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Abstract
Single-molecule (SM) fluorescence methods have been increasingly instrumental in our current
understanding of a number of key aspects of protein folding and aggregation landscapes over the
past decade. With the advantage of a model free approach and the power of probing multiple
subpopulations and stochastic dynamics directly in a heterogeneous structural ensemble, SM
methods have emerged as a principle technique for studying complex systems such as intrinsically
disordered proteins (IDPs), globular proteins in the unfolded basin and during folding, and early
steps of protein aggregation in amyloidogenesis. This review highlights the application of these
methods in investigating the free energy landscapes, folding properties and dynamics of individual
protein molecules and their complexes, with an emphasis on inherently flexible systems such as
IDPs.

1. Introduction
Proteins play critical roles in all forms of life. Folding landscapes of proteins encode
essential information that leads to proper operation of cells and organisms. Over the past
several decades, experiment and theory have consistently revealed new complexity on these
landscapes that is intimately tied to optimal protein function in biology1–11. Not
surprisingly, it is now widely known that a diverse array of diseases, including
neurodegeneration and cancer, are linked to dysfunctional folding states of proteins. In fact,
the direct link between alteration in protein folding landscapes and human diseases is
highlighted by amyloidogenesis12. This represents the largest group of “protein
conformational” diseases, where the pathology is marked by the formation of highly
ordered, insoluble protein filaments known as amyloid fibrils from soluble functional
proteins in a yet unknown mechanism.

Research on the protein folding problem began more than 50 years ago with a basic quest
for understanding how the primary sequence of a polypeptide chain codes for a unique
native, folded 3D structure of a protein, and what the underlying physical forces are that
guide folding processes to be extremely fast as compared with a random search 13, 14. The
well-defined 3D structure of a protein was perceived as tightly coupled with the function of
the protein. However, over the last decade, the field of protein science has recognized the
existence of a new class of proteins which challenged this classical ‘structure-function’
paradigm. An increasing number of studies pointed out that the prerequisite of well-defined
secondary and tertiary structures in the native state does not hold true for these proteins to be
functional15–17. In fact, the benchmark of these highly dynamic proteins, often termed as
intrinsically disordered proteins (IDPs), is the lack of any significant structural elements in
their native conformations. It is now known that ~ 30% proteins in human proteome contain
a substantial degree of intrinsic disorder. IDPs are involved in important cellular functions
such as signaling and regulation, and dysfunction of many are associated with human
amyloidosis, neurodegeneration18 and cancer. Important members of this class of proteins
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include p53, Aβ, α–synuclein and prion proteins to name a few. One unique feature of these
proteins is that they are able to interact with a diverse array of binding partners such as
proteins, nucleic acids, and membranes, which results in coupled binding and folding
events19–21 via a complex free energy landscape.

A significant body of basic science research over the years bridging the fields of physics,
chemistry and biology has evolved our understanding of the process of protein folding,
misfolding and aggregation. A wealth of structural biology tools such as X-ray
crystallography, NMR spectroscopy, solution X-ray scattering and a variety of ensemble
spectroscopic methods have been extensively employed for the investigation of folding
pathways of proteins, characterization of the intermediates involved and elucidating
properties of folded and unfolded conformational states, which were appropriately aided by
a surge of theoretical studies and computational modeling. However, protein folding
landscapes are complex, and their ruggedness encodes features such as more than one local
minimum, dynamic conformations which interconvert among each other, degenerate states
in folded and unfolded basins, intrinsically disordered native conformations, and existence
of multiple folding pathways. Many of these properties are almost impossible to directly
access in detail by ensemble methods due to their inherent limitation of averaging out many
aspects of heterogeneity and dynamics. Single-molecule methodologies offer the power of
watching one molecule at a time over a broad range of dynamical fluctuations22, thus
accessing their properties directly. Moreover, ensemble methods are limited in studies of
IDPs, which have emerged as the proteins without stable structural elements and with a
shallow folding landscape. These proteins are also capable of adopting multiple
conformations via interaction with their binding partners, sometimes simultaneously,
complexity which may be normally obscured due to ensemble averaging. Thus far, SM
optical methods have been applied extensively in the study of protein folding after their first
introduction to the problem in the late 90s. Here, we describe unique insights and new
findings in the study of protein folding, misfolding and aggregation pathways using single-
molecule fluorescence methods highlighting the immense potential of these methods with a
special emphasis on studies focused on IDPs.

2. Single-Molecule (SM)Fluorescence Methods
Studies of individual molecules have advantages over ensemble measurements, as hidden
conformational states can be detected and ensemble averaging can be avoided for inherently
heterogeneous systems like IDPs23. Several single-molecule (SM) fluorescence methods
have been useful in gaining critical understanding of protein folding and misfolding and the
mechanism of amyloid formation21, 24–28 (see Fig. 1). These methods are often used in
combination with each other to get complimentary information. For example, single-
molecule Förster (Fluorescence) Resonance Energy Transfer (smFRET) can provide insights
about conformational states and stochastic transitions of proteins, and reveals if more than
one conformational state coexists21. Intermediates in the folding pathway induced by small
molecules, osmolytes, salts, chaperone proteins, etc., can be detected as well21, 24.
Fluorescence correlation spectroscopy (FCS) and FRET-correlation studies reports on rapid
conformational dynamics of proteins21, 29. Fluorescence coincidence analysis gives us
information about the aggregation states of the proteins as well as kinetics of the underlying
process30, 31. Fluorescence microscopy in conjunction with FRET imaging techniques is
also particularly useful for in vivo studies of amyloidogensis32. Below, we briefly outline the
experimental details of some of the key fluorescence methods.

