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A complete understanding of a protein-folding mechanism
requires description of the distribution of microscopic
pathways that connect the folded and unfolded states. This
distribution can, in principle, be described by computer
simulations and theoretical models of protein folding, but is
hidden in conventional experiments on large ensembles of
molecules because only average properties are measured. A
long-term goal of single-molecule fluorescence studies is to
time-resolve the structural events as individual molecules make
transitions between folded and unfolded states. Although such
studies are still in their infancy, the work till now shows great
promise and has already produced novel and important
information on current issues in protein folding that has been
impossible or difficult to obtain from ensemble measurements.
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Introduction

A major technological development in recent years has
been the capability of investigating protein folding and
unfolding at the single-molecule level. Two principal
methods are currently being used: force-probe techniques
and fluorescence. Experiments using atomic force micro-
scopy and laser tweezers have provided important and
previously inaccessible information on the mechanical
stability and folding of proteins, and the reader is referred
to a number of recent reviews on this topic [1-5]. Here we
focus on the investigation of single-molecule protein
folding using the fluorescence method that has produced
the most important and interesting results so far, Forster
resonance energy transfer (FRET) [6-8], first demon-
strated in single molecules by Ha ez @/. [9] and applied
to protein folding in pioneering studies by Hochstrasser

and coworkers [10,11] and Weiss and coworkers [12].
Recent applications to protein folding using other
single-molecule fluorescence techniques and the closely
related method of fluorescence correlation spectroscopy
can be found elsewhere [13,14].

The exciting prospect of watching individual molecules
fold has been the major motivating factor for single-
molecule FRET studies. Additional motivation comes
from computer simulations and analytical models of fold-
ing, 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 [15]. Moreover, most of what one
would want to know about mechanisms is contained in
the trajectories of coarse-grained representations of
proteins [16]. Although ensemble experiments have pro-
vided a wealth of experimental data to test the accuracy of
theoretical calculations, the experimental results alone
yield relatively little information on actual folding mech-
anisms.

"This point can be made clear by considering the case of a
protein exhibiting two-state behavior (Figure 1). No
matter what the probe, the same relaxation rates will
be observed in kinetic experiments. The measured prop-
erty at any time, moreover, will be a simple linear com-
bination of the averaged property of the folded and
unfolded states, and the time course will be exponential.
The reason for this simple behavior is that there is a
separation of time scales; that is, interconversion among
all of the conformers in each of the two states is rapid
compared to the rate of interconversion between the two
states. Experimental information concerning the mech-
anism by which the protein proceeds between the folded
and unfolded states comes primarily from the systematic
analysis of folding kinetics, in particular ¢ values [17].
"T'his approach uses measurements of the relative effect of
mutations on rates and equilibria and their interpretation
with extra-thermodynamic relations to infer the average
structure surrounding a mutated residue in the ensemble
of structures that make up the transition state. There is,
with few exceptions [18], no structural information at
any other point along the reaction coordinate. Such
ensemble experiments therefore provide relatively little,
though important information concerning mechanism,
which for protein folding means describing the sequence
of structural events in the microscopic pathways that
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Two-state folding dynamics of an individual protein molecule illustrated as a diffusive process on a two-dimensional free energy surface (left) with
a corresponding equilibrium folding/unfolding trajectory (white). An intramolecular distance (corresponding to the distance between a donor and
an acceptor fluorophore in a single-molecule FRET experiment) is plotted as a function of time (right), showing rapid jumps between folded and
unfolded states. An ultimate goal of single-molecule experiments is to time-resolve these transitions (expanded scale, top right).

connect the folded and unfolded states and the distri-
bution of these pathways, as can be obtained from both
simulations [15,19] and the solution to the Kinetic
equations of analytical models [20] (ER Henry, WAE,
unpublished results).

In contrast to ensemble studies, the investigation of
individual molecules promises direct access to infor-
mation on microscopic pathways. The 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 effi-
ciency — and therefore distance — versus time as the
molecule transits between the unfolded and folded states.
Such data should provide new insights and be much more
demanding tests of both simulation and analytical
models, thereby speeding progress toward a quantitative
and more complete understanding of protein-folding
mechanisms.

