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ABSTRACT As judged by a single publication metric, the activity in the protein folding field has been declining over the past
5 years, after enjoying a decade-long growth. Does this development indicate that the field is sunsetting or is this decline only
temporary? Upon surveying a small territory of its landscape, we find that the protein folding field is still quite active and many
important findings have emerged from recent experimental studies. However, it is also clear that only continued development of
new techniques and methods, especially those enabling dissection of the fine details and features of the protein folding energy
landscape, will fuel this old field to move forward.
Ever since Anfinsen’s discovery in the early 1960s that a de-
natured protein can spontaneously and rapidly refold to its
native conformation upon removal of denaturant (1), the
question of how proteins fold has fascinated many people
and inspired many studies. Part of this captivation stems
from the notion that even the folding of small proteins
(i.e., ~100 amino acids in length) involves a vast number
of conformational degrees of freedom and, hence, cannot
be achieved through a random search process but rather
through a well-defined folding pathway(s) (2). In other
words, the linear amino acid sequence of a protein encodes
not only its native structure but also the mechanism by
which this structure is attained. Thus, the pursuit of this
code, or more precisely the underlying principles that
govern the thermodynamics and dynamics of protein
folding, which are at the core of the protein folding problem,
has become a major undertaking in many laboratories
around the world. As shown (Fig. 1), the development of
the protein folding field has been quite dynamic in the
past 50 years, as judged by the total number of relevant ar-
ticles published per year. Based on this indicator, it is clear
that the protein folding field as a whole had enjoyed an
enormous and exponential-like growth in the early 1990s,
followed by a decade-long period of high activity and pro-
ductivity. However, the trend in the past decade seems to
indicate that the field is going through a declining phase,
with a decreasing rate of ~110 articles per year. If this
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declining trend were to continue with this rate, the field
faces a dim future.

Advancing a research field requires new ideas, new find-
ings, new theoretical models, and new techniques. The rapid
take off of the protein folding field in the early 1990s was
fueled by such driving forces, for example, the development
of the folding energy landscape theory (3,4), introduction of
the F-value analysis method (5), discovery of two-state
folders (6), and advancements in various biological, chemi-
cal, physical, and computational techniques that made it
possible to study previously inaccessible questions and pro-
tein systems. For example, the advent of ultrafast triggering
methods, such as the laser-induced temperature-jump
(T-jump) technique (7), has greatly enhanced the time reso-
lution of kinetic studies, enabling investigation of protein
folding dynamics on the nanosecond and microsecond time-
scale. Similarly, application of single-molecule-based tech-
niques allowed for elucidation of conformational transitions
and dynamics that were not accessible by traditional
ensemble measurements (8). In this Perspective, we attempt
to show that although the prevalence of publications in the
literature related to protein folding has been decreasing
over the last several years, the field is still quite active,
and continued development of new ideas and new methods
will keep it moving forward. Below, we will first provide an
account of the major achievements since 2010, focusing
mainly on experimental studies of protein folding dynamics
and mechanisms in vitro. We will then offer some sugges-
tions for future directions, in the context of the studies dis-
cussed. Although equally important, we can only provide a
short overview of the recent advancements in theoretical and
computational studies of protein folding dynamics. For
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FIGURE 1 Plot of the number of computational and experimental protein

folding articles found on the ISI Web of Science database per year. The

number of computational articles per year was produced by using the

search, ‘‘protein folding’’ and (comput* or simulat* or theor*), whereas

the number of experimental articles per year was obtained by subtracting

this value from that of the search using protein folding. To see this figure

in color, go online.
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readers interested in these and other types of protein folding
studies, including intrinsically disordered and in vivo pro-
tein folding, we direct their attention to several recent re-
views (9–17).
Recent progress

Experimental studies in the past 5 years have made signifi-
cant progress in characterizing and understanding the dy-
namics and mechanism of protein folding. In the first three
sections below, we describe some of the key findings that
have emerged from those studies, which are organized based
on the techniques they used, namely single-molecule fluores-
cence spectroscopy, single-molecule force spectroscopy, and
ensemble spectroscopic methods. In the last section, we pro-
vide a brief summary of the major developments in computer
simulations of protein folding dynamics.
Single-molecule fluorescence studies