2.1. Single-Molecule Fluorescence/Förster Resonance Energy Transfer (smFRET)
Förster (also called Fluorescence) Resonance Energy Transfer (FRET) is a process where
singlet excitation energy of the donor is transferred to the acceptor in a nonradiative way by

Banerjee and Deniz Page 2

Chem Soc Rev. Author manuscript; available in PMC 2015 February 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



coupling of their respective dipoles. The efficiency of FRET (EFRET) is determined by the
following relation:

(1)

where r is the inter-chromophore distance, and R0 is called the Förster distance, which is a
property of the donor-acceptor pair. R0 is defined as the inter-dye distance where EFRET is
0.50 (Fig-1). For commonly used dye pairs, EFRET shows strong distance dependence in 30–
70Å range and is widely used for studying conformational states and fluctuations in proteins
and nucleic acids.

smFRET experiments can be carried out either on molecules freely diffusing in solution, or
on surface immobilized molecules33. With the latter format21, 27, 29, 34, long time trajectories
of conformational fluctuations of single molecules of proteins and DNA can be measured,
which is useful in many cases to derive their equilibrium and kinetic properties. However,
covalent interactions with surfaces may alter conformational properties of the biomolecules
and could result in artifacts in some cases. This problem has recently been addressed by
researchers by encapsulating protein molecules inside lipid vesicles35–37 which are surface-
tethered, to minimize such perturbations due to direct interactions. On the other hand,
smFRET measurements on freely diffusing molecules provide the opportunity to watch large
numbers of individual molecules one at a time, revealing for example population
distributions of different conformational states. This method has advantages over surface
immobilized methods for studying IDPs since these proteins have a relatively shallow free
energy surface which could be especially prone to be affected by surface interactions.
Indeed, recent single-molecule fluorescence studies on IDPs and other amyloidogenic
proteins were mostly done on freely diffusing molecules.

In a nutshell, a typical experimental set up for smFRET detection on freely diffusing
molecules23, 38 consists of laser excitation of donor fluorophores attached to the
biomolecules of interest (≤ 50 pM) with the aid of a high numerical aperture objective,
followed by collection of the fluorescence signal (both donor and acceptor) via the same
objective through a sub-fL detection volume (achieved by using a pinhole of 30–100 µm).
The fluorescence signal of donor and acceptor are then optically separated after the
excitation signal is filtered from the emission signal using a proper dichroic mirror. Bursts of
photons for donor and the acceptor are subsequently recorded using highly sensitive
avalanche photodiode detectors (APDs), separated from the background noise using a
threshold, and the FRET efficiency is determined in a ratiometric way using the following
relation:

(2)

Here, IA and ID are the photon counts in the acceptor and the donor channels, respectively,
while γ takes care of the unequal quantum yields and detection efficiencies (if any) of the
donor and acceptors. The data are plotted as histograms which reveal populations of
different conformational states and can be used to detect changes in conformational
properties and fluctuations during protein folding, conformational transitions, protein-
protein, protein-membrane, or protein-small molecule interactions. Care should be taken for
correct estimation of γ for more accurately quantifying the EFRET values in terms of inter-
fluorophore distances and interpreting relatively small changes in the FRET efficiencies.
Furthermore, a value of 2/3 (for the case of dynamic averaging) is usually used for the
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orientation factor, κ2, which contributes towards the Förster distance (R0). For quantitative
distance measurements, this should be validated and further analyzed 39. These issues have
been discussed in more detail by Ferreon et al.21 and references therein. For more accurate
detection of conformational states with low EFRET, a more advanced smFRET technique,
known as alternating laser excitation-FRET or ALEX-FRET can be used40, 41.

As noted above, the other common way of smFRET detection involves surface-immobilized
biomolecules and total internal reflection fluorescence microscopy (TIRF). In this technique,
the donor molecules on the immobilized sample are excited by an evanescent field (stretches
a few hundred nm from the surface into the sample) created by the excitation laser. The
fluorescence signal collection in the donor and acceptor channels is done in a similar fashion
as discussed for freely diffusing molecules, and the detection of the emission signals from
several of molecules are done simultaneously in parallel, usually using an advanced EM-
CCD camera. The data analysis involves processing of raw composite image files into time
trajectories for a large set of single-molecules, and the FRET efficiencies (equation-2) are
estimated using the similar protocol as described above33.

2.2. Single-Molecule Dual Color Coincidence Measurements (smDCC)
The interaction between two or more different protein molecules to form higher molecular
assemblies and protein aggregates can be detected using dual color coincidence
measurements29, 30, 42. In this method, two different batches of protein molecules are singly-
labeled with two separate fluorophores. The experimental format follows the same principle
as smFRET measurements, the only difference being simultaneous excitation of both the
fluorophores which need not participate in FRET. The data collection and the dual-channel
detection of the emission signal follow the same protocol as well. The data processing
involves calculation of a stoichiometry factor, S = (IR/(IR+IB)) (IB/R = photon counts in the
blue/red channel), after correcting for the cross-talk between two channels, and eliminating
the background noise by setting a threshold, and is plotted as a histogram. The excitation
laser powers can be set in such a way that the value of S = 0.5 for a coincidence “control”
sample (e.g., a DNA control sample)29. Furthermore, information regarding the relative size
of oligomeric species can be extracted by means of analyzing average photon counts in the
red and blue channels relative to the bursts of a monomer30. This method has been
successfully applied to confirm lack of aggregation in an amyloidogenic IDP in the
experimental conditions by distinguishing oligomers from monomeric protein molecules29,
and to gain direct insights into the pathways of amyloidogenesis by its use in conjunction
with smFRET30, 31.

2.3. Fluorescence Correlation Spectroscopy (FCS)
Fluorescence correlation measurements provide important information about conformational
fluctuations and associated time-scales for proteins and other biomolecules43. Typically,
fluorescence correlation analysis is done by recording fluctuations in the fluorescence signal
from a given set of molecules which underlie specific molecular event(s) with characteristic
timescale(s) associated with them, and fitting the autocorrelation curve using standard
functions43, 44. An experimental set up similar to that for diffusion smFRET measurements
described above can be used for FCS measurements and it is often used in conjunction with
FRET measurements, called FRET-FCS. The method generally requires proteins to be
singly labeled. However, dual labeling is required for more advanced type of measurements
such as FRET-FCS. Quantitative information regarding the diffusion coefficients, the size of
biomolecules as well as biomolecular association45 can be obtained from autocorrelation
analysis. For example, for intrinsically disordered, amyloidogenic proteins such as α-
synuclein, yeast prion and polyQ, critical information regarding the timescale of the
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conformational dynamics, diffusion coefficients and molecular dimensions have been
extracted from correlation analysis21, 29, 44.

