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SUMMARY

Owing to their unique abilities tomanipulate, label, and image individualmolecules in vitro and in cellulo, single-
molecule techniques provide previously unattainable access to elementary biological processes. In imaging,
single-moleculefluorescence resonanceenergy transfer (smFRET)andprotein-inducedfluorescenceenhance-
ment in vitrocan reportonconformational changesandmolecular interactions,single-moleculepull-down (SiM-
Pull) can capture and analyze the composition and function of native protein complexes, and single-molecule
tracking (SMT) in live cells reveals cellular structures and dynamics. In labeling, the abilities to specifically label
genomic loci, mRNA, and nascent polypeptides in cells have uncovered chromosome organization and dy-
namics, transcription and translation dynamics, and gene expression regulation. Inmanipulation, optical twee-
zers, integrationofsingle-moleculefluorescencewith forcemeasurements,andsingle-molecule forceprobes in
livecellshave transformedourmechanisticunderstandingofdiversebiological processes, ranging fromprotein
folding, nucleic acids-protein interactions to cell surface receptor function.
INTRODUCTION

The past two decades have witnessed the emergence of power-

ful biotechnologies from various disciplines. In particular, single-

molecule technologies, with their unique abilities to image, label,

and manipulate individual biomolecules provide previously unat-

tainable access to elementary biological processes, thus revolu-

tionizing biological inquiries.

Themajor technological themes of this review include (1) single-

molecule imaging in vitro, in-cell lysate and live cells at

high resolution, sensitivity, throughput, and biocompatibility; (2)

in-cell single-molecule labeling of genomic DNA loci,

mRNA transcripts and nascent polypeptides, permitting direct

measurements of transcription and translation dynamics; and (3)

single-molecule manipulation using optical tweezers and its inte-

gration with single-molecule fluorescence imaging, and single-

molecule tension sensors. Bymatching the length and timescales

of biological processes under native or close to native conditions,

these technologiesenable the interrogationof theorganizationand

dynamics of nanoscale machineries well beyond the traditional

limit, providing a window into the actual operation of cells.

SINGLE-MOLECULE IMAGING

smFRET and smPIFE
The imaging of single fluorophores tells us that the labeled bio-

logical molecule is present, for example, binding of ATP to
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a motor protein and its dissociation after hydrolysis, where the

molecule is during its directional or diffusive movements, the

composition of a protein complex, and conformational changes

and protein assembly dynamics during function.

Many biomolecular processes, including protein-nucleic acid

interactions and conformational changes within proteins, occur

through inter- and intra-molecular rearrangements of specific in-

teractions. High-resolution structural analyses provide snap-

shots of these processes in atomic detail but are typically blind

to the time evolution of these dynamic interactions or conforma-

tional transitions. Conventional biochemical methods including

surface plasmon resonance, isothermal titration calorimetry,

electrophoretic mobility shift assays, fluorescence spectros-

copy, anisotropy and stopped-flow capture ensemble behavior

of molecule populations, yet, oftenmissmolecular heterogeneity

and require the synchronization of the reaction. Single-molecule

imaging overcomes these drawbacks and enables the observa-

tion of individual molecules undergoing dynamic motions.

Among the many implementations of single-molecule fluores-

cence imaging in vitro, single-molecule fluorescence resonance

energy transfer (smFRET) between a donor and an acceptor flu-

orophore (Figure 1A), is one of the most powerful and popular

methods due to its strong dependence on molecular-scale dis-

tances (�0.5 to 10 nm). Since its initial demonstration (Ha

et al., 1996), smFRET has been extended to three or more colors

(Hohng et al., 2004) to record multiple reaction coordinates

simultaneously and combined with optical tweezers to measure
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Figure 1. Illumstration of smFRET, smPIFE, and SiMPull
(A) When a protein filament assembles on a single-stranded DNA separating
the donor (green) and the acceptor fluorophore (red) one monomer at a time, a
stepwise decrease in FRET is observed over time due to DNA stretching.
(B) smPIFE shows a stepwise signal increase when the protein filament grows
toward the donor-labeled DNA end via monomer by monomer addition.
(C) f smFRET in live cells to monitor the dimer of a G-protein-coupled receptor
and its diffusional movement on cell membrane through co-tracking. Acceptor
photobleaching results in donor signal increase, confirming the presence
of FRET.
(D) Schematics of SiMPull. A biotinylated antibody on a passivated surface
captures a protein complex of interest from cell extracts. After washing away
unbound cell extracts, the captured complex is detected via single-molecule
fluorescence imaging either using fluorescently labeled antibodies or fluo-
rescent reporter fusion.
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even minute conformational dynamics as a function of force

(Hohng et al., 2007). Most commonly, total internal reflection

fluorescence (TIRF) microscopy of surface-immobilized mole-

cules is used for smFRET measurements. Alternatively, solu-

tion-based detection under alternating laser excitation can be

performed to sort molecules based on donor and acceptor stoi-

chiometry and measure smFRET efficiencies without surface

tethering (Kapanidis et al., 2004), but suffers from limited photon

counts due to a short observation duration ofmolecules diffusing

through the focused excitation laser beam. The anti-Brownian

electrokinetic (ABEL) trap enables extremely long observation

windows by canceling out the Brownian motion of a molecule

through electrophoretic drift via feedback, limited only by photo-

bleaching, hence dramatically increasing photon counts and

consequently precision (Wilson and Wang, 2021). However, the

ABEL trap follows only one molecule at a time, it has a much

lower throughput than TIRF-based detection, which can simulta-

neously image hundreds of individual molecules in a field of view.