Single-molecule fluorescence-based techniques, such as
single-molecule fluorescence resonance energy transfer
(smFRET), have become increasingly important in eluci-
dating the fine features of the protein folding free energy
landscape and mechanism. One distinct advantage of sin-
gle-molecule-based spectroscopic techniques is that they
can extract information that otherwise would be difficult
to attain from ensemble measurements. In particular, the
past 5 years have witnessed the rapid growth of using
these techniques to assess the role of native and nonnative
interactions, internal friction, unfolded state structure and
dynamics, and transition-path time on protein folding path-
ways and kinetics. A few representative examples are given
below.

Several recent studies have focused on the role of internal
friction and frustration on the dynamics of protein folding
(18–23). For example, Schuler and co-workers (20,21) used
smFRET, fluorescence correlation spectroscopy (FCS), and
microfluidic mixing to study the effect of internal friction
on the folding energy landscape of the spectrin domains.
They found that the internal friction localized at the early
transition state plays a major role in determining the overall
folding times of these proteins,which led them to suggest that
the curvature of the transition state barrier is larger than that
of the unfolded state potential well (20). Using a small cold
shock protein (Csp) as a model, they further showed that in-
ternal friction, as measured by the conformational reconfigu-
ration or relaxation time, is also a key determinant of the
conformational dynamics in the unfolded potential well
(21). Under native-like conditions where the polypeptide
chain is more compact, the reconfiguration time of the
unfolded ensemble of Csp is 100 ns but the reconfiguration
time extrapolated to zero viscosity is nearly zero when the
polypeptide chain becomes more extended (i.e., under high
denaturant concentrations). Based on these finding, they
suggested that internal friction is particularly important in
determining the barrier crossing dynamics of microsecond
folders. On the other hand, Sherman and Haran (18) found,
based on the mean first-passage times extracted from their
FCS experiments using the theory of Szabo, Schulten, and
Schulten (24), that the intrachain diffusion coefficient of pro-
tein L remained approximately constant from a denaturant
concentration of 3 to 7 M guanidinium chloride (GdmCl).
Similarly, by using FCS to measure the intrachain motions
of a set of unstructured peptideswith andwithout side chains,
Teufel et al. (19) concluded that side-chain interactions slow
down loop formation while backbone-backbone hydrogen
bonds accelerate intrachain interactions. Voelz et al. (22)
also studied the protein unfolded state and concluded, based
on smFRET measurements and molecular dynamics (MD)
simulations, that there is a large network of metastable states
in the unfolded ensemble of the ACBP protein, which inter-
convert on a timescale of ~100 ms. Although previous studies
had identified this kinetic phase as a folding intermediate,
they attributed this time constant to the protein’s slow
achievement of the unfolded state structure that leads to pro-
ductive folding. Most recently, Chung et al. (23) showed that
interresidue contacts, particularly nonnative salt bridges,
were able to definitively decrease the folding rate for a de-
signeda-helical protein,a3D (25).Although these protein in-
teractions are able to create local minima along the folding
coordinate thus increasing the roughness of the energy land-
scape and the time required to traverse the free energy barrier,
they do not, however, significantly alter the folding free en-
ergy barrier height.