2.4. Site-specific Labeling Strategies
SM fluorescence based methods require labeling the protein under investigation with
fluorescent dyes in one or more specific sites. Site-specific protein labeling can be achieved
by taking advantage of appropriate chemistries. For example, one of the most common
protein labeling strategies is to react cysteine(s) in the protein of interest with a thiol-
reactive derivative (usually a maleimide) of a dye of choice. For proteins without any
cysteine residues, site-directed introduction of cysteines without perturbation of the structure
and function of the proteins is a common way to covalently attach fluorescent dyes23. A
similar but less efficient way is to use amine-reactive dyes which can react with side chains
of lysines and the N-terminus of a protein. However, this method is not very popular due to
low labeling specificity and high frequency of natural occurrence of lysines compared to
cysteines23. One way of increasing labeling specificity is the site-specific introduction of
non-natural amino acids46 with different functional moieties such as a ketone, and use of
orthogonal chemistry to produce dual-labeled protein with one dye being thiol-reactive and
the other being ketone reactive (e.g., an alkoxyamine derivative for reaction with a ketone).
A study47 successfully demonstrated this technique for T4 lysozyme (T4L) where the
protein was dual labeled in one pot highlighting the compatibility of the reaction conditions.
The other method of achieving site-specific dual labeling is native chemical ligation
(NCL)48–50, for example by ligation of two different fragments of the protein of interest
combined with labeling prior to (and post) ligation.

3. Globular Protein Folding Studies
3.1. Early Work

In 2000, Deniz et al. used smFRET to directly demonstrate a two-state transition during the
denaturant induced unfolding of a small protein, chymotrypsin inhibitor 2 (CI2), under
freely diffusing solution conditions 50. Subpopulations of folded and unfolded states were
measured at various concentrations of denaturant, and the observed two-state behavior
directly validated the conclusions of previous ensemble studies. In 2002, Schuler et al. used
smFRET to characterize the folding free-energy landscape of a cold shock protein,
CspTm51. From analysis of their data, the authors provided an estimation of the bounds to
the energy barrier in the free-energy surface - the so called “pre-exponential factor” for
protein folding – from the reconfiguration time of polypeptide chain. In a related work on
the same protein, Lipman et al. then measured folding kinetics at the SM level, by coupling
a rapid microfluidic mixer with their smFRET set up52. The rate of SM folding of CspTm,
measured from the time dependent evolution of folded and unfolded subpopulation, was
found to be in good agreement with the ensemble kinetics data. Moreover, a rapid collapse
of the unfolded state prior to folding was observed 51. Subsequently, Rhoades et al.
demonstrated the existence of multiple folding pathways for the protein adenylate kinase35,
previously suggested as a multi-state folder. This study was carried out by an improved
version of surface immobilization, where individual protein molecules were confined inside
synthetic vesicles, thus minimizing artificial surface interactions, and providing insights
about the ruggedness of protein-folding landscape. These early studies along with others53

showed the unprecedented power of SM optical methods in the folding field, and paved the
path for a surge of SM fluorescence studies in protein folding in the years to follow.

3.2. New Frontiers in Protein Folding
3.2.1. Characterization of the unfolded conformation—Understanding unfolded
chain properties is important to evaluate the role of intrinsic dynamics of the polypeptide
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chain, local residual structural elements and nature of non-covalent interactions in the
folding properties of individual protein molecules. Early studies from Nienhaus lab on
RNase H54, 55, by Sherman et al.56 on protein L, and by the Eaton group57 on protein L and
CspTm, have demonstrated that smFRET measurements, in conjunction with theoretical
modeling and molecular simulations, can be used quantitatively to access the structural and
dynamical features of unfolded states of proteins. A non-specific collapse of the polypeptide
chain was identified at low denaturant condition by these researchers, and an overall non-
sigmoidal increase in the radius of gyration in the unfolded basin with denaturant
concentration was observed. The smFRET experiments on RNase H were performed on
surface immobilized molecules by means of a strategy which ensured negligible spurious
interactions of the folded and unfolded polypeptide chains with the surface, and highlights
the strength of this approach for probing the long time trajectories of protein folding
dynamics. The experimental findings which suggested the existence of “continuum-of-
states” in the unfolded basin55, 58 were supported by molecular simulations57, but did not
agree well with previously reported time resolved SAXS data59 at low denaturant
concentration. It was concluded that the origin of this discrepancy might be a direct
manifestation of higher protein concentrations used in the SAXS measurement57. A recent
study using SAXS on protein L, however, failed to reproduce the chain collapse under
similar conditions as smFRET study was done60. While further investigations using multiple
probes will be necessary to resolve this issue, it is worth mentioning here that independent
studies using both single molecule and ensemble fluorescence methods from different
laboratories on a number of unrelated proteins, both globular and natively disordered in
nature, unequivocally suggested the occurrence of unfolded protein chain collapse under low
denaturant concentration21, 29, 50, 52, 56, 57, 61.

smFRET studies on the unfolded state of SNase also showed similar characteristics as
described above62. Furthermore, comparing the folding characteristics of the β-subdomain
and overall protein, the authors suggested a “subdomain-specific collapse” leading to a
subpopulation of unfolded states with native-like structures and folding intermediates during
early events of SNase folding62.

