molecules. In combination with fluctuation methods

such as fluorescence correlation spectroscopy (FCS), it should

be possible to obtain a more detailed picture of the dynamic

processes of protein folding only limited by the timescales of

fluorescence photophysics (i.e., down to the nanosecond

range). In the following, we first discuss some of the history

and the basic concepts underlying single-molecule experi-

ments. We then summarize the results obtained from optical

single-molecule experiments to date. Finally, we provide a

perspective on current developments and future directions in

the field.
3.6.2 History and Principles of Single-Molecule
Detection

Remarkably, the very first single-molecules detected appear to

have been proteins. In 1970, steplike changes in ion con-

ductance were observed for artificial lipid films containing

small numbers of gramicidin A molecules.1 Since then, the

recording of such signals from single-channels has matured to

a method that now dominates the investigation of ion chan-

nels.2 Due to this long tradition, the single-channel field

provides a wealth of examples and analysis methods for the

stochastic chemical kinetics observed in single-molecules.

Two methods very different from the previously discussed

methods allowed the first observation of single-atoms and mol-

ecules on surfaces in the early 1980s: scanning tunneling micro-

scopy and atomic force microscopy (AFM),3 in which a very fine

tip is used to probe the surface of a sample with atomic resolution.

The simplicity of the instrumentation quickly made AFM a

standard method, and soon it allowed the imaging of samples in

solution, including proteins.4 In 1997, the mechanical unfolding
of individual domains of titin molecules was reported, both with

AFM5 and with laser tweezers.6,7 The investigation of proteins

under mechanical force has made accessible completely new as-

pects of protein folding and stability that can clearly not be

studied in ensemble experiments.8–11 This approach is of par-

ticular interest for proteins involved in mechanical functions, but

the mechanical stability of other proteins is also of fundamental

interest.

The optical detection of single-molecules dates back to the

1970s, when it became possible to measure fluorescence from

single-atoms in dilute atomic beams – that is, in the gas phase,

where the background problem is minimal. Observing single-

molecules in the condensed phase is much more difficult

because Rayleigh and Raman scattering produce a huge

background. An additional source of unwanted signal are

contaminants, which make great demands on the purity of the

matrix. Moreover, an atom in vacuum is a chemically very

stable system, even in its excited state, whereas fluorescent

molecules in the condensed phase survive only a limited

number of excitation-emission cycles before they are irrevers-

ibly destroyed – a process termed photobleaching. Single-

molecule detection in a solid or liquid matrix therefore re-

quires additional measures. First, an optical method must be

used that provides as strong a signal from an individual

molecule as possible relative to background from the large

number of matrix molecules. The most popular option is

fluorescence, where a dye molecule resonantly interacts with

the excitation light. Due to the Stokes shift, the emitted light

can be selected spectrally, typically with interference filters. To

aid the signal from an individual molecule to be observed

against the background signal from matrix molecules, it is

helpful to reduce the size of the detection volume as much as

possible because the background level is proportional to the

number of matrix molecules in the observed volume. Such

spatial selection can be achieved, for instance, by very tightly

focusing a laser beam into the sample, combined with con-

focal detection, or by total internal reflection fluorescence

(TIRF) microscopy (see Section 3.6.3).

The first detection of individual chromophores in solid

matrices was achieved at liquid helium temperature with modu-

lated absorption spectroscopy in 1989.12 Soon after, fluorescence

spectroscopy was shown to yield a superior signal-to-noise ratio.13

Within a few years, successful fluorescence experiments at room

temperature followed,14–18 leading to explosive growth in the field

and opening the way for single-molecule detection of suitably

labeled biomolecules.19 The introduction of FCS with a confocal

detection scheme20 and single-molecule sensitivity was an im-

portant step for single-molecule studies in solution. The demon-

stration of FRET in individual, labeled DNA molecules21 in 1996

triggered a revival of this ‘spectroscopic ruler,’22,23 enabling dis-

tance measurements in single-biomolecules. The strongly distance-

dependent radiationless energy transfer between an acceptor and a

donor chromophore24 had been used to study protein folding

and dynamics for decades,25 and indeed, the first experiments

applying single-molecule FRET to protein folding soon fol-

lowed.26–29 Especially the ability of the method to separate sub-

populations, such as folded and unfolded protein molecules, and

its potential to investigate intramolecular dynamics have made it a

central component of the growing field of single-molecule protein

folding.10,30–34
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3.6.3 Kinetics: From Ensembles to single-Molecules

Assuming an infinitely large homogeneous system (‘homo-

geneous’ is used here in the chemical sense, denoting a well-

stirred system, typically a solution. This approximation is

reasonable for a standard protein folding experiment in a test

tube, because 100 ml of a 1-mM sample still contain 6�1013

molecules) consisting of a set of n subpopulations (thermo-

dynamic states) separated by sufficiently large free energy

barriers, the concentrations of molecules assigned to these

states will evolve in time according to a set of coupled, first-

order, ordinary differential equations – the reaction rate

equations. The overall reaction is thus treated as a continuous

process using deterministic mathematical concepts. The time

course of the reaction will be described by a sum of n� 1

exponential terms. Their individual time constants, however,

will be complex algebraic expressions of all the rate constants

in the mechanism and therefore in general have no simple

physical significance.

On the molecular level, however, the system is of course nei-

ther continuous nor deterministic. It is discrete because molecules

come in whole numbers and molecular populations only change

by integer amounts. The system is stochastic because the transi-

tions of individual molecules from one state to another are ul-

timately initiated by thermally driven diffusive fluctuations and

molecular collisions in the system. If we observe the signal from a

sufficiently small number of molecules, these fluctuations about

the average behavior become large enough to be measured and

can be used to extract dynamic information about the system, an

insight conceived in the context of light scattering experi-

ments35–38 and membrane channel recordings39 and now used

routinely, for instance, in FCS (see Section 3.6.4).20,38,40 Suppose,

for example, we observe N¼ 1000 protein molecules under con-

ditions corresponding to the unfolding midpoint. The probability

of an individual molecule being folded is p¼ 0.5, so the variation

in the number of folded molecules is given by the standard de-

viation of the binomial distribution as [Np (1� p)]1/2E16. The

number of protein molecules that are folded at equilibrium is

therefore not constant but, rather, is 500716, where the standard

deviation reflects the random fluctuations in the number of folded

molecules from instant to instant.

The smaller the number of molecules we observe, the larger

the relative fluctuations of the signal will be. Ultimately, if

only a single-molecule is observed, we expect steplike transi-

tions between the states the molecule can populate. (For

simple two-state folders, current upper bounds for the actual

transition path time are in the range of 200 ms, but ensemble

temperature jump experiments41 suggest timescales in the

range of 1 ms, essentially corresponding to the ‘speed limit’ of

folding.42 Slower transitions between different states cannot

be excluded for larger proteins43 but may be difficult to dis-

tinguish from the formation of intermediates.) In the simplest

example of a two-state folding reaction,

kf

ku

U ⎯⎯→←⎯⎯ N ½1�

where equilibration within each state is fast relative to the

transition rates between the states, the molecule will reside in

either the folded (N) or the unfolded state (U) for extended
periods of time, with intermittent rapid jumps between them.

The average dwell times in N and U are given by the inverse

rate coefficients of the unfolding reaction ku and the folding

reaction kf, respectively. Such simple stochastic chemical kin-

etics have been observed for single-immobilized protein

molecules.44,45
3.6.3.1 Rate Constants and Probabilities

If we consider the temporal behavior of an individual mol-

ecule with transitions between a folded and an unfolded state,

the term ‘fraction of molecules folded at equilibrium’ must be

replaced by the ‘fraction of time for which the molecule is

folded,’ a quantity that can be measured accurately from a

single-protein molecule only with observation times much

longer than the effective relaxation t time of the two-state

system – that is, the inverse sum of the folding and unfolding

rate constants kf and ku,

t ¼ ðkf þ kuÞ�1 ½2�

Although observation times in single-molecule fluor-

escence experiments are still very much limited by the pho-

tostability of current organic chromophores, paradigmatic

examples of analogous behavior are available from single-

channel recordings, where the ion current across an individual

channel can sometimes be measured for hours, allowing

a thorough kinetic and thermodynamic analysis of the chan-

nel opening and closing mechanism from an individual

molecule.

In thinking about the folding kinetics of a single-molecule,

the question is, given the protein molecule is, for example,

unfolded at time t, what is the unfolded state lifetime tu of the

molecule? More generally, we would like to know the prob-

ability density function of the times the protein molecule stays

folded or unfolded. To this end, we first define U(t) as the

probability that the molecule remains unfolded throughout

the time from 0 to t. If we now assume that for an unfolded

molecule, the probability P of folding during a short time

interval Dt (Dt must be small relative to 1/a, so we can neglect

processes such as multiple transitions during Dt) is just pro-

portional to the length of this time interval, we get the con-

ditional probability

Pðt þ Dt9unfolded at tÞ ¼ aDt ½3�

where a is a constant, independent of time. This latter as-

sumption means that the probability of folding is independ-

ent of what has happened prior to t. This is a fundamental

characteristic of this type of random process (a Markov pro-

cess). Because the molecule can either fold or not fold during

Dt, and the probabilities of these two alternatives must add up

to 1, we also know that the probability of remaining unfolded

during Dt is 1� a Dt. We can thus express the probability that

the molecule remains unfolded during the entire interval from

0 to tþDt as

Uðt þ DtÞ ¼ UðtÞð1� aDtÞ ½4�
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taking into account the Markov assumption. After slightly re-

organizing the equation, we get in the limit Dt-0

lim
Dt-0

Uðt þ DtÞ � UðtÞ
Dt

¼ dUðtÞ
dt
¼ �aUðtÞ ½5�

by the definition of the derivative. As U(0)¼ 1, we obtain as a

solution

UðtÞ ¼ e�at ½6�

Here, and from the corresponding probability density func-

tion of the unfolded state lifetime

pðtÞ ¼ ae�at ½7�

we recognize immediately that our constant a is the inverse

time constant tu, and thus the rate constant kf. It is this con-

nection with the single-molecule world that illustrates why

exponential decays are so abundant in macroscopic chemical

kinetics.