Single-molecule protein-induced fluorescence enhancement

(smPIFE) is a simple yet powerful technique for following dy-

namic protein-nucleic acid interactions without having to fluo-

rescently label the protein (Hwang et al., 2011) (Figure 1B). In
smPIFE, a single fluorophore conjugated to DNA or RNA reports

on the binding and dissociation of interacting molecules: the

fluorescence signal increases upon protein binding in the prox-

imity, hence the name. Fluorophores such as Cy3 exist as cis-

and trans-isomers, which represent photo-inactive (due to rapid

non-radiative decay) and photo-active states, respectively. The

trans isomer is selectively stabilized by protein binding, hence

increasing the fluorescence lifetime and quantum yield, resulting

in fluorescence enhancement. The distance sensitivity of FRET

(3–8 nm) is nicely complemented by that of PIFE (0–4 nm). There-

fore, the two techniques, when strategically deployed, produce

complementary information. One example is the Rad51 filament

formation in which smFRET revealed a stepwise assembly of the

Rad51 filament (Figure 1A), whereas smPIFE clarified the direc-

tion of filament growth (Figure 1B) (Qiu et al., 2013). A potential

complication of smFRET interpretation is that quantum yield

changes in the fluorophores due to PIFE can cause changes in

FRET even when there is no actual distance change. Therefore,

a generalizable procedure to characterize and decouple the PIFE

contribution from FRET experiments in various protein and nu-

cleic acid systems needs to be developed. A recent team effort,

involving numerous investigators, has called for establishing

standard practices of conducting experiments, analyzing re-

sults, and deducing information from these single-molecule

detection platforms (Lerner et al., 2021).

One exciting new application of smFRET is the imaging and

tracking of transmembrane receptors, as was recently demon-

strated for G-protein coupled receptor (GPCR) dimers in live

mammalian cells (Asher et al., 2021). Taking advantage of the

self-labeling and self-healing tags to site-specifically label

GPCR proteins, the authors directly probed their homo- versus

heterodimer state by tracking the smFRET signal of individual re-

ceptors (Figure 1C). It is also becoming possible to apply the

approach to soluble proteins in cells (König et al., 2015), which

will be a powerful tool for resolving dynamic stoichiometries of

a wide variety of macromolecular complexes. While versatile,

smFRET and smPIFE are limited to a narrow distance range.

DNA curtains provide a means of probing long-distance search

processes and translocation movement of DNA-binding protein

complexes such as CRISPR-Cas systems at the single-molecule

level with high throughput (Redding et al., 2015).

SiMPull
Protein-protein interaction and protein complex formation has

traditionally been studied by biochemical methods such as

pull-down or co-immunoprecipitation assays. However, these

methods do not provide accurate compositional information

when one protein is present in multiple and distinct complexes.

It is also difficult to determine the number of copies of each

component in a protein complex, and lengthy biochemical puri-

fication procedures could lead to loss or alteration of physiolog-

ical complexes. Single-molecule pull-down (SiMPull) (Jain et al.,

2011) combines principles of conventional immuno-pull-down

assays and TIRF microscopy to enable direct visualization of

cellular protein complexes at the single-molecule level

(Figure 1D). When cell extracts are added to a passivated imag-

ing surface coated with antibodies against the protein of interest,

the surface-tethered antibody captures the target protein
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Figure 2. Illustration of single-molecule tracking principles, labeling, and imaging strategies
(A) Top: a schematic drawing of a SMT trajectory with multiple positions (p1�i) tracked along the time. Bottom left: a representative histogram of the apparent
diffusion coefficients of single molecules obtained from a SMT experiment of a DNA-binding protein shows a large spread. Bottom right: from long SMT tra-
jectories the transition kinetics from different diffusive states can be obtained.
(B) Currently best-performing organic (JF dyes, top) and FPs (bottom) for SMT.
(C) Four commonly used microscopy illumination modes for SMT.
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together with any interacting partners. After washing away un-

bound cell extract, associated proteins are visualized either

through immunofluorescence labeling or by using genetically en-

coded fluorescent protein fusion tags. Different subcomplex for-

mations can be distinguished using multi-color detection and

colocalization. Furthermore, when proteins are fluorescently

labeled, photobleaching events can yield information on stoichi-

ometry, which has revealed novel stoichiometric information, for

example, on auxiliary subunits of ion channels (Ávalos Prado

et al., 2021; Yu et al., 2021), and transcriptional regulators

(Park et al., 2020). Judicious site-specific protein labeling with

unnatural amino acids has been used to perform smFRET on

SiMPulled glutamate receptors to reveal activation-induced

conformational rearrangements (Liauw et al., 2021). A recent

method for flat field illumination avoids uneven excitation inten-

sity across the field of view and promises to deliver stoichiometry

information without the photobleaching analysis by using only

the intensity information (Khaw et al., 2018). A deep learning-

based approach may also be used to automate stoichiometry

analysis from single-molecule intensity traces (Xu et al., 2019).

