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ABSTRACT: Modern experimental kinetics of protein folding
began in the early 1990s with the introduction of nanosecond laser
pulses to trigger the folding reaction, providing an almost 106-fold
improvement in time resolution over the stopped-flow method
being employed at the time. These experiments marked the
beginning of the “fast-folding” subfield that enabled investigation
of the kinetics of formation of secondary structural elements and
disordered loops for the first time, as well as the fastest folding
proteins. When I started to work on this subject, a fast folding
protein was one that folded in milliseconds. There were, moreover,
no analytical theoretical models and no atomistic or coarse-grained
molecular dynamics simulations to describe the mechanism. Two
of the most important discoveries from my lab since then are a protein that folds in hundreds of nanoseconds, as determined from
nanosecond laser temperature experiments, and the discovery that the theoretically predicted barrier crossing time is about the same
for proteins that differ in folding rates by 104-fold, as determined from single molecule fluorescence measurements. We also
developed what has been called the “Hückel model” of protein folding, which quantitatively explains a wide range of equilibrium and
kinetic measurements. This retrospective traces the history of contributions to the “fast folding” subfield from my lab until about 3
years ago, when I left protein folding to spend the rest of my research career trying to discover an inexpensive drug for treating sickle
cell disease.

■ INTRODUCTION

This Perspective is dedicated to my dear friend and close
scientific colleague, Devarajan (“Dave”) Thirumalai. Dave has
made numerous pioneering contributions to a wide range of
subjects in physical chemistry and biological physics for which
he is being honored by this Festschrift. I have profited
enormously in my own work from both Dave’s published
work and extensive discussions with him, especially concerning
the connection of concepts and methods of theoretical polymer
physics to protein folding kinetics and mechanism.
Like many scientists of my generation, when I began my

research career1 there were very few proteins that were easy to
access for investigations by those of us trained in experimental
physical chemistry. The most accessible of course was
hemoglobin, which accounted for the fact that the study of
hemoglobin was at the center of biophysical research, with more
papers on hemoglobin than any other protein up to the 1980s
and beyond. Moreover, hemoglobin was the second structure to
be solved by X-ray crystallography, shortly after the structure of
myoglobin. Additional motivation for studies on hemoglobin
came from two monumental works: the 1965 allosteric theory of
Jacques Monod, Jeffries Wyman, and Jean-Pierre Changeux
(MWC),2 one of themost highly cited theoretical papers in all of

biology, and the 1970 paper by Max Perutz on interpreting the
functional properties of hemoglobin in terms of the atomic
structure that ushered in the era of structure−function relations
in biology.3 Moreover, beginning with the work of Hans
Frauenfelder in the mid 1970s,4 hemoglobin’s little brother
myoglobin also become a popular subject for study by physicists
and physical chemists. My interest in hemoglobin and
myoglobin was sparked by these three works, plus the explosion
of research in the early 1970s on sickle cell disease. So, there
were many opportunities for me to stay busy working on these
molecules by applying the training I received at the University of
Pennsylvania from Robin Hochstrasser in molecular spectros-
copy5 and from Philip George in classical physical chemistry.6

Consequently, apart from a brief foray on the single crystal
spectroscopy of nucleic acid base crystals7 and near-infrared
circular dichroism of cytochrome c and iron sulfur proteins,8 I
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worked almost exclusively on hemoglobin and myoglobin from
the time I arrived at the NIH in 1968 to the early 1990s (see
complete bibliography in ref 9). The primary focus of my
research changed dramatically after a conversation with Peter
Wolynes over a glass of vodka in Moscow in 1991, following a
meeting sponsored by the US and Soviet Academies on
“Dynamics of Proteins and Glasses.” Peter said “Bill, why
don’t you give up hemoglobin and use your fast kinetics methods
to work on a hard problem.” I thought hemoglobin was a hard
problem (and still is), but the hard problem he was referring to
was of course protein folding. Unbeknownst to me, the fastest
kinetic method being used to study protein folding at the time
was Quentin Gibson’s stopped flow method with a maximum
time-resolution of∼1 ms.10 I was also totally unaware of the fact
that nothing at all was known about the time scales for the
formation of basic structural elements of proteins such as helices,
hairpins, and disordered loops (Figure 1). So, I told Peter that I

would consider doing something, but I knew very little about
protein folding, except what I learned from occasionally
attending seminars in Chris Anfinsen’s lab, and asked Peter to
send me the 10 most important experimental papers on the
subject. All of them used conventional kinetic methods with
commercial instrumentation and the thinking about the
mechanism was very much like that of an organic chemist, not
a physical chemist, so none of them caught my interest and I
gave the subject no more thought for over a year.

■ BEGINNING OF THE FAST-FOLDING SUBFIELD
AND THE PROTEIN FOLDING “SPEED LIMIT”

Nothing happened until a seminar visit to my lab at NIH by
Heiner Roder from Penn in 1992. Heiner told me about his
discovery of a very interesting property of cytochrome c, the
protein along with myoglobin of my Ph.D. thesis research with
Robin Hochstrasser. I knew from purifications from horse hearts
that reduced cytochrome c does not bind carbon monoxide. In
fact, any binding at all is an indication that the protein is either
not pure or partially denatured. What Heiner discovered is that
under destabilizing conditions produced by strong chemical
denaturants, cytochrome c can be unfolded by preferential
binding of carbon monoxide to the covalently attached heme

group in the unfolded state. He reasoned that electronic
excitation with a short light pulse can initiate the folding reaction
by photodissociating the carbon monoxide (Figure 2). Robin

and I collaborated on a project in the late 1970s where we found
that a light pulse can break the bond between the iron of the
heme and carbon monoxide in hemoglobin in less than 10 ps,11

so there was time resolution to burn. Heiner actually tried the
experiment in Robin’s laser lab at Penn by making measure-
ments at a single wavelength but was unsuccessful (I am sure
because Robin did not pay close enough attention) and asked
me to give it a try. The motivation, of course, was to improve the
time resolution in protein folding kinetics experiments over the
∼1 ms available at that time using stopped flow instrumentation.
In addition to my interest in cytochrome c, my colleagues Jim
Hofrichter and Eric Henry developed a high precision
nanosecond spectrometer and analysis method using singular
value decomposition;12 we had spent the previous 10 years using
nanosecond carbon monoxide photodissociation to study the
rapid kinetics of ligand rebinding and protein conformational
changes in both myoglobin and hemoglobin. So, it was a perfect
opportunity to enter the protein folding field with a new kind of
experiment on a molecule I knew well and an experiment that
could have an impact because of the dramatic increase in time
resolution.
There were two problems with the experiment; not only did

carbon monoxide rebind before the protein folded, but to get
any kinetic information turned out to be much more difficult
than I had originally thought. It required very carefully
performed experiments by a new postdoctoral fellow, Colleen
Jones, and a very sophisticated and innovative application of
singular value decomposition by Eric Henry to disentangle the
time dependence of the component spectra for distinguishing
between histidine and methionine binding to the heme. Kinetic
modeling that included the dissociation and binding of these two

Figure 1. Time scales for folding experiments in early 1990s. (a)
Cartoon of stopped flow instrument. (b) Comparison of time scales of
molecular dynamics simulations and experiments. (c) Schematic
structures of a helix, β hairpin, and disordered loop.