A related study by a different approach, FCS, on disordered, monomeric polyQ proteins by
Pappu and colleagues44 revealed that an ensemble of collapsed structures in aqueous
environment are preferred by the protein, a surprising observation given the lack of
hydrophobic residues in these proteins. These results provided a molecular basis for polyQ
aggregation in aqueous solution, described as a poor-solvent for the protein, based on a
polymer description of the polypeptide chain63. As noted below, work by Mukhopadhyay et
al. subsequently demonstrated existence of such a heterogeneous collapsed ensemble for the
NM domain of the yeast prion protein Sup3529. More recent studies from the Schuler group
on the effect of temperature on the dimension of the unfolded state revealed some interesting
aspects64. Using CspTm, they have shown that the unfolded polypeptide chain undergoes a
compaction with increased temperature, which cannot be explained on the basis of a simple
homopolymer model of the polypeptide chain. Using highly charged intrinsically disordered
protein prothymosin α, the authors show that “hydrophobic collapse” cannot account for
such an effect alone, and the effect of other non-covalent interactions such as hydrogen
bonding was highlighted64 in the context of residual secondary structure in the temperature
induced collapse of unfolded state. In a separate study, the same group investigated the
effect of overall polypeptide chain composition on the size of the natively unfolded state of
proteins65, which revealed that charge-charge interactions can be a determining factor of the
dimensions in such cases under physiological buffer conditions. The above works showed
that intrinsically disordered proteins encode features both similar and distinct from the
denatured states of globular proteins. Additionally, these results are believed to have
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important implications on the roles of disordered states in molecular recognition and
protein-protein interactions.

3.2.2. Novel Insights into the Thermodynamics and Kinetics of Protein Folding
—smFRET experiments are well suited for identifying discrete conformational switching in
protein molecules, which are thought to be important for their biological functions. For
example, Gambin et al. showed that specific mutations in the homo-dimeric RNA-binding
protein ROP leads to a heterogeneous mixture of two native structures26, designated as
“anti” (functionally active form) and “syn” (functionally inactive form). Direct observations
of complex dynamics of folding landscapes of large, multimeric and multidomain proteins
have also been demonstrated recently by smFRET experiments. For example, information
about multiple conformations in the full length, tetrameric, tumor suppressor transcription
factor p53 were reported by Huang et al.66, while the role of sequence specificity in folding
and misfolding of multidomain proteins was shown using tandem constructs of the well-
characterized Ig domains of the muscle protein titin as a successful evolutionary mechanism
to minimize protein misfolding in multidomain proteins67. A recent study on the protein
adenylate kinase (encapsulated into lipid vesicles which were immobilized on a glass
surface) by Prichi et al.68 highlights how a combination of smFRET experiments and
statistical analysis using hidden Markov modeling can be used to elucidate protein folding
landscapes. Interestingly, they observed the occurrence of multiple folding intermediates,
the relative population of which are tunable by varying denaturant concentration, and
multiple coexisting folding pathways as previously suggested by Rhoades et al.35.

smFRET provides a convenient way to probe the unique behaviors of one-state folders – the
so called “downhill” or barrier-less protein folding as predicted by energy landscape
theory69. Since downhill folding occurs at the “folding speed limit” (~106 s−1)70, 71, it poses
a challenge to the limits of single-molecule detection efficiency, and hence such
measurements are difficult. An interesting example is the protein BBL, where single-
molecule experiments have raised questions about whether it is or is not it folds via a
downhill mechanism7273–7879 While further investigations of its complex folding landscape
are needed to fully understand the folding mechanism of BBL, these studies nevertheless
begin to highlight the power of smFRET methods in studying one state folders.

smFRET experiments have been helpful in elucidating the complex physics underlying
protein folding kinetics in recent years. Schuler and colleagues have employed ns-FCS in
combination with smFRET to quantify the role of internal friction – a measure of the
ruggedness of the folding landscape – on the relaxation dynamics of unfolded state and
provided valuable insights about the role of primary sequence on internal friction80 (Fig. 2).
Interestingly, the same group recently reported that the internal friction is specifically
localized and has pronounced effects on the early transition state formation rather than the
late transition states in the spectrin folding landscape81 (Fig. 2), which is consistent with a
nucleation-condensation mechanism of protein folding82. The role of such localized internal
friction in determining the transition path times will be an important next goal for smFRET
experiments. Recently, Eaton and coworkers have demonstrated how protein folding and
unfolding rate coefficients can be obtained for fast folders by combining experimentally
measured single-photon trajectories, smFRET histograms and statistical analysis83. Further
studies from the same group were successful in determining transition path times for model
two-state folders with very different folding rates84: formin binding protein WW domain
(folds in sub-millisecond) and GB1 (folds in seconds) (Fig. 3), using a similar approach.
While the transition path time for WW is ~ 2 µs, the same for GB1 is ~ 10µs. Their work
showed that though there is a remarkable difference in the rates of folding between these
two proteins, the average time taken for a successful one-way transition from the unfolded
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basin to the folded basin is similar. These types of studies show promise for a more
complete description of protein folding landscapes in the future.

3.2.3. Chaperone-mediated Protein Folding—Protein folding machines are critical to
ensure correct folding of nascent polypeptide chains as well as rescuing kinetically trapped
states in the crowded cellular environment. Recent smFRET studies highlighted some key
aspects of the folding of individual protein molecules in the “nano-cage” of GroEL/GroES
chaperonin system which is the best characterized folding machine. Using rhodanese as a
model substrate, Hillger et al.85 demonstrated that GroEL binding to the substrate leads to
substantial broadening of the smFRET histograms, suggesting a heterogeneous ensemble
with a folding intermediate containing a native-like topology. The nature of this folding
intermediate was found to be independent of the properties of the unfolded ensemble, thus
suggesting an on-pathway species during folding of rhodanese. Subsequent addition of
GroES and ATP led to the formation of the well-defined folded substrate. Furthermore, in a
recent report it was shown that the rate of N-terminal domain folding of the same substrate
does not alter significantly, while the C-terminal domain folds much slowly in the
chaperonin cage86. Rapid microfluidic-chip based kinetic measurements highlighted the
increased inter-molecular friction as the underlying mechanism of slower configurational
dynamics of C-terminal domain during folding. An smFRET-based study by Sharma et al.87

on the GroEL/GroES assisted MBP folding probed polypeptide chain dynamics along a
complex folding pathway. These and other studies88 indicate that confinement of the
polypeptide chain in a narrow chaperonin cavity ensures minimal non-native contact
formation, and reduces the chances for off-pathway products leading to misfolded states and
protein aggregation.