The power of smFRET in revealing the detailed features
underlying the folding dynamics of large proteins was
Biophysical Journal 110, 1924–1932, May 10, 2016 1925
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recently demonstrated by Haran and co-workers (26). By
analyzing smFRET trajectories using a hidden Markov
model, they showed that the folding landscape of adenylate
kinase, a 214-residue, multidomain protein, encompasses
six metastable states, with their connectivity depending on
denaturant concentration (Fig. 2). Although many intersect-
ing folding pathways were observed at low denaturant con-
centrations (~0.5 M urea), one sequential mechanism
became dominant when the denaturant concentration was
increased to 1 M. Liu et al. (27) also showed that smFRET
can be applied to study the dynamics of a downhill protein
folding process. Additionally, Clarke and co-workers (28)
used a single-molecule total internal reflection fluorescence
microscopy technique as well as other computational and
biophysical methods to study the SasG tandem repeat pro-
tein, which is known to form extended fibrils on the surface
of Staphylococcus aureus bacteria. They found that the cen-
ter domain, although intrinsically disordered, can mediate
long-range folding cooperativity of the terminal domains
as a result of the high stability of the interfaces.

Perhaps one of the most significant advancements in the
assessment of protein folding dynamics is the ability to deter-
mine the protein folding transition-path time, namely the time
1926 Biophysical Journal 110, 1924–1932, May 10, 2016
required for the successful crossing of the free energy barrier
by a protein molecule (29), as shown in Fig. 3. Assuming an
attempt frequency value of 105 to 106 s�1, the transition-path
time htTPi is estimated to be between 0.6 and 6 ms. The very
short nature of htTPi, as well as the fact that this quantityman-
ifests itself in the barrier-crossing process of individual mol-
ecules, havemade it very difficult tomeasure experimentally.
By fully characterizing the smFRET time traces obtained
with the GB1 protein, including the number of photons
emitted, their polarizations, their relative and absolute arrival
times, and their wavelengths, Eaton and co-workers (30)
were able to isolate single-molecule barrier crossing events
and used them to determine an upper bound of 200 ms for
the transition-path time for this protein. Fundamentally,
htTPi is relatively insensitive to the barrier height (30). Indeed,
in a later study (29), they were not only able to more accu-
rately determine htTPi, but also showed that the transition-
path time (i.e., 10 ms) of a slow-folding protein (folding
time¼ 1 s) is similar to that (i.e., 2ms) of a fast-folding protein
(folding time¼ 100 ms). This is an exciting finding because it
experimentally illustrates that correct folding takes approxi-
mately the same time even for proteins that are drastically
different in structure and size.
FIGURE 2 (a–c) Two-dimensional transition

maps of the adenylate kinase protein at three

different GdmCl concentrations, as indicated.

(d–f) One-dimensional free energy maps of adeny-

late kinase showing five of the six metastable states

as well as the transitions between them that contain

at least 10% of the flux from beginning to end (or

vice versa). The color bar indicates the rate of flux,

whereas the line widths show the relative produc-

tive flux along each pathway. This figure is adapted

from (26) with permission. To see this figure in

color, go online.



FIGURE 3 (A) Representation of a one-dimensional free energy diagram

for a two-state folding protein indicating the transition path region. (B)

Sample FRET efficiency trajectory with the width of the highlighted

jump region being the transition-path time. This figure is adapted from

(29) with permission. To see this figure in color, go online.
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Single-molecule force studies

Like single-molecule fluorescence studies, those based
on single-molecule force measurements have also made
outstanding contributions toward our understanding of
how proteins fold. A distinct advantage of using force
spectroscopy to study protein folding dynamics is that the
reaction coordinate can be defined as the extension of the
molecule, thus allowing for characterization of the folding
energy landscape, identification of parallel folding path-
ways, and observation of anisotropic folding behaviors.
Below, we highlight several recent studies, showcasing the
advancement in this area.

In one study, Zhang and co-workers (31) used optical
tweezers to investigate the heterogeneity in the folding-un-
folding process of the coiled coil GCN4 and found that the
force-induced transition rate was highly anisotropic when
the folded and unfolded states were equally populated, de-
pending greatly on the pulling direction. This finding was
corroborated by the study of Marquesee and co-workers
(32) who found that a two-state folding protein, the src
SH3 domain, was more resistant to a low force applied in
the longitudinal direction than the perpendicular direction.
Moreover, they observed biphasic behavior along the longi-
tudinal pulling axis, indicating that the protein is capable of
accessing parallel unfolding pathways. In a more recent
study (33), they showed that for the same protein, it is
possible to use mutations and denaturant to modulate the
flux among the different pathways. Similarly, using atomic
force microscopy, Li and co-workers (34) demonstrated
that the mechanical unfolding and untying process of a slip-
knot protein, AFV3-109, also occurs via multiple pathways
that are either two-state or three-state in nature. Further-
more, as shown in Fig. 4, the high-resolution force measure-
ments of Rief and co-workers (35) revealed that the folding
and unfolding transitions of single calmodulin molecules
involve two on-pathway and two off-pathway intermediates
and identified cooperative and anticooperative interactions
between the domains.