A less explored advantage of SiMPull over conventional pull-

down is that the sample requirement is minuscule. Compared

with western blots, which require material from more than

5,000 cells, SiMPull can detect highly expressed proteins from

as few as 10 cells (Jain et al., 2011). Recently, approaches for

capturing proteins from single cells have been demonstrated

for bacterial cells (Wang et al., 2018b) and C. elegans embryos

(Dickinson et al., 2017), and SiMPull was used to analyze the

composition of the PAR complex during embryo polarization

(Dickinson et al., 2017). Pushing the technology to the clinical

realm, it has become possible to directly capture and analyze

trace amounts of proteins from human blood samples, as was

demonstrated for membrane and intracellular antigens using

miniature fluid handling to avoid dilution and oscillatory flow-

facilitated sample loading to increase protein capture yield

(Mao et al., 2021). With the advent of cryoelectron microscopy

(cryoEM) structural determination of native protein complexes

directly captured from native animal tissues, as was shown for
306 Molecular Cell 82, January 20, 2022
AMPA receptor complexes from mouse hippocampus, we can

now perform SiMPull in parallel with atomic resolution structural

analysis (Yu et al., 2021). It is conceivable that a similar approach

may yield, in the near future, correlative cryoEM single particle

reconstruction and SiMPull analysis of protein complexes iso-

lated from human patient tissues.

SMT
Single-molecule tracking (SMT) probes the motion of single mol-

ecules in live cells. From SMT trajectories (spatial coordinates

versus time) one can identify not only the molecule’s diffusive

movement but also its population heterogeneity and switching

kinetics between different diffusive modes (Elf and Barkefors,

2019) (Figure 2A). As such, this technique offers an invaluable

window to examine the molecule’s dynamic interactions in

real-time within the native cellular environment (Bohrer and

Xiao, 2020).

High localization precision and long single-molecule record-

ings are key for defining the mode of movement of the molecular

and for detecting its changing interactions with binding partners

and/or the cellular surroundings. Currently, the best-performing

SMT fluorophores are Janelia Fluor (JF) 549 and 646 (Lavis,

2017) (Figure 2B). They are bright, membrane-permeable, and

red-shifted organic fluorophores that can be conjugated with a

Halo or SNAP ligand to label covalently a Halo- or SNAP-tagged

proteins of interest, yielding a localization precision of 20–40 nm

in live cells. Their unique, rigid fluorophore structure also ensures

low photobleaching and high quantum yields, enabling the

collection of long trajectories in the range of a few hundred

frames under appropriate imaging conditions. If an organic fluo-

rophore is not an option, TagRFP-T is a fluorescent protein alter-

native with exceptional stability (Yang et al., 2021).

Another class of fluorophores, photo-convertible FPs such as

PAmCherry and organic fluorophores PA-JF549/646 (Grimm

et al., 2016), become fluorescent only upon photoactivation.

This property makes it possible to image the same imaging

area continuously until all labeled fluorophores are activated

and bleached, dramatically increasing the data throughput. Their



Figure 3. Illustration of genome imaging technologies
(A) GOLD FISH schematics. Cas9 nickase creates a nick that is used to load a
super helicase that unwinds DNA downstream to expose the binding sites for
fluorescently labeled oligonucleotide probes.
(B) GOLD FISH image of two topologically associated domains (TADs) in
chromosome X. Immunofluorescence of MacroH2A.1 marks inactive chro-
mosome X. Source: Wang et al. (2021b).
(C) Schematics of live imaging followed by multiplexed FISH. Live imaging of
fluorescent proteins does not tell us where in the genomic DNA the proteins are
bound but a subsequent cell fixation and high throughput DNA FISH can reveal
the location of genomic regions of interest. Source: Guan et al. (2017).
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photostability and brightness, however, need to be further

improved to match their non-activatable counterparts.

SMT is typically limited to detecting molecules that diffuse

slowly (diffusion constant <5 mm2/s). Stronger laser power and

faster acquisition enabled by the recent development of solid-

state lasers and scientific CMOS (complementary metal-oxide-

semiconductor) cameras partially alleviate this limit, but high

excitation intensity leads to rapid photobleaching. Thus, SMT is

most commonly applied to track proteins in membranes, in the

nucleus, and crowded subcellular environments. The use of

nanoparticles bypasses the photobleaching problem, but their

suboptimal biocompatibility requires further improvement.