Another illustrative way of getting to the exponential dis-

tribution2 pictures the unfolded protein as randomly diffusing

within its unfolded state free energy minimum, driven by the

thermal energy of the system. If this motion takes place on a

timescale much faster than the inverse folding rate (the sep-

aration of timescales, a prerequisite for a two-state process),

we can interpret each thermal kick as a binomial trial with

some probability, p, of successfully crossing the barrier to the

folded state. The chance of success must therefore be very

small in each step, so a large number of trials, N, will be

necessary on average before the protein folds. Briefly, in this

case, the binomial distribution approaches the Poisson dis-

tribution, which gives the probability of not folding in time t

essentially as e�at. This is the reason for the close connection

between Poisson statistics and exponential probability density

functions, both highly abundant in single-molecule statistics.

If, as in the previous example, the distribution of time inter-

vals between events is exponential, then the mean number of

events during a given time interval will follow a Poisson

distribution.

The Markovianity assumed in the previous derivations is

an interesting issue in protein dynamics. It has been suggested

from single-molecule experiments on enzymatic reactions

that there may be a ‘molecular memory’ that renders suc-

cessive enzymatic turnovers dependent on each other, re-

sulting in non-Markovian behavior.46 A similar phenomenon

is conceivable in protein folding if there are additional

dynamics coupled to folding that approach the timescales

of the folding and unfolding rate coefficients. This may be

expected for slow processes such as peptidyl-prolyl cis-trans

isomerization. Whereas fast transitions in agreement with a

simple two-state process have been observed for individual

CspTm44 and protein G molecules,45 slow dynamics have

been postulated based on single-molecule FRET experiments

on immobilized adenylate kinase43 and ribonuclease H (see

Section 3.6.7).47
log(�)

Figure 1 A general, unnormalized autocorrelation function of signal
A with correlation time tA. From Figure 7.3 in Schuler, B. From
Protein Folding in Ensembles to Single Molecules, in: Protein folding,
misfolding and aggregation: Classical themes and novel approaches;
Muñoz, V. Ed.; RSC Publishing: Cambridge, 2008, pp. 139–156.
3.6.4 Correlation Analysis

One of the most powerful methods to investigate such ‘mo-

lecular memory’ effects, fluctuations, and equilibrium
relaxation processes is correlation analysis. In ensemble ex-

periments, the most common approach for investigating the

relaxation kinetics of a reaction is to perturb the entire en-

semble – for example, by a rapid change in denaturant con-

centration in a stopped-flow instrument or by a laser-induced

temperature jump – and then to observe the system return to

equilibrium under the new set of conditions. According to the

fluctuation-dissipation theorem,48 the rates of relaxation of a

system to equilibrium after a small macroscopic perturbation

are described by the same rate coefficients as the time correl-

ation of spontaneous fluctuations of the undisturbed system.

Correlation spectroscopy can therefore provide kinetic infor-

mation about chemical reactions or molecular dynamics even

at equilibrium.

The central quantity for analyzing such fluctuations and

their loss of coherence are correlation functions.49 The auto-

correlation function of the property A, for instance, is defined

as follows (strictly speaking, this definition is only true for an

ergodic system, where the averaging is independent of the

starting time t):

/AðtÞAðt þ tÞS ¼ lim
T-N

1

T

Z T

0

AðtÞAðt þ tÞdt ½8�

(In any experimental measurement, the averaging is of course

done over finite time, but the observation time needs to be

longer than the timescale of the process of interest.) Cross-

correlation functions between different properties or signals,

such as fluorescence emission from a donor and an acceptor

chromophore undergoing FRET, can be defined analogously.

The autocorrelation function of a nonconserved, nonperiodic

property decays from its initial value /A2S to the final value

/AS2 with a time constant characteristic of the fluctuation of

A, where A(t) and A(tþ t) are expected to become totally

uncorrelated at long times (Figure 1). In many cases, the

autocorrelation function decays like a single-exponential with

a characteristic relaxation time or correlation time of the

property, but often it takes a more complicated functional
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form. The most common example is a fluorescence correlation

experiment in which fluorescently labeled molecules diffuse

through a confocal volume approximated as a three-dimen-

sional Gaussian shape. (More precisely, the spatial depend-

ence of the molecular brightness bð r!Þ as seen by the detectors

is assumed to be Gaussian distributed – that is,

bð r!Þ ¼ b0 expð�2ðx2 þ y2Þ=w1
2Þ expð�2z2=w2

2Þ, where b0 is

the brightness at r¼ 0. The size of the confocal volume is

defined by V ¼
R

bð r!Þd3r=b0 and the average number of

molecules in the observation volume by /NS ¼ cV, where c is

the concentration of fluorescent molecules.) The simplest

setup involves focusing a laser beam into the sample with a

high numerical aperture objective, thus forming a diffraction-

limited focal volume. The fluorescence of molecules in this

region of the sample is collected through the same objective;

out-of-focus light is removed with a pinhole in the image

plane of the microscope; and the signal is recorded with

sensitive detectors, such as avalanche photodiodes. The re-

sulting intensity autocorrelation function normalized by the

mean intensity squared can be approximated by

GðtÞ ¼ 1þ 1

/NS
1þ t

tD

� ��1

1þ t
o2tD

� ��1=2

�ð1þ Ke�t=tr Þ ½9�

where /NS is the average number of molecules in the ob-

served volume, tD is the characteristic time it takes a molecule

to diffuse through the observation volume, o is the aspect

ratio of the volume, and K is the equilibrium constant of a

reaction with a relaxation time tr resulting in fluctuations of

the emission intensity. In this case, there are thus two mech-

anisms contributing to the observed intensity fluctuations: (1)

diffusion of molecules in and out of the confocal volume and

(2) fluctuations in the concentrations of molecules caused by

the reaction, which could, for example, be a protein folding

reaction (eqn [2]). From eqn [9], it is obvious that the ob-

servation of reaction dynamics is limited to timescales smaller

than the diffusion timescale because the diffusive terms will

decay to zero for tctD.

Correlation analysis can be performed on molecules freely

diffusing in solution, as in a typical FCS experiment, but it can

equally be applied to the signal recorded from single-immo-

bilized molecules. Both approaches have been used for the

investigation of protein folding (see Section 3.6.7). Equation

[9] shows that the amplitude of the correlation function on

freely diffusing molecules is inversely proportional to /NS,

and the desired signal thus becomes larger for smaller con-

centrations. On the other hand, the photon statistics will

improve with increasing /NS, and the statistical noise will

thus be smaller for larger /NS. However, the concentration

cannot be increased indefinitely because the relative fluctu-

ations will decrease and will eventually be hidden in other

fluctuations from imperfections of the experimental system.50

In practice, FCS experiments are typically performed at

nanomolar concentrations of fluorescently labeled molecules,

where on average approximately one molecule resides in the

observation region, and the single-molecule information is

available via the correlation function. However, the prob-

ability of having two or more molecules in the confocal
volume is already substantial at these concentrations, which

leads to some signal averaging and therefore does not permit

the complete separation of the signal from individual mol-

ecules required for many types of analysis. To achieve such

separation, it is necessary to dilute the solution such that

/NS{1 (typically in the range of B10 pM), which will result

in bursts of photons originating from single-molecules dif-

fusing through the confocal volume, separated by intervals

with background signal. The fluorescence signal from each

molecule can then be identified using suitable threshold cri-

teria. The combination of this type of single-molecule de-

tection with FRET21 has become a particularly versatile

approach for studying intramolecular distances, distance dis-

tributions, and dynamics in biomolecules,10,51–54 including

protein folding (see Section 3.6.7).31–34,55,56
3.6.5 Single-Molecule Förster Resonance Energy
Transfer