4. Exploring the Structure and Dynamics of Intrinsically Disordered
Proteins (IDPs)

A combination of fluorescence methods, especially at the single-molecule level, has been
useful to conduct a number of studies probing amyloidogenic IDPs in recent years. Here we
aim to provide some critical case studies with a broad overview for other IDPs. Perhaps the
most extensively studied system is the Parkinson’s disease associated protein α–synuclein,
which will be discussed first. Then, we will discuss the NM domain of the yeast prion
protein Sup35, which is believed to form functional amyloids. Finally, we briefly mention
some recent studies of a couple of other important IDPs, islet amyloid polypeptide (IAPP)
and tau protein. We note that some of these studies demonstrate the unique applicability of
SM fluorescence methods for studying aggregation-prone species which are generally
inaccessible by other methods89.

4.1. α–synuclein
The Deniz laboratory has done some of the early single-molecule fluorescence
studies21, 23, 25 on the presynaptic neuronal protein α–synuclein, which is natively
unstructured. It was shown that α–synuclein assumes a disordered state under native
conditions, and this state undergoes a non-cooperative transition towards a more expanded
state as a function of denaturant concentration23. The smaller dimension of the native state
of α–synuclein and other IDPs, compared to fully-expanded random coil structure of the
globular proteins is suggested to be determined by the overall composition of the charged
amino acids and might have important implications in the biological function and
pathological roles of these proteins65, 90. Interestingly, in the same line, a recent smFRET
study from Deniz group24 suggested that osmolytes, such as TMAO, leads to gradual
compaction in the dimension, rather than cooperative folding of α–synuclein, unlike for
globular proteins.
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One of the interesting features of IDPs is the potential for populating multiple folded
structures when they interact with their biological partners. Along these lines, α–synuclein
shows a transition to an α–helix-rich state via interactions with membranes91. Hence, a next
set of single-molecule studies was aimed to study the detailed folding behavior of α–
synuclein in presence of membranes. SDS was used as a well-studied and tunable model for
negatively charged lipids and membranes for several of those studies. The protein was dual-
labeled at key positions with Alexa488 (D) and Alexa594 (A) dyes via site-specifically
introduced cysteines. The smFRET data directly revealed a complex multi-state folding
landscape of the protein21, as multiple conformations were observed as a function of SDS
concentration (Fig. 4A and B). Initially, the natively unfolded state of α–synuclein (U state,
EFRET = 0.4) undergoes a transition to a compact high-EFRET state, which then switches to
an extended low EFRET state at higher SDS concentration. Interestingly, further increase in
SDS concentration led to additional switching of the protein back and forth into similar high
and low-EFRET states. Combining these data with helicity measurements by CD91 and
information from earlier NMR92 and EPR93 structural studies, the two states were assigned
to “hairpin” or “broken-helix” (I) and extended helical (F) forms of the protein, as shown in
Figure-4A and B. The different conformational states of the protein showed fluctuations in
the ns-µs timescale as probed by FRET based fluorescence correlation measurements
(FRET-FCS). Interesting enough, though the I and Im states have very similar structural
features and EFRET values, they showed different dynamical behavior (Fig. 4A).
Furthermore, the ALEX-smFRET method was applied to confirm the occurrence of the low-
FRET F state, which happened to be the predominant conformation of the protein in the
presence of phospholipid membranes (Fig. 4C), as well as high-FRET conformations of
membrane-bound α–synuclein. These results have potential implications for the biological
function and dysfunction as well as aggregation of α–synuclein under physiological
conditions, since it has been shown that low amount of SDS94, organic solvents such as
TFE95 and some phospholipids96–99 accelerated or otherwise modulated aggregation and
fibrillation of the protein, suggesting one or more of these helical conformations are on-
pathway for amyloid fibril formation. Single-molecule and ESR studies from other
laboratories have also provided important information about aspects of these α–synuclein
interactions 34, 100, 101. In addition, in a follow up work on the Parkinson’s disease
associated A30P mutant25, it was demonstrated that the mutant protein had substantially
altered folding behavior as the F state was disfavored (Fig. 4D). This result has important
implications for understanding the molecular basis of misfunction in this mutant.

In a more advanced study102 combining microfluidics with smFRET, the kinetics of
conformational switching of α–synuclein via interaction with SDS was probed. Initial
interactions with SDS showed a rapid transition of the U state via increasingly compact
protein forms to a hairpin-like state (in ~ 1 ms), and then relatively slow transition to an
extended helical state (in ~ 8 ms).

The effect of oxidative modifications, such as nitration of tyrosines, on the conformational
landscape of α–synuclein, has been probed recently by the Rhoades group using smFRET
measurements 103. It was shown that nitration of tyrosines in the N-terminal region of the
protein results in direct perturbations in membrane binding, while nitration in the C-terminal
region results in a more subtle change in the interaction with membranes via an allosteric
effect103. This result has potential in identifying regions in the α–synuclein structure which
control its interactions with biological partners via distinct mechanisms, and hence
contribute in aggregation and dysfunction.

The aggregation properties of the protein have been subjected to smFRET analysis by the
Rhoades group by exposing the protein under aggregation-favoring conditions, such as
lower pH, and small-molecule inducer of the α–synuclein aggregation27. The highly charged
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C-terminal tail was observed to assume a collapsed but disordered conformation at low pH
without any significant structural changes in the other regions of the protein. However,
binding of polyions such as heparin and spermine did not alter the structural ensemble of the
protein. Thus, the conformational changes at low pH and charge-screening effect by
aggregation-inducers are attributed to be the underlying mechanism of the protein
aggregation, indicating more than one mechanistic pathway could be operative.

4.2. Yeast Prion Protein Sup35
The application of smFRET for studies of IDPs was initiated on the yeast prion protein
Sup35, a protein that has been ascribed to the class of functional amyloids. The prion-
determining region (known as the NM segment) of this protein is composed of a mostly
disordered N-terminus, known as the amyloid core region, and a middle region (M) which is
highly charged104. smFRET measurements on a protein FRET-labeled across the amyloid
core region showed that the native state of the protein is unstructured yet compact. The
protein showed a non-sigmoidal transition to an expanded state when titrated with
denaturant. Dual-color coincidence measurements were able to clearly confirm that the
monomeric state was being studied. Moreover, Sup35 NM showed an ensemble of structures
in the native state which are rapidly fluctuating in the nanosecond to sub-microsecond time
scale as probed by FCS studies. The study overall showed that the native monomer has
structural features some shared (disordered, rapidly fluctuations) and others distinctly
different (compaction) from the unfolded states of globular proteins. These results29 were
suggestive of an interesting mechanism for amyloid formation, via initial formation of less-
ordered oligomers105.