TIRF microscopy is most commonly used for SMT (Figure 2C)

since it reduces cellular background fluorescence, thus making

it particularly suitable for membrane proteins. Other setups,

includingwide-fieldmicroscopy for small bacterial cells, and high-

ly inclined and laminated optical sheet (HILO) microscopy (Toku-

naga et al., 2008) and light-sheet microscopy (Gebhardt et al.,

2013) for eukaryotic cytoplasmic and nucleus proteins, are also

common. Analysis of SMT trajectories can be complicated and

often depends on the particular needs of a given experiment.

Nevertheless, the use of the ImageJ plugin Thunderstorm to

localize and link single fluorescent spots (Ovesný et al., 2014), fol-

lowed by a hidden Markov model analysis to extract transition ki-

netics (Persson et al., 2013) has been implemented successfully.

Recently, new developments in hardware engineering and

tracking algorithms made it possible to track fast diffusing mol-

ecules (up to 10 mm2/s) with a high frame rate (�10 kHz) and in

three dimensions (Hou et al., 2020) (Schmidt et al., 2021). Two

or three-color SMT to analyze protein interaction and complex

formation have also been demonstrated (Sungkaworn et al.,
2017) (Chen et al., 2021). These new emerging technologies

will continue to expand the types of biological problems that

can be attacked by SMT.

SINGLE-MOLECULE LABELING

Labeling is a prerequisite for sensitive, specific, and accurate sin-

gle-molecule detection, but it is challenging to develop a strategy

that faithfully reports biological processes without perturbing

them and without labeling irrelevant molecules nonspecifically.

Genome labeling
The three-dimensional organization of the genome regulates

gene expression and DNA-related processes. Chromosome

conformation capture and its derivatives are most commonly

used to identify sequence-specific genomic interactions, but

they cannot provide spatial information of where interactions

take place. Super-resolution imaging of global DNA-binding pro-

teins (DBP) can illustrate the overall spatial organization of the

genome but it is unable to match specific DNA sequences with

its spatial localization. Fluorescence in situ hybridization (FISH)

uses a set of dye-labeled short oligonucleotides to hybridize

with DNA so that selected genomic loci can be imaged in single

cells. DNA FISH combined with barcoding-based multiplexing

and super-resolution imaging has been used to trace targeted

chromosomes in single cells and to map their conformations in

high resolution (Bintu et al., 2018).

Traditional DNA FISH, however, requires heat denaturation,

which disrupts fine structural details of chromatin below 1 Mb.

Three approaches have been developed to bypass heat dena-

turation. resolution after single-strand exonuclease resection

(RASER) FISH uses ultraviolet light to randomly generate nicks

and exonucleases to digest from the nicks to expose binding

sites for FISH Probes (Brown et al., 2018). As RASER FISH still

exposes the genome globally, probes can bind nonspecifically

to other regions of the genome of a similar sequence. CASFISH

decorates genomic regions of interest using catalytically dead

Cas9 (dCas9) with a fluorescent label, therefore does not require

genome denaturing (Deng et al., 2015). However, because stable

binding of Cas9 to DNA requires only a �10 bp match between

its guide RNA and the target strand, there is substantial back-

ground due to nonspecific binding, making it impractical to label

non-repetitive sequences. Genome oligopaint via local denatur-

ation (GOLD) FISH overcomes the limitations of RASER FISH by

locally denaturing only a region of interest, and CASFISH by

relying on more specific nuclease activity of Cas9 (16 bp) than

binding. In GOLD FISH (Wang et al., 2021b), genomic DNA is

locally denatured by the programed loading of a super helicase

Rep-X (Arslan et al., 2015) at nicks generated by the Cas9 nick-

ase (Figures 3A and 3B). Amajor limitation of GOLD FISH, shared

by all FISH technologies, is that it only provides a static snapshot

and cannot be used to probe genomic dynamics in living cells.

For live imaging of genomic sites, dCas9 binding to endoge-

nous loci and DBP targeted to exogenously integrated binding

sites are the two most common approaches. Both generally

require repetitive sequences as the target, with some excep-

tions, because singly labeled dCas9 or DBP are difficult to detect

due to the high background of free labeled proteins and
Molecular Cell 82, January 20, 2022 307



Figure 4. Visualization of nascent RNA and
proteins allowsmeasurement transcription,
splicing, transport, and translation
dynamics
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autofluorescence in the nucleus. The dCas9-based approach is

more general as it can target any repetitive elements in the

genome but is incompatible with applications that require cata-

lytically active Cas9. Most recently, truncated guide RNA with

Cas9 was used to label a repetitive region without cleaving it

while a full-length guide targeting a nearby region was used to

induce a single double-strand break (DSB). This way, DNA repair

protein recruitment to a specific DSB can be detected in real-

time (Liu et al., 2020;Wang et al., 2019). Two recent studies com-

bined live imaging of repetitive genomic loci using dCas9 with

subsequent DNA FISH after cell fixation through image registry

(Guan et al., 2017; Takei et al., 2017) (Figure 3C), raising an

exciting possibility to observe spatiotemporal dynamics of

genomic DNA and proteins at specific genomic locations of in-

terest even when the sequence is non-repetitive. Finally,

combining genome labeling with genome manipulation tools,

for example, using CRISPR Cas9-based tools to bring distant

genomic sites together (Wang et al., 2018a), and to turn on and

off Cas9 activities through photoactivation and deactivation to

control DSB generation at high spatiotemporal resolution (Liu

et al., 2020; Zou et al., 2021), promises to further expand our

capability to dissect chromatin transactions underlying genome

maintenance and gene expression regulation.