The first quantitative test of Förster’s theory24,57 and the cru-

cial experiment that put FRET on the map of biochemistry was

published by Stryer and Haugland in 1967.22 They attached

dansyl and naphthyl groups to the termini of polyproline

peptides and measured the transfer efficiency between them as

a function of the length of the peptide. As predicted for the

dipole-dipole coupling between the donor and the acceptor

dye,24 they found the transfer efficiency E to depend on the

inverse sixth power of the interchromophore distance r, in

agreement with Theodor Förster’s famous result (Figure 2(c)),

according to which

EðrÞ ¼ R6
0

R6
0 þ r6

½10�

where R0 is the Förster radius, the characteristic distance that

results in a transfer efficiency of 50%. R0 is calculated in

Förster’s theory as

R6
0 ¼

9000ðln10Þk2QDJ

128p5n4NA
½11�

where J is the overlap integral between the donor emission

and the acceptor absorption spectra, QD is the donor’s fluor-

escence quantum yield, n is the refractive index of the medium

between the dyes, and NA is Avogadro’s constant.24,57 k2 de-

pends on the relative orientation of the chromophores, with

k2¼ (cosyT� 3cosyDcosyA)2, where yT is the angle between the

donor and acceptor transition dipoles, and yD and yA are the

angles between the transition moments and the line con-

necting the centers of donor and acceptor, respectively. In

cases in which the rotational reorientation of the chromo-

phores is fast compared to the donor excited state lifetime, k2

averages to a value of 2/3, significantly simplifying the appli-

cation of FRET. The idea of this ‘spectroscopic ruler’22 has had

a major impact on the investigation of biomolecular structure

and dynamics on distances in the range of approximately

1–10 nm.23,58–60

Experimentally, transfer efficiencies can be determined in a

variety of ways,57 but for single-molecule FRET, two approaches
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Figure 2 Förster resonance energy transfer (FRET). (a) Model of a protein molecule labeled with donor and acceptor chromophores. The donor
fluorophore (green) can be excited specifically (blue). It can then either emit a fluorescence photon itself or transfer its excitation energy to the
acceptor (red). (b) The same process can be depicted in terms of a Jablonsky diagram illustrating the transitions between ground and excited
states of donor (D) and acceptor (A). The rate of transfer, kT, depends on the distance r between donor and acceptor, resulting in the
characteristic distance dependence of the transfer efficiency E. (c) At the Förster distance R0, E¼ 0.5. For currently available FRET pairs
suitable for single molecule spectroscopy, R0 is in the range of 5 nm.

120 Single-Molecule Spectroscopy of Protein Folding

Author's personal copy
are particularly useful. One is the measurement of the fluorescence

intensities from both the donor and the acceptor chromophores,

and the calculation of the transfer efficiency according to

E ¼ nA

nA þ nD
½12�

where nA and nD are the numbers of photons detected from

the acceptor and donor chromophore, respectively, during the

observation time, corrected for the quantum yields of the dyes,

the efficiencies of the detection system in the corresponding

wavelength ranges, and related effects.61,62 (Strictly speaking, E

defined in this way is a randomly distributed quantity. For the

true transfer efficiency, the photon count rates from donor and

acceptor have to be used instead of nA and nD.) The obser-

vation time is usually limited either by the finite diffusion

time through the confocal volume or by bleaching of one of

the fluorophores. In a typical free diffusion experiment, for

instance, not more a few hundred photons can be detected per

molecule, and the transfer efficiency values obtained from eqn

[12] are thus stochastically distributed around the true transfer

efficiency. The transfer efficiency distributions (histograms)

obtained from repeated single-molecule measurements are

thus shot noise broadened. It is also important to notice that

the transfer efficiencies obtained from eqn [12] represent

averages over the observation times. The effect of the finite
observation time on the transfer efficiency histograms is dis-

cussed in Section 3.6.5.1.

A second approach to determine transfer efficiencies, which

can be combined with the first,63 is the measurement of the

fluorescence lifetime of the donor in the presence (tDA) and ab-

sence (tD) of the acceptor, yielding the transfer efficiency as

E ¼ 1� tDA

tD
½13�

These parameters can be calculated from the signal of each

individual molecule,64 be it in free diffusion experiments or in

measurements on immobilized samples. Again, sampling of

many single-molecules will result in distributions of observed

transfer efficiencies. In addition to shot noise broadening, the

shape of these transfer efficiency histograms critically depends

both on the relative timescales of the processes that influence

the transfer rate and on the nature of the underlying distance

distribution.
3.6.5.1 Timescales and Distance Distributions

The relative magnitude of the timescales of at least four dif-

ferent processes will have an influence on the position and the

width of the FRET efficiency histogram: (1) the rotational
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correlation time of the chromophores, (2) the fluorescence

lifetime of the donor, (3) the distance fluctuations between

donor and acceptor (and thus the dynamics of the molecule to

which they are attached), and (4) the observation timescale.

The rotational correlation time of the chromophores in-

fluences the value of the orientation factor k2 (eqn [11]): If dye

reorientation is sufficiently fast such that the relative orien-

tation of the donor and acceptor dipoles averages out while

the donor is in the excited state, k2 can be assumed to equal

2/3. If, at the other extreme, the donor fluorescence decay is

much faster than dye reorientation, a static distribution of

relative dye orientations can be assumed. Intermediate cases

are difficult to treat analytically,57 and simulations become the

method of choice.65,66 k2¼ 2/3 is often a good approximation

because the rotational correlation times of typical sterically

unhindered dyes are in the range of a few hundred pico-

seconds, whereas their fluorescence lifetimes are in the

nanosecond range (although they may be shortened signifi-

cantly by the transfer process). For any quantitative analysis of

FRET experiments, it is thus crucial to investigate the mobility

of the dyes attached to the protein with fluorescence polar-

ization anisotropy measurements.59 Whereas steady-state

measurements can usually only provide an indication for the

presence or absence of sufficient mobility, time-resolved

measurements have the advantage that they can be used to

extract information about both the rotational correlation time

and the presence and degree of steric hindrance67 and should

thus be preferred if possible.

The characteristic times of the fluorescence decay and of

interdye distance changes are often less clearly separated than

in the case of rotational motion. If they are in a similar range,

the distribution of transfer rates resulting from the distance

distribution will give rise to highly nonexponential fluor-

escence decays. If the distance dynamics are slow compared

to the fluorescence lifetime of the donor, the distance dis-

tribution can be obtained directly from fluorescence lifetime

distributions68 using procedures originally established for

ensemble experiments,58,69 which can now be applied to

individual subpopulations68,70 identified in single-molecule

experiments.

Finally, the relative timescales of the interdye distance

changes and the observation time will affect the width of the

measured transfer efficiency distributions. As shown by Gopich

and Szabo, the observation time must be approximately an

order of magnitude smaller than the relaxation time of the

donor–acceptor distance to obtain physically meaningful dis-

tance distributions or corresponding potentials of mean

force.71,72 Otherwise, only the mean value of the transfer effi-

ciency of the respective subpopulation can be used to extract

information about the distance distribution, and an in-

dependent model for the shape of the distance distribution is

needed. In practice, this means that distance distributions can

be determined from free diffusion experiments on proteins if

the underlying dynamics are on a timescale greater than

B1 ms, assuming photon count rates of B105 s�1 typically

achieved during fluorescence bursts.71 A noticeable influence of

dynamics on the width, however, is already expected for fluc-

tuations in the 10- to 100-ms timescale,71 which has been used

to set bounds on the pre-exponential factor for protein

folding.29
For many structurally heterogeneous systems, such as un-

folded proteins, we are dealing with broad distributions of dis-

tances. Correspondingly, we have to analyze the mean transfer

efficiencies /ES from single-molecule FRET efficiency histo-

grams in terms of distance distributions29,68,73–75 – that is, a

radial distribution function P(r). If the functional form of P(r) is

unknown, the distance distributions of simple polymer models

has been employed as an approximation.29,34,75,146 The observed

transfer efficiency histograms will depend both on P(r) and on

the timescales of the processes outlined previously. The three

physically plausible limits for the possible averaging regimes and

the resulting mean transfer efficiencies /ES are as follows:73

1. If the rotational correlation time tc of the chromophores is

small relative to the fluorescence lifetime tf of the donor

(i.e., k2¼ 2/3), and the dynamics of the peptide chain

(with relaxation time tp) are slow relative to tf,

/ES ¼
Z lc

a

EðrÞPðrÞdr ½14�

with

EðrÞ ¼ ð1þ ðr=R0Þ6Þ�1

where P(r) is the normalized interdye distance distribution, a is

the distance of closest approach of the dyes, lc is the contour

length of the peptide, and R0 is calculated assuming k2¼ 2/3.