Although single-molecule FRET studies are still in their
infancy, step-by-step progress toward the goal of watching
single molecules fold has already produced novel and
important information which has been either impossible
or difficult to obtain from ensemble measurements. Such
information includes the ability to count thermodynamic
states from the distribution of FRET efficiencies, the
separate measurement of properties of subpopulations,
such as distance distributions and dynamics of the
unfolded state in the presence of an excess of the folded
state, and the determination of equilibrium constants and
rate coefficients from FRET trajectories by measuring
the mean residence times in folded and unfolded states at
equilibrium. Examples of each of these will be presented,

with brief discussions of their relevance to current issues
in protein folding.

Accuracy of distances from single-molecule
FRET

Unlike most optical methods, FRET provides quantitat-
ive information on intermolecular distances (Box 1). An
immediate question that arises in using the large chro-
mophores that are necessary for single-molecule FRET
studies is:how accurate is this distance information? This
question was first addressed for polypeptides by Schuler
et al. [22], who used polyproline as a spacer between donor
and acceptor chromophores, as did Stryer and Haugland
in their classic study which established FRET as a
‘spectroscopic ruler’ in biophysical research [23]. Schuler
et al. measured the FRET efficiency of molecules that
produce a burst of photons upon freely diffusing into and
out of the illuminated volume of a confocal microscope
(Figure 2). They found that the average FRET efficiency
at short distances was slightly lower than predicted by
Forster theory, but found that it was much higher than
predicted for distances longer than R, assuming that
polyproline is a rigid rod in the all-#zans conformation.
Two possible explanations for the small discrepancy at
short distances are the lack of complete orientational
averaging during the shortened donor lifetime to result
in an orientational factor k% < 2/3, and the breakdown of
the point dipole approximation of Forster theory, which
requires that the interchromophore distance be long
compared to the size of the chromophores. To explain
the much larger discrepancy for longer polyproline
spacers, they carried out molecular dynamics simulations
using an atomistic representation of polyproline in
implicit solvent (i.e. Langevin simulations), which
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18 Folding and binding

Box 1 Forster [21] showed that the rate of excitation energy transfer,
keT, between donor and acceptor chromophores is proportional to the
inverse 6th power of the distance separating them, ket = ko(Ro/R)°,
where ki is the lifetime of the donor in the absence of the acceptor,
R is the distance between donor and acceptor, and Ry is a
proportionality constant that depends on the transition dipole—dipole
interaction between donor and acceptor. The probability that a
photon absorbed by the donor will lead to excitation energy
transfer to the acceptor, called the FRET efficiency, E, is given by
ket/(ket + kp), which is determined experimentally either by counting
the number of emitted donor and acceptor photons,

E = na/(na +np) = 1/(1 + (R/Ro)®) or by measuring the donor
lifetime in the presence and absence of acceptor: E=1 — (tpa/Tp)-
The beauty of Forster theory is that Ry can be directly obtained,
without any theoretical calculations, from measurable spectroscopic
quantities — the donor quantum yield and fluorescence spectrum,
the acceptor absorption spectrum, and the refractive index of the
medium between them. For the additional experimental and
theoretical concepts associated with the method, the reader is
referred to a number of detailed reviews [6-8].
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showed that all-#7ans polyproline is not a rigid rod, and
concluded that bending to bring the donor and acceptor
closer together is responsible for the higher efficiency.
Subsequently, Watkins ez a/. [24] measured FRET from
single immobilized polyproline molecules and discovered
a static distribution of conformations, which they attrib-
uted to the presence of ¢is-prolines, but made no estimate
of their contribution. Doose ¢z /. [25] also concluded that
polyproline contains ¢is-isomers from short-range electron
transfer FCS and ensemble measurements. Best ¢z a/.
[26°] used a combination of NMR spectroscopy to deter-
mine the fraction and location of ¢/s-prolines, and single-
molecule photon trajectories using pulsed, picosecond
excitation of freely diffusing polyproline molecules to
obtain accurate FRET efficiencies from subpopulation-
specific time-correlated single photon counting histo-
grams, and molecular dynamics calculations that include
the dyes and their linkers in explicit solvent to interpret
the results. These more realistic and accurate calculations
indicate that the all-zzans form of polyproline is less
flexible than found in the previous simulations, and that

