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Abstract

The structural features and dynamics of biological macromolecules underlie the molecular biology
and correct functioning of cells. However, heterogeneity and other complexity of these molecules
and their interactions often lead to loss of important information in traditional biophysical
experiments. Single-molecule methods have dramatically altered the conceptual thinking and
experimental tests available for such studies, leveraging their ability to avoid ensemble averaging.
Here, | discuss briefly the rise of fluorescence single-molecule methods over the past two decades,
a few key applications, and end with a view to challenges and future prospects.
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Introduction

Just two decades ago, most molecular biophysics studies used methods that interrogated an
ensemble, i.e., millions or billions, of molecules. Results from these experiments typically
pool information over the ensemble, providing mainly an *“averaged” view of molecular
properties. However, it has become increasingly evident that the molecular biophysics and
biology underlying cellular function is not static or simple. Rather, proteins, DNA, RNA and
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other cellular macromolecules are in constant motion, resulting in complex spatial and
temporal distributions in conformational states, dynamics, interactions and chemistry, many
of which play key roles in the correct functioning of the cell. Many of these important
details are lost to ensemble averaging.

More recently, single-molecule methods [1-3] have increasingly been included in the
molecular biophysics toolkit, providing a powerful complement to ensemble methods of
molecular biophysics such as NMR, crystallography, electron microscopy, spectroscopy and
many others. Single-molecule methods leverage improvements in technology to provide the
ultimate in molecular resolution, views of individual molecules. Therefore, they avoid
averaging over an ensemble, and can provide unprecedented views of biomolecular
complexity, including structural distributions and stochastic dynamics. Early single-
molecule experiments using manipulation or force began in the 1980°’s [1], while detection
of a single chromophore was reported at the end of that decade [4, 5], enabled by advances
in high-sensitivity detection instrumentation and other methodologies. Since then, the
single-molecule field has grown enormously, impacting a number of areas of science,
engineering, genomics [6] and medicine. One of the largest impacts has been in molecular
biophysics, with novel mechanistic insights being gained into protein folding and disorder,
functioning of cellular machinery such as involved in gene regulation and motor proteins,
and enzyme and virus function. In the remainder of this review section, I discuss a few
examples to highlight some of these developments focused on use of single-molecule
fluorescence (SMF) methods in molecular biophysics (Figure 1), beginning with a brief
introduction to some of the common methods, and end with a discussion of challenges and
look to the future. | note that this short review can only provide very limited coverage of this
exciting and rapidly expanding field. In addition, a number of interesting studies have
utilized single-molecule force methods, such as with atomic force microscopy (AFM), and
optical or magnetic tweezers. Additional information and avenues for further exploration of
these and various other aspects of single-molecule biophysics can be found in these review
articles and references therein [1-3, 7-9].

Brief overview of common SMF techniques

Commonly used in SMF methods are either confocal or total internal reflection fluorescence
(TIRF) microscopy detection formats. Lasers are used for excitation of dyes, and
fluorescence is efficiently collected using high numerical aperture objectives, while
minimizing background by use of the confocal or TIRF geometries. Detection in the
confocal geometry is typically by avalanche photodiode detectors with time-resolution down
to the ps timescale. Imaging can be carried out by scanning the sample. TIRF detection is
typically imaging via CCD cameras, with time-resolution usually in the ms timescale,
dependent on the fluorophores and imaging mode used. Experiments can be further
classified into those on immobilized vs. freely diffusing or flowing molecules. The former
permits longer trajectories to be measured for a given molecule but needs careful use of a
non-perturbative immobilization technique, often a passivated quartz surface. Experiments
on freely diffusing molecules are limited to shorter views of individual molecules, but avoid
potential surface immaobilization artifacts and permit higher throughput. Finally, several
fluorescence observables can be used. A popular one is single-molecule FRET (SMFRET),
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whose strong distance dependence on the 3-8 nm scale is useful for studies of biomolecular
conformation and binding. Changes in fluorescence intensity and polarization can also
report on structure, binding or enzyme activity. Histograms of these observables can provide
information about distributions of states (Figure 1a,b) and time-trajectories can provide
movies of molecular information (Figure 1c). The image of a single dye molecule is
obtained as a diffraction-limited point-spread-function whose position can be localized to
provide information on movement (Figure 1d) or superresolution imaging. Fluorescence
correlation spectroscopy (FCS), a method that predates but is related to SMF, uses
correlation analysis of fluorescence fluctuations from a small number of molecules to extract
molecular information, such as about conformational fluctuations, with time-resolution
down to ns or faster. Fluorescence lifetime analysis can also be used to study fast protein
dynamics. Finally, as noted above, single-molecule manipulation methods have also been
extensively used in studies of protein biophysics. For example, by using a sensitive
cantilever whose deflection can be measured with high precision, AFM studies have
measured forces and steps involved in protein folding or have imaged protein interactions.
Additionally, by tethering molecules between a surface and a bead that can be manipulated
using light or magnetic forces, numerous studies have measured protein folding pathways,
protein motions on molecular tracks, or other protein functions. More detailed information
about the different techniques and observables is available in these reviews [1, 9, 10].