2. If tc{tf and tp{tf (note that the averaging has to be done

over the transfer rate kt – that is, /ES ¼ 1= 1þ k0=ðR lc
a ktðrÞPðrÞdrÞ, where ktðrÞ ¼ k0ðR0=rÞ6, and k0 is the fluor-

escence decay rate of the donor in the absence of the acceptor),

/ES ¼

Z lc

a

ðR0=rÞ6PðrÞdr

1þ
Z lc

a

ðR0=rÞ6PðrÞdr

½15�

3. If tcctf and tpctf ,

/ES ¼
Z 4

0

Z lc

a

Eðr;k2Þ PðrÞ pðk2Þdr dk2

with

Eðr;k2Þ ¼ 1þ 2

3k2
ðr=R0Þ6

� ��1

½16�

The theoretical isotropic probability density p(k2) for the case

in which all orientations of the donor and acceptor transition

dipoles are equally probable57,76 is

pðk2Þ ¼

1

2
ffiffiffiffiffiffiffiffi
3k2
p ln 2þ

ffiffiffi
3
p� �

0rk2r1

1

2
ffiffiffiffiffiffiffiffi
3k2
p ln

2þ
ffiffiffi
3
p

ffiffiffiffiffi
k2
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � 1
p

� �
1rk2r4

8>>><
>>>:

½17�

It is important to remember that even for a molecule with a

single-fixed distance or very rapid conformational averaging,

the resulting FRET efficiency histograms are broadened by shot

noise, as discussed previously. In practice, however, histograms

broader than expected from shot noise alone are often
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observed. The origin of this excess width is sometimes un-

clear,29,77 and the following factors may contribute to it: (1)

fluctuating fluorescence quantum efficiencies due to fluor-

escence quenching, photobleaching, or other photochemical

processes, (2) chemical heterogeneity, e.g., from imperfect la-

beling, or (3) instrumentational effects, such as confocal vol-

umes for donor and acceptor channels that are either of

different size or misaligned. If such influences can be ex-

cluded, for example, by measurements on suitable reference

samples, a rigorous analysis of the excess width can reveal

additional dynamic information (see Section 3.6.6.3).
Sample

High NA objective

EM-CCD
3.6.6 Experimental Aspects

Performing a single-molecule FRET experiment on protein

folding requires several steps. First, protein samples have to be

prepared for labeling, either by chemical synthesis or by re-

combinant expression in combination with site-directed

mutagenesis. After identifying a suitable dye pair with the

Förster radius in the correct range, the fluorophores need to be

attached to the protein as specifically as possible to avoid

chemical heterogeneity.78 The equilibrium and kinetic prop-

erties of the labeled protein should then be measured in en-

semble FRET experiments and compared directly to those of

unlabeled protein to ensure that the folding mechanism is not

altered. It is also helpful to prepare control molecules, such as

polyproline peptides29,73,79 or double-stranded DNA,80 with

the same chromophores as the protein to control for changes

in solution conditions or similar potential sources of error.

After customizing the instrument for the sample, data can be

obtained either on freely diffusing molecules, or on immo-

bilized molecules if observation times greater than a few

milliseconds are desired. Finally, the data need to be pro-

cessed56 to correct for background contributions and other

effects, to identify fluorescence bursts in diffusion experi-

ments, and to calculate transfer efficiencies, fluorescence life-

times, fluorescence intensity correlation functions, and other

parameters derived from the primary observables.
Computer

Figure 3 Schematic of a prism-based total internal reflection
fluorescence setup. A laser beam (blue) is reflected at the interface
of the sample solution and the top of the sample cell, forming an
evanescent field that can be used to selectively excite molecules in
close proximity (typically o100 nm) to the surface of the cover
slide. The molecules are usually immobilized to the surface. The
fluorescence is collected with a high numerical aperture objective
lens and focused onto a sensitive CCD camera. An image splitter
can be used to direct emission of different wavelengths (e.g.,
donor and acceptor emission in a FRET experiment) to different
areas of the CCD chip, which can then be superimposed for the
analysis to quantify donor and acceptor intensities from the same
molecule.
3.6.6.1 Instrumentation and Data Collection

The instrumentation is based on the optics, detectors, and

electronics developed for optical single-molecule de-

tection81,82 and fluorescence correlation spectroscopy.83–85

Experimental setups for single-molecule FRET86 typically in-

volve either confocal excitation and detection using pulsed or

continuous wave lasers and single-photon avalanche photo-

diodes (APDs), respectively, or wide-field microscopy with

two-dimensional detectors such as sensitive charge-coupled

device (CCD) cameras, often in combination with TIRF87,88

(Figure 3). Wide-field imaging allows the collection of data

from many single-molecules in parallel, albeit at much lower

time resolution than in a confocal experiment using APDs.

Figure 4 shows a schematic with the main optical elements for

confocal epifluorescence detection. A laser beam is focused

with a high numerical aperture objective to a diffraction-lim-

ited focal spot that serves to excite the labeled molecules. In

the simplest experiment, the sample molecules are freely dif-

fusing in solution at very low concentration (typically



Sample

Sample

High NA objective

Dichroic
mirror

−200 2000

0

In
te

ns
ity

5 10 15 20
Time (ns)

0.8

g D
D
 (
�)

1.2

D

A

(a)

(b)

(c)(d)

(e)

U N

1

� (ns)

Pulsed laser

Pinhole

Computer

100

50

50

100

0

0 100 200 300 400 500 600 700 800 900 1000
Time (ms)

200

400

600

800

0.6

1.2

1.8
20

3

N
um

be
r 

of
 e

ve
nt

s

2.4

3.0

Li
fe

tim
e 

(n
s)

3.6

4.2

4.8

0.0 0.2 0.4 0.6 0.8 1.0

Transfer efficiency E

Acceptor
channel

A
cc

ep
to

r
co

un
ts

Acceptor
channel

Donor
channel

D
on

or
co

un
ts

Donor
channel

Polarizing
beam splitter

Cover slide

Figure 4 Schematic of a confocal single molecule experiment on freely diffusing molecules (left). In this example, the fluorescence signal is
first separated by polarization and then by wavelength into two detection channels each, corresponding to emission from donor and acceptor
chromophores. The right side shows an example of data from an experiment on CspTm molecules (labeled with Alexa 488 and Alexa 594
fluorophores) freely diffusing in a solution containing 1.5 M guanidinium chloride – conditions close to the unfolding midpoint. One second of a
fluorescence intensity measurement (total acquisition time is 60 min) is shown in panel a, with bursts of photons originating from individual
molecules diffusing through the confocal volume. From each of the bursts (discriminated from background by a combination of thresholds), a
transfer efficiency E and a fluorescence lifetime t (for both donor and acceptor; the donor lifetime is shown in the figure) can be calculated and
plotted in a two-dimensional density graph (c). Subpopulations can be selected based on this graph (dashed box) to calculate subpopulation-
specific properties, such as fluorescence lifetime decays (d) and correlation functions (e). A one-dimensional histogram of transfer efficiencies is
depicted in panel b. The plots show populations with transfer efficiencies of EE0.9 for folded and EE0.45 for unfolded molecules. This
separation of subpopulations allows changes in transfer efficiencies and other properties to be analyzed individually for each state. The third peak
at a transfer efficiency close to zero (shaded) is due to molecules without an active acceptor chromophore. From Schuler, B. & Eaton, W. A.
(2008) Protein folding studied by single molecule FRET. Curr. Opin. Struct. Biol., 18, 16–26.
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10–100 pM), ensuring that the probability of two or more

molecules residing in the confocal volume at the same time is

negligible. When a molecule diffuses through the laser beam,

the donor dye is excited, and fluorescence from donor and

acceptor is collected through the objective and gets focused

onto the pinhole, a small aperture (50–200 mm in diameter)

serving as a spatial filter. A dichroic mirror finally separates

donor and acceptor emission into the corresponding de-

tectors, from where the data are collected with suitable

counting electronics. Modern electronics allow the arrival

times of every individual detected photon to be stored with

picosecond time resolution and completely synchronized for

all detection channels.89–91 This mode of data collection
provides maximum flexibility and versatility for data process-

ing. The setup can be extended to sorting photons by add-

itional colors (e.g., if more than two chromophores are

used)92,93 or by both color and polarization.63 The advantage

of observing freely diffusing molecules is that perturbations

from surface interactions can largely be excluded, but the

observation time is limited by the diffusion times of the

molecules through the confocal volume. Typically, every

molecule is observed for no more than a few milliseconds. The

resulting fluorescence bursts can be identified by applying

an intensity threshold61 or more advanced algorithms.94–96

From the identified bursts, transfer efficiency histograms

or other signal distributions can be constructed (Figure 4).
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Alternatively, the molecules can be immobilized on the surface

and then observed for a more extended period of time, typi-

cally a few seconds, until one of the chromophores undergoes

photodestruction. The complications in this case are inter-

actions with the surface that can easily perturb the sensitive

equilibrium of protein folding. The details of single-molecule

instrumentation can be found in several sources.54,82,86,88

The separation of the signals from various subpopulations,

such as the thermodynamic states in protein folding reactions,

can be used to measure a variety of parameters that are dif-

ficult to determine otherwise.63 In a confocal experiment with

pulsed excitation and four detection channels (Figure 4), for

example, the emission wavelength range (i.e., whether it is a

donor or an acceptor photon), the polarization, and the time

of emission relative to the excitation pulse become available

for every detected photon. Consequently, we can calculate for

each burst of photons from a single-molecule the transfer ef-

ficiency, the donor and acceptor fluorescence lifetimes,

the fluorescence anisotropy, and a number of other para-

meters that aid the interpretation of the results. In a second

step, the bursts from subpopulations can be grouped, for ex-

ample, to obtain fluorescence decays of an individual sub-

population, devoid of signal contributions from other

molecules. Whereas the fluorescence lifetime from an indi-

vidual burst can only be estimated with relatively large

uncertainty, the combination of all photons from a sub-

population can result in decays that are suitable for more

detailed analysis. An important development for the wide

application of single-molecule methods is the availability of

comprehensive commercial instrumentation.97
3.6.6.2 Protein Labeling

Unfortunately, the chemical properties of proteins do not make

it easy to investigate polypeptides in single-molecule experi-

ments. Currently, even tryptophan, the natural amino acid with

the highest fluorescence quantum yield (B0.13), is not

suitable for single-molecule detection (unless the molecule

contains a very large number of tryptophan residues98) due to

the low photostability of the indole ring. The growing family of

fluorescent proteins99 is usually of limited use for the investi-

gation of protein folding mechanisms because of their relatively

large size and their sensitivity to denaturants. Labeling with

extrinsic fluorophores has thus been unavoidable. It is com-

plicated by the need for suitable reactive groups for site-specific

attachment. For FRET, two (or more) chromophores are nee-

ded, and their specific placement on the protein ideally requires

groups with orthogonal chemistries. For simple systems, such

as short peptides, sequences can be designed to introduce only

single-copies of residues with suitable reactive side chains.29,73

In chemical solid-phase peptide synthesis, protection groups

and the incorporation of non-natural amino acids can be used

to increase specificity, but for longer chains, chemical synthesis

becomes inefficient and shorter chains have to be ligated100 to

obtain the desired product.27 Considering the versatility of

heterologous recombinant protein expression, the production

of proteins of virtually any size and sequence in prokaryotic or

eukaryotic cell culture is the method of choice to obtain very

pure material in sufficiently large amounts for preparative

purposes. However, the number of functional groups that can
be used for specific labeling is very limited. Sufficiently specific