In the past 5 years, single-molecule force spectroscopy
has also been actively applied to characterize other aspects
of the folding free energy landscape of interest (36–38). For
example, by using a high-resolution optical trap to apply
tension to the prion protein, Yu et al. (38) were able to deter-
mine the free energy barrier height and position along
the reaction coordinate and further used this information
to determine the transition-path time and also the confor-
mational diffusion coefficient. Similarly, Fernández and
co-workers (37) employed force clamp spectroscopy to
examine the energy landscape of an engineered I27 protein
undergoing two separate reactions, namely unfolding and
disulfide bond reduction. In the framework of static disorder
theory, they showed that the disulfide-containing mutants
had a high degree of heterogeneity in their unfolding
pathways; however, the disulfide cleavage event itself
followed a rather homogeneous reactive pathway. By per-
forming a force-quench experiment (36), they also showed
that the heterogeneous collapse trajectories observed for
ubiquitin and I27 arise from a force-dependent free energy
barrier.
Ensemble spectroscopic studies

Ensemble measurements based on various spectroscopic
techniques continue to play a major role in the investigation
of the protein folding problem. In particular, new insights
into the dynamics and mechanism of protein folding have
been generated from studies that have used new triggering
and probing methods, as well as new strategies to enhance
the time and structural resolution of the experiments, manip-
ulate the folding energy landscape of interest, and extract
detailed mechanistic information from conventional kinetic
measurements. Although many outstanding studies have
contributed to this area of research, we are unable to
describe all of them due to space limitations. Below we
highlight a few examples, with a focus on studies that
employ light-based triggering and detection methods.

Unlike single-molecule fluorescence studies, which rely
on spontaneous conformational fluctuations of individual
protein molecules, measurements of protein folding kinetics
at the ensemble level require a well-defined triggering event
to define the zero time. Although flow- and mixing-based
triggering methods continue to play an important role in
this regard (39–41), recent years have seen an increased
interest in applying various photo-induced processes
to initiate and control protein folding reactions. In compar-
ison to commonly used chemical and thermal triggering
methods, those based on photo-induced isomerization or
Biophysical Journal 110, 1924–1932, May 10, 2016 1927



FIGURE 4 Schematic of the free energy diagram

of the calmodulin protein with arrows indicating

the observed transitions and the percentages giving

the fraction of transitions along each pathway at

zero force. Distances are differences in the contour

length of calmodulin, and the cartoon representa-

tions of the protein highlight the regions of calmod-

ulin that are folded at each state. This figure is

adapted from (35) with permission. To see this

figure in color, go online.
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bond cleavage have the advantage of being site-specific. In
addition, they allow interrogation of ultrafast protein folding
events. Of course, the disadvantage of using a photoliable
group or photoswitchable trigger is the possibility that it
may introduce an undesirable structural perturbation to the
protein/peptide system in question.