Key applications

This section is organized under subheadings that correspond to two of the most important
capabilities and application areas of SMF. First, | discuss several examples that illustrate
how the absence of ensemble averaging allows for more direct measurements of complex
conformational distributions and stochastic dynamics in the folding, interactions and
movement of proteins and other macromolecules. Second, | briefly discuss examples of
progress towards directly making single-molecule measurements in cellular contexts.

Complex conformational distributions and stochastic dynamics

The structural features and folding landscapes of proteins are critically important for their
cellular functions. smFRET and other SMF methods have been applied in several proteins to
directly resolve mixtures of states and dynamics during folding [11, 12]. The first reported
single-molecule test of the distance measurement capabilities SmFRET [13] was followed
soon after by an application of the method to directly probe and confirm the two-state model
for a well-studied protein CI2 [14]. More complex folding mechanisms have been studied
since. For example, Pirchi et al. used SmFRET and found a folding landscape with multiple
intermediates for adenylate kinase [15]. Also noteworthy is that the authors studied protein
molecules trapped inside immobilized vesicles, allowing them to study longer folding time-
trajectories, without direct immobilization on a surface and consequent perturbation. In this
context, a recent microfluidic method can also enable recordings of longer single-molecule
time-trajectories without surface immobilization [16]. Exciting recent work reports [17] on
folding transition paths that proteins take while transitioning between folding states. The
transitions contain important mechanistic information about the state basins. However, they
are stochastic and hence are not directly visible in ensemble experiments, and are normally
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analyzed as “jumps” even in single molecule protein folding trajectories. By using improved
analyses, the authors found quite similar transition path times for two proteins with
dramatically different overall folding times, consistent with a simple model with different
barrier heights but similar chain diffusion coefficients and well curvature. A number of
single-molecule studies have also provided new insights into conformational heterogeneity
and folding of RNA molecules [18, 19].

A related exciting and recent application of SMF is to intrinsically disordered proteins
(IDPs) [20-22], which have long stretches of sequence that are relatively devoid of
secondary structure, with some IDPs being almost entirely disordered. About 30% of the
human proteome has been estimated to contain disorder, and the special biophysics of these
systems is believed to be important in a number of cellular functions. However, their
flexibility and dynamic complexity make them maore difficult to study by traditional
biophysics tools. Therefore, the capabilities of SMF have been particularly useful for these
proteins [23]. In 2007, Mukhopadhyay et al. used smFRET along with other analyses to
study structural features and dynamics of the amyloid determining region of the yeast prion
protein Sup35 [24]. They found that it is disordered and compact, and yet is rapidly
fluctuating on the sub-ps timescale. Another advantage leveraged in this study is that single-
molecule experiments are typically carried out at low sub-nM concentrations, and hence can
be used to study monomeric states of aggregation-prone IDPs and other biomolecules.
Subsequent studies by the Schuler group have explored the polymer physics of a few
different IDPs using sSmFRET and fluctuation analysis, finding varied degrees of compaction
and effects of internal friction [25, 26]. Additional layers of conformational complexity play
important roles in IDPs as many undergo binding-coupled folding, again a good venue for
single-molecule studies. In the case of the Parkinson’s disease linked IDP a-synuclein,
Ferreon et al. obtained direct views of a complex, multi-state binding-folding landscape
(Figure 1a) upon interaction with the lipid/membrane mimic SDS [27]. Gambin et al.
developed a rapid microfluidic mixing method, and used it to find that the reaction occurs
via encounter complexes and that substantial folding occurs after initial binding of a-
synuclein [28]. Finally, in a more complex case, SMFRET was used to probe binding of the
viral oncoprotein E1A to two important cellular partners by Ferreon et al., here again
leveraging low-concentration experiments to avoid problems of aggregation [29]. The
authors found that availability of different sequence regions in ELA can exert complex
layers of control and switching of the binding cooperativity of the system (Figure 1b),
important in the function of signaling hub IDPs. Many of these exciting measurements and
insights into IDPs would have been very difficult or virtually impossible to obtain using
conventional ensemble methods.

