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Abstract

Feynman commented that “Everything that living things do can be understood in terms of the 

jiggling and wiggling of atoms”. Proteins can jiggle and wiggle large structural elements such as 

domains and subunits as part of their functional cycles. Single-molecule fluorescence resonance 

energy transfer (smFRET) is an excellent tool to study conformational dynamics and decipher 

coordinated large-scale motions within proteins. smFRET methods introduced in recent years are 

geared toward understanding the time scales and amplitudes of function-related motions. This 

review discusses the methodology for obtaining and analyzing smFRET temporal trajectories that 

provide direct dynamic information on transitions between conformational states. It also 

introduces correlation methods that are useful for characterizing intramolecular motions. This 

arsenal of techniques has been used to study multiple molecular systems, from membrane proteins 

through molecular chaperones, and we examine some of these studies here. Recent exciting 

methodological novelties permit revealing very fast, submillisecond dynamics, whose relevance to 

protein function is yet to be fully grasped.
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Introduction

Living systems are physical entities marked by an out-of-equilibrium evolution of their 

microscopic degrees of freedom over time and characterized by the ability to harness energy 

from the environment to generate order out of disorder [1]. Proteins are the key functional 

molecules in the living system, governing nearly all cellular functions and biochemical 

tasks. These may include regulating ion passage across the cell membrane, chaperoning 

protein folding, transducing signals, carrying them into the cell nucleus, transcribing and 

translating DNA, catalyzing chemical reactions, and many other important cellular functions 

[2–5]. Remarkably, protein machines are tightly regulated and are coupled to cellular 
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function in a spatial and temporal way. Studying the structural dynamics of protein machines 

is essential for deciphering how they function and in what way they are regulated. The 

knowledge acquired through such studies is relevant for engineering new proteins and is also 

important for drug discovery.

The amino acid sequence of a protein dictates its three-dimensional structure, which in turn 

controls its function [6,7]. Much energy has been invested in understanding protein structure 

and function since the first protein crystal structure was solved by Perutz [8]. Multiple 

methods now exist to obtain the structures of proteins at high resolution [9–11]. However, 

structural models provide only a static picture of a protein, from which function can be 

inferred only somewhat indirectly. Proteins are dynamic molecules, and they evolve in time 

at the atomic level, fluctuating between multiple conformational states [12,13]. The relative 

population of different states strongly depends on environmental conditions such as pH, salt 

concentration, and most importantly, interaction with other molecules (ligands) [14–17]. The 

molecular dynamics associated with these conformational states span multiple time scales 

and amplitudes. Local structural changes, such as bond vibrations and transitions between 

side chain rotamers, occur on very fast time scales (femtoseconds to nanoseconds). On the 

other hand, larger conformational changes, such as loop or helix motion, may take 

nanoseconds to microseconds. Even larger motions involving tertiary and quaternary 

structure elements (domains and subunits, respectively) may occur on much slower 

timescales, sometimes up to many seconds [13,18,19]. Interestingly, it was shown that fast 

local dynamics on the level of amino acid side chains may be connected and propagated to 

the level of larger and much slower conformational changes [20,21]. This demonstrates that 

local dynamics of the protein structure might be important for protein function [22]. 

However, the mechanism by which local motion couples to large-scale conformational 

dynamics is still not well understood.

Ligand binding can affect a protein’s conformational changes, which can in turn also affect 

the binding activity of other molecules at distinct sites on the protein. This phenomenon is 

referred to as allostery [23,24] and has been studied extensively [25,26]. On the basis of the 

original model proposed by Monod, Weiman and Changeux [23], it was suggested that 

allostery is mediated through the stabilization of one protein conformation over others, a 

phenomenon also known as “conformational selection” [19,26]. On the other hand, a model 

developed from the work of Koshland, Nemethy and Filmer [27], known as “induced fit”, 

asserts that the binding of an allosteric effector leads to a new, previously unpopulated 

conformation of the protein, with a modified binding activity at other sites [19,26]. While 

these conformation-based allostery models emphasized the thermodynamic states of the 

transforming proteins, Dryden and Cooper proposed that allostery can also involve changes 

in conformational dynamics [28,29]. There has been much interest in defining the potential 

role of dynamics in allosteric transitions and more generally, the dynamics of large-scale 

correlated motions of domains and subunits [30–33]. Interestingly, recent studies have 

proposed ways to control protein activity by altering dynamics using protein engineering 

methods [34].