RNA and nascent polypeptide labeling in live cells
mRNA is an essential intermediate to convert the 1D genetic in-

formation encoded in DNA to the 3D cellular structure. Cells

regulate RNA transcription, splicing, transport, localization,

translation, and degradation to ensure protein synthesis at the

right time and the right place. Detection and tracking of single

mRNAs in live cells became a reality using fluorescent proteins

tethered to transcripts or RNA aptamers binding to fluorogenic

dyes (Tutucci et al., 2018). MS2 technology, relying on repeated

MS2 binding sites (MBS) bound by fluorescently tagged MS2

coat proteins (MCP), is widely used. When a tagged gene is tran-

scribed, the nascent RNAs appear as a bright fluorescent spot,

whose fluorescence intensity traces can be used to infer tran-

scriptional and post-transcriptional dynamics (Figure 4).
308 Molecular Cell 82, January 20, 2022
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By labeling introns and exons with two

different stem-loops, kinetic competition

between co-transcriptional and post-

transcriptional splicing pathways can

be analyzed (Coulon et al., 2014). Inte-

gration of MS2 in introns of hundreds

of endogenous genes (Wan et al., 2021)

showed that all these genes are tran-

scribed in bursts. Interestingly, the

splicing of introns shows vast kinetic

variations, which are inconsistent with a

single deterministic splicing event, but

instead can be explained by a stochastic

recursive-splicing model.
The GGGGCC repeat expansion in the intron of C9orf72 is t

most common genetic cause of familial amyotrophic lateral sc

rosis and frontotemporal dementia. Wang et al., established a r

porter for C9ORF72 with both introns and exons fluorescen

labeled (Wang et al., 2021a). They found that these repetiti

RNAs form nuclear RNA granules. More importantly, the repea

induce introns to be exported into the cytoplasm in a circu

form, likely to become the template of the non-canonical no

AUG translation that produces toxic dipeptide repeats.

To visualize the translation dynamics of single mRNAs, we a

others used a strategy similar to nascent RNA labeling. Repe

tive SunTag epitopes placed at the N terminus of target protei

are labeled by fluorescent single-chain antibody (scFv) as so

as they emerge from ribosomes (Wu et al., 2016). The fluore

cence intensity of translation sites can be used to monitor tran

lation dynamics in live cells, or even in live embryos (Dufou

et al., 2021). The SunTag system has been employed to stu

translation initiation in different reading frames and frameshifti

on single mRNAs (Boersma et al., 2019; Lyon et al., 2019)

When different cis-elements are placed before or after the Su

Tag motif, their effects on translation dynamics can be studied

thesinglemRNA level (Figure4).Hoeketal. insertedapre-termin

tion codon (PTC) after the SunTag to study nonsense-mediat

mRNA decay (Hoek et al., 2019). They found that multiple rib

somes encountering with PTC are required to trigger RNA deca

instead of a single pioneering round of translation as hypothesiz

previously.Goldmanetal. placedstrongstallingpoly-Asequenc

before the stop codon and observed massive queues of collid

ribosomes before poly-A. The collided ribosomes take mu

longer to clear from mRNAs than those in normal elongation a

termination, explaining how cells differentiate transient pausi

and stalling (Goldman et al., 2021).

The SunTag system has also been used to study the trans

tion and replication of viruses. HIV-1 viral RNA serves both

a template for Gag/Gag-Pol translation and as a genome f

new viruses. Chen et al. have incorporated SunTag into HIV

RNA to visualize its translation (Chen et al., 2020). They fou

that the viral Gag protein preferentially packages non-translati
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Figure 5. Illustration of real time reporters of single proteinmolecule
expression
(A–D) Real-time detection of expressed single protein molecules by enzymatic
amplification using b-Gal as a reporter (A), by confined diffusion using a
membrane-targeted single-molecule Tsr-Venus reporter (B), without a tag
using the co-translational activation by cleavage (CoTrAC) strategy (C), and in
two subcellular localizations using DuTrAC (D).
The bottom is corresponding fluorescence images used to count the number
of protein molecules produced in real-time. Source: Fang et al. (2018).
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RNAs. Tomonitor the initial infection stages, Boersma et al. have

constructed a replication-competent virus incorporating SunTag

at the N terminus (Boersma et al., 2020). They observed single

viral infection events and subsequent replication and translation

events. They identified that the initial replication step as the ma-

jor bottleneck for infection and the best opportunity for the host

to counteract the virus.