4.3. Islet Amyloid Polypeptide
The Islet amyloid polypeptide (IAPP) is a small (37 AA), intrinsically disordered hormone
which is associated with type II diabetes106. Similar to the protein α–synuclein, IAPP
interacts with anionic membranes to assume helical structural ensemble, which also results
in much faster amyloidogenesis107. A recent study from the Rhoades lab108 probed the
structure of rat IAPP when bound to the membrane using smFRET experiments and Rosetta
simulations. They showed that the membrane-bound form of the protein is an anti-parallel
helical dimer. This result has important implications as significant structural rearrangement
is anticipated from such a species to form amyloid fibrils with parallel orientation, thus
providing insight about possible strategies of therapeutic intervention for the disease.

4.4. Tau Protein
Tau is another important IDP which is associated with tauopathies which include
Alzheimer’s and many other neudegenerative diseases109, 110. In an ensemble FRET
study111, Tau was shown to adopt a compact fold with long range contacts between the N-
and C-termini as well as with micro-tubule binding domain (MTBD) even in the globally
disordered native state. Based on an examination of several FRET constructs distributed
throughout the protein structure, the authors proposed a “paper-clip” like structure for the
protein. In a recent study on Tau112, the Rhoades group identified features of the full-length
protein as well individual domains using smFRET. Most interestingly, Tau binding to the
aggregation-inducer heparin showed a cooperative transition to a distinct conformation,
unlike many other IDPs as discussed here. There is an overall increase in the protein
dimension, and in contrast, the micro-tubule binding domain (MTBD), which forms the core
of the fibrils and the paired helical filaments, showed a two-state transition to a compact
conformation due to heparin binding. These results about the conformational states of Tau
under aggregation-prone conditions provide insights for understanding the mechanism of
amyloidogenesis and tauopathy.
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5. Probing Protein Aggregation and Amyloid Formation
Fluorescence methods have been useful for studying protein aggregation and amyloid
formation both in vitro and in cells. The well-known amyloid-reporter dye Thioflavin-T
(ThT) has been used extensively after it was first introduced in 1959113, for monitoring
amyloidogenesis both in vitro and in vivo. Moreover, fusion of the protein of interest with
fluorescent proteins provides a convenient way of watching protein aggregation in live
cells114, 115, and monitoring homologous and/or heterologous protein-protein interactions by
FRET between a donor and an acceptor fluorescent protein116. FLIM32, a fluorescence
lifetime-based in vivo microscopic method, is another popular and useful method for
studying protein-aggregation. On the other hand, ensemble fluorescence techniques like
ones utilizing fluorescence properties of biarsenical reagents attached to a tetra-cysteine
moiety117 have been useful in gaining insights about mechanistic aspects of
amyloidogenesis. Recently, SM techniques, such as dual-color coincidence measurements in
conjunction with smFRET30, 31, have been used to provide new insights about in vitro
amyloidogenesis kinetics.

5.1. In Vitro Amyloidogenesis
The Klenerman group has used dual-color coincidence measurements30, 42 to study the
kinetics and oligomerization of amyloidogenic proteins. Initial studies on SH3-PI3 system30

demonstrated the aggregation kinetics of the proteins at the single-particle level. The protein
was observed to populate “small” oligomers very rapidly under the experimental conditions
(low pH and low salt), which then grow to larger oligomers relatively slowly (total 2–4 hrs
reaction time). Both of these on-pathway oligomers were shown to be dissociable into
monomeric protein simply by dilution. However, after 48 hrs, these oligomers convert to
stable “amyloid-prone” oligomers, which then proliferate to form amyloid fibrils. A similar
method was also applied for Aβ aggregation and its interactions with the chaperone protein
clusterin, to demonstrate a protective role of clusterin118. A more recent study31 on α–
synuclein using coincidence measurements, in conjunction with smFRET, revealed
heterogeneous oligomeric distributions in α–synuclein aggregation pathway. A kinetic
model emerged from the detailed analysis of the SM data, where a slow conversion of initial
oligomers into more stable and toxic aggregates was identified as the critial step in the
pathway. In a separate study on IAPP, the aggregation process and membrane disruption by
the oligomers were also observed to follow at least a two state mechanism119.

The amyloid formation pathway for functional amyloids, such as the yeast prion protein
Sup35-NM, has recently been highlighted using a combination of fluorescence quenching
and anisotropy measurements as well as antibodies reactive to specific oligomeric
conformations105. Multiple oligomeric species were identified to be populated the amyloid
assembly reaction. The conformational conversion of these oligomers into a more compact
form were directly probed using ensemble fluorescence quenching of Cy3B/Cy5 dye by
tyrosines and single-molecule anisotropy measurements. The “less-compact” early
oligomers were observed to be toxic for the cells just like the disease-linked amyloids.
However, for functional amyoids, the on-pathway toxic oligomers are believed to rapidly
mature and form fibrils in a distinctly different mechanism (Fig. 5), compared to non-
functional amyloids.