Multiple experimental techniques have been applied to study protein structure and dynamics. 

High-resolution protein structures can be obtained using X-ray crystallography [10], nuclear 
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magnetic resonance spectroscopy [9], and cryogenic electron microscopy [11]. Low-

resolution techniques such as small angle X-ray scattering [35] can provide information on 

the overall shape of a protein and how it changes under various conditions. As for methods 

to probe dynamics, 2D infrared spectroscopy and time-resolved X-ray crystallography 

measure fast motions on the ps-ns timescales, reporting mainly on local structural 

rearrangements [36,37]. Nuclear magnetic resonance techniques can probe conformational 

changes on multiple time scales based on a range of different experiments that are sensitive 

to very short times or to longer times [38]. Recently, cryogenic electron microscopy 

techniques have been developed that can also report on conformational dynamics, either by 

using fast mixing methods [39] or by a combination with computer simulations [40]. To a 

large extent, these ensemble-based methodologies lack the ability to precisely characterize 

conformational heterogeneity, to observe in real time conformational changes between 

multiple protein conformers and to define the exact time constants characterizing these 

conformational changes.

Single-molecule experimental techniques can solve many of these problems and have 

therefore become critical to our understanding of molecular function, motion, and dynamics. 

Many studies of protein machines at the single-molecule level have been conducted using 

force spectroscopy tools [41], such as optical and magnetic tweezers, as well as atomic force 

microscopy, and have revealed multiple mechanistic details [42,43]. A second group of 

single-molecule methods, based on fluorescence, can be applied to study internal motions in 

proteins with less intervention than force spectroscopic techniques and can provide 

information on dynamics along multiple internal coordinates and on a broad range of time 

scales. In particular, single-molecule fluorescence resonance energy transfer (smFRET) 

spectroscopy, which is the topic of this review, can directly determine intramolecular 

distances in biological molecules and measure their modulation in time. The sensitivity of 

smFRET experiments stems from the strong dependence of the excitation energy transfer on 

the distance between fluorescent dyes [44,45].

In this review, we discuss how smFRET spectroscopy has contributed to studies of protein 

dynamics in recent years. We start by reviewing recent development in smFRET 

methodology for characterizing slow and fast conformational dynamics, and we then 

consider the biological implications of these dynamics through several important examples.

Recent developments in smFRET methodology for protein dynamics

smFRET spectroscopy is a promising tool to reveal the basis of function-related 

conformational dynamics of proteins in action, and it can cover in principle the whole range 

of time scales from nanoseconds to seconds. It is possible to group the many different 

smFRET methods introduced over the years into two categories, roughly on the basis of the 

time scale of the dynamics probed: slow conformational dynamics (10 ms - s) are studied on 

molecules immobilized on a surface (Figure 1a–c), while fast conformational dynamics (ns - 

ms) are studied on molecules diffusing in solution (Figure 1d–g). In both cases, the 

molecules have to be labeled with two fluorescent tags, the donor and the acceptor. Recent 

years have also seen an increasing number of demonstrations of smFRET experiments with 

three [46–48] and even four dyes [49,50]. Such experiments are geared toward obtaining 

Mazal and Haran Page 3

Curr Opin Biomed Eng. Author manuscript; available in PMC 2020 January 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



information about correlated motions, either within one molecule or involving several 

interacting molecules.

Many techniques have been devised to bind macromolecules to surfaces (Figure 1b), and 

each technique has its own advantage, as discussed in the literature [51,52]. Tethered 

molecules can be observed continuously for long times, limited only by photobleaching of 

fluorescent dyes. Such experiments are most often conducted using a total internal reflection 

microscope, and intensity trajectories of donor and acceptor dyes are collected on two parts 

of a sensitive camera [53]. Single-molecule temporal trajectories obtained in this manner can 

be used to generate a detailed dynamic model, which includes the number of relevant 

conformational states and the rates of exchange between them.