reactivity is only provided by the sulfhydryl groups of cysteine

residues, the amino groups of lysine side chains, and the a-

amino group of the N-terminal amino acid. However, except

for small peptides, the statistical and therefore often multiple

occurrence of cysteine and especially lysine residues in one

polypeptide prevents the specific attachment of exactly one

label to a protein. For some applications, such as in vivo im-

aging, the degree of labeling is only of secondary importance,

but for FRET, specificity is strictly required.

Currently, the most common approach is to rely exclusively

on cysteine derivatization. Increased specificity can be

achieved by removing unwanted natural cysteines by site-dir-

ected mutagenesis or introducing cysteines with different re-

activity due to different molecular environments within the

protein.101 Labeling is usually combined with multiple chro-

matography steps to purify the desired adducts. Alternative

methods78 are native chemical ligation of recombinantly ex-

pressed and individually labeled protein fragments or intein-

mediated protein splicing,102 the specific reaction with thioe-

ster derivatives of dyes,103 puromycin-based labeling using

in vitro translation,104 or introduction of non-natural amino

acids.105 Most of the latter methods are not yet used routinely

and must be considered under development. These compli-

cations notwithstanding, a wide variety of suitable organic

dyes with various functional groups for protein labeling have

become commercially available. Examples of particularly

popular chromophores for single-molecule FRET are the cya-

nine dyes106 and the Alexa Fluor series.107 Semiconductor

quantum dots108,109 are promising candidates due to their

extreme photostability, but they are not yet available with

single-functional groups; they can only be used as donors

because of their broad absorption spectra, and they are

themselves the size of a small protein.

Even for the smaller organic dyes, however, interactions

with the protein can interfere both with the photophysics of

the chromophores and with the stability of the protein. This

needs to be taken into account both for the design of the

labeled variants and for control experiments. Due to the

substantial size of the fluorophores, they can usually only be

positioned on the solvent-exposed surface of the protein if the

folded structure is to be conserved. Even then, the use of

hydrophobic dyes can reduce the solubility of the protein, or

interactions with the protein surface can cause a serious re-

duction in fluorescence quantum yield – a problem that has

been minimized by the introduction of charged groups in

many of the popular dyes.106,107 Important control experi-

ments are equilibrium or time-resolved fluorescence an-

isotropy measurements,27,29,66,73 which are sensitive to the

rotational flexibility of the dyes and can therefore provide

indications for undesirable interactions with the protein sur-

face. It is also essential to ensure by direct comparison with

unmodified protein that labeling has not substantially altered

the protein’s stability or folding mechanism.
3.6.6.3 Data Analysis

A large number of different and often complementary types of

analysis and theoretical approaches have been applied to
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single-molecule measurements, which in many cases has been

crucial for extracting new information from the experimental

data.110 Examples include the use of hidden Markov models111

and other methods based on information theory,112,113 gen-

erating functions,114,115 and the concepts of network the-

ory,116–118 Whereas initial developments in the field originated

from seemingly very different concepts, we begin to see some

convergence in the methods used. Here, we only discuss some

examples of recent developments that we expect to have a

strong influence on the analysis of single-molecule protein

folding studies in the near future.

Frequently, the analysis of transfer efficiency histograms is

merely used for determining the mean transfer efficiencies

from the peak positions. The widths and the shapes of the

peaks are often ignored, although they may contain useful

information about structural heterogeneities and dynamics

present within and between the subpopulations.71 As men-

tioned previously, the main difficulty is to separate the in-

trinsic width caused by heterogeneities from shot noise

broadening.61 Early theoretical contributions71,115 culminated

in the rigorous treatment of photon statistics in single-mol-

ecule experiments by Gopich and Szabo.72,119,120 They showed

how to calculate the joint probability P(nD, nA) of finding nD

and nA donor and acceptor photons, respectively, in a burst

and how to obtain from it theoretical transfer efficiency

histograms, which can then be compared with the measured

ones. Nir et al.96 and Antonik et al.121 simplified FRET effi-

ciency histogram analysis by factorizing P(nD, nA) into two

components, one of which is the distribution of the sum of

donor and acceptor photons, which can be taken directly from

the measured data and includes the influence of translational

diffusion, such that detailed knowledge of the shape of the

confocal volume is no longer needed. This type of approach

can also be used to analyze single-molecule anisotropy

histograms122 and heterogeneous mixtures.123 The method

can be used to fit the measured transfer efficiency histograms

directly assuming an underlying, shot noise-free, transfer effi-

ciency distribution. Alternatively, this underlying distribution

can be obtained from a more general and rigorous maximum

likelihood method.74,120,124

It has been shown that conformational dynamics such as

the kinetics of protein folding can be obtained from single-

molecule FRET data even when the dynamics occur on the

same timescale as translational diffusion. Again, modeling

the diffusion through the observation volume is not needed.

With time-binned raw data, kinetic rate constants can be

obtained by analyzing transfer efficiency histograms (Fig-

ure 5).120 If the data are available, it is possible to apply

a rigorous maximum likelihood approach to the arrival times

and colors of each individual photon.124 The elegant theore-

tical framework developed by Gopich and Szabo allows any

conformational dynamics or photophysical effects other than

FRET to be taken into account.119 It can also be employed to

model rapid conformational dynamics and to obtain intra-

molecular diffusion coefficients from fluorescence intensity

correlation functions (see Section 3.6.7.2).125–127 Rigorous

theoretical tools of this type and the other methods men-

tioned previously will clearly be an important step toward

extracting all the information contained in single-molecule

measurements.
3.6.7 Single-Molecule Spectroscopy of Protein
Folding

The exciting prospect of watching individual molecules fold

has been the major motivating factor for single-molecule FRET

studies. Additional motivation has come from computer

simulations and analytical models of folding, which are

playing an increasingly important role in investigations of

protein folding mechanisms. If accurate, everything that one

could possibly know about a protein folding mechanism is

contained in a complete set of folding trajectories from

atomistic molecular dynamics calculations. Such calculations

have in fact just recently become possible for microsecond-

folding proteins using distributed computing.128 In contrast to

ensemble studies, the investigation of individual molecules

promises direct access to information on microscopic folding

pathways. An ultimate goal of single-molecule FRET studies is

the time-resolved observation of individual protein folding

events, which will allow the acquisition of trajectories of FRET

efficiency – and therefore distance – versus time as the mol-

ecule transits between the unfolded and folded states. Such

data should provide new insights and be much more de-

manding tests of both simulation and analytical models,

thereby speeding progress toward a quantitative and more

complete understanding of protein folding mechanisms.
3.6.7.1 Unfolded State Structure and Collapse

Förster radii in the range of 5 nm for the dye pairs currently

available for single-molecule FRET allow the measurement of

long-range intramolecular distances and dynamics and thus

make the method ideally suited for investigating denatured

proteins, many aspects of which have been difficult to study in

detail with ensemble methods because of their large structural

heterogeneity. A main advantage that has been exploited in

single-molecule experiments is the separation of folded and

unfolded subpopulations, thus providing access to the prop-

erties of unfolded proteins even at low concentrations of

denaturant,27,29 where the majority of molecules in the en-

semble are folded. Under these conditions, which are of

course physiologically most relevant, the ensemble-averaged

signal would be dominated by the native state. Aspects that

have received particular attention are the overall structural

properties of the unfolded state, especially its denaturant-

dependent collapse, and the dynamics of the unfolded chain.