Currently, the most commonly used phototriggers are
azobenzene and its derivatives (42), whose cis- to trans-
(and vice versa) isomerization can be controlled with ultra-
violet (UV) or visible light. Because this isomerization
process occurs on a picosecond timescale, it is suitable for
interrogation of ultrafast protein folding events. This has
been nicely demonstrated by the works of Zinth and co-
workers (43), Hamm and co-workers (44,45), and Kliger
and co-workers (46). More recently, Abaskharon et al.
used an azobenzene cross-linker to manipulate the rigidity
of the transition state structure and hence the attempt fre-
quency of a protein folding reaction (47). Specifically,
they strategically placed an azobenzene moiety in the a-he-
lix of the miniprotein Trp-cage, which was previously
shown to be involved in the major folding transition state.
This cross-linker, upon photoisomerization, limits the de-
grees of freedom of the transition state structure thus
causing the curvature of the free energy barrier to increase
without changing its height. As a result, the folding rate is
increased by an order of magnitude, manifesting as an in-
crease in the aforementioned k0 value (i.e., the attempt fre-
quency). A relatively less used phototriggering method due
to the very fast geminate recombination rate of the underly-
ing photocleavage reaction is based on disulfide bond cleav-
age via UV excitation (48). However, Volk and co-workers
(49) took advantage of this geminate recombination and
used it to monitor the conformational dynamics of the N-ter-
1928 Biophysical Journal 110, 1924–1932, May 10, 2016
minal domain of phosphoglycerate kinase, initiated by UV
excitation of an aromatic disulfide bond.

Besides those well-established phototriggering strategies,
the past 5 years have also seen the development of new
photochemical methods. For example, Zinth and co-workers
(50) demonstrated the feasibility of using hemithioindigo-
hemistilbene derivatives as ultrafast protein folding triggers.
These stilbene-based chromophores were shown to isom-
erize in tens of picoseconds and to induce strong structural
changes in a model b-hairpin where the phototrigger was
covalently linked to the termini of the peptide. Another
very promising and useful phototriggering strategy is based
on photodissociation of an S,S-tetrazine moiety. Brown and
Smith (51) showed that this moiety can be easily incorpo-
rated into unprotected peptides and proteins via two cysteine
residues, and Tucker et al. (52) demonstrated that the under-
lying photodissociation process, in response to an excitation
with 330–400 nm light, occurs on the picoseconds time-
scale. They further illustrated the use of this phototrigger
by using it to trigger a local conformational relaxation event
in an a-helix and found, via two-dimensional infrared
(2D IR) spectroscopy, that the dynamics of this reorgani-
zation process, which involves only a single helix turn,
occurs in ~100 ps (53). Finally, we note that Zewail and
co-workers (54) have expanded the time resolution of the
T-jump technique to the picosecond regime, allowing for
the study of ultrafast protein folding processes, including
helix nucleation.

Cross-linking is not only the basis for photo-induced
structural transitions, but it can also be exploited to perform
other novel applications in protein folding studies. For
example, in one such application, Markiewicz et al. (55)
used a strategically placed m-xylene cross-linker to assess
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how local friction or frustration affects protein folding dy-
namics, a topic that has also been explored in a recent study
by Matthews, Brooks, and co-workers (56). By placing this
cross-linker in a congested region of Trp-cage, Markiewicz
et al. were able to decrease both the folding and unfolding
rates of this miniprotein without significantly affecting its
stability. They attributed this phenomenon to an increase
in local internal friction, due to the presence of the m-xylene
cross-linker, which acts as a local mass crowding agent (57).
Using their kinetic results and a theoretical model developed
by Thirumalai, Straub, and co-workers (58), they were
able to further show that this local crowder increases the
roughness of the folding free energy surface of Trp-cage
by 0.4–1.0 kBT. In yet another study, Markiewicz et al.
(59) hypothesized that it is possible to use cross-linking stra-
tegies to create structural analogs of protein-folding transi-
tion states. To verify this hypothesis, they employed a
disulfide bond to enforce the b-turn of the Trpzip4 b-hairpin
to be in a native-like configuration, which had been shown
to be formed in the transition state. They found that this di-
sulfide-bonded version of Trpzip4 folds 10 times faster than
the uncross-linked peptide, supporting the notion that it is
possible to engineer a mimic of the transition state structure
of interest via cross-linking. In a different application,
Sosnick and co-workers (60) employed cross-linking and
j-analysis to probe the transition state heterogeneity of
ubiquitin and found that despite the incorporation of a
cross-linker, the structural content of the transition state
was not substantially altered.