When the FRET efficiency states are well separated (Figure 1a), they can be extracted from 

the trajectories using some form of a statistical change-point analysis, which has the 

advantage that no kinetic model needs to be assumed a priori. Several new change-point 

techniques have been introduced in recent years, supplementing older methods [54–56]. 

Landes and coworkers [57] developed a change-point method that combines two calculation 

steps. The first is the detection of transition steps using Student’s t test, and the second is an 

iterative grouping of FRETsegments between transition points to determine the optimal 

number of states necessary to describe the data. Taylor et al. [58] introduced a sophisticated 

analysis tool on the basis of information theory and soft clustering to construct free energy 

landscapes in the form of disconnectivity graphs. They demonstrated the utility of their 

technique by analyzing experimental results on the dynamics of a glutamate receptor [58] 

and on the folding of a multidomain protein [59].

A different set of trajectory-analysis methods starts with a kinetic model, the parameters of 

which are inferred from the data using a statistical approach based on maximum-likelihood 

estimation using, for example, Hidden Markov Models (HMM) [60]. HMM has been 

demonstrated to be a powerful tool for analyzing smFRET trajectories [61] (Figure 1c). A 

limitation of HMM is the need to assume a priori the number of states involved in the 

dynamics. However, various methods for validating the correct number of states exist, and 

one can also use Bayesian methods that maximize the evidence rather than the likelihood, 

thereby optimizing also the number of states [62].

Many proteins are expected to show very fast conformational dynamics (Figure 1d) on a 

timescale of a few milliseconds or even microseconds, yet with a spatial amplitude that lends 

itself to FRET measurements. Such proteins can be studied in free diffusion in solution 

using a focused laser beam within a confocal microscope [63] (Figure 1e). The typical 

passage time of a molecule through the focal volume is ~1 ms, though it can be extended by 

defocusing the laser beam [64] or by connecting a protein molecule of interest to a freely 

diffusing large entity such as a lipid vesicle [65]. The burst of photons emitted by each 

molecule as it passes through the beam is collected using single-photon avalanche 

photodiodes, which allow recording donor and acceptor photon-arrival times with a 

picosecond time resolution [63]. The apparent FRET efficiency in each burst can then be 

calculated on the basis of the number of photons. Conformational dynamics on a time scale 
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faster than the average burst length are identified by observing FRET efficiency histograms 

that are broader than expected from the shot noise [66,67] (Figure 1e, Inset).

The registration of photon-arrival times permits pushing the smFRETexperiment to the 

utmost time resolution, dictated only by the photon flux. Photon-by-photon analysis methods 

that take advantage of this capability have been introduced in recent years. Gopich and 

Szabo used a maximum-likelihood approach to optimize the parameters of a kinetic model 

[68]. They cleverly utilized the arrival times of photons as input for the analysis, so that 

variations in photon flux because of the position of the molecule in space could be ignored. 

Recently, this idea was adopted into an HMM-based algorithm, which facilitated likelihood 

maximization using analytical expressions for model parameters. This algorithm, H2MM 

[69] (Figure 1f), was shown to facilitate the extraction of kinetic data on a broad range of 

time scales, from microseconds to hundreds of milliseconds. Recent studies demonstrate the 

power and robustness of this algorithm to probe fast conformational dynamics [33,70], as 

will be discussed in the next section.

Fluorescence-correlation spectroscopy (FCS) can also be used to extract fast dynamics from 

smFRET data (Figure 1g). In particular, the donor and acceptor signals should be 

anticorrelated at short timescales if large-scale motions exist in the data [71,72]. Rate 

constants for transitions between conformational states are obtained by fitting correlation 

functions with an appropriate model [72]. Filtering of FCS curves based on different lifetime 

components allows removing scattering and other sources of noise and exposing the 

contributions of individual species [73,74]. An elegant method that does not require any 

prior knowledge about the fluorescence decay of different species was developed by Tahara 

et al. [75]. They generate a correlation map on the basis of the delay times of photon pairs 

and Laplace-transform this map to obtain a two-dimensional fluorescence–lifetime 

correlation map. By comparison of maps computed at different delay times one can infer the 

timescale of conversions between different fluorescent species, as demonstrated recently in 

studies of the conformational dynamics of cytochrome C [76] and of a photosynthetic 

protein [77]. High-order correlation functions were also shown recently to offer detailed 

kinetic information from microsecond smFRET data [78].