Since the first unequivocal identification of unfolded state

collapse in the small cold shock protein CspTm (Fig-

ure 6),29,129,130 single-molecule FRET has revealed a very

similar behavior in a number of other proteins, including

chymotrypsin inhibitor 2 (CI2),70 for which previous experi-

ments had already been suspected to indicate collapse27; acyl-

CoA binding protein (ACBP)70; RNase HI131,132; protein L77,133;

the B domain of protein A134; the immunity protein Im9135;

and the prion-determining domain of Sup35.136 The growing

number of examples showing collapse, and the agreement with

the behavior found even for unstructured peptides,137,138 in-

dicates that chain compaction with decreasing denaturant

concentration is a generic phenomenon of polypeptides,139

despite conflicting evidence from small-angle X-ray scattering

experiments for some cases (e.g., protein L140).
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Figure 5 Effects of conformational dynamics on transfer efficiency histograms in single molecule FRET experiments on freely diffusing
molecules. The histograms were calculated assuming that the molecules undergo transitions between two conformational states with low
(E1¼ 0.4) and high (E2¼ 0.8) transfer efficiency. The histograms are shown for different values of the relaxation rate k¼ k1þ k2 and the burst
duration T. In the first two columns, the equilibrium populations of two of the states are equal (k1¼ k2); in the third and fourth columns, the
populations differ by a factor of 2 (k1¼ 2 k2). For low values of k (kTo1), two well-separated peaks are observed, corresponding to the two
subpopulations. With increasing relaxation rate, it becomes more likely that a conformational transition occurs during a burst, resulting in an
increasing number of events with apparent transfer efficiencies (averaged over T) in the range between the true transfer efficiencies E1 and E2. At
high relaxation rates (kTc1), transitions occur so frequently during a burst that the two subpopulations become indistinguishable. Only one
peak remains, whose relative position between E1 and E2 is determined by the equilibrium constant K¼ k1/k2. Reproduced from Gopich, I. V.;
Szabo, A. Single-molecule FRET with diffusion and conformational dynamics. J. Phys. Chem. B 2007, 111, 12925–12932, with permission from
ACS Publications.
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Although the data are still too sparse for a systematic an-

alysis of collapse in terms of factors such as sequence com-

position or native state structure, several interesting aspects of

unfolded state collapse have been addressed. Laurence et al.70

introduced subpopulation-specific fluorescence lifetime an-

alysis to investigate structural distributions upon collapse.

From their observation that the variance of the transfer rates

contributing to the decays was greater than expected from

simulations of simple polymer models, the authors inferred

the presence of transient residual structure in the unfolded
state of both CI2 and ACBP. For ACBP, this observation might

be related to evidence for the population of an intermediate

state.141 Similarly, McCarney et al.142 found evidence for site-

specific deviations from Gaussian-chain behavior for the

FynSH3 domain in the GdmCl and trifluoroethanol unfolded

states.

To map the collapse of CspTm, Hoffmann et al.68 investi-

gated variants of the protein with the labels positioned such

that different segments of the chain could be probed. Sur-

prisingly, a combined analysis of transfer efficiency histograms
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and subpopulation-specific fluorescence lifetimes was in

agreement with intramolecular distance distributions of a

Gaussian chain for all variants, even at low denaturant con-

centrations, where the chain is compact. This indicates that

any residual structure can affect only short segments relative to

the contour length of the probed segments and is probably

highly dynamic. Kinetic synchrotron radiation circular di-

chroism experiments in fact provided evidence for the pres-

ence of some b structure in the compact unfolded state,68 and

kinetic ensemble FRET experiments probing a short segment

that forms a b strand in the folded state indicated the local

formation of extended structure even in the compact unfolded

state of a closely related Csp.143

Two studies investigated the collapse of protein L.

Merchant et al.77 compared it directly to CspTm and com-

plemented their experiments with simulations. The mean

FRET efficiencies for unfolded protein L and CspTm are

identical at high denaturant concentration,77 consistent with

the finding from small X-ray scattering measurements that the

size of unfolded proteins depends only on the length of the

polypeptide and is independent of sequence.144 However, they
differ at lower denaturant concentration when the folded state

is also present, with protein L being more compact, possibly as

a result of its more hydrophobic sequence. It would be ex-

tremely difficult to reliably detect such differences in equi-

librium small-angle X-ray scattering experiments in which

both folded and unfolded molecules contribute to the ob-

served scattering.145 Sherman and Haran133 employed an

analytical polymer model to describe the change in size of

unfolded protein L as a coil-globule transition and interpreted

the results in terms of the solvation properties of the unfolded

chain.

The change of unfolded state dimensions with denaturant

concentration is also beginning to be captured by theory and

simulations.146 Most remarkably, O’Brien et al.139 successfully

combined extensive simulations of proteins in the absence of

denaturants or osmolytes with Tanford’s transfer model147 to

predict the dependence of equilibrium properties of proteins,

including unfolded state dimensions, on the concentration of

denaturants and osmolytes. Their molecular transfer model

shows a collapse of the unfolded chain at low denaturant

concentration, in agreement with the experimental
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observations. Along these lines, O’Brien et al.75 also analyzed

the use of simple polymer models to assess the uncertainties

in the interpretation of experimental transfer efficiencies in

terms of the corresponding distance distributions.

In contrast to the rather strong effects of denaturants on

unfolded state dimensions, the influence of temperature on

the unfolded state is more subtle and has become accessible

only recently. Nettels et al.148 found a compaction of the

unfolded state of a small cold shock protein with increasing

temperature in both the presence and the absence of de-

naturant. Although dissociation of denaturant from the

polypeptide chain with increasing temperature149 was shown

to contribute to the compaction, the results indicated an im-

portant role for additional temperature-dependent inter-

actions within the unfolded chain. From the observation of a

collapse of similar extent in the extremely hydrophilic, in-

trinsically disordered protein prothymosin a, they concluded

that the hydrophobic effect was not the sole source of the

underlying interactions. Circular dichroism spectroscopy and

molecular dynamics simulations showed changes in second-

ary structure content with increasing temperature and sug-

gested a contribution of intramolecular hydrogen bonding to

unfolded state collapse. Further experiments of this type,

possibly in combination with nuclear magnetic resonance150

and molecular simulations, may help to narrow down the

possible interactions dominating unfolded state collapse, a

subject of considerable debate.138,151,152
3.6.7.2 Unfolded State Dynamics

Ensemble experiments on short model peptides have started

to provide information about elementary polypeptide dy-

namics and loop formation on the microsecond timescale and

below.153,154 The importance of these timescales has become

particularly obvious through the identification of proteins that

fold in a few microseconds or faster.42 In this regime, the free

energy barrier to folding is assumed to be extremely low or

even absent, and diffusive chain dynamics become the dom-

inant factor in folding kinetics. An ideal way to probe the

dynamics of the heterogeneous ensemble of non-native con-

formations in larger proteins is single-molecule spectroscopy:

With the Förster radii of currently available dye pairs, single-

molecule FRET is sensitive for distance changes in the range of

B3 to 8 nm, and the absence of averaging over many mol-

ecules allows spontaneous intramolecular distance fluctu-

ations to be observed at equilibrium, without the need for

perturbations to synchronize the ensemble.

Chattopadhyay et al. first used FCS to study the dynamics

of the denatured state of the intestinal fatty acid binding

protein.155,156 Two identical chromophores were positioned

48 residues apart in the sequence such that they could

undergo self-quenching in the denatured state, resulting in

fluorescence intensity fluctuations on the timescale of contact

formation. The corresponding component in the correlation

function was shown to increase as the protein was denatured,

and at 3 M GdmCl the relaxation time extracted was 1.6 ms.

The authors noted that this time is significantly longer than

predicted from the dynamics of Gaussian chain, suggesting

that conformational mobility of the protein is retarded
compared to a random coil, but a quantitative analysis was

complicated by the absence of information about the di-

mensions of the denatured protein.

A similar technique was used by Neuweiler et al. to study

the dynamics of a 20-amino acid polypeptide, the Trp-cage.157

Here, the quencher was a tryptophan side chain (residue 6),

whereas the extrinsic chromophore was MR121 attached to a

nearby lysine (residue 8). The fluorescence correlation curve of

the polypeptide exhibits a temperature-dependent relaxation

component on the microsecond timescale, which was assigned

to the folding/unfolding dynamics. This approach was ex-

tended to the study of unstructured glycine-serine peptides

and the dependence of their dynamics on solvent viscosity,

chain length, and temperature158 and to the analysis of the

dynamics of the small binding domain BBL.159 Another

interesting example for quenching of extrinsic fluorescent dyes

by aromatic amino acids was shown for the natively unfolded

prion-determining domain of Sup35,136 where dynamics on

timescales between 20 and 300 ns were detected and assigned

to quenching of Alexa 488 by the tyrosine residues in the

unfolded chain.

Dynamics in a very broad range of timescales were investi-

gated in fluorescence trajectories of individual immobilized

RNase HI molecules labeled with a FRET pair.132 Cross-correl-

ation analysis of donor and acceptor emission exhibited an

anti-correlated component with a time constant of 20 ms, which

was interpreted as the polypeptide reconfiguration time in the

unfolded state. Surprisingly, transitions of the transfer efficiency

within the range assigned to the unfolded state occurred with

characteristic times of B2 s. The authors concluded that such

slow transitions must be due to high free energy barriers ori-

ginating from substantial structure in the denatured state. Such

pronounced features of the energy landscape in the unfolded

state have not been observed for other proteins, and their

structural basis remains to be understood.