Figure 2. Nanosecond-resolved spectroscopic experiment on loop
formation kinetics in cytochrome c. (a) Schematic structure of
cytochrome c showing potential histidine and methionine ligands that
could bind to the heme iron at the position occupied by M80 following
carbon monoxide dissociation from the iron. (b) Fraction unfolded vs
chemical denaturant concentration showing that removal of the carbon
monoxide by light (hν) can result in folding to the native structure. (c)
Cartoon of experiment showing heme group attached to black
polypeptide chain, which changes color upon CO dissociation, and
the two methionine ligands (M65 and M80), 15 residues apart in the
sequence represented by a single filled green circle.
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types of heme ligands in unfolded cytochrome c yielded a rate of
(40 μs)−1 for the binding of the two methionines ∼50−60
residues distant in the sequence from the residues covalently
connected to the heme to form a disordered loop.13 A few years
later, postdoctoral fellow Stephen Hagen performed experi-
ments to determine how much of this reaction time resulted
from diffusion of themethionines distant along the chain to form
an encounter complex and how much resulted from binding
within the volume of the encounter complex to form the iron−
methionine bond.14 He did this by photodissociating the
complex of methionine with a heme containing peptide
consisting of residues 11−21 of cytochrome c (“micro-
peroxidase”) and measuring the bimolecular methionine
rebinding rate to the heme without competing reactions from
histidine or CO. This allowed him to use well-established kinetic
theory to determine the diffusion limited rate for loop formation,
which turned out to be (35−40 μs)−1. Steve then used the n−3/2
length dependence for end-to-end contact rate from the Szabo−
Schulten−Schulten mean first passage time theory15 to estimate
that the fastest forming loops of 10 residues would form with a
rate of ∼(1 μs)−1.14 Dave Thirumalai had determined the
maximum loop formation rate is for a 10 residue peptide because
polypeptide chain stiffness reduces the rate for shorter loops.16

Since residues must come in contact for a protein to collapse to a
compact structure in the folding process, we suggested that the
shortest time a protein could possibly fold is ∼1 μs. Andrew
McCammon called this time the “speed limit” for protein folding
in his PNAS Commentary on the Hagen article.17

■ LASER TEMPERATURE JUMP AND SECONDARY
STRUCTURE FORMATION KINETICS

Initiating protein folding by photochemical triggering was
limited to just a very few proteins. It was quickly and
simultaneously recognized by four different research groups
that the most generic method of measuring rapid kinetics is to
jump the temperature with short laser pulses. All that is required
is a difference in enthalpy between reactants and products, such
as folded and unfolded states in the case of protein folding. A
temperature increase would induce a change in the equilibrium
population of these states and allow observation of the relaxation
kinetics to the new equilibrium population at the elevated
temperature. Not surprisingly, as was his custom for a wide range
of problems in spectroscopy and physical chemistry,18 Robin
Hochstrasser reported the first temperature jump study.19 He
used picosecond lasers to raise the temperature by exciting a
nonfluorescent dye in a solution containing ribonuclease A, so
that all of the excitation energy appeared as heat. Unfortunately,
the results were not all that informative. A change in the infrared
amide I band was observed, indicating some change, albeit not
well-defined, in the β sheet structure. Prior to our first published
study using ns pulses, there were 2 others - one on α helix
formation by Brian Dyer and William Woodruff20 and one on
the folding of apo-myoglobin by Martin Gruebele.21 All of the
studies following Hochstrasser employed near-infrared lasers
that heated the solution by water (vibrational overtone)
absorption. Dyer and Woodruff used 20 ns pulsed laser
excitation and infrared detection to measure a relaxation rate
for a 21-residue alanine-based peptide (the relaxation rate is the
sum of the folding and unfolding rates for a two-state system,
often mistakenly taken to be an unfolding rate in temperature
jump studies). Using 15 ns laser pulses and tryptophan
fluorescence detection, Gruebele measured the association
rate of apomyoglobin helices distant in sequence, as an indicator

of collapse of the protein prior to folding. My group’s T-jump
experiments were performed on an instrument built by a
postdoc, Peggy Thompson, in which the 10 ns laser pulse of the
1052 nm fundamental from a Nd:YAG laser was Raman-shifted
to longer wavelengths where water absorbs more strongly and
therefore produces larger temperature increases, a method
introduced by Flynn and co-workers.22 Her first experiments
were on a 20-residue alanine-based peptide using fluorescence
detection from a probe connected to the N-terminus.23 The
experiment did not measure the helix−coil transition rates
directly, because the observed 20 ns relaxation reflected a local
conformational change at the N-terminus, but did give
interesting new information about helix formation by analyzing
the data with a “kinetic zipper” model. Thompson’s subsequent
study on a 16-residue alanine-based peptide (Figure 3),

motivated by the experiments of Susan Marqusee when she
was a graduate student with Robert Baldwin,24 produced a
helix−coil relaxation rate at 300 K of (300 ns)−1, the midpoint
temperature of the helix−coil transition (tfold∼ 600 ns).25 In this
study the kinetics were explained with amodel very similar to the
one developed for the β hairpin by Victor Muñoz, our next
temperature jump project.

■ BRIEF DIGRESSION FROM PULSED LASER
EXPERIMENTS

In 1995 I visited Denis Rousseau at Bell Laboratories to learn
more about an ultrarapid mixing, continuous flow method he
was using to study a fast bimolecular reaction.26 Themethodwas
invented by Tom Jovin and appeared to have great promise for
measuring submillisecond protein folding kinetics following
dilution of a chemical denaturant.27 The basic idea of the
method is that pumping solutions though a very small gap
creates turbulence, which breaks the liquids into tiny volume
elements that results in rapid mixing because diffusion now
occurs over very short distances (∼0.1 μm). JimHofrichter, with
two new postdoctoral fellows, Yi Hu and Chi-Kin Chan,
developed a Jovin-like instrument. They demonstrated that this
technique increased the time resolution in protein denaturant
dilution experiments by almost 100-fold compared to the
stopped flow method and used it to study cytochrome c folding
kinetics.28 To eliminate the heme−ligand exchange chemistry
observed in Colleen’s experiment on reduced cytochrome c,
measurements were made with the imidazole complex of
oxidized cytochrome c. Folding was monitored by tryptophan
fluorescence, which is partially quenched in the unfolded state
and completely quenched in the folded state from Förster
excitation energy transfer to the heme. Decay of the fluorescence
is biphasic, with an unresolved process at less than 50 μs, which

Figure 3. Structure of the 16-residue alanine-based peptide solubilized
with arginines (blue). Protonated histidine (green) quenches the
fluorescence of the (purple) tryptophan by electron transfer upon
formation of the helical turn.
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we attributed to partial collapse of the unfolded state at the lower
denaturant concentration and a 600 μs process attributed to
formation of the native, folded structure. Heiner Roder later
constructed a better instrument without a free-flowing jet and
used it to study a variety of systems,29 so I decided to abandon
the method and focus on temperature jump with its much
greater time resolution. I should mention here that later
experiments by Steve Hagen using temperature jump that easily
resolved the expansion/collapse relaxation yielded a longer time
of ∼100 μs.30 Steve’s experiments also indicated that a small
free-energy barrier separated the expanded and more collapsed
denatured states.