One of the important areas of SMF application has been to cellular machines involved in
gene regulation and transport. The three examples below illustrate the types of new insight
available by using SMF to track movements of molecules. Myong et al. reported [30] on use
of sSmFRET to track the motion of Rep helicase on DNA. Intriguingly, they observed that the
helicase moved along single-stranded DNA till it hit a road block of duplex DNA, upon
which it jumped back to the initial position on ssSDNA and repeated the cycle. Yildiz et al.
used the powerful localization capabilities of SMF to follow the stochastic movements of the
motor proteins myosin V and kinesin on their molecular tracks, and found evidence for a
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hand-overhand walking mechanism for these proteins [31, 32]. Lee et al. used SMF in
conjunction with DNA curtains (a large number of DNA molecules aligned side-by-side) to
study how FtsK translocates along DNA, testing the particularly interesting (and
biologically relevant) question of what happens where it runs into obstacles (other bound
proteins) on the DNA [33]. Interestingly, they found that FtsK can bypass, push, or even
dislodge other DNA-bound proteins.

SMF has also shed new light on enzyme chemistry. In the 1990s the groups of Yeung [34]
and Dovichi [35] studied fluorescent product formation from single enzyme molecules, and
discovered molecule-to-molecule variations in catalytic activity. A report in 1998 by Lu et
al. [36] took a big step further by recording individual turnovers of single cholesterol
oxidase molecules, imaging switching of fluorescence of a cofactor during the reaction. The
authors found that in addition to differences between molecules, even individual molecules
showed variations in turnover rates over time, which they ascribed to result from proteins
switching between somewhat different folded substates. In another study, Noji et al. in 1997
reported measurements that directly visualized and confirmed the rotary motion of the
protein F1-ATPase. Subsequent work by Itoh et al. strikingly demonstrated that reversing
the rotation of the protein using optical tweezers could reverse the direction of this enzyme’s
chemistry.

Overall, the above examples illustrate how SMF methods can resolve more directly several
aspects of biomolecular complexity, including in structure, dynamics, interactions and
movement.

Cellular studies

While most single-molecule studies have been performed in vitro with purified components,
some studies have worked with cell extracts, moving the work closer to a cellular context,
but maintaining advantages of in vitro studies. In one case, a single-molecule pull-down
method was used by Jain et al. to study the helicase PcrA [37]. Labeled DNA was
immobilized and used to pull down PcrA directly from unpurified cell lysate, and the
authors were able to record repetitive shuttling activity of the protein on the DNA (Figure
1c). Another recent study [38] used SMF to study ubiquitilation by the anaphase-promoting
complex/cyclosome (APC) from cell extracts, finding efficient polyubiquitination of
substrates upon encounter with the APC and an interesting increase in affinity following
initial ubiquitilation.

An increasing number of studies are utilizing SMF methods to study molecular processes
directly in cells. A recent study reported on SmFRET measurements of folding and
conformational dynamics of proteins directly in live eukaryotic cells [39]. The proteins in
this initial study showed characteristics similar to those in vitro, though future studies may
show variations in other systems, for example due to interactions with cellular species. Other
studies have used single-molecule tracking to study viral infection in cells, in one case
showing that influenza virus particles may induce endocytosis by altering membrane
curvature [40] (Figure 1d), and then follow a complex trajectory in the cell [41]. Another set
of studies by multiple groups has used single-molecule imaging, tracking and counting
methods, and revealed the stochastic nature of gene expression and that transcription occurs
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in bursts that may be important in regulation [42, 43]. More recent studies have even
extended such studies to mammalian tissues [44], revealing bursty gene expression even in
this context [45]. Another study developed a single-molecule method of fluorescence in-situ
hybridization, revealing temporal and spatial patterns of 100s of RNAs in parallel in
multiple cells [46]. Finally, a brief mention is made here of single-molecule based
superresolution cellular microscopy methods which are discussed in more detail elsewhere
in this issue. These methods are based on some of the same localization capabilities of
single-molecule imaging that were mentioned above and previously used in the field, but
applied here in a novel manner to enable new cellular applications. By compiling
information from a number of images, each with a small number of stochastically activated
fluorescent markers (of single molecules), and because these single-molecule images can be
localized with high precision, these methods provide higher resolution biological imaging
capabilities that overcome the diffraction limit.

Challenges and future directions

Single-molecule biophysics experiments could be considered by some measures as fairly
established, with some of its powerful capabilities available commercially and being used in
an increasingly wide range of studies. However, there is still much room for improvement,
with initial steps being taken in many directions.