6. Single-molecule Protein Folding: What is Next?
We expect the field to make hand-in-hand advances in the complexity of folding problem
investigated and the quality of single-molecule methods developed and used.
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Fluorescence techniques, especially in the single-molecule and imaging field, will continue
to evolve and be necessary for probing many complex, elusive features of protein folding
landscapes and underlying mechanisms of amyloidogensis to address health issues. A
significant improvement in SM methodology is attained by combining microfluidics with
smFRET measurements52, 102, 120–123 which resulted in improved detection efficiency, less
photobleaching, increased brightness of fluorephores and addressing “out-of-equilibrium”
biophysics of protein folding. To overcome complex features of analyzing smFRET data and
extract quantitative structural information with reduced errors, multi-parameter fluorescence
detection has many benefits124. We expect a broader scope of such methodologies with
improved detection efficiencies leading to a superior detection of ultra-fast biomolecular
dynamics in the µs time scale and faster in the future. This will be necessary, for example, to
obtain a quantitative description of the folding properties of proteins which fold near the
folding speed limit69, such as BBL, thus revealing key details of their folding landscapes.
Additionally, rapid and high-resolution analysis will permit better exploration of folding
landscapes, for example for further exploration of the transition region experimentally84.
These types of studies are particularly exciting to look forward to, since they can in principle
directly report on roughness predicted from energy landscape theory69. Another important
focus will be in developing efficient and general ways for performing three- and multi-color
FRET measurements125, 126. These experiments will be important and necessary in
understanding simultaneous and correlated conformational changes in proteins, especially
larger, mutidomain protein complexes as well as protein-protein interactions. Preliminary
studies have already shown how insightful such measurements can be at the single-molecule
level126, 127. A big challenge for a multi-color FRET experiment is to site-specifically
labeling the protein of interest at least at three different positions, and thus orthogonal
labeling approaches are essential, for example by use of non-natural amino acids47 for
orthogonal chemistry or by other approaches23, 128.

One other important future direction of single-molecule protein folding research will be
focused on studying the behaviors of proteins under cellular conditions, since cellular
factors, such as crowding and molecular interactions, are important determinants of folding
and aggregation properties of proteins which are difficult to probe by simple two-component
in vitro systems. Recent methodological advances in studying protein folding dynamics
inside living cells129, 130 by combining T-jump and FRET imaging provide an excellent step
in one path for such studies in future, preferably at the single-molecule level. Moreover,
recent advances in co-translational protein folding131 studies offer a complex, yet attractive
system to explore the effects of key components associated with cellular protein folding.
Further improvement in imaging techniques and dye photophysics will also be helpful to
improve single-molecule studies on in vivo protein folding and amyloidosis.

Improvement of data analysis methods and use of computer simulations in conjunction with
experimental tools will be necessary for understanding complex behaviors of individual
molecules26, 132. The potential impact of computer simulation in the field of single-molecule
protein folding has been clearly highlighted by several important studies recently. Examples
include, but certainly are not limited to, studies by Best et al. on the dependence of the
diffusion coefficients on the folding coordinate133, by Nath et al. in characterizing
conformational ensemble of IDPs134, and by Voelz et al. in demonstrating the attainment of
structure of the unfolded state which marks the early phases of the folding of acyl-coenzyme
A binding protein135.

Complex aspects of kinetics and thermodynamics of protein folding have started emerging
from smFRET studies. These include recent reports of the role and localization of internal
friction during protein folding, measurements of transition-path times, and characterization
of folding intermediates of an IDP, α-synuclein, during binding-induced-folding with model
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membranes. A recent report136 on an oncogenic IDP, E1A, used smFRET to reveal complex
layers of allostery modulation that could tune the populations and thus corresponding
functions of various binding states of the protein (Fig. 6). Such findings highlight the
potential of smFRET methods for shedding light on this complex area of research. Also,
single-molecule methods have the obvious advantage over ensemble methods for studying
aggregation-prone proteins under native conditions (as demonstrated for E1A) since the
required protein concentration is usually less than nM. Thus, application of single-molecule
methods will be significant in studying the structural features of aggregation-prone systems
in understanding the mechanism of formation of various forms of protein aggregates and
their connections with diseases. On the other hand, smFRET will also be important to
dissect unique topological features of recently discovered protein topologies such as knotted
conformations137, 138, as well as probing the thermodynamics and kinetics associated with
complex landscapes of protein knotting. Similarly, single-molecule spectroscopy will be
critical to study another important family of proteins, membrane proteins. Several studies by
force spectroscopy have shown promise139, 140 in understanding the dynamics of the folding
landscapes of membrane proteins. It is worthy of mention here that recent advances in
single-molecule force spectroscopy have been key in revealing novel complexities in protein
folding pathways. For example, a study from Marqusee group reported on a new level of
complexities during force-induced unfolding of a two-state folder, src-SH3141, while Stigler
et al. have shown the existence of a complex network of multiple folding pathways en route
to folding of individual protein molecules of calmodulin142 (Fig. 7). The latter study also
presents a successful combination of single-molecule force spectroscopy and molecular
simulation, an approach that has been proven to be powerful in the context of smFRET as
discussed here. In addition, high-speed AFM is a relatively recent development, and has
been applied to initial study of an IDP143. A future experimental approach may constitute a
successful combination of smFRET with single-molecule force methods144, 145 along with
molecular simulations in studying these complex systems to understand the behavior of their
structural ensembles that underlies function, folding properties, lipid–protein interactions as
well as for screening potent drug-like molecules as modulators of the functions of membrane
proteins. We envision that improvements in methodology as described above will be critical
in achieving new frontiers of protein folding research, especially in understanding complex,
biologically-relevant interactions involving multiple partners, structurally heterogeneous
systems, oligomeric and multi domain, large protein complexes, and the effect of
environmental factors in protein folding, misfolding and aggregation.