Protein expression labeling
Accurate counting of expressed proteins in real-time is critical for

quantitative assessments of protein’s biochemical activities in

cells. To detect single protein molecules as they are expressed,

early work used two concepts: signal enhancement by enzy-

matic amplification, and single-molecule detection by confine-

ment (Figure 5). In one (Cai et al., 2006), single E. coli or yeast

cells expressing a chromosomal lacZ gene encoding b-galacto-

sidase (b-gal) were trapped individually in enclosed microfluidic

chambers (Figure 5A). When a b-gal tetramer is produced, it hy-

drolyzes fluorogenic substrates included in the growth medium

and leads to amplified detectable fluorescence signals in the

chamber. In the other (Yu et al., 2006), a fast-maturing yellow

fluorescent protein, Venus, is fused to the membrane protein
Tsr in E. coli. Venusmaturation for fluorescence after the expres-

sion is the fastest (�5–7 min in live E. coli cells) among all avail-

able FPs, enabling gene expression dynamic to be probed at

high time resolution. Tsr spatially confines Venus molecules on

the membrane, slowing down its diffusion for single-molecule

detection (Figure 5B). The same concept was later applied to

study the dynamics of local translation in neuronal dendrites

(Ifrim et al., 2015; Na et al., 2016). Additionally, while not in

real-time, single-molecule counting of expressed proteins of

low abundance have been made possible by using the protein’s

natural localization signal (Taniguchi et al., 2010), fixing cells

(Lepore et al., 2019), or mechanically confining the diffusion of

cytoplasmic proteins (Okumus et al., 2016).

One drawback of these single-molecule gene expression re-

porters is their fusion to the protein of interest (POI) may disrupt

function. To overcome this limitation, a new strategy termed co-

translational activation by cleavage (CoTrAC; Figure 5C) was

developed (Hensel et al., 2012). In this strategy, the POI is fused

to Tsr-Venus, with yeast ubiquitin inserted in between. The yeast

ubiquitin C-terminal hydrolase (encoded by ubp1) was coex-

pressed to cotranslationally cleave the emergent polypeptide af-

ter the C-terminal ubiquitin (Ub) residue, allowing the POI to be

released from the fused reporter, while its expression

is monitored by counting the number of Tsr-Venus-Ub

reporter molecules detected on the membrane. This strategy

ensures accurate counting of the expressed protein without

tagging because, for each POI, exactly one reporter molecule

is produced.

More recently, a dual single-molecule gene expression re-

porting system, termed Dual CoTrAC (DuTrAC; Figure 5D),

was developed to monitor the expression dynamics of two pro-

teins simultaneously in the same cell (Fang et al., 2018). In Du-

TrAC, two different subcellular localization tags, Tsr-Venus (cell

pole localization) and LacI-Venus (mid or quarter cell localiza-

tion due to its binding to a tandem lacO site-containing

plasmid), instead of two FPs of different colors, were used.

The high localization precision (30–40 nm) of a single Venus

molecule in live E. coli cells makes it possible to distinguish

two reporter molecules based on their subcellular locations

and avoids disparity in the maturation rates of FPs. Combined

with CoTrAC, the expression dynamics of two mutually regu-

lating TFs of the l phage, CI and Cro, were faithfully reported

(Fang et al., 2018).

Many mammalian proteins localize to specific subcellular lo-

cations. The concepts of subcellular single-molecule detection

and activation by co-translational cleavage can be further gener-

alized to a third or even fourth reporter of the same color and in

mammalian cells.
SINGLE-MOLECULE MANIPULATION

‘‘Perturb and observe’’ is a universal and powerful strategy to un-

derstand the natural world. The ability to manipulate single mol-

ecules by applying piconewton forces and record their response

with sub-nanometer precision has transformed our understand-

ing of molecular mechanisms of diverse biological processes,

ranging from protein folding to cell surface receptor function.
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Figure 6. Illustration of an optical tweezers experiment and select
biological applications
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Mechanical interrogation using optical tweezers
Optical tweezers use light to mechanically manipulate individ-

ual molecules. Soon after the technique was invented by Arthur

Ashkin some 30 years ago, optical tweezers found widespread

use to interrogate biological macromolecules by measuring

how they respond to the application of small, precisely defined

forces (Killian et al., 2018). The biological importance of me-

chanical force is intuitively clear for ‘‘mechanical’’ processes

that range in scale from the contraction of a muscle to the pull-

ing of condensed chromosomes through the viscous cytosol

during mitosis. However, mechanical force is now recognized

as a crucial aspect of numerous cellular processes, including

membrane fusion, molecular motor function, and the synthesis,

folding, and degradation of proteins. The forces associated

with these processes typically fall into the piconewton (pN)

range, which is readily accessible with optical tweezers. Steady

increases in the spatial and temporal resolution of optical twee-

zers experiments now permit the detection of very small (sub-

nanometer) responses of the system under study on fast

(microsecond) timescales. These features make optical twee-

zers a very attractive and appropriate tool for mechanistic

studies of diverse biological systems. Some recent examples

and developments are introduced in this section.