the kinks arising from internal ¢zs-prolines in 30% of the
molecules and the flexibility of the chromophore linkers
appear to be primarily responsible for bringing donor and
acceptor closer together to produce the higher mean
FRET efficiency. In addition, Best ez a/. [26°] developed
a theory for the distribution of donor and acceptor photons
in a burst from individual molecules to quantitatively
account for the shot noise and the broad distribution of
FRET efficiencies [27,28] because of the large number of
cis-isomers, using the populations determined by NMR
and the efficiencies calculated from molecular dynamics
simulations.

The polyproline studies provide an example of the
importance of molecular simulations in extracting dis-
tance information, and to the extent that the simulations
are accurate also suggest that accurate distances can be
obtained from single-molecule FRET. Additional evi-
dence for the accuracy of distances from single-molecule
FRET comes from measurements using double-
stranded DNA [29,30], which is a perfectly rigid spacer
for determining donor—acceptor distances. A more direct
test of the accuracy of distance determination in poly-
peptides was performed by Merchant e a/. [31°], who
studied the distance distribution in the denatured state
of protein L. They showed that the fluorescence lifetime
decay could be quite well accounted for by the end-to-
end distance distribution of a Gaussian chain, assumed
to be static during the lifetime of the donor fluorescence
(see discussion below on unfolded chain dynamics).
This distribution is determined by a single parameter,
(R?), the mean-squared end-to-end distance, which is
related to the radius of gyration, Ry, by (R?) = 6<R§). R,
calculated from the FRET-determined (R®) for protein
L fully denatured at 4 M guanidinium chloride (GdmCI)
was found to be 2.6+ 0.1 nm, in remarkably good
agreement with the value of 2.60 £ 0.03 nm obtained
from SAXS measurements under the same conditions.
Kuzmenkina e a/. also found good agreement
between the radius of gyration calculated from mean
transfer efficiencies of single RNase H molecules in 6 M
GdmCI (3.8 nm) and previous SAXS results (3.6 nm)
[32].

Counting thermodynamic states

The simplest single-molecule protein-folding exper-
iment is to monitor the photon bursts from freely diffus-
ing molecules (Figure 2a) at various denaturant
concentrations. The limitation of this experiment is that
a typical residence time in the confocal volume is only
~0.5 ms, but a great advantage is that the experiment is
free of artifacts from surface interactions that can be
associated with immobilization methods, which will be
discussed later. If the folded, unfolded, and partially
folded subpopulations interconvert much more slowly
than the residence time, the FRET efficiency distri-
bution will show peaks corresponding to the mean effi-
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Overview of instrumentation and data reduction in confocal single-molecule spectroscopy. The scheme on the right illustrates the main components of
a four-channel confocal single-molecule instrument, such as the one commercially available [84], that collects fluorescence photons separated by
polarization and wavelength and records their individual arrival times. (a) Sample of a trajectory of detected photons recorded from molecules freely
diffusing in solution (in this example CspTm in 1.5 M GdmCI [37,38°]), where every burst corresponds to an individual molecule traversing the
diffraction-limited confocal volume (see upper right of the scheme). (b) Two-dimensional histogram of donor fluorescence lifetime tp versus transfer
efficiency E calculated from individual bursts, resulting in subpopulations that can be assigned to the folded and unfolded protein and molecules
without active acceptor at E =~ 0 (shaded in gray). (c) Projection of the histogram onto the E axis. (d) Subpopulation-specific time-correlated single
photon counting histograms from donor and acceptor photons from all bursts assigned to unfolded molecules that can be used to extract distance
distributions [31°,36°,38°]. (e) Subpopulation-specific donor intensity correlation function, in this case reporting on the nanosecond reconfiguration

dynamics of the unfolded protein [58°°].

ciencies of each subpopulation (Figure 2b,c). Con-
sequently, the number of peaks in the FRET efficiency
distribution corresponds to the number of thermodyn-
amic states, or more precisely, allowing for degeneracies,
the minimum number of thermodynamic states. Although
not yet observed experimentally, there are interesting
theoretical studies on how FRET efficiency distributions
change under conditions where the rate of interconver-
sion between FRET states is not slow compared to the
observation time [33,34,35°°].