Another distinct effort of the field in the past 5 years has
been to enhance the structural resolution and site-specificity
in protein folding kinetic studies using various spectro-
scopic probes (61). In one example, Culik et al. (62) demon-
strated that it is possible to monitor the formation of
individual secondary structural elements in protein folding
via isotopic labeling of selective amide carbonyls, as shown
in Fig. 5. This isotope editing method was also used
by Keiderling, Kubelka, and co-workers (63) to study the
hydrogen-bonding pattern in the aggregation kinetics of pol-
yglutamic acid peptides. In other examples, Tokmakoff and
co-workers (64,65), Zanni and co-workers (66), and Hoch-
strasser and co-workers (67) showed that more detailed
structural content can be obtained on the folding reactions
of interest by monitoring couplings or interactions between
two or more isotopic amide labels using 2D IR spectros-
copy. This is because distinct interactions between two spe-
cific groups in a protein reveal distance and thus structural
information. Although similar ideas, for instance those
based on FRET, have long been used in fluorescence-
based protein folding studies, the past 5 years have seen a
renewed interest in developing amino acid-based FRET or
fluorophore-quencher pairs for this purpose. Examples
include the p-cyanophenylalanine-tryptophan FRET pair
(68), amino acid fluorophore-thioamide quencher pair
(69), and p-cyanophenylalanine-selenomethionine fluoro-
phore-quencher pair (70,71). A recent example highlighting
the use of such structure-sensitive probes is nicely illus-
trated by Gruebele and co-workers (72), who used three
tryptophan-tyrosine quencher pairs to measure contact for-
mation between three helices during the folding of a fast-
folding protein, l6–85.

Acquiring site-specific folding kinetic information is also
actively pursued in recent studies (73). For example, Dyer
and co-workers (74) used the aspartic acid side chain as a
local probe to show that the formation of the first hairpin
in the WW domain is tightly linked to the protonation
state of this charged residue and used an azide IR probe
to specifically monitor side-chain reordering events in the
folding of the N-terminal domain of the L9 protein (75).
Similarly, Kiefhaber and co-workers (76) showed that by
replacing a native oxoamide with a thioamide, it is possible
to probe backbone-backbone H-bond formation in a site-
specific manner, a notion also verified by the study of Culik
et al. (77).

Although not discussed in this Perspective due to space
limitations, we note that new insights into the protein folding
problem have also resulted from many other outstanding
studies, especially those employing NMR spectroscopy
(78), hydrogen exchange methods (79), and hydroxyl radical
footprinting techniques (80).
FIGURE 5 (A) FTIR temperature difference

spectrum (65�C�25�C) of 13C-labeled Trp-Cage

10b. (B) Conformational relaxation kinetics of
13C-labeledTrp-Cage 10b, probed at the frequencies

indicated, in response to a temperature jump

from 5�C to 10�C. Smooth lines are fits of these

data to either single exponential (1580 cm�1 and

1612 cm�1) or double exponential (1664 cm�1)

functions.The traces are offset for clarity. Thisfigure

is adapted from (62) with permission. To see this

figure in color, go online.
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Computational studies

In parallel, computer simulation of protein folding has also
made significant progress in the past 5 years. However, an
in-depth discussion of all of the important studies and contri-
butions in this area is beyond the scope of this Perspective.
Instead, we only highlight a few key technological advance-
ments and direct interested readers to several recent reviews
for more information on this subject (9,11,13,14,17). First,
the ability to perform long-time (e.g., millisecond timescale)
MD simulations with atomic-level resolution has made it
possible to directly fold a protein in silico, allowing visuali-
zation of its folding process (81,82) and, perhaps more
importantly, a direct comparison with experiment (83). Sec-
ond, the development of Markov state models, which use a
statistical approach to group structures observed in a simula-
tion intomicrostates and connect them by a transitionmatrix,
has allowed amore physical-based andmechanistic interpre-
tation of MD trajectories (84,85). Third, continued efforts in
the improvement of the molecular force fields, such as those
on protein secondary structures and hydration (86,87), have
led to more accurate characterization of various interactions
underlying protein folding.
Outlooks