■ LASER TEMPERATURE JUMP AND SECONDARY
STRUCTURE FORMATION KINETICS (CONTINUED)

In 1996, Victor Muñoz arrived, bringing his expertise on
peptides as a result of his development of Agadir while a PhD
student. He also brought a very important piece of information
that the 16-residue C-terminal hairpin from the protein GB1 is
natively folded, the first example of folded β structure in
isolation. Victor immediately started T-jump experiments with
Peggy’s instrument. His experiments gave several novel results,
making his paper the most important work using T-jump in the
protein folding field up to that time.31 First, rather surprisingly,
this small peptide behaved like a perfect two-state system, as
evidenced by its equilibrium behavior and the observation that
identical fast relaxation rates of (5 μs)−1 were measured by two
different methods: tryptophan fluorescence and Förster
resonance energy transfer. It also showed a negative activation
energy for folding at high temperatures, an interesting property
also observed for proteins. Because it is so small and behaved like
a very fast-folding single domain protein, Victor’s β hairpin
became a benchmark for most theoretical groups using
molecular dynamics simulations to investigate protein folding.
Finally, the kinetics, including the negative activation energy,
could be explained by an Ising-like theoretical model developed
by Victor,31,32 where the key assumptions were later used by
him33 and by the groups of David Baker34 and Alexei
Finkelstein35 to describe the mechanism of single domain
protein folding.36 The details of Victor’s mechanism for proteins
will be described later. The lack of a need to explicitly consider
non-native interactions was supported by off-lattice simulations
of Victor’s β hairpin by Klimov and Thirumalai.37

■ EFFECT OF VISCOSITY ON PROTEIN FOLDING
KINETICS AND INTERNAL FRICTION

The concept of internal friction in protein folding kinetics was
motivated by our work on the conformational changes in
myoglobin following photodissociation of the carbon monoxide
complex. In this study, postdoctoral fellow Anjum Ansari
discovered that above 20 cP the protein conformational
relaxation time depends on the first power of the solvent
viscosity, as expected from Kramers hydrodynamic theory for
the pre-exponential factor in the high friction limit, while below
1 cP it is independent of solvent viscosity.38 The viscosity
independence at low viscosity indicated that the friction in
Kramers’s pre-exponential factor is totally dominated by internal
friction that results from colliding proteins atoms.
A major problemwith previous viscosity studies in the protein

folding field was that the viscogens also alter the folding/
unfolding equilibrium free energy changes and therefore almost
certainly also alter the activation free energy, so that changes are

not solely due to changes in the pre-exponential factor.
Postdoctoral fellow Gouri Jas performed a very careful and
painstaking set of experiments on both Peggy’s helical peptide
and Victor’s β hairpin.39 By making measurements at very low
viscosities between 1 and 3 cP, Gouri found that neither the
equilibrium constant nor the activation energy changed,
indicating that the slowing of the relaxation rates upon addition
of viscogens results entirely from the dynamical effect of
increasing the solvent viscosity. The β-hairpin formation rate
was found to vary as the inverse first power of the viscosity (η),
while the α helix formation rate exhibited a fractional viscosity
dependence of (η)−0.6. In this paper, we suggested that the
fractional viscosity dependence might arise from motion over
the barrier top that is faster than the solvent relaxation time, i.e.,
a breakdown of Kramers theory for the case where all of the
friction arises from the solvent, an explanation that was also
employed in theoretical work by Wolynes.40 A later theoretical
study by Robert Best and co-workers using molecular dynamics
simulations supported this proposal. They showed that the
decreased viscosity dependence for the α helix arises from the
rapid dihedral motions while crossing the barrier top, but no
such rapid motions occur at the β hairpin barrier top.41 This
explanation provided additional support for the Victor’s
mechanism that the β turn forms prior to reaching the barrier
top (Figure 4b).31

■ GENERIC METHOD FOR INTRAMOLECULAR
CONTACT FORMATION

Realizing that the formation of contacts between distance parts
of a polypeptide chain is an essential component of protein
folding mechanisms and that cytochrome c discussed above is a
very special case, we sought a generic method for measuring
intramolecular contact rates. A search of the literature provided a
method based on monitoring the decay of tryptophan’s long-
lived, electronically excited triplet state by triplet−triplet
absorption42 and the finding that cysteine quenches this triplet
hundreds of times faster than any other amino acid.43

Consequently, the rate of intramolecular contact formation
between a tryptophan and cysteine could be measured in a
peptide with a sequence containing one of each. In our initial
study, we chose a peptide consisting of multiples of the triplet of
Ala-Gly-Gln with a tryptophan at one end and cysteine at the
other because this sequence was expected to have no secondary
structure propensity. With help from Jim Hofrichter, post-
doctoral fellow Lisa Lapidus built an instrument to monitor the
population of tryptophan in its excited triplet by measuring the
time dependence of the triplet−triplet absorption with a cw laser
following pulsed excitation with a nanosecond laser at 290 nm
on the red side of tryptophan absorption to decrease
photodamage.44 The mechanism of quenching can be described
as a two-step process, in which the cysteine and tryptophan
diffuse together to form an encounter complex, followed by an
electron transfer from the tryptophan to the cysteine sulfur,
which quenches the tryptophan triplet state. The decay rate of
the triplet−triplet absorption is, then, the product of the
diffusion limited rate of contact formation to form the encounter
complex and the probability that quenching occurs during the
lifetime of the encounter complex (Figure 5). Bymeasuring both
intramolecular and bimolecular quenching rates, the diffusion
limited contact rate, the rate of interest, could be obtained. Lisa
found that the contact rate decreased from (40 ns)−1 to (140
ns)−1 in varying the length of the Cys-(Ala-Gly-Gln)n peptide
from n = 1 to 6, approaching the n−3/2 length dependence for the
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longest peptides for end-to-end contact rate predicted by Szabo,
Schulten, and Schulten for a random coil (Figure 5).44

To obtain additional information on polymer physics
properties of peptides from the triplet decay rates, Lisa
performed an interesting experiment, in which tryptophan was
embedded in a rigid glass of trehalose at room temperature
containing a much higher concentration of cysteine.45 She
determined the distance dependence of the quenching rate from
the decay curves and the tryptophan−cysteine distance
distribution for particles randomly oriented in three dimensions.
Knowing this distance dependence and using the viscosity
dependence of the triplet decay permitted separate determi-
nation of the reaction-limited and diffusion-limited quenching
rates. Application of rather sophisticated theory by Jim
Hofrichter and Attila Szabo in analyzing these two rates led to
the determination of two important polymer physics properties:
the end-to-end diffusion coefficient for a polypeptide chain of 2
× 10−6 cm2 s−1, about 10 times slower than the diffusion
coefficient for unattached, single amino acids, and the
persistence length of 0.64 nm in a worm-like chain model.46