Fluorescence observables such as FRET, while providing single-molecule sensitivity, can be
somewhat limited in time and spatial resolution. For example, trajectories measured in
SmFRET experiments generally have time-resolution of a few hundred microseconds,
primarily due to the limited photon flux detected from a single fluorophore. Limitations in
photon flux also reduce signal-to-noise and therefore distance resolution. Improvements in
dye photophysics and detection modalities have begun to improve temporal resolution, for
example, use of additives or covalently coupled moieties [47] to reduce photobleaching and
dark states, or combinations with microfluidic deoxygenation [48]. Such efforts coupled
with creation of improved dyes by rational (based on mechanistic photophysics) or high-
throughput means are expected to improve resolution in multiple ways. Improved methods
and orthogonal means for site-specific dye labeling will continue to be made, building on
efforts such as unnatural aminoacid, enzymatic, ligation and synthetic schemes, thus
increasing the scope of SMF methods in more complex systems and for multicolor smFRET
[49-52]. These newer multicolor experiments can provide additional layers of information
on correlations between changes in different parts of molecules or complexes, but would
suffer dramatically from a lack of site-specificity, for example by commonly used cysteine
chemistry. Combined use of multiple fluorescence observables, including for multicolor
studies, will also substantially assist with providing more global high-resolution views of
cellular systems [53].

Improvement and use of combination techniques and closer integration with ensemble
studies is also expected to be another venue of advancement. Techniques combining SMF
methods with force methods such as optical tweezers/AFM [52] or electrical methods such
as ion channel or nanotube transistors [54], or with interferometric scattering [55] or
microfluidics [28, 56] could substantially increase the level of insight by not only
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combination but also time-correlation of multiple lines of molecular information. For
example, a recent study combined optical tweezers and sSmFRET to simultaneously apply
force and monitor conformation of nucleosomal DNA, finding asymmetric unwrapping of
the DNA that depended on the relative flexibilities of the two ends [57]. More generally,
closer integration of SMF methods with other biophysics and structural biology methods
such as NMR, EM, and crystallography, as well as computational analysis, will help provide
more accurate views of biomolecules across a range of temporal and spatial resolutions [58].

Finally, one of most important areas of advance and application will most certainly be to
molecules in mesoscale and cellular contexts and beyond. SMF methods are especially well-
suited for such studies because fluorescence techniques are relatively non-invasive, and can
also be used to probe even low endogenous levels of molecules in individual cells. For
example, one area will be the use of SMF in understanding the structure and dynamics of
protein phases such as droplets, where IDPs are believed to play a major role [59]. The
functional role of such phases in the context of membraneless cellular organelles as well as
protein aggregation is an area of increasing study, and SMF studies can provide new views
into mechanisms of formation and dissociation, and conformational and functional
heterogeneity of molecules within such species. In vivo studies will build on existing work
in cells, but are expected to also improve in resolution, techniques used and scope, and to
increasingly move to tissues and organisms. One of the most exciting directions envisioned
is leveraging single-molecule capabilities to provide us with an understanding of how the
single-molecule properties for ensembles of molecules can contribute to the emergent
characteristics of cellular systems and organisms.
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Highlights
Single-molecule methods can provide unparalleled insights into biomolecular
complexity, including structural distributions and stochastic dynamics
Commonly used single-molecule fluorescence techniques are overviewed

Key applications including complex conformational distributions, stochastic
dynamics and cellular studies are discussed

The challenges and further improvements of single-molecule methods can
require combining them with force methods or other biophysics and structural
biology methods
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Figure 1. Methods and applications of single-molecule fluorescence
Boxes at top show detection formats, observables and ancillary methods that are combined

to carry out single-molecule biophysics experiments. Panels a-d illustrate some important
types of information and questions that have been addressed using these methods. (a) The
complex, multistate binding-folding landscape of a-synuclein in the presence of lipid/
membrane mimics. Experiments were carried out using SmFRET in a confocal and freely-
diffusing detection format. Dual channel photon bursts were used to calculate FRET
efficiencies, which were compiled into the depicted 3D histogram. Adapted from Ferreon et
al. Proc. Natl. Acad. Sci. USA (2009) 106:5645. (b) Binding-folding phase diagrams of the
viral oncoprotein E1A, found to be switchable as discussed in the text. Experiments were
carried out as in (a), with subsequent analysis resulting in phase diagrams. Adapted from
Ferreon et al. Nature (2013) 498:390. (c) SmFRET time trajectory of PcrA helicase shows
repetitive shuttling as discussed in text. Experiments were carried out with TIRF detection
with immobilized DNA and pulling down PcrA from cell extracts. Adapted with permission
from Jain et al. Nature (2011) 473:484. (d) Fluorescence time-trajectories of cell entry of
individual virus particles, as discussed in text. Experiments were carried out in a wide-field
imaging format, with virus particles red and clathrin green. Adapted with permission from
Rust et al. Nat. Struct. Mol. Biol. (2004) 11:567.
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