7. Concluding Remarks
The complex process of protein folding involves several aspects which are better resolved
by advanced single-molecule analysis. Throughout this review, we intended to give the
reader an understanding of the utility of single-molecule fluorescence methods for studying
the process of protein folding and misfolding. One highlight was IDPs which are an
emerging class of proteins with key regulatory functions and that are difficult to probe using
ensemble methods. The power of SM-fluorescence techniques is vividly demonstrated in a
diverse array of studies spanning conformational biophysics of the protein to imaging
protein aggregation kinetics inside living cells. SM-fluorescence methods will continue to
improve, with the advent of new techniques providing novel dimensions in protein folding
research.
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Figure-1.
An overview of single-molecule fluorescence methods for protein folding studies. (A)
smFRET can detect individual subpopulations of protein conformations in a heterogeneous
structural ensemble by means of FRET efficiency, which is a function of inter-dye distance
(Eqn. 1). smFRET histograms showing denaturant induced unfolding of a two-state folder,
CI2. Adapted from Deniz et al., Proc. Natl. Acad. Sci. USA (2000), 97:5179 50. (B) FCS can
be employed to detect slow and fast conformational dynamics of proteins: shown here are
the autocorrelation curves for the NM domain of Sup35. Adapted from Mukhopadhyay et al.
Proc. Natl. Acad. Sci., USA (2007) 104:2649 29. (C) Shows a microfluidic mixer which can
be coupled with smFRET detection to study single-molecule folding and unfolding
pathways of proteins. The bottom shows a schematic of the observed pathways for α-
synuclein. Adapted from Gambin et al., Nature Methods (2011) 8:239 102. (D) Shows the
application of smDCC for directly detecting lack of aggregation of the NM domain of Sup35
under experimental conditions. Adapted from Mukhopadhyay et al., Proc. Natl. Acad. Sci.
USA (2007) 104:2649 29. Aggregation would be signaled by coincident bursts, which could
be analyzed for further quantification. The concepts behind the central cartoon showing a
double-funnel for protein folding and aggregation are discussed in 146. The native state
protein structure at the bottom of the folding funnel is a cartoon for MJ0366 (pdb ID:
2EFV).
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Figure-2.
(A) Quantitative determination of internal friction in the unfolded state of Csp using
smFRET (B) and nanosecond FCS (C). The red filled circles in (A) denote experimentally
determined reconfiguration time (τr) for end-labeled Csp as a function of guanidinium
concentrations under equilibrium conditions, while grey filled circles denote the same
observable measured using a microfluidic mixer. The red line is a polynomial fit of the data.
τi and τs are the reconfiguration timescales independent and dependent on solvent viscosity,
respectively. The symbols represent experimental values for τi and solid and dashed lines
are derived from a Rouse model with internal friction. (D) Cartoon depicting the internal
friction being localized at the early TS during spectrin folding as shown by magenta. (E)
The time constants which are solvent-viscosity independent are indicated by dotted lines as a
function of the reaction coordinate: grey for R15 domain, blue for R16 domain and red for
R17 domain. The pronounced effect of internal friction on the early TS for R16 and R17 are
shown by shaded bars. (A)-(C) are adapted by permission from Soranno et al., Proc. Natl.
Acad. Sci. USA (2012) 109:17800 80 (copyright (2012) National Academy of Science,
U.S.A.), (D) and (E) are adapted from Borgia et al., Nat. Comm. (2012) 3:1195 by
permission from Macmillan Publishers Ltd: [Nature Communication]81, copyright (2012).
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Figure-3.
Determination of the transition path time for protein folding using smFRET. Shown here are
(A) a one dimensional free energy diagram highlighting the possible conformational
sampling of the unfolded polypeptide chains before it can successfully make a transition
from x0 to x1 along the reaction coordinates. This is termed the transition path, and the
associated time can be measured by monitoring the FRET transition time from folded to
unfolded states, as shown at the bottom. (B) A kinetic model for determining the average
transition path time, <tTP>, which is equal to the lifetime (τs) of a “virtual intermediate
state”, for a two-state folder. (C) and (D) show plots of the difference of log likelihood
between a pathway where τs has a finite value, and a pathway where τs = 0, as a function of
τs for WW and GB1, respectively. The positive peak value in WW represents <tTP>,
whereas the intersection of the function with the red dashed line at -3 gives the upper bound
of <tTP> for GB1. The figure is adapted from Chung et al., Science (2012) 335:981 84 and
reprinted with permission from AAAS.
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Figure-4.
Binding-coupled-folding of α-synuclein: (A) and (B) show multistate conformational
sampling of synuclein as revealed during SDS-binding of the protein probed by smFRET
studies. smFRET histograms are shown in (A), and a schematic describing different states of
α-synuclein is shown in (B). Red and green spheres in (B) represent donor and acceptor
dyes. (C) Shows an extended helical conformation, the Fm state, when the protein is bound
to phospholipid SUVs (POPA:POPC = 1:1). The disease-linked A30P mutation alters the
protein-folding landscape substantially, as observed in (D) by a largely absent F state. (A),
(B) and (C) are adapted from Ferreon et al., Proc. Natl. Acad. Sci. (2009) 106:5645 21, and
(D) is adapted from Ferreon, Moran et al., Angew. Chem. Int. Ed. (2010) 49:3469 25.

Banerjee and Deniz Page 24

Chem Soc Rev. Author manuscript; available in PMC 2015 February 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure-5.
Single-molecule (SM) study of amyloidogenesis for Sup35-NM: (A-C) SM anisotropy
measurements revealed progressive conversion of the monomeric protein to the matured
oligomers through intermediate oligomeric species. (D) Proposed amyloid pathway for the
Sup35-NM. The figure is adapted from Krishnan et al., Proc. Natl. Acad. Sci., USA, (2012)
109:11172 105.
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Figure-6.
Single-molecule observation of allosteric regulation of protein–protein interactions by
intrinsic disorder: The center shows a schematic of functional regulation by modulation of
an E1A-CBP/p300-pRb ternary hub (shown by a central phase diagram). The four color-
coded quadrants represent four different states: E1A (grey), E1A-pRb (blue), E1A-CBP/
p300 (green), and ternary complex (red). Additional binding partners are indicated using
color-coded concentric circles, and positive interactions using dots. Corresponding ternary
phase diagrams of pRb-TAZ2 interacting with different constructs of E1A reveal a striking
switchable cooperativity, likely a key contributor to functional regulation, are also indicated
in the figure (Right - negative cooperativity; Left - positive cooperativity). The figure is
adapted from Ferreon et al., Nature (2013) 498, 390–394 136.
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Figure-7.
Folding landscape of a single calmodulin molecule as revealed by single-molecule force
spectroscopy in conjunction with hidden Markov modeling: four intermediate states were
observed in this complex folding network and the observed transitions among the states are
indicated by arrows. Respective differences in contour lengths (ΔL) are also denoted in the
figure. The figure is adapted from Stigler et al., Science (2011) 334, 512–516 142 and
reprinted with permission from AAAS.
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