Implications of conformational dynamics for proteins function

The methods discussed in the previous section have been used extensively for operando 
observation of proteins, especially protein machines. Basic questions, such as the coupling 

between conformational changes and catalytic steps during functional cycles, have been 

addressed by smFRET experiments. In this section, we will discuss some notable examples 

from recent years, highlight how these studies were performed, and comment on how they 

contributed new insights to our understanding of functional dynamics in these proteins.

Membrane proteins were studied extensively with smFRET techniques. Interestingly, many 

of these studies tended to capture relatively slow conformational dynamics [79,80]. Several 

experiments focused on ATP-binding cassette (ABC) transporters, which are membrane 

protein machines that harness ATP energy to move molecules across the cell membrane [81–

84]. ABC transporters are homodimers, each with a substrate-binding domain (SBD) or a 
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separate substrate-binding protein (SBP), a transmembrane domain, and a cytoplasmic 

nucleotide-binding domain. Gouridis et al. [81] probed the dynamics of the SBDs of GlnPQ, 

an importer of asparagine, glutamine, and glutamate, both in free diffusion and when bound 

to a surface (Figure 2a). They found that 95% of the molecules are in an open conformation 

in the absence of substrates. The addition of the substrates shifts the population to the closed 

conformation, with transitions back to the open conformation characterized by time 

constants of hundreds of milliseconds (Figure 2b). Yang et al. [83] studied BtuCD, an 

importer of vitamin B12, both in a detergent solution and inserted into nanodiscs.

Using multiple FRET pairs, they demonstrated the tight coupling between the binding of a 

nucleotide or a substrate-binding protein and the conformational changes that occur on each 

domain of the machine (transmembrane domain and nucleotide-binding domain). They also 

described transient conformational changes that apparently allow the substrate to pass 

through the transporter.

Much faster, submillisecond conformational dynamics of a membrane protein were 

discovered in a study of the metabotropic glutamate receptor (mGluR), a G-protein-coupled 

receptor essential for synaptic activity [85]. FRET between the two parts of the ligand 

binding domain homodimer of mGluR was used to trace conformational transitions between 

resting and active states (Figure 2c). Using filtered FCS spectroscopy, it was found that the 

protein continuously shuttles between the two states on a time scale of <100 μs. Ligand 

binding was found to tune the ratio between the two states rather than stabilizing a static 

active state.

Ultrafast conformational dynamics were also found by Mazal et al. [70] in their studies of 

the AAA+ disaggregation chaperone ClpB [86] (Figure 3a). Studying ClpB’s middle domain 

(M domain), which serves as a regulatory switch, they used a photon-by-photon H2MM 

analysis on FRET trajectories of diffusing molecules to reveal transitions between the 

inactive and active states of the M domain on a time scale of ~150 μs (Figure 3b). This 

timescale is much faster than the activity of the machine, suggesting that the ratio of the two 

conformations serves to tune disaggregation activity. Indeed, factors that change this ratio, 

such as the concentration of the co-chaperone DnaK or nucleotides, were found to also 

modify the rate of disaggregation (Figure 3c). The mechanism of tunable allosteric 

switching reported by Olofsson et al. [85] and by Mazal et al. [70] likely involves a low-

energy barrier between the active and inactive states (Figure 1d) and may be a general way 

to modulate machine activity, to be corroborated in future studies.