Optical tweezers experiments typically require the macromol-

ecule of interest to be tethered to small functionalized beads that

are held in the optical traps to serve as force probes (Figure 6).

The properties of the trap and the beads are key factors in deter-

mining the spatiotemporal resolution and the type of information

that can be extracted from the measurements. For example,

increasing the stiffness of the optical traps enabled the observa-

tion of protein folding at very high time resolution, showing that

the actual folding process occurs on the microsecond timescale

and validating key theoretical predictions from the energy land-

scape theory of protein folding (Neupane et al., 2016). Recently,
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the development of germanium nanospheres greatly increased

the spatiotemporal resolution of optical tweezers measure-

ments, revealing previously unresolved features of the microtu-

bule-based kinesin motor protein (Sudhakar et al., 2021). New

measurement protocols have also improved the time resolution

of optical tweezers measurements, illuminating the inner work-

ings of cardiac myosin (Woody et al., 2019).

Early optical tweezer experiments were limited to long nucleic

acids and relatively simple proteins that are easily modified bio-

chemically. Advances in sample preparation have allowed more

complexmacromolecules to be investigated. For instance, optical

tweezers studies have shed light on the kinetics and energetics of

membrane fusion driven by the folding and assembly of SNARE

proteins (Zhang and Hughson, 2021). The approach also enabled

studies of co-transcriptional folding of the signal recognition par-

ticle RNA (Fukuda et al., 2020) as well as the roles of the ribosome

and molecular chaperones on the folding of nascent proteins (Liu

et al., 2019). Together with commercially available high-resolution

instruments, simplified sample preparation strategies (Maciuba

et al., 2021) further expand the reach of the technique. Advances

in instrumentation also enable novel measurementmodalities. For

instance, a quadruple optical trap can manipulate two DNAmole-

cules independently to measure key steps in DNA DSB repair

(Brouwer et al., 2016). The development of an angular optical

trap enabled the determination of the torsional stiffness of single

and double chromatin fibers, the supercoiled structures during

DNA replication (Le et al., 2019). Combining optical tweezers

with DNA origami yielded precise measurements of sequence

resolved stacking forces in DNA duplexes, fundamentally impor-

tant for understanding and modeling nucleic acid structure and

dynamics (Kilchherr et al., 2016). These advances, combined

with single-fluorophore detection (see section Integeration of sin-

gle-molecule fluorescence and force measurements), make opti-

cal tweezers an evermore powerful tool for mechanistic studies of

biological macromolecules.

Integration of single-molecule fluorescence and force
measurements
Most single-molecule experiments measure just a single observ-

able versus time, typically distance in either optical tweezers or

fluorescence experiments. For more complex multiple-compo-

nent systems that better mimic the physiological conditions,

this is no longer is sufficient. Combing optical tweezers with sin-

gle-molecule fluorescence detection, affectionately called

‘‘fleezers’’ for ‘‘fluorescence and tweezers,’’ increases the num-

ber of measurable biophysical quantities, and–more impor-

tantly–provide a way of delivering real-time control tomanipulate

the system. For example, fleezers have been used to simulta-

neously measure the conformational state of a helicase via

smFRET and DNA unwinding via optical tweezers (Figures 7A

and 7B) (Comstock et al., 2015). Fleezers experiments also

reveal conformational changes occurring in response to physio-

logical levels of mechanical force (Hohng et al., 2007), and led to

novel functional insights, for example, how DNA sequence and

methylation modulate mechanical stability of a nucleosome

(Ngo et al., 2015) and how Cas9’s binding to off-target DNA is

greatly escalated with increasing tension on DNA (Newton

et al., 2019). In a tour de force experiment, mechanical unfolding
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Figure 7. Illustration of fleezers and tension
gauge tether technologies and their
applications
(A and B) Ultrahigh-resolution optical tweezers
with single-fluorophore sensitivity. In (A), dual op-
tical traps apply forces to DNA segments con-
necting optically trapped beads and detect DNA
length changes induced by the enzymatic activity
of DNA unzipping by a protein at �0.1-nm reso-
lution. At the same time, confocal fluorescence
excitation and detection can measure the pro-
tein’s structural changes. Source: Matthew Com-
stock. in (B) one sees the correlation betweenDNA
unzipping activity, measured by optical tweezers
and expressed in reaction velocity, and protein
structural changes, measured by FRET. Source:
Comstock et al. (2015).
(C) Schematics of FRET-based tension sensor.
FRETdonor (CFP)andacceptor (YFP)areseparated
by a spider silk peptide, which serves as a linear
spring. When force is applied across the sensor,
FRET decrease due to the stretching of the peptide.
(D) Fleezers calibration of tension sensor of a
different number of amino acids comprising the
spider silk-derived spring element. Note that the
shortest peptide (25 a.a.) has the largest range of
FRET signal and is sensitive to the largest force
range. Source: Brenner et al. (2016).
(E) Schematics of cellular force nanoscopy (CFN).
Using quenched TGT, fluorophores activated by
force-induced TGT rupture are localized one at a
time.
(F) Ensemble (left) and super-resolution force im-
aging (right). Source: Zhao et al. (2020).
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and refolding of a green fluorescence protein was detected via

fluorescence signal disappearance and appearance, respec-

tively (Ganim and Rief, 2017). Interestingly, fluorescence disap-

peared 3.5 ms before abrupt unfolding whereas no intermediate

fluorescence state delay was observed during refolding.