Lisa’s method was used in several additional studies
connected to protein folding. She found that the triplet decay
rate for a helix forming peptide with a cyclic disulfide and a
tryptophan at the ends is biexponential, which was readily

explained by a three-state model with excited tryptophan in the
helix and coil state and ground state tryptophan in the coil state
(Figure 6).47 The eigenvalues and two-state equilibrium
constant for this model yielded helix formation and dissociation
rates very similar to values obtained by T-jump.47

Postdoctoral fellow Marco Buscaglia extended Lisa’s method
to proteins. He determined the end-to-end contact rate for the
unfolded cold shock protein, CspTm, and found an increasing
contact rate as the denaturant concentration decreased,
indicating collapse of the protein as observed in single molecule
FRET experiments by Ben Schuler and Everett Lipman
discussed later.48 Marco also extended earlier work on the Ala-
Gly-Gln peptide by studying decay rates at high denaturant
concentration. His results showed that chain flexibility is
increased by denaturant, which was explained by a decrease in

Figure 4. β hairpin folding and landscape theory. (a) Structure of C-
terminal β hairpin of Protein GB1 with the four residues of the
hydrophobic cluster shown in green. (b) Schematic representation of
the structure showing the pattern of hydrogen bonds (green) and the
three interactions (dark blue) between hydrophobic side chains that
stabilize the structure. Also shown is the position of the dansyl group
used as the acceptor of tryptophan excitation energy in folding/
unfolding measurements monitored by FRET. (c) Free energy
calculated from Ising-like model showing two-state behavior (two
free energy minima) versus number of native residues as reaction
coordinate, a transition state with lower energy than the unfolded state
that explains negative activation energy, and fraying of the ends in the
folded state as observed by NMR.

Figure 5. Intramolecular contact formation to form a disordered loop.
(Top) Two-step mechanism of tryptophan quenching. The ends of the
chain diffuse to form an encounter complex in a diffusion-limited
process followed by quenching with a rate constant q. (Bottom) The
observed time is the reciprocal of the diffusion-limited end-to-end
contact rate (kD+) plus the reciprocal of the reaction limited rate
(qKeq). The reaction limited rate depends on the contact radius (a), the
contour length (lc), the equilibrium end-to-end distance distribution
(peq(r)), and the distant dependent quenching rate (q(r)).

Figure 6. Kinetic model for measuring helix−coil rates for a 22-residue
alanine-based peptide with tryptophan at one end and a cyclic disulfide
(cds) at the other, which quenches the tryptophan triplet state in a
diffusion-limited reaction. The model assumes two conformational
states, helix and coil, and two electronic states, the triplet excited state
and the ground state of tryptophan with the assumption that the helix−
coil rates are the same in ground and excited. The eigenvalues of this
model obtained from the biexponential decay of the tryptophan triplet
state, together with the helix−coil equilibrium constant yields the coil to
helix and helix to coil rates, as well as the diffusion limited end-to-end
contact rate.47 Decay of the tryptophan triplet in the helix is so slow
compared to the coil triplet that it is not considered.
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the persistence length from 0.6 to 0.4 nm in a worm-like chain
model.49

Many intramolecular contact measurements on peptides of
varying composition were made by other groups using extrinsic
optical probes, most notably those of Werner Nau50 and
Thomas Kiefhaber.51 The net result of all of these measurement
by us and by the other groups is that, apart from glycine- or
proline-rich sequences, intramolecular contact rates are rather
insensitive to the amino acid composition of peptides. For
peptides containing tryptophan and a homopolymer of 6 other
amino acids, for example, almost all contact rates for different
amino acids differ by less than a factor of 5.52

■ REFINING THE “SPEED LIMIT” AND ULTRAFAST
FOLDING PROTEINS

The speed limit suggested from the work on cytochrome c above
was estimated as the time required to form an intramolecular
contact to form a disordered loop for a segment of an unfolded
polypeptide 10-residues in length. Subsequent measurements of
rates for basic structural elements of proteins by us and by
several other groups resulted in an alternative estimate.
Disordered loops between 10 and 100 residues formed in
∼0.1−1 μs.46,51−53 α helices formed in ∼0.5 μs,25,54 and β
hairpins, in ∼5 μs.31,55 So, a purely empirical view of the speed
limit for folding is that the rate is determined by the slowest
forming stable element. Theoretical estimates of the speed limit
were also made by estimating the pre-exponential factor and
arguing that it corresponds to the “downhill” scenario of
Wolynes and co-workers when folding occurs with no free
energy barrier.56 For a 100-residue protein, for example, a pre-
exponential factor of ∼1 μs could be obtained from the
measured folding rate and the free energy barrier height
calculated from a theoretical model. An additional interesting
theoretical result by Estelle Pitard and Henri Orland is that the
collapse time scales linearly as the number of monomer units,
n.57 These considerations suggested a simple formula for the
speed limit of (n/100) in microseconds, which is probably
accurate to better than a factor of 10, with α proteins folding
faster and β slower.58

One obvious significance of the speed limit is in the search to
find proteins that are prime candidates for enabling direct
comparisons between experimental folding kinetics and kinetics
obtained from atomistic molecular dynamics simulations. The
not so obvious significance is that the disappearance of the free
energy barrier at the speed limit would result in the Wolynes
“downhill scenario”.56 This scenario would allow observation of
intermediates conformations at all positions along the reaction
coordinate, unlike folding with barriers where only the
populations of the fully folded and fully unfolded states can be
observed. The speed limit therefore provided a target rate for
engineering fast-folding proteins by site-directed mutagenesis to
make them fold even faster. Proteins in the list in Kubelka et al.58

that fold faster than 100 μs were subsequently investigated in the
first extensive all-atommolecular dynamics study by David Shaw
and co-workers using their special purpose computer, Anton I.59

All these proteins could, in principle, be engineered to fold at a
rate 20-fold to more than 100-fold faster.

■ VILLIN SUBDOMAIN SETS SPEED RECORD AND
REPLACES β HAIRPIN AS BENCHMARK

Having focused our experimental effort almost exclusively on
protein structural elements and polypeptide chains of denatured

proteins in ensemble experiments, with the arrival of
postdoctoral fellow Jan Kubelka we moved on to T-jump
studies of actual protein folding. Jan selected the 35-residue
villin subdomain because it was known to be the smallest
naturally occurring polypeptide that folds autonomously
without disulfide bonds or ligand binding and has equilibrium
properties comparable to those of much larger single-domain
proteins.60 In addition, because of its small size and helical
secondary structure, it was assumed to be a very fast folder and
had already been the object of atomistic molecular dynamics
simulation studies.61 In his first study, Jan measured a folding
time of 4 μs, making it the fastest folding protein at the time and
not all that far from the predicted speed limit of (0.35 μs)−1.62

He also provided one of the first important tests of atomistic
molecular dynamics simulations by showing that replacement of
the C-terminal phenylalanine with alanine had no effect on the
rate, in contrast to the increased rate predicted by MD
simulations.
Determination of the X-ray structure of the villin subdomain

by the group of my close colleague, David Davies, indicated a
way to make the protein fold faster by replacing the lysines with
norleucines (norleucine is lysine without the terminal amino
group) to remove two repulsive interactions (Figure 7a).63 Jan’s