Another molecular chaperone that has been studied extensively by smFRET is Hsp90, a 

homodimeric protein that acts at the last stages of folding of a diverse set of client proteins 

and consumes ATP as fuel [87]. Hsp90 dimers adopt a V-shaped open conformation and 

undergo a large conformational change during their active cycle to form a closed 

conformation. Employing three-color smFRET, with two dyes on the chaperone and a third 

on ATP, Hugel and coworkers demonstrated that ATP binding couples only weakly to the 

large conformational changes of Hsp90 [47] (Figure 3d–e). They also found negative 

cooperativity between the two ATP binding sites. Extending their studies to four colors, they 

added a labeled co-chaperone and concluded from data analysis that the presence of this co-
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chaperone and of nucleotides leads to forward and backward transition probabilities that are 

not equal, indicating directionality in the machine cycle [50]. In a recent study on freely 

diffusing Hsp90, Hellenkamp et al. analyzed distance distribution widths to obtain a 

qualitative indication for fast (submillisecond) conformational dynamics of the dimer, the 

extent of which varied between different states of the machine [88]. This observation awaits 

a more direct investigation of the time scales of fast conformational changes.

A direct observation of the modulation of conformational dynamics by substrate binding was 

achieved in a recent study of the domain closure of the ubiquitous enzyme adenylate kinase 

(AK) [33]. AK is key to the maintenance of ATP levels in cells, catalyzing the reaction ATP

+AMP ⇌ 2ADP. It has been thought that domain closure is rate limiting for the enzymatic 

reaction of AK [89]. Aviram et al. [33] used smFRET spectroscopy of freely diffusing AK 

molecules, combined with a photon-by-photon H2MM analysis, to obtain a detailed picture 

of the time scales of domain closure (Figure 3f). It was found that ATP binding increases 

domain closing and opening rates, making the corresponding reaction times as short as 15 

and 45 μs, respectively (Figure 3f). Domain closure is thus two orders of magnitude faster 

than the catalytic rate of AK. It was suggested that the ultrafast dynamics serve to facilitate 

proper orientation of the two substrates for the catalytic step.

Finally, a recent interesting trend, which is likely to grow, is the combination of smFRET 

spectroscopy with an additional single-molecule method that provides complementary 

information. For example, Comstock et al. [90] combined smFRETwith force microscopy to 

reveal the correlation of conformational changes and motion along DNA of a repair helicase, 

UvrD. Sugawa et al. [91] studied the coupling between the conformational changes in the β 
subunits of the rotary machine F1-ATPase and the rotation of its ɣ-shaft. To this end, they 

combined smFRET with bead rotation measurements (Figure 3g). Their results shed new 

light on the rotational mechanism of F1-ATPase and could be nicely connected to the 

available crystal structures of the protein.

Conclusion and future directions

smFRET spectroscopy has become a valuable method for the study of protein 

conformational dynamics. In general, studies on the single-molecule level are unique in their 

ability to go beyond ensemble averages not only in terms of structure but also in terms of 

motion. A question that is often very difficult to directly answer by most ensemble methods, 

i.e. “what is the dynamic connectivity of conformations in a complex protein reaction”, is 

resolved readily through single-molecule measurements. smFRET spectroscopy is 

particularly well poised to answer this and similar questions regarding structural dynamics 

related to function. Further, it has the advantage, stated already in preceding sections, that it 

can cover a very broad range of time scales, from seconds down to microseconds. In this 

review, we discussed new developments in smFRET methodology, as well as new 

applications that shed light on the function of specific protein machines. We hope that we 

were able to convey the spirit of excitement in this field and convince the reader of the huge 

potential still awaiting its students.
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We believe that a particularly important future direction of smFRET spectroscopy will be its 

application to study very fast conformational transitions and related allosteric pathways. It is 

now possible to use smFRET experiments to obtain information on the microsecond time 

scale and to shed light on ultrafast conformational transitions to which other techniques have 

been blind. We have mentioned several examples for this capability, and we note briefly that 

ultrafast smFRET methodologies have also been applied to study protein folding [76], 

particularly in relation to the measurement of the transition path time, i.e. the time it takes 

molecules to pass over the folding free-energy barrier [92–94].