Optical tweezers suffer from low throughput, particularly exacer-

bated when combined with fluorescence due to incomplete label-

ing and photobleaching. Although commercial implementation al-

leviates the difficulty, optical tweezers still apply force to one

molecule at a time. One way to increase throughput is to bypass

optical tweezersaltogetherandapply forceusing rigidDNAorigami

structures. Constant forces, adjustable by designing different

origami structures, can be applied to hundreds of molecules and

their force-dependent conformational dynamics readout inparallel

(Nickels et al., 2016). The effective force applied is calibrated using

the force-dependence of conformational dynamics of DNA four-

way (Holliday) junctions,whichhadbeenpreviouslydeterminedus-

ing fleezers (Hohng et al., 2007). Magnetic tweezers can also apply

forcescoincidentwith fluorescencedetection andprobedozensof

molecules simultaneously, potentially improving the throughput.

Anaddedbonus is thatmagnetic tweezerscan inducesupercoiling

in torsionally constrained DNA. For example, a magnetic fleezers

study revealed sequencedependenceof torsion-driven transitions

between B and Z forms of DNA (Kim et al., 2021). Yet another

method to apply forceduringhigh-resolutionsingle-moleculemea-

surements is nanopore tweezers. For example, the directional

translocation of a helicase along a single-stranded DNA was de-

tected by changes in electric current through a nanopore at sub-

nucleotide and sub-ms resolution, showing, surprisingly, that the

speed of movement is DNA sequence-dependent (Craig et al.,
2017). As electrical current through a single ion channel has been

detected together with smFRET to analyze ion channel conforma-

tion (Sasmal and Lu, 2014), we anticipate that nanopore fleezers

will soon become a reality.

Single-molecule force sensors for live-cell mechanical
measurement
It is now widely appreciated that cancer cells and stem cells can

change their cell fate (differentiation, metastasis, etc.) in response

to mechanical cues. They use mechano-sensitive membrane re-

ceptors to sense their mechanical environment. In order to under-

stand how molecular level mechanics trigger cellular responses,

weneed tools to examine the forces applied across individual pro-

teins in living cells. For example, FRET-based tension sensors

exploit a spider silk peptide flankedbyaCFPandYFP as a tension

sensing element. The tension sensorwas calibrated using fleezers

(Grashoff et al., 2010; Hohng et al., 2007) (Brenner et al., 2016)

(Figures 7C and 7D) (see section titled Integeration of single-mole-

cule fluorescence and force measurements). This approach was

extended by adopting proteins that denature at a defined force

as the tension sensing element (Austen et al., 2015). These sen-

sors were used to detect forces applied by single integrin mole-

cules through smFRET measurements (Tan et al., 2020).

To define the single molecular forces required to activate

signaling through a ligand-receptor bond, the tension gauge tether

(TGT) approachwas developed. In TGT, a ligand is immobilized to

a surface through a rupturable tether (Wang and Ha, 2013). If the

tether is stronger than the force needed to activate signaling

through the receptor, mechanical signaling occurs. Otherwise,

the tethers rupture and there is no signaling. Using a range of
Molecular Cell 82, January 20, 2022 311
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tethers with tunable tension tolerance, it was shown thatmamma-

lian cells apply a peak tension of about 40 pN to single integrin-

ligand bonds during initial adhesion (Wang and Ha, 2013) and

that Notch activation requires forces between 4 and 12 pN

(Chowdhury et al., 2016). Another advantage of TGT is that it can

record the history of single-molecule forces. By fluorescent label-

ing of the ligand-conjugated strand (top strand), fluorescence is

lost upon TGT rupture. By conjugating a fluorophore to the bottom

strand and a quencher to the top strand, there is no fluorescence

until TGT rupture (Figure 7E), and single-fluorophore signals

appear over time, which can be localized to map single-molecule

forces at super-resolution (Figure 7F) (Zhao et al., 2020).

The irreversible TGT rupture is particularly advantageous for

obtaining a cumulative recording of mechanical events for

many cells in parallel. However, some applications may benefit

from a reversible readout. In this case, continuous real-time im-

aging is required for measuring the force. Reversible fluores-

cence-based tension sensors can be constructed using DNA

hairpins (Blakely et al., 2014; Zhang et al., 2014). One limitation

of this approach is that DNA hairpins open at low forces (4–15

pN depending on the stem length and sequence) and cannot

differentiate forces between 20 and 50 pN, a range critical for in-

tegrins. Recently, a hybrid approach combining the reversible

nature of hairpin-based sensors and the high force range of

TGT was demonstrated (Li et al., 2021).

The tension tolerance of TGT should