T-jump experiments gave a folding rate of (0.7 μs)−1 (Figure
7b), only 2-fold slower than the theoretical speed limit,64 and
was given the name “super villin” by Vijay Pande. Such a fast rate
suggested that the barrier must be small, which is consistent with
the estimate of free energy barrier heights for the wild-type of
∼0.5−2 kcal/mol by three different analyses of calorimetric
data.65

Figure 7. Super villin. (a) Structure showing the two buried lysines at
positions 24 and 29 that make repulsive interactions with protonated
his27 and arg14. The lysines are replaced with norleucine in super villin.
(b) Folding rate for super villin as a function of molar denaturant
concentration measured by laser T-jump with monitoring by
tryptophan fluorescence at position 23.
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Subsequently, Marco and postdoctoral fellow Troy Cellmer
did a very important set of experiments to compare folding rates
for super villin determined by monitoring tryptophan
fluorescence in laser T-jump experiments and the independent
method of determining the folding rate by measuring the decay
of the tryptophan triplet as was done with the three-state kinetic
model that was used for the α helix (Figure 6).66 The two
methods produced rates in near perfect agreement (Figure 8a).

Even more convincing is the comparison with the study of Feng
Gai and co-workers,67 which showed that the rate determined
from observation of the vibrational frequency shift of the amide I
band due to helix formation, a global probe of folding, is in very
good agreement with the fluorescence measurements that
monitor local conformation (Figure 8b).
Villin-subdomain folding exhibited two additional unusual

properties: relaxation rates that do not change with denaturant
concentration68 and ϕ values that are close to zero but increase
considerably at high temperature.69 Because of its small size,
very fast folding, and novel properties, this mini-protein replaced
the β hairpin as the benchmark for simulation studies.Moreover,
the measurement of so many different equilibrium and kinetic
properties motivated in-depth theoretical investigations using
three different kinetic models, including a version of the Muñoz
Ising-like model that was considerably improved by Eric
Henry.70 A conventional chemical kinetics model used kinetic
and equilibrium data to obtain ϕ values that give structural
information on the transition state ensemble. A physical kinetics
model that describes the kinetics as diffusion on a one-

dimensional free energy surface produced a free energy barrier
to folding of ∼2 kcal/mol. The Ising-like theoretical model also
yielded the results of these two models, as well as explaining a
wide range of data, and provided a residue-by-residue
description of the evolution of the folded structure with fewer
adjustable parameters than either the chemical- or physical-
kinetics models. A brief description of the Ising-like model and
its application to the villin subdomain follows.

Munoz−Henry−Eaton Theoretical Model and Appli-
cation to the Villin Subdomain. The outline of the model is
shown in Figure 9. The most basic postulate of the model is that

only residue−residue interactions in the native, folded structure
must be explicitly considered, as in the “perfectly funneled”
energy landscape.56,71 These interactions are specified by the α-
carbon contact map, which for the villin subdomain is rather
sparse (Figure 9). The model is called Ising-like because each
residue adopts only two conformations, native (n) and non-
native (c), as in the model of Zwanzig, Bagchi, and Szabo.72 A

Figure 8. Comparison of folding times measured by laser temperature
jump and tryptophan triplet quenching at 283 K. (a) Folding times
(points) for super villin as a function of GdmCl concentration and a
quadratic fit to all the data (dashed line). The triangles (red points)
correspond to folding times measured by temperature jump from
experiments on Cys HP35(Nle24,His27,Nle29), whereas the inverted
triangles (blue points) are folding rates from the triplet-quenching
experiment performed on Cys-HP35(Nle24,Nle29). (b) Comparison
of relaxation times for HP35(His27) measured in temperature-jump
experiments using IR absorption by Fen Gai and co-workers (red
circles)67 or fluorescence (blue circles) detection measured by Troy
Cellmer.66

Figure 9. Outline of Muñoz−Henry−Eaton Ising-like, statistical
mechanical theoretical model for protein folding. (a) α-carbon contact
map. Only α-carbons of residues in contact in the native, folded
structure are explicitly considered. (b) Rules of the model. Residues are
in either a native (n) or a non-native (coil, c) conformation. Native
structure nucleates and grows in nomore than 2 regions of the sequence
(the double sequence approximation). Since contacts between nearest
and next-nearest neighbors are assumed to be the same in the folded
and unfolded states, contacts are only considered that form between
residues distant by more than 2 residues in the sequence and only if all
intervening residues are in the native conformation, with one exception.
The exception is that contacts are allowed if the intervening sequence
forms a disordered loop. (c) Schematic partition function indicating
that there is only a single adjustable energy parameter (εcontact) and a
single adjustable conformational entropy parameter Δsconf) no matter
the residue type. The free energy of loop formation was calculated from
Thirumalai’s formula for the radial distribution function of a
semiflexible chain,75 which contains the contour length of the
disordered loop (lc), a persistence length, lp = 0.4 nm, and a contact
radius, a = 0.1 nm.73b
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major difference from the standard Ising model is that
interactions are not considered between nearest and next-
nearest neighbors because they are assumed to be the same in
the folded and unfolded states. A second major postulate is the
so-called double-sequence approximation, in which structure in
an individual molecule grows in no more than two regions of the
amino acid sequence, although it could be generalized to more.
The double sequence approximation is an enormous simplifi-
cation because it permits a partition function that exactly
enumerates all possible states, which for the 35-residue villin
subdomain reduces the number of possible configurations from
235 (∼1010) to ∼105. Both the native-only interaction and
double sequence postulates were supported by an analysis by
Robert Best and Gerhard Hummer of the all-atom MD
simulations of the Shaw group for the villin subdomain, as
well as for eight other proteins that were simulated.73 This
analysis showed that non-native contacts play no role in the
folding mechanism.73a A complementary lattice model study by
Phillip Geissler showed that non-native contacts only slowed
folding and did not affect mechanism.74 The final simplifying
postulate of the model is that all residue−residue interactions
have the same energy (ε) and that the conformational entropy
change (Δsconf) for the c to n transition is the same for all
residues.
Unlike any other theoretical model proposed to date, the

Ising-like model is capable of explaining a wide variety of kinetic
and equilibrium data with very few adjustable parameters, as
shown in Figure 10. Perhaps the most impressive is the close fit

to the excess heat capacity calculated from calorimetric data

(Figure 10a) from the partition function ( )C RT
T

Z
Tp

ex d
d

2 d ln
d

=
with just two temperature-independent adjustable parameters,
εcontact andΔsconf. Except for the circular dichroism (CD) data
(Figure 10b), which requires six adjustable parameters to fit the
data because of the short helices and the strong length
dependence of helical CD, all of the other data sets require
just a few. Since the temperature dependence of free tryptophan
fluorescence is known, the fluorescence data (Figure 10c) can be
fit by adjusting the temperature dependence of the tryptophan
fluorescence quantum yield in the folded state. The free energy

profile (Figure 10d) is determined from the relative probability
of finding a state at each value of the reaction coordinate. Rates
are calculated as diffusion on the free energy profile with either
the number of residues in the native conformation76 or the
fraction of native contacts as reaction coordinates (Figure 11).77