The most comprehensive analysis of unfolded state

dynamics to date is the determination of the reconfigura-

tion time in the unfolded state of CspTm.126 The authors

used the fluctuations in the fluorescence intensity of donor

and acceptor undergoing FRET when the distance between

them fluctuates (Figure 7).126 Subpopulation-specific correl-

ation methods with picosecond time resolution160,161 were

combined with the information on the dimensions of the

unfolded state from subpopulation-specific transfer effi-

ciencies.68 Based on a model that describes chain dynamics as

a diffusive process on a one-dimensional free energy sur-

face,126,162,163 very rapid reconfiguration times could be ex-

tracted, increasing from B20 to 60 ns upon collapse of the

chain with decreasing denaturant concentration. The resulting

intramolecular diffusion coefficients are a key parameter in

Kramers-like descriptions of protein folding.164 The depend-

ence of internal friction on chain dimensions provides an

indication for the potential variability of intramolecular dy-

namics as the protein progresses toward the native state.165,166

Recent experiments161 indicate the absence of significant dis-

tance fluctuations of unfolded CspTm on slower timescales,

suggesting that elementary chain dynamics dominate the un-

folded state dynamics in this protein. In fact, the timescale

obtained from this analysis is very similar to the relaxation

times calculated from the theory of ideal polymer chains
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developed by Zimm.167 This similarity indicates that the

timescale observed experimentally for CspTm126 is expected to

be relevant in any completely unfolded protein – a conclusion

that is supported by single-molecule experiments on several

other proteins (Nettels and Schuler, unpublished results) and

the similarity in timescales observed for short unstructured

peptides153,154,161,168 when rescaled for their length.

The existence of a universal diffusion-limited timescale in

the dynamics of unfolded proteins has important impli-

cations. First, if slower timescales are observed in denatured

state dynamics or folding kinetics, this presents an indication

for the presence of stable intrachain interactions or the for-

mation of structured intermediates,169 thus leading to in-

creased internal friction170 or substantial free energy barriers

for folding. Second, the diffusional timescale of chain dy-

namics presents an unavoidable ‘speed limit’42,171 for the

folding reaction because diffusive encounters of different parts

of the chain are a prerequisite for the formation of
intramolecular interactions. In other words, the reconfigur-

ation time of the chain is closely related to the effective dif-

fusion coefficient of the unfolded protein on its free energy

surface for folding. Correspondingly, a speed limit for folding

can be estimated from the timescale of chain dynamics based

on a simple one-dimensional Kramers-type model of protein

folding.164 For CspTm, this leads to a value of (0.4 ms)�1,126

which would correspond to the rate of folding in the absence

of a significant free energy barrier (i.e., a downhill re-

action).172 This rate is remarkably similar to those of the

fastest known protein folding reactions, which have been

suggested to approach the diffusional speed limit.41,42,173,174
3.6.7.3 Protein Folding Trajectories

As noted previously, a major goal of single-molecule studies is

to monitor the actual transitions between the folded and
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unfolded states. The first requirement for such experiments is to

obtain trajectories of proteins undergoing folding and un-

folding transitions. Because of the short residence time in the

confocal volume, experiments to date have focused on immo-

bilizing the protein. The first experiments by Hochstrasser and

co-workers,26,28 however, indicated that the technical challenge

in attaching the protein to a glass surface is to avoid artifacts

resulting from transient sticking to the surface. Rhoades

et al.43,44 addressed this difficulty by encapsulating the protein

in lipid vesicles and attaching the vesicles to the surface. They

obtained folding/unfolding trajectories of two proteins, ade-

nylate kinase and CspTm. The trajectories for adenylate kinase43

exhibited broad distributions of step sizes and transition times,

indicating a large degree of complexity that was difficult to

interpret quantitatively, whereas CspTm44 showed trajectories

for individual molecules similar to what would be expected for

a two-state protein: rapid jumps between high and low FRET

states, corresponding to the folded and unfolded molecule

states, with a distribution of residence times expected from the

ensemble unfolding and folding times, respectively. The jumps

between states could not be resolved and were estimated to

occur in less than 100 ms. Estimates of both barrier crossing

times165 and the folding speed limit from experiments42,126

indicate that jumps between folded and unfolded states should

occur in less than 1 ms. It will thus be one of the major chal-

lenges in the field to improve the experimental time resolution.

Excluding or unequivocally identifying spurious transitions

from photophysical or photochemical processes will also be

crucial for a quantitative analysis.

Kuzmenkina et al.131,132 immobilized RNase H via biotin

and streptavidin to a cross-linked polyethylene (‘star PEG’)175

coated surface, and they showed that the folding/unfolding

equilibrium as a function of denaturant concentration is

completely reversible and yields thermodynamic parameters

for the surface-immobilized protein in good agreement with

ensemble experiments for the unlabeled protein. However,

similar to the adenylate kinase studies of Rhoades et al.,43 the

fluorescence trajectories were found to be complex and

showed fluctuations over a wide range of FRET efficiencies.

From the mean residence times in the folded and unfolded

states, rate coefficients (0.01 s�1) remarkably similar to those

found in ensemble experiments for the unlabeled protein were

obtained.

Chung et al.45 took an important step toward the goal of

resolving transition paths in protein folding (Figure 8). They

immobilized the two-state protein GB1 with a biotin-strepta-

vidin linkage and recorded not only the transfer efficiency but

also lifetime information, polarization anisotropy, and pho-

ton arrival times. The signal trajectories exhibited much

greater complexity than expected for a two-state system, but

from single-molecule emission spectra the authors identified a

previously unknown state of the donor chromophore (Alexa

Fluor 488) with red-shifted emission that can account for es-

sentially all of the additional complexity (Figure 8). Using

the combination of all recorded parameters, they were able

to analyze virtually all of the trajectories with a two-state

model. Finally, they applied a maximum likelihood method to

determine an upper bound of 200 ms for the transition

path time. Although this is still much greater than the expected

timescale of B1 ms,45 this work paves the way for the
direct experimental observation of transition paths. It also il-

lustrates how complications from unwanted photophysical

processes, which may also have influenced previous experi-

ments, can be eliminated by the careful analysis of all avail-

able information. Minimizing such photophysical

effects176,177 and increasing the photon emission rate will be

crucial for pushing the limits of time resolution further and

for extracting mechanistic information from single-molecule

fluorescence trajectories.

Closely associated with the measurement of transition

paths is the analysis of the different scenarios of ‘downhill

folding.’ As originally proposed by Bryngelson et al.,164

downhill folding or unfolding become accessible in kinetic

experiments when the bias for the folded or the unfolded

state, respectively, becomes sufficiently large.41,178 By
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significantly populating all structures along the reaction co-

ordinate, this could simplify the observation of the actual

folding process in single-protein molecules and the distri-

bution of microscopic pathways taken by a folding protein. In

another scenario, only one thermodynamic state exists under a

whole range of conditions, resulting in a gradual shifting of a

single-free energy minimum from unfolded to folded struc-

tures.179,180 single-molecule methods should be extremely

helpful in quantifying the structural distributions involved in

such ‘one-state’ folding. Results that contradict the existence of

one-state folding have been reported,134,181 but further ex-

periments will be required to address this issue.182
3.6.7.4 Toward Protein Folding in the Cell

Although our mechanistic understanding of protein folding

in vitro has advanced considerably during the past several

decades, the heterogeneous environment of the cell poses a

great challenge for experimental studies in a cellular context.

The sensitivity of single-molecule fluorescence in combination

with its suitability for investigating heterogeneous conform-

ations presents a new opportunity for addressing these ques-

tions, and many of the methodological developments in

single-molecule spectroscopy of protein folding in vitro can be

applied directly to more complex systems.

A first step is the investigation of protein folding reactions

or conformational properties of proteins in the presence of

individual purified cellular components, such as molecular

chaperones. Early work along these lines demonstrated the

feasibility of the approach for studying chaperone-substrate

and chaperone-chaperone interactions183,184 and indicated

the possibility of obtaining mechanistic information that was

not accessible with previous ensemble experiments. Experi-

ments on surface-immobilized GroEL suggested the presence

of additional kinetic intermediates in the reaction cycle of the

GroEL/ES system that may be important for increasing the

chances for the substrate protein to fold inside the chaperonin

chamber before its release.184,185 Only recently have single-

molecule FRET experiments started to be used more

intensively for elucidating molecular chaperones and their

influence on protein folding mechanisms. Sharma et al.186

investigated the conformational properties of a variant of

maltose binding protein (MBP) upon interaction with the

GroEL/ES chaperonin and obtained indications for the pres-

ence of conformational changes in the substrate protein upon

binding of ATP to the GroEL-MBP complex and upon inter-

actions with the co-chaperone GroES. Hillger et al.66 studied

the interaction of GroEL with rhodanese to obtain infor-

mation about the heterogeneity of conformations in the

chaperone-bound protein. They concluded that the protein

may be bound to GroEL in a relatively narrow conformational

distribution resembling a folding intermediate that could be

formed very rapidly before interaction with the chaperone.

However, they also found that the restriction of the fluor-

ophores in the rhodanese-GroEL complex requires the orien-

tational distribution of donor and acceptor to be taken into

account explicitly – a complication that may be relevant for

other FRET-based studies of this type, be they ensemble or

single-molecule experiments.
single-molecule experiments have also been reported for

other chaperone systems. Mickler et al.187 investigated the

conformational dynamics of the Hsp90 chaperone and con-

cluded that the large domain movements of the Hsp90 dimer

in the absence of substrate proteins and co-chaperones are

dominated by thermal fluctuations and only weakly coupled

to ATP hydrolysis. The work of Farbman et al.188 on the

interaction of substrate protein with ClpA, which acts as a

protein unfoldase in the context of the large protease complex

ClpAP in bacteria, shows that single-molecule methods may

help to ultimately attain a mechanistic description of protein

folding throughout the cellular lifetime of a protein, from its

synthesis on the ribosome to its degradation.189
3.6.8 Current Developments and Future Directions

Although single-molecule fluorescence experiments have al-

ready contributed substantially to our understanding of pro-

tein folding and especially unfolded state behavior, method

development is still required for many important aspects, such

as time-resolved observations of individual folding events.