In all of the free diffusion experiments on proteins that
exhibit two-state behavior in ensemble measurements
and have sufficiently slow folding and unfolding rates,
two peaks are observed in the FRE'T efficiency distri-
bution at intermediate denaturant concentrations, corre-
sponding to the folded and unfolded populations
(Figure 2b,c). The examples so far are chymotrypsin
inhibitor 2 (CI2) [12,36°], cold shock protein Csp7m
[31°,37,38°], acyl-CoA-binding protein (ACBP) [36°],
RNase HI [32,39°], protein L [31°40°], the B domain
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Protein-folding kinetics measured with single-molecule spectroscopy in
a microfluidic mixing device [43]. Starting from CspTm unfolded at high
denaturant concentration (top), transfer efficiency histograms are
measured at different positions along the channel, corresponding to
different times after mixing. The fits to Gaussians having the same peak
position and width at all times illustrate the redistribution of populations
expected for a two-state system after the initial chain collapse.

of protein A [41], and the immunity protein Im9 [42]. The
two-state nature of the kinetics of protein folding was
demonstrated for Csp7 in a nonequilibrium single-mol-
ecule FRET experiment by Lipman ez a/. [43]. In this
work, a microfluidic device was combined with single-
molecule detection in a continuous flow mixing exper-
iment. The FRET efficiency of individual molecules was
determined as the molecules flowed through the confocal
volume. Their position in the channel and the velocity of
the flow determined the time of the observation following
dilution of the chemical denaturant. At the earliest time
after mixing (100 ms) a single peak dominates, corre-
sponding to the FRE'T efficiency of unfolded molecules.

The amplitude of this peak decreases with time and is
associated with a simultaneous increase in a higher effi-
ciency peak corresponding to the folded subpopulation
(Figure 3). As pointed out above, this is exactly the
behavior expected for a two-state system, in which there
is simply an exchange of populations with time, with no
change in the average property of either population.

An interesting application of FRET efficiency distri-
bution measurements would be to test the so-called
‘one-state’ folding scenario of Mufioz and coworkers, in
which there is no free energy barrier separating the folded
and unfolded states at all denaturant concentrations [44].
For these proteins, the kinetic relaxation rates will be
shorter than the residence time and close to the folding
speed limit estimated to be ~(N/100) s (N is the number
of residues) [45]. Only a single peak would be observed,
but for proteins folding on that time scale a single peak
would also be observed if a barrier was present because of
the averaging that results from the multiple folding/
unfolding transitions during the ~0.50 ms residence time
in the confocal volume. However, if it were possible to
slow the dynamics, for example, by increasing the
viscosity without altering the free energy surface, a
‘one-state’ folder would still exhibit a single peak at all
denaturant concentrations, but it would continuously
shift to lower FRET efficiency as the denaturant con-
centration is increased. We should point out that it might
be more problematic to identify barrierless folding if the
barrier exists at high denaturant and disappears as the
protein is stabilized by decreasing the denaturant con-
centration [41], as envisaged in the original ‘downhill’
scenario of Wolynes and coworkers [46].

Structure of the unfolded subpopulation

A unique aspect of the free diffusion experiments on
single molecules is that structural and dynamic properties
of the subpopulation of unfolded molecules can be sep-
arately investigated @t equilibrium in the presence of a
large excess of folded molecules, where the ensemble
averaged properties are dominated by the folded state. A
consistent finding in all of the free diffusion experiments
is that the overall size of the unfolded protein, as obtained
from the FRET efficiency-determined (R?), increases
continuously with increasing denaturant concentration.
This behavior, first unequivocally demonstrated for
Csp7m [37], has been observed in chymotrypsin inhibitor
2(CI2) [12,36°], ACBP [36°], RNase H [32,39°], protein L.
[31°,40°], the B domain of protein A [41], the immunity
protein Im9 [42], and the prion-determining domain of
Sup35 [47°]. Kuzmenkina ez a/. [32] were able to fit their
data for RNase HI with a model in which the unfolded
state is described by a continuum of substates, while
Sherman and Haran [40°] employed an analytical polymer
model to describe the change in size as a coil-globule
transition and interpreted the results in terms of the
solvation properties of the unfolded chain.