Diffusion along the profile is simulated by hopping forward or
backward between adjacent values of the reaction coordinate,
biased by the free energy difference using a linear free energy
relation for the rate that most closely mimics diffusion. The
viscosity dependence of the proportionality constant, the
hopping parameter, is determined from the buried surface area
with the assumption that buried residues are not subject to the
solvent viscosity but to the internal viscosity of the protein. The
resulting theoretical curve is very close to the measured
relaxation rates. A much more demanding test of a theoretical
model than reproducing rates (Figure 10e) is to reproduce the
fluorescence amplitudes, which the model does quite impres-
sively using the fluorescence parameters from fitting the
equilibrium curve (Figure 10f).
Perhaps the most unusual property of the villin subdomain is

the denaturant independence of the relaxation rate, rather than
the usual chevron-shaped dependence observed for every other
protein. The model produces a chevron that is far from the data.
However, using the denaturant dependence of the hopping
parameter found by Schuler and co-workers for the relative
diffusion coefficient of the chains ends of an unfolded protein,78

the chevron is flattened and is much closer to the experimental
data. The viscosity dependence of the rate, again scaling the
dependence on the solvent from the fraction of residues that are

Figure 10. Calculation of experimental quantities from Muñoz−
Henry−Eaton Ising-like model. See text for description and legend to
Figure S4 in the Supporting Information of ref 73b.

Figure 11. Free-energy surface of protein folding.80 Protein folding can
be described as diffusion on a low-dimensional free energy surface with
order parameters as reaction coordinates and has been described
successfully as diffusion on a 1D free energy surface,81 here projected
onto the coordinate q. For a two-state protein, the folded and unfolded
states are separated by a free energy barrier with the height of ΔGf*.
(ωu)

2, (ωf)
2, and (ω*)2 are curvatures at the bottom of the unfolded

and folded state wells and at the top of the barrier, respectively. An
unfolded molecule spends the vast majority of time fluctuating in the
unfolded state before making a very rapid transition to the folded state,
corresponding to the rapid crossing over the free energy barrier. The
transition path is that part of the molecular trajectory that leaves a
position qU on the unfolded side of the barrier and reaches qF on the
folded side without recrossing qU (blue portion of the trajectory).

82 The
transition path appears as a near-instantaneous jump in a binned FRET
efficiency trajectory (bottom).
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not buried, is well-fit with a single temperature independent
parameter of 4 cP for the protein internal viscosity. Another
strikingly unique property of the villin subdomain kinetics is the
finding of very lowϕ values, which become significantly larger at
higher temperature (Figure 10i). This change is readily
explained by free energy profiles at different temperatures. At
low temperatures the barrier peak is very early along the reaction
coordinate where there is very little native structure and
therefore low ϕ values, while at the elevated temperature, the
barrier has moved to much later along the reaction coordinate
and therefore muchmore native structure and higherϕ values. It
is important to point out that there is no other statistical
mechanical model, i.e., a model with a partition function and
master equation, that has been proposed that explains so many
different kinds of experimental data in such a straightforward
way. Our model has been called the Hückel model of protein
folding,79 presumably because the model of Erich Hückel was
very important in the early days of molecular orbital theory for
using a simple linear combination of atomic orbitals to explain π
electron properties.
The mechanism from landscape theory shows that helices 1

and 2 form first, while helix 3 forms last (Figure 12a).

Interestingly, the transition paths (Figure 11) observed in the
Shaw simulations also show helices 1 and 2 forming first
(Figures 11 and 12b).73b A more detailed comparison with the
simulations was made by simulating the master equation of the
Ising-like model to obtain the distribution of transition paths
(Figure 12c).73b The simulation consisted of taking random
steps between kinetically connected configurations with the
probability determined by the ratio of the rate coefficient for the
step divided by the sum of the rate coefficients for transitions to
all connected configurations. The transition path for folding in
the trajectories of the master equation simulation and the MD
simulation is defined as that part of the trajectory when the

molecule departs the unfolded free energy minimum of the
unfolded state and reaches the folded state minimum without
ever returning to the unfolded minimum (Figure 11).
The transition path is clearly the most important segment of

the trajectory because it contains all of the structural information
on the folding mechanism. It should be realized that the
transition state is only one position along the transition path
corresponding to the barrier top, although it is a very important
one. There are large statistical errors in the MD simulations
because only 25 transition paths were calculated, while there is
negligible statistical error in the Ising-like model simulations
because the distribution was derived from 2 x 106 trajectories
(Figure 12b,c). There is an overall similarity of the Ising-like
theoretical model and MD transition path distributions, and a
reasonable probability (∼0.8) that the distribution in the MD
simulations is sampled from a distribution identical to that of the
theoretical model. Finally, I should emphasize that the transition
path distribution should be considered the modern definition of
folding mechanisms, but I should also point out that the
description of a mechanism depends very much on the level of
coarse graining. Discussing the mechanism in terms of the six
possible orders of helix formation is the natural coarse graining
for the villin subdomain mechanism, whereas the number of
possible transition paths becomes astronomical if, for example,
the mechanism is described in terms the order of forming every
native dihedral angle and interatomic distance of the folded
molecule.83

The transition path is a single molecule property, so it can
only be observed by single molecule spectroscopic methods,
which brings us to the next section.

■ SINGLE MOLECULE FRET SPECTROSCOPY: EARLY
EXPERIMENTS

It was widely appreciated immediately after the first single
molecule FRET experiments by TaekjipHa and ShimonWeiss84

that measurements with this method could make important
contributions to the study of protein folding. My interest in
single molecule measurements was sparked when I saw a poster
by Taekjip and Shimon at an ACS meeting where they detected
molecules changing position on a glass surface from the change
in intensity due to changes in the orientation of the electric
dipole transition moment of the fluorophore relative to the
linearly polarized excitation light.85 I was fortunately able to
recruit Everett Lipman, an astrophysics Ph.D. student, who had
all the skills to build a single molecule instrument and another
postdoctoral fellow, Benjamin Schuler, a well-trained bio-
chemist, who prepared highly purified, dye-labeled proteins
and knew all about protein folding. Our first experiment with
Everett’s instrument was extremely disappointing, because there
was less emission from the acceptor fluorophore in the folded
than in the unfolded state even though it had to be much closer
to the donor in the folded state (Figure 13). It was most
probably due to quenching of the “Texas Red” acceptor from
interacting with aromatic residues on the surface of the folded
protein. We then changed the fluorophores to Alexa dyes, which
behaved beautifully, and we used these ever since. The first
experiments were free diffusion experiments, in whichmolecules
diffuse into the confocal volume of the microscope and, on the
basis of the FRET efficiency, were assigned to either a folded or
unfolded population (Figure 13).
Although we were not watching proteins fold and unfold,

there were nevertheless several interesting results.86 First, there
were only two FRET efficiency distributions for the cold shock

Figure 12. Mechanism of villin subdomain folding and comparison
with molecular dynamics simulations. (a) Mechanism according to
landscape theory. Probability that a residue is in its native conformation
at each value of Q relative to all microstates at that value of Q. (b)
Normalized distribution of transition path times from the 25 transitions
of the MD simulations with estimated statistical uncertainty due to the
small (25) number of transitions. (c) Normalized distribution of
transition path times for 2 × 106 transitions in the master equation
simulations (no statistical uncertainty).
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protein CspTm, consistent with the results of ensemble
experiments that there are only two populations of molecules
at equilibrium: folded and unfolded. Second, the FRET
efficiency of the unfolded state decreases as the chemical
denaturant concentration increases, indicating an expansion of
the polypeptide chain. We also stretched the interpretation of
the data to the limit by comparing widths of the FRET efficiency
distributions for the unfolded protein and polyproline to
estimate an upper bound on the reconfiguration time of 200
μs, and to use this result to estimate a lower limit on the free
energy barrier height of 2 kBT.

87 In doing so we made a blunder
by inadvertently calculating this time from a formula different
than what we reported in the paper. This mistake was
immediately recognized on the day the paper appeared online
by Taekjip Ha who telephoned me to say there was an error,
which prompted us to immediately submit later pointed out in
an erratum.87 Another problem with this paper is that we were
unable to explain the large excess width over that expected from
shot noise, although it did not affect any of our conclusions.
Our next single molecule experiment was motivated by the

arrival of a new postdoctoral fellow, Olgica Bakajin, who brought
expertise in microfluidics to the lab. The collaboration with Ben
and Everett led to the first nonequilibrium single molecule
folding experiment.88 In this experiment, the chemical
denaturant was diluted from the unfolded molecules in a
laminar flow mixing region, which were then flowed through a
narrow channel (the single molecule microfluidic analogue of
the Hartridge and Roughton continuous flow method for
measuring fast chemical reactions 80 years earlier89). The FRET
efficiency was monitored at different positions along the channel
as individual molecules flowed by after mixing to remove
chemical denaturant to initiate folding.88 The times were
determined by the distance from the mixing region and the flow
velocity. The results provided additional strong evidence for
two-state behavior not only by showing only two FRET

efficiency distributions but also by showing an exchange of the
distributions as time progresses (Figure 14).
Two issues raised in Ben’s and Everett’s 2002 Nature paper

were pursued further, one about polyproline and one about
expansion of the unfolded state by denaturants. Assuming that
polyproline is a perfectly rigid rod, Lubert Stryer used FRET

Figure 13. Schematic structures of protein and polyproline labeled with donor (Alexa 488) and acceptor (Alexa 594) dyes (from ref 86): (a) folded
CspTm; (b) unfolded CspTm; (c) 6-residue polyproline; (d) 20-residue polyproline. A blue laser excites the green emitting donor dye, which can
transfer excitation energy to the red-emitting acceptor dye. In each case, the functional form of the FRET efficiency E versus distance (blue curves) is
shown, as well as a representation of the probability distribution of distances between donor and acceptor dyes, P (red curves).

Figure 14. Nonequilibrium protein folding measured by single
molecule spectroscopy in a microfluidic mixing device.88 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 as shown by the increase of the FRET
efficiency in the unfolded state at the lower denaturant concentration.
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measurements on polyprolines of different length to demon-
strate Förster’s prediction of a 1/r6 dependence of the excitation
energy transfer rate on distance.90 Since single molecule FRET
was being used by many groups to obtain distance information
on biological macromolecules, it seemed important to redo
Stryer’s experiment at the single molecule level. The experi-
ments gave the puzzling result of FRET efficiencies much higher
than expected from Förster theory for polyproline with lengths
of 6−40 residues. Molecular dynamics simulations attributed
the higher FRET efficiencies to a flexibility of the molecule (i.e.,
a smaller persistence length) than previously thought, which
would bring the ends closer together and account for the high
FRET efficiencies. However, there were two flaws in this initial
study. One was the assumption that all of the residues of
polyproline in water are in the all-trans conformation to produce
a straight rod and the other was an artifact caused by
inappropriate parameters in the MD simulations, which led to
an apparent increase in the flexibility.
Thanks to Ben for telling me about a new instrument built and

sold by PicoQuant, a Berlin company, Kiyoshi Mizuuchi, my
colleague in Building 5, acquired one and kindly gave me
effectively 100% use of it. We now had a powerful, user-friendly
single molecule instrument. Both of the above flaws were
corrected by a new postdoc, Robert Best, using the PicoQuant
instrument and performing NMR experiments in collaboration
with Ad Bax, which showed that∼30% of polyproline molecules
in water are kinked because of cis prolines bringing the donor
and acceptor dyes closer together. Robert’s very careful single
molecule study was able to explain the observed FRET efficiency
of polyproline 20 after accounting for differences in detector
sensitivity for donor and acceptor photons, for differences in
fluorescence quantum yield of donor and acceptor fluorophores,
and for the effect of the cis-polyproline population and using
molecular dynamics simulations, including the attached
fluorophores with their long linkers, to determine distance
distributions.91 His simulations also indicated that the failure of
Stryer and Haugland to fit their data with the known Förster
radius (R0) for their donor and acceptor was due to flexibility of
the linkers. This study strongly reinforced the idea that accurate
distances can indeed be obtained from single molecule FRET
studies.
Robert also collaborated with Irina Gopich and another

postdoc, Kusai Merchant, in a study of two proteins of almost
identical size, the 66-residue all-βCspTm and the 64 residue α/β
protein L, which showed clear expansion of the unfolded protein
with increasing GdmCl concentration (Figure 15).93 Irina, who
developed the theory of single molecule fluorescence experi-
ments with Attila, ensured that the most rigorous analysis of the
data possible was being performed and therefore the most
accurate FRET efficiencies possible up to that time for any
protein were being obtained. Robert also performed molecular
dynamics simulations, which showed that urea denaturant
causes expansion of the unfolded protein, as expected from
Dave’s theoretical considerations.94 The Merchant/Best paper
contributed to sparking a debate on the denaturant expansion of
a polypeptide and differences between the radius of gyration
obtained from FRET with a Gaussian chain assumption and
from small-angle X-ray scattering. The controversy was finally
settled by Robert and Ben.95,96 Denaturants do expand unfolded
proteins, as predicted by Dave’s theory.

■ SINGLE MOLECULE FRET SPECTROSCOPY:
TRANSITION PATH TIMES

Ben and Gilad Haran made the first attempt at measuring
transition path times for single protein molecules undergoing
folding/unfolding transitions.97 I did not attempt such measure-
ments until Hoi Sung Chung joined my group in 2007. He
immediately attacked this very challenging problem. Recall from
above that the transition path is the tiny fraction of an
equilibrium single molecule trajectory when the process actually
happens, i.e., the rare barrier crossing event (seen as an
apparently instantaneous “jump” in single molecule trajectories)
(Figure 11). Again, the reason that the transition path is so
important is that it contains all of the information on the folding
mechanism. The transition path is a uniquely single molecule
property that had not been previously measured for any
molecular system. We knew it was going to be difficult to obtain
any information at all, because we already had indications from
molecular dynamics calculations that transition path times for
small proteins are extremely short.
The first problem Hoi Sung faced was to attach a protein to a

surface in a way that did not change its folding/unfolding
properties and to address all of the potential artifacts that had
already been observed in experiments by others attempting to
measure single molecule folding/unfolding trajectories. With
the PicoQuant instrument it was possible to characterize each
detected photon by its color, polarization, and time of arrival
after picosecond excitation. Hoi Sung determined distributions
of FRET efficiencies, donor and acceptor lifetimes, steady state
polarizations, and waiting times in the unfolded and folded states
that yielded the folding and unfolding rate coefficients,
respectively. Unlike what happens in single molecule atomic
force microscopy, where most trajectories are uninterpretable
and discarded, Hoi Sung’s goal was to explain every trajectory
and not discard any, which he managed to do for 95% of his
measured trajectories. By performing a statistical analysis of the
duration of the window between folded and unfolded states in
photon trajectories, he estimated an upper bound of∼200 μs on
the average transition path time.98 Even though only an upper
bound, this result was interesting because it was 10 000-times

Figure 15. Expansion of polypeptide by chemical denaturant. (a) Mean
FRET efficiencies E for the unfolded states of protein L (blue triangles)
and CspTm (red inverted triangle). (b) Radii of gyration (Rg) for
protein L and CspTm in the unfolded state determined from FRET
efficiencies and assuming a Gaussian chain model for the end-to-end
distribution. The Rg values previously determined by equilibrium SAXS
at 4 M GdmCl (green circle) and by time-resolved SAXS at 1.4 M
GdmCl (green square) are also shown.92
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shorter than the folding and unfolding waiting times. These
experiments motivated Irina and Attila to develop a much more
powerful method to extract average transition path times from
photon trajectories consisting of donor and acceptor photons
and the interval between them (τk).

99 Their likelihood function
is

L c c1 F K F p( ) exp( ) ( )j
i

N

i i
T

2
1 eq

j

∏ τ= [ ]
=

in which Nj is the number of photons in a trajectory, ci is the
color of the ith photon (donor or acceptor), and τk is a time
interval between the ith and (i − 1)th photons. The photon
color matrix F depends on the color of a photon as F (acceptor)
= E and F (donor) = I − E, where E is a diagonal matrix with
elements that are FRET efficiencies of the individual states, peq is
a vector consisting of the equilibrium population of each state,
and 1T is a row vector with elements of 1.
The basic idea of their method is that given a kinetic model,

i.e., the number of states and their kinetic connectivity, the
parameters that maximize the value of the likelihood function
correspond to the optimal values for the FRET efficiency of each
state and rate coefficients of the model that are most consistent
with the photon trajectory.99 Because trajectories are short as a
result of dyes rapidly photobleaching at the high required
illumination intensities, Hoi Sung realized that to directly
measure transition path times would require collectively
analyzing data from a very large number of trajectories. In
single molecule studies on fast-folding proteins, where many
transitions could be observed, Hoi Sung demonstrated that the
Gopich−Szabo method yields accurate rate coefficients.100 This
work was followed by a heroic effort in whichHoi Sung collected
tens of thousands of photon trajectories and carried out the
photon-by-photon analysis (Figure 16). He succeeded in
directly measuring a transition path time of ∼2 μs for a small
all-β protein, the FBP WW domain, that folds in 100 μs and to
place an upper bound of ∼10 μs on the transition path time for
the much slower folding protein GB1.101

These experiments yielded the surprising result that the WW
domain and Protein GB1, with folding rates that differ by 4
orders of magnitude, take almost the same time to fold when
folding actually happens, i.e., cross the barrier between the
folded and unfolded states (∼2 μs for the WW domain after
correcting for the viscosity; <10 μs for protein GB1).101

However, the result was not surprising to Attila, who derived an
approximate expression for the average time to cross a high
parabolic barrier, showing that compared to the Kramers folding
rate, which depends on the exponential of the barrier height, the
average transition path time depends logarithmically, so it is
relatively insensitive to the barrier height.82,102
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Attila’s equation predicts that if all of the difference in folding
times arises from differences in the free energy barrier heights,
then for identical values of the parameters in the pre-exponential
and prelogarithmic factors, the average transition path times
would differ by a factor of only 1.4, compared to our
experimentaly-determined factor of less than 5.

The designed protein α3D is an interesting case where large
changes in rates occur without a change in the free energy barrier
height. At pH 7.5, there are two distinct FRET efficiency
distributions (Figure 17). The folding rate shows a very weak

Figure 16. Average transition path time measurements for folding the
FBP28 WW domain, α3D, and protein GB1. (a) Proteins are labeled
with a donor (Alexa 488) and an acceptor (Alexa 594 or Alexa 647) dye
and immobilized on a polyethylene glycol-coated glass surface with a
biotin−streptavidin linker. (b) Binned donor and acceptor fluorescence
trajectories and photon trajectories near the folding transition
(highlighted in yellow). (c) Transition path time determined by
analyzing photon trajectories in the yellow transition region using the
Gopich−Szabo maximum likelihood method with a three-state model.
The average transition path time (tTP) is equal to the lifetime of a virtual
intermediate state S (τS), which is determined from themaximum in the
difference of the log likelihood, Δln L = ln L(τS) − ln L(0). L(0) is the
likelihood for a two-state model, in which transitions are instantaneous
(τS = 0). The plot displays how much better (or worse) a two-state
model with a finite transition-path time describes the photon
trajectories than a two-state model with an instantaneous transition.
The transition path time of the WW domain is 16 μs (at the viscosity of
10 cP). The transition path time of α3D (12 μs) was measured without
increasing solvent viscosity (see discussion below and Figure 17). Only
the upper bound for the transition path time of 10 μs could be
determined for GB1 because no peak is observed. (d) Schematic of a
FRET efficiency trajectory using a two-step mechanism to describe the
transition path from unfolded (U) to folded (F) states for a protein
exhibiting two-state thermodynamics and kinetics. In this model, the
average transition-path time (⟨tTP⟩) is equal to the lifetime of a virtual
intermediate state S [(2kS)

−1].
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viscosity dependence, suggesting a large contribution to the
landscape diffusion coefficient from internal friction. Examina-
tion by Robert of the structures during the transition path in the
Shaw simulations, showedmany non-native salt bridges between
the helices. Non-native contacts are theoretically predicted to be
more important for the kinetics and dynamics of designed
proteins than for naturally evolved protein.103 Suspecting that
these salt bridges were the source of internal friction, Hoi Sung
eliminated them by lowering the pH to protonate the carboxyl
groups. Not only did the folding rate speed up by a factor of∼10,
without changing the equilibrium constant, but also the viscosity
dependence become very close to that measured byGouri Jas for
an isolated helix.39 In addition, the transition path time also
increased, leading to the conclusion that all of the 10-fold speed
up in the folding rate could be accounted for from an increased
landscape diffusion coefficient. Extensive simulations by Stefano
Piana-Agostinetti using Anton2 also found that protonating

carboxyls increased the diffusion coefficient for motion along Q
as a reaction coordinate.104
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