The examples discussed previously cover a wide variety of
topics related to protein folding dynamics and mechanism,
which include, but are not limited to 1) the role of internal
friction and frustration, 2) the role of metastable states,
3) the transition-path time, 4) the curvature of the folding
free energy barrier and attempt frequency, 5) the location
of the folding free energy barrier, 6) sequential and parallel
folding pathways, (7) specific contact formation, 8) strate-
gies to enhance structural resolution in folding kinetics
studies, and 9) manipulation of folding free energy surfaces.
These examples clearly indicate that the protein folding
field is still very active and new findings are constantly
emerging from experimental studies. In addition, they
demonstrate the enormous importance of refining initiation
and detection methods to achieve a more detailed descrip-
tion of the underlying features of the protein folding energy
landscape. Nonetheless, the decrease in overall activity of
the field in recent years also suggests that, to keep the mo-
mentum going, new ideas and new technological develop-
ments are needed. In particular, we need new methods that
will allow researchers to address previously unapproachable
questions. In this regard, below we offer our opinions
on how experimental studies of protein folding dynamics
and mechanisms, especially those using spectroscopic tech-
niques, can keep moving forward.

It is inherently difficult to acquire sufficient information
from a single type of experiment to arrive at a molecular-
level understanding of how a protein folds. This is because
the folding process is intrinsically complex and fast,
1930 Biophysical Journal 110, 1924–1932, May 10, 2016
involving a large number of degrees of freedom that evolve
quickly. Most, if not all, experimental techniques employed
thus far are largely incapable of generating a ‘‘folding
movie’’ detailing all relevant conformational motions, due
to either a low structural resolution or a low temporal reso-
lution. Thus, one of the future directions, we believe, is to
develop new experimental capabilities that can help alle-
viate these limitations. In the context of the studies dis-
cussed previously, some potential areas of interest are to

1) develop/use multiple site-specific spectroscopic probes,
each with a unique environmental and/or structural
sensitivity, to increase the content obtained in a single
kinetic experiment

2) develop/use multistep FRET systems or multiple fluoro-
phore-quencher pairs to broaden the range of motions
and interactions that can be observed, to probe correlated
motions, and to potentially distinguish between parallel
and sequential folding pathways using fluorescence-
based spectroscopic techniques

3) similarly, employ multiple vibrational transitions to in-
crease the structural resolution of IR studies, via vibra-
tional coupling or energy transfer

4) combine smFRET and force spectroscopy to increase the
structural resolution of force-based protein folding mea-
surements

5) develop fluorophores with higher brightness than those
currently available to increase the sensitivity and time
resolution of smFRET protein folding studies

6) use well-chosen structural constraints, particularly those
that can be triggered with light, to manipulate and con-
trol the starting point of the folding reaction in question

7) devise new and backbone compatible cross-linking stra-
tegies to engineer protein folding transition state analogs

8) combine an ultrafast phototrigger with a structure-sensi-
tive technique, such as solution x-ray scattering methods
(88,89), to monitor protein folding events with high
spatial and temporal resolution.
AUTHOR CONTRIBUTIONS

R.M.A. and F.G. wrote this article together.
ACKNOWLEDGMENTS

We gratefully acknowledge financial support from the National Institutes of

Health (GM-065978 and P41-GM104605). R.M.A. is a National Science

Foundation Graduate Research Fellow (DGE-1321851).
REFERENCES

1. Anfinsen, C. B., E. Haber, ., F. H. White, Jr. 1961. The kinetics of
formation of native ribonuclease during oxidation of the reduced poly-
peptide chain. Proc. Natl. Acad. Sci. USA. 47:1309–1314.