Current Opinion in Structural Biology 2008, 18:16-26
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The mean FRE'T efficiencies for unfolded protein L. and
CspZm are identical at high denaturant concentration
[31°], consistent with the finding from small X-ray scat-
tering measurements that the size of unfolded proteins
depends only on the length of the polypeptide and is
independent of sequence [48]. 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
extremely difficult to reliably detect such differences in
equilibrium SAXS experiments where both folded and
unfolded molecules contribute to the observed scattering
[49]. The single-molecule experiments on protein L are,
however, at variance with time-resolved SAXS exper-
iments by Plaxco ez a/. [50] who found no difference in
R, between the initial denatured state at 4 M GdmCl and
the denatured state before folding at 1 M GdmCl. The
discrepancy between the ensemble SAXS and single-
molecule FRET result is yet to be explained [31°],
particularly as continuous expansion of protein L is
observed upon the addition of urea in molecular dynamics
simulations in explicit water [31°,51].

Interestingly, the Gaussian-chain approximation that
explains the fluorescence decay discussed above for
protein L. at GdmCI concentrations where it is fully
denatured [31°], also applies at lower denaturant concen-
trations for both the protein L. and Csp7 unfolded
subpopulations. This issue was addressed in more detail
for Csp7m by Hoffmann e a/. [38°], who investigated
variants of the protein with the dye labels positioned such
that different segments of the chain could be probed. A
combined analysis of FRET efficiency histograms
(Figure 2¢) and subpopulation-specific fluorescence life-
times (Figure 2d) gave good agreement with intramole-
cular distance distributions of a Gaussian chain for all
variants, even at low denaturant concentrations, where
the chain is compact. This indicates that any residual
structure can affect only short segments and is probably
highly dynamic. Kinetic synchrotron radiation circular
dichroism experiments in fact provided evidence for
the presence of some B-structure in the compact unfolded
state [38°], and kinetic ensemble FRET experiments
probing a short segment that forms a B-strand in the
folded state indicate the local formation of extended
structure in the compact unfolded state of a closely
related cold shock protein, CspBe [52]. However, there
are also examples for deviations from Gaussian-chain
behavior. McCarney e a/. [53] found slight, but possibly
significant, site-specific deviations from Gaussian-chain
behavior in single-molecule FRET experiments on the
FynSH3 domain fully unfolded in GdmCI and trifluor-
oethanol. Laurence ¢ a/. [36°] used subpopulation-
specific fluorescence lifetime analysis to investigate struc-
tural distributions upon collapse of CI2 and ACBP and
inferred the presence of transient residual structure in the
unfolded state.

Figure 4
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Transfer efficiency distribution p(E|t) for a Gaussian chain with different
ratios of observation time t and chain reconfiguration time t,, with t/z, =0
(dark blue), t/t, = 0.1 (light blue), t/t, =1 (green), t/z, =5 (yellow), and
t/T, =10 (red) (@assuming Ry = (r2>), illustrating the sensitivity of transfer
efficiency distributions to chain dynamics. Gopich and Szabo [33]
showed that for a Gaussian chain and t > 1, 7, =~ 10to?, with

0% = 02, — 02ise» Where o2, _ is the observed variance in E, and o2, is
the variance because of noise and other effects not dependent on the
interdye distance.

These single-molecule FRET studies, together with
ensemble SAXS and NMR studies on unfolded proteins
[54-56], suggest that unfolded proteins behave essen-
tially as homopolymers at the highest denaturant concen-
tration, as evidenced in particular by the finding that R,
depends on chain length and is independent of sequence
[48]. But the diversity of observations from single-mol-
ecule FRET concerning the structure of collapsed
unfolded proteins highlight the importance of the amino
acid sequence under conditions that favor folding.