We close by hypothesizing that large-scale microsecond motions in proteins might be much 

more ubiquitous than is currently assumed. It is likely that relatively low free-energy barriers 

connect many conformations of proteins and that the high free-energy barriers required for 

slow dynamics are provided by chemical steps such as ATP hydrolysis. If our hypothesis is 

correct, then the future will no doubt unearth multiple additional examples for domain and 

subunit motions on the microsecond time scale. We also expect that further methodology 

developments will make the measurement of such motions simpler and more robust, both on 

the level of the experiment and of data analysis.
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Figure 1. Probing proteins with smFRET spectroscopy: slow (a–c) vs fast (d–g) dynamics.
(a) Slow conformational dynamics involve a high free-energy barrier. (b) Two different 

methods to tether a single molecule to a surface, using direct tethering or vesicle 

encapsulation. (c) smFRET trajectory of an immobilized molecule. Top panel: donor (green) 

and acceptor (red) intensities; bottom panel: FRET efficiency (gray) and state assignments 

from a HMM analysis (blue and orange). (d) Fast conformational dynamics involve a low 

free-energy barrier. (e) Spectroscopy of freely diffusion molecule. Top: cartoon of a focal 

volume with a molecule passing through. Bottom: fluorescence bursts emanating from 
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excited molecules. Inset; FRET efficiency histogram (orange) that is broader than shot noise 

(red), suggesting fast dynamics. (f) A photon-by-photon single-molecule trajectory, with 

donor and acceptor photons in green and red, respectively. Blue and orange lines are state 

assignments from an H2MM analysis. (g) Cross-correlation function of donor and acceptor 

fluorescence. The initial increase in the signal (shaded area) indicates conformational 

dynamics on the microsecond timescale. smFRET, single-molecule fluorescence resonance 

energy transfer; HMM, Hidden Markov Models
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Figure 2. Membrane protein conformational dynamics measured with smFRET.
(a) Single-molecule dynamics of a surface-tethered SBD of the ABC importer GlnPQ 

probed by confocal scanning microscopy. (b) Single molecule trajectories at different ligand 

concentrations. Figure 2 A-B reprinted from Ref. [81] with permission from Nature 

publishing group. (c) Dynamics of the G-protein-coupled receptor mGluR, reprinted from 

Ref. [85] with permission. Top: filtered fluorescence cross-correlation curves, indicating 

microsecond conformational dynamics in the wild type (grey) but not in the constitutively 

active mutant (blue). Bottom: kinetic model of mGluR dynamics. SBD, substrate-binding 

domain; smFRET, single-molecule fluorescence resonance energy transfer; ABC, ATP-

binding cassette.
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Figure 3. Dynamics of soluble protein machines measured with smFRET.
(a–c) The disaggregation machine ClpB, reprinted from Ref. [70] with permission. (a) 

Schematic of ClpB and its dynamic M domain (green), which toggles between three states 

on the microsecond timescale (b). (c) DnaK binding tunes the ratio between the two major 

states of the M domain and in turn disaggregation activity. (d–e) The chaperone Hsp90, 

reprinted from Ref. [47] with permission. (d) ATP-binding related dynamics of Hsp90 are 

studied using three-color smFRET. (e) Top: single molecule trajectories in three channels 

upon donor excitation. Middle: FRET efficiency trajectories in different states of Hsp90, as 
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depicted in the bottom cartoons. (f) Adenylate kinase, reprinted from Ref. [33] with 

permission. Rates of domain closing and opening (cherry and green, respectively) as a 

function of substrate concentration. Inset: structure with attached labels. (g) F1-ATPase, 

Reprinted from Ref. [91] with permission. Simultaneous measurement of rotational motion 

of the ɣ-shaft using a bead (top panel, black line) and of FRET between αβ dimers (bottom 

panel, donor and acceptor in green and red). smFRET, single-molecule fluorescence 

resonance energy transfer.

Mazal and Haran Page 18

Curr Opin Biomed Eng. Author manuscript; available in PMC 2020 January 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


	Abstract
	Introduction
	Recent developments in smFRET methodology for protein dynamics
	Implications of conformational dynamics for proteins function
	Conclusion and future directions
	References
	Figure 1
	Figure 2
	Figure 3