Important contributions are expected to come from new

protein labeling techniques and fluorophore development,

instrumentation, data acquisition, data analysis, and theory.
3.6.8.1 Instrument Development

Because of the large number of observables in single-molecule

fluorescence experiments and the continuous improvements

in light sources and detection technologies, the development

of single-molecule instrumentation and the corresponding

data analysis are still a very active area of research. Some of the

prominent developments include the use of several detectors

that allow the measurement of multiple parameters simul-

taneously,63 including fluorescence intensities, lifetimes, po-

larization, and the parameters derived from them, such as

transfer efficiencies (or related measures of distance), aniso-

tropies, and intensity correlations. An important advance that

has considerably simplified the single-molecule measurement

of fast dynamics is the development of photon counting

electronics that allow the simultaneous and synchronized re-

cording of photon arrival times on many independent de-

tection channels down to picosecond accuracy without dead

time between the channels.90,91 This allows interphoton times

shorter than the dead time of the individual detectors (typi-

cally 100–300 ns) to be recorded, such that complete correl-

ation functions from picoseconds to seconds can be calculated

from a single-measurement.89,90

Alternating excitation of donor and acceptor80,190 allows

molecules to be eliminated spectroscopically if they are in-

correctly labeled or contain a photoinactivated chromophore.

This procedure not only reduces the requirements for specific

labeling but also extends the range of measurable transfer ef-

ficiencies close to zero, where otherwise overlap with the sig-

nal from ‘donor-only’ molecules interferes with data analysis.

An important next step will be the use of more than one

acceptor dye simultaneously,92,93,191 which can provide in-

formation about multiple distances, but its application has
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been complicated by the difficulties in labeling proteins with

three dyes in specific locations.

For work in complex mixtures and in the presence of

large concentrations of fluorescent molecules in solution,

zero-mode waveguides are a promising approach.192,193 An-

other important extension of single-molecule equipment

concerns the ways of observing individual molecules under

nonequilibrium conditions. Continuous-flow mixing meth-

ods based on microfabricated devices129,194 (Figure 9)

or nanopipettes195,196 have allowed time-resolved measure-

ments of protein folding kinetics and should become

generally available tools that will also be valuable for studying

the dynamics of protein-protein interactions. The combin-

ation with two-focus fluorescence correlation spectro-

scopy, which allows the accurate measurement of transl-
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advance.197

Important developments have also been made in the

available instrumentation for fluorescence excitation and de-

tection. One aspect is the commercial availability of super-

continuum laser sources,198 which produce picosecond laser

pulses that span the entire visible and near-infrared wave-

length range, making them ideal for use with chromophores

whose excitation wavelengths are difficult to reach with other

lasers. The detailed spectral analysis of single-molecule emis-

sion was used for the first time in protein folding to dis-

entangle conformational changes and photochemical process

(see Section 3.6.7.3).45 To this end, the fluorescence emission

was recorded by a spectrograph equipped with an ultra-

sensitive CCD camera. For the combination with single-
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photon counting and picosecond time resolution, the com-

mercial availability of APD detection arrays would be highly

desirable.
3.6.8.2 Extending the Observation Time

The observation of individual molecules for times longer than

the typical millisecond diffusion times through the confocal

volume requires surface immobilization or related ap-

proaches. Experiments of this type may be the most promising

to ultimately time resolve the actual folding process of a

protein, but the low conformational stability of many proteins

demands particular care in minimizing surface interactions

that might interfere with the folding process. Several methods

are currently in use. Encapsulation in surface-immobilized

lipid vesicles199,200 has allowed first observations of longer

fluorescence trajectories of both two-state44 and kinetically

more heterogeneous larger proteins.43 Covalent immobiliza-

tion on optimized polyethylene glycol-coated surfaces175 has

also been used successfully,45,132 and the embedding in silica

gels has been applied.201,202 A complementary method that

has been developed and does not require immobilization in-

volves the observation of individual molecules for several

seconds as they flow down a capillary.203 A new development

that may solve the problem of photobleaching is the rapid

thermal cycling between ambient and cryo-conditions204: A

small volume in a film of frozen liquid is heated locally by

infrared radiation, allowing a molecule to evolve in the liquid

phase, followed by observation after rapid freezing when the

infrared laser is turned off.

A key goal in method development is to overcome the

current limitations of the available fluorophores, whose pho-

tophysics and photochemistry are probably the most limiting

factor. Even very stable dyes survive only a certain number of

excitation cycles, seriously limiting the number of photons

that can be observed from a single-molecule. Intermittent ex-

citation can be used to extend the acquisition time,47 but only

at the expense of time resolution. The photon emission rate,

and thus the time resolution of the experiment, is ultimately

limited by the fluorescence lifetime of the chromophores,

typically in the nanosecond range. Assuming an optimistic

photon collection efficiency of 10%, and one excitation every

10 ns under optical saturation, this yields maximum average

count rates in the 10-MHz range. In practice, however, the rates

are significantly lower (B100 kHz), probably because of the

population of long-lived dark states. The field would thus gain

enormously from fluorophores with higher emission rates,

and greater photostability and without populated triplet or

radical dark states.
3.6.9 Conclusion

From the preceding discussion, it is clear that single-molecule

fluorescence studies have already contributed significantly to a

better understanding of protein folding, particularly on the

structure and dynamics of the unfolded state and its relevance

for the folding process. single-molecule methods should be

able to advance our understanding of many of the elementary

properties of the energy surfaces of protein folding that have
been put forward by theory but have been difficult to test

experimentally. One of the great expectations for single-mol-

ecule protein folding is its developing convergence with mo-

lecular dynamics simulations, which have already been very

instructive for the analysis of mechanical unfolding experi-

ments205,206 and single-molecule FRET.73,207 Another prospect

of single-molecule FRET is the possibility of investigating

protein folding mechanisms in more complex environments

or in non-native states such as aggregates.208 Applications in-

clude the influence of cellular factors, ranging from the ribo-

some and molecular chaperones, protein translocation, and

membrane protein folding to protein unfolding and degrad-

ation by proteases. Although the method is still in its infancy

with regard to many of the questions of interest, the growing

tool kit of single-molecule spectroscopy will clearly become

increasingly important for delineating the mechanisms of

protein folding in vitro and in vivo.
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[138] Möglich, A.; Joder, K.; Kiefhaber, T. End-to-end distance distributions and
intrachain diffusion constants in unfolded polypeptide chains indicate
intramolecular hydrogen bond formation. Proc. Natl. Acad. Sci. USA 2006,
103, 12394–12399.

[139] O’Brien, E. P.; Ziv, G.; Haran, G.; Brooks, B. R.; Thirumalai, D. Effects of
denaturants and osmolytes on proteins are accurately predicted by the
molecular transfer model. Proc. Natl. Acad. Sci. USA 2008, 105,
13403–13408.

[140] Plaxco, K. W.; Millett, I. S.; Segel, D. J.; Doniach, S.; Baker, D. Chain
collapse can occur concomitantly with the rate-limiting step in protein
folding. Nat. Struct. Biol. 1999, 6, 554–556.

[141] Teilum, K.; Poulsen, F. M.; Akke, M. The inverted chevron plot measured
by NMR relaxation reveals a native-like unfolding intermediate in Acyl-CoA
binding protein. Proc. Natl. Acad. Sci. USA 2006, 103, 6877–6882.

[142] McCarney, E. R.; Werner, J. H.; Bernstein, S. L.; Ruczinski, I.; Makarov, D. E.;
Goodwin, P. M.; Plaxco, K. W. Site-specific dimensions across a highly
denatured protein; a single molecule study. J. Mol. Biol. 2005, 352, 672–682.

[143] Magg, C.; Kubelka, J.; Holtermann, G.; Haas, E.; Schmid, F. X. Specificity of
the initial collapse in the folding of the cold shock protein. J. Mol. Biol.
2006, 360, 1067–1080.

[144] Kohn, J. E.; Millett, I. S.; Jacob, J.; Zagrovic, B.; Dillon, T. M.; Cingel, N.;
Dothager, R. S.; Seifert, S.; Thiyagarajan, P.; Sosnick, T. R.; Hasan, M. Z.;
Pande, V. S.; Ruczinski, I.; Doniach, S.; Plaxco, K. W. Random-coil behavior
and the dimensions of chemically unfolded proteins. Proc. Natl. Acad. Sci.
USA 2004, 101, 12491–12496.

[145] Millet, I. S.; Townsley, L. E.; Chiti, F.; Doniach, S.; Plaxco, K. W. Equilibrium
collapse and the kinetic ‘foldability’ of proteins. Biochemistry 2002, 41,
321–325.

[146] Ziv, G.; Thirumalai, D.; Haran, G. Collapse transition in proteins. Phys.
Chem. Chem. Phys. 2009, 11, 83–93.
[147] Tanford, C. Protein denaturation. Adv. Protein Chem. 1968, 23, 121–282.
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