Dynamics of the unfolded subpopulation

Dynamics of the unfolded subpopulations can be inves-
tigated in multiple time regimes — from the nanosecond
time scale of the fluorescence lifetime to the millisecond
time scale of the residence time in the confocal volume,
and for longer times with immobilized molecules.
Dynamics in the millisecond regime have frequently
been evaluated from an analysis of the width of the
unfolded FRE'T efficiency peak, and Gopich and Szabo
have carried out a comprehensive theoretical analysis of
the various contributions to the width in free diffusion
experiments [33,35°°]. As can be seen from their calcu-
lations for a Gaussian chain (Figure 4), the width is very
sensitive to the relation between the donor—acceptor
distance correlation time and the observation time, vary-
ing from a very broad distribution in the slow dynamics
limit to a & function (in the absence of shot noise) in the
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fast dynamics limit. The analysis of the width for the
unfolded subpopulation has been a much discussed sub-
ject [37,57] since the first single-molecule folding exper-
iments by Hochstrasser and coworkers [10] and Weiss and
coworkers [12], in which the width in excess of that
produced by shot noise was attributed to slow dynamics
of the unfolded molecules. Recently, Merchant ez a/. [31°]
showed that excess width for the unfolded peaks of
protein L. and Csp7 is not an instrumental, optical, or
signal processing artifact, because the donor lifetime is
not constant when evaluated from the photons belonging
to the high and low efficiency side of the unfolded FRET
peaks. The width, moreover, was found to be indepen-
dent of the observation time, suggesting that the struc-
tures responsible for the added dispersion interconvert
more slowly than the 1-2 ms bin sizes. However, they
could not determine whether the excess width reflects
different Rys because of imperfect purification of the two
possible permutants, intrinsically slow protein dynamics,
or results from slow dynamics of protein—dye interaction.

Understanding the dynamics of unfolded polypeptide
chains in the fast time regime has taken on special
importance, as an increasing number of proteins are
discovered to fold on the microsecond time scale. In this
regime, the free energy barrier to folding is assumed to be
extremely low or even absent, and diffusive chain
dynamics become the dominant factor in folding kinetics
[45]. The dynamics on this time scale have been studied
by Nettels ¢z al. [58°°], who analyzed the single-molecule
photon statistics of the fluctuations in intensity of donor
and acceptor fluorophores that result from distance fluctu-
ations in the unfolded subpopulation of CspZm. The
basic idea of their experiment is the following: if, for
example, a donor photon is emitted at time t =0, the
chain ends are likely to be far apart at that instant,
corresponding to a low rate of energy transfer. A very
short time later, the ends will still be far apart, and the
likelihood of emitting another donor photon will still be
high. However, at times much greater than the reconfi-
guration time of the chain, the molecule would have lost
the ‘memory’ of its initial configuration, and the prob-
ability of donor emission will be determined by the
average transfer efficiency. Thus the autocorrelation of
the emission intensity is expected to decay on the time
scale of chain reconfiguration (Figure 2e). With infor-
mation on the unfolded state dimensions available from
previous experiments [38°], and using a model that
describes chain dynamics as a diffusive process on a
one-dimensional free energy surface [58°°,59-61], the
very rapid reconfiguration time could be extracted. This
time decreases from about 60 ns to 20 ns between 0 M
and 6 M GdmCl, after correcting for solvent viscosity.
The addition of denaturant thus not only expands the
chain, but the reduced transient intramolecular inter-
actions decrease the contribution of internal friction to
chain diffusion. Correlation spectroscopy indicates that at

times less than ~100 ps there are no additional long-
range dynamics in unfolded Csp7m (Nettels ez al., unpub-
lished data). Moreover, as the dye-labeled protein folds in
12 ms in the absence of denaturant with an exponential
time course [37], the requirement that the unfolded state
dynamics be fast compared to the folding times indicates
that there are no slower unfolded state dynamics.

There have already been three important applications of
the results from this study. First, it justifies the approxi-
mation by Merchant ez @/. [31°] and Hoffmann ez a/. [38°]
that the unfolded Csp 7 is static during the 1-2 ns donor
fluorescence lifetime in their analysis of the lifetime
distribution of the unfolded subpopulation using various
models for the end-to-end distance distribution. Second,
the finding of an increasing chain diffusion coefficient
with increasing denaturant is directly related to analytical
theoretical models in which protein-folding kinetics are
described by diffusion on a low-dimensional free energy
surface [62-64]. Folding simulations using a simplified
lattice representation of a protein had shown that the end-
to-end diffusion coefficient closely corresponds to the
diffusion coefficient for motion along the folding reaction
coordinate [62]. This Kramers description of folding
kinetics was used by Cellmer er @/ [65] to calculate
relaxation rates as a function of denaturant for a small
ultrafast-folding protein — the villin subdomain. The
calculations produced a chevron-like plot of relaxation
rate versus denaturant concentration, albeit with very
small slopes, in contrast to the experimental result of a
denaturant-independent relaxation rate. However, intro-
ducing the denaturant-dependence for the diffusion coef-
ficient found for Csp7 into the calculation compensated
for the increasing barrier height to folding, flattening the
chevron as observed experimentally.

The third application is the estimation of the free energy
barrier height, AG°, separating folded and unfolded states
(as opposed to the activation enthalpy which is directly
obtained from the temperature dependence of the folding
time). Assuming equal diffusion coefficients and curva-
tures in the denatured well and on the (inverted) barrier
top for the free energy versus reaction coordinate, the
Kramers equation for the folding time reduces to
Tp R 2T, exp(AG° /A3 T) [62], where £p is Boltzmann’s
constant and 7 is temperature. With 7, = 60 ns as the
reconfiguration time obtained by Nettels e7 a/. [58°°]
for the unfolded subpopulation in the absence of dena-
turant, and 7y = 12 ms for the folding time measured for
the dye-labeled protein [37], the calculated free energy
barrier to folding is 10£57°[58°°]. This should be regarded
as an upper limit because the diffusion coefficient at the
barrier top is expected to be lower as the protein becomes
more compact [58°°,65] (interestingly, the pre-exponen-
tial factor, >2nt, yields an estimate of >0.4 ps for the
speed limit for this protein, approaching the prediction of
~0.1N ps = 0.7 s by Kubelka ez a/. [45]). The free energy
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barrier heights have been calculated theoretically for two
closely related cold shock proteins that fold with about
the same rate (CspB and CspA), using coarse-grained
representations in both an Ising-like analytical model
[20,66,67] and in Langevin simulations with a bead model
representation of the polypeptide [67,68]. In the simu-
lations there is no free energy barrier under folding
conditions [68], while the Ising-like models [20,66,67]
yield barriers comparable to those estimated from the
experiments (e.g. 7-84g7, allowing for disordered loops

[20]).

Single-molecule folding/unfolding trajectories
As pointed out in the introduction, a major goal of single-
molecule studies is to monitor the actual transitions
between the folded and unfolded states. The first require-
ment for such experiments is to obtain trajectories of
proteins undergoing folding and unfolding transitions, as
in Figure 1. Experiments till now have focused on immo-
bilizing the protein because of the short residence time in
the confocal volume of freely diffusing molecules. The
first experiments by Hochstrasser and coworkers [10,11],
however, showed that the technical challenge in attaching
the protein to a glass surface is to avoid artifacts resulting
from transient sticking to the surface. Rhoades er al.
[69,70] 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, adenylate kinase and Csp7Zm. The tra-
jectories for adenylate kinase [69] exhibited broad distri-
butions of step sizes and transition times, indicating a
large degree of complexity that was difficult to interpret
quantitatively, whereas Csp7m [70] showed trajectories
for individual molecules close to what would be expected
for a two-state protein (Figure 1): rapid jumps between
high and low FRE'T 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, which correspond to the actual free energy barrier
crossing events, could not be resolved, and were esti-
mated to occur in <100 ps. Estimates of both barrier
crossing times [63] and of the folding speed limit from
experiments [45,58°°] indicate that jumps between
folded and unfolded states should occur in less than a
microsecond. It will thus be one of the major challenges in
the field to improve the experimental time resolution.

Immobilization of proteins by attaching them to a surface
has been revisited by Nienhaus and coworkers. Kuzmen-
kina ez a/. [32,39°] immobilized RNase H via biotin and
streptavidin to a crosslinked polyethylene (‘star PEG’)
[71] coated surface, and showed that the folding/unfold-
ing equilibrium as a function of denaturant concentration
is completely reversible and vyields 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 ¢z a/. [69], the fluorescence trajectories were
found to be complex, and showed fluctuations over a wide
range of FRET efficiencies. Fluctuations with FRET
changes >0.05 were interpreted as distance changes and,
using a similar procedure as Rhoades ez a/. [69], were
classified according to the initial and final FRET effi-
ciency values as folding transitions, unfolding transitions,
transitions among folded states, and transitions among
unfolded states. From the mean residence times in the
folded and unfolded states they obtained rate coefficients
(0.01 s') remarkably close to those found in ensemble
experiments for the unlabeled protein. Whereas polariz-
ation experiments indicated a lack of orientational aver-
aging of the dyes in the folded state, which might explain
the transitions among folded state efficiencies, a low
steady-state anisotropy was observed for the unfolded
molecules, from which the authors concluded that their
slow dynamics (0.4 transition/s) arise from large free
energy barriers caused by substantial structure in the
denatured state. T'o explore the unfolded state dynamics
on a faster time scale, the donor—acceptor crosscorrelation
function was calculated and revealed a 20-ps relaxation.

The interesting result from this study is that reconfigura-
tion of the denatured protein apparently occurs on a wide
range of time scales, from microseconds (or less) to
seconds, in contrast to the findings from Csp7, in which
no unfolded stated dynamics could be identified above
the tens of nanoseconds regime (see above) [58°°] (Net-
tels ez a/., unpublished data). Even though both RNase H
[72] and adenylate kinase [73] are known to populate
folding intermediates, which may contribute to the com-
plexity observed in single-molecule experiments, there is
the interesting possibility that the rougher energy land-
scape revealed in the single-molecule trajectories con-
tributes to the slower folding rates of such larger proteins
by slowing diffusion along the reaction coordinate.

Concluding remarks

From the preceding discussion, it should be clear that
single-molecule FRET studies have already contributed
to a better understanding of protein folding, particularly
on the structure and dynamics of the unfolded state. To
reach the goal of time-resolved FRET measurements
while an individual molecule folds and unfolds will
require overcoming several technical challenges, in-
cluding improvements in collection efficiency beyond
the ~10% of current instruments, elimination of photo-
destruction, and reduction in dark and triplet states of the
chromophores, all of which can contribute to increasing
the rate of emitted photons toward the limit of the inverse
fluorescence lifetime (several nanoseconds). In addition,
alternative immobilization methods will most probably be
required. A promising technique, that does not require
attachment to a surface or bead, has recently been devel-
oped by Cohen and Moerner [74], who rapidly vary the
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direction of an electric field in a microfluidic cell to
prevent the molecule from diffusing out of the confocal
volume. Imaging single molecules as they flow down a
capillary [75] has also been suggested as a way to avoid
surface immobilization.

Another important advance would be to measure several
distances simultaneously by attaching multiple donor and
acceptor chromophores. The feasibility of this approach
has been demonstrated for DNA [76-78] and it should
also be possible to apply it to proteins, in spite of the more
difficult labeling chemistry [79]. The simultaneous time-
resolved measurement of even a few distances would
place considerable constraints on the evolution of the
native fold, and provide crucial tests of theoretical models
and simulations. The analysis of the correlation among
these distances would also directly yield information on
the breadth of the microscopic pathway distributions [80].
Finally, there is the possibility that single-molecule
FRET can be used to investigate protein-folding mech-
anisms in more complex environments. The most obvious
application is the influence of cellular factors, ranging
from the ribosome and molecular chaperones [81,82] to
protein translocation and membrane protein folding,
protein unfolding and degradation by proteases, or
protein misfolding and aggregation [83]. For most of these
processes, the mechanisms of the molecular machinery
have been the focus of investigation, but little is known
about their influence on protein structure or folding
dynamics and mechanism.
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