2. Levinthal, C. 1968. Are there pathways for protein folding. J. Chim.
Phys. Physico-Chemie Biol. 65:44–45.

http://refhub.elsevier.com/S0006-3495(16)30111-4/sref1
http://refhub.elsevier.com/S0006-3495(16)30111-4/sref1
http://refhub.elsevier.com/S0006-3495(16)30111-4/sref1
http://refhub.elsevier.com/S0006-3495(16)30111-4/sref2
http://refhub.elsevier.com/S0006-3495(16)30111-4/sref2


Protein Folding
3. Bryngelson, J. D., J. N. Onuchic, ., P. G. Wolynes. 1995. Funnels,
pathways, and the energy landscape of protein folding: a synthesis.
Proteins. 21:167–195.

4. Dill, K. A., and H. S. Chan. 1997. From Levinthal to pathways to fun-
nels. Nat. Struct. Biol. 4:10–19.

5. Matouschek, A., J. T. Kellis, Jr., ., A. R. Fersht. 1989. Mapping the
transition state and pathway of protein folding by protein engineering.
Nature. 340:122–126.

6. Jackson, S. E., and A. R. Fersht. 1991. Folding of chymotrypsin inhib-
itor 2. 1. Evidence for a two-state transition. Biochemistry. 30:10428–
10435.

7. Williams, S., T. P. Causgrove,., R. B. Dyer. 1996. Fast events in pro-
tein folding: helix melting and formation in a small peptide. Biochem-
istry. 35:691–697.

8. Schuler, B., E. A. Lipman, and W. A. Eaton. 2002. Probing the free-
energy surface for protein folding with single-molecule fluorescence
spectroscopy. Nature. 419:743–747.

9. Thirumalai, D., E. P. O’Brien, ., C. Hyeon. 2010. Theoretical per-
spectives on protein folding. Annu. Rev. Biophys. 39:159–183.

10. Uversky, V. N., and A. K. Dunker. 2010. Understanding protein non-
folding. Biochim. Biophys. Acta. 1804:1231–1264.

11. Bowman, G. R., V. A. Voelz, and V. S. Pande. 2011. Taming the
complexity of protein folding. Curr. Opin. Struct. Biol. 21:4–11.

12. Gershenson, A., and L. M. Gierasch. 2011. Protein folding in the cell:
challenges and progress. Curr. Opin. Struct. Biol. 21:32–41.

13. Best, R. B. 2012. Atomistic molecular simulations of protein folding.
Curr. Opin. Struct. Biol. 22:52–61.

14. Dror, R. O., R. M. Dirks, ., D. E. Shaw. 2012. Biomolecular simula-
tion: a computational microscope for molecular biology. Annu. Rev.
Biophys. 41:429–452.

15. Guzman, I., and M. Gruebele. 2014. Protein folding dynamics in the
cell. J. Phys. Chem. B. 118:8459–8470.

16. Popot, J.-L., and D. M. Engelman. 2016. Membranes do not tell pro-
teins how to fold. Biochemistry. 55:5–18.

17. Whitford, P. C., and J. N. Onuchic. 2015. What protein folding teaches
us about biological function and molecular machines. Curr. Opin.
Struct. Biol. 30:57–62.

18. Sherman, E., and G.Haran. 2011. Fluorescence correlation spectroscopy
of fast chain dynamics within denatured protein L. ChemPhysChem.
12:696–703.

19. Teufel, D. P., C. M. Johnson,., H. Neuweiler. 2011. Backbone-driven
collapse in unfolded protein chains. J. Mol. Biol. 409:250–262.

20. Borgia, A., B. G. Wensley, ., B. Schuler. 2012. Localizing internal
friction along the reaction coordinate of protein folding by combining
ensemble and single-molecule fluorescence spectroscopy. Nat. Com-
mun. 3:1195–1203.

21. Soranno, A., B. Buchli,., B. Schuler. 2012. Quantifying internal fric-
tion in unfolded and intrinsically disordered proteins with single-mole-
cule spectroscopy. Proc. Natl. Acad. Sci. USA. 109:17800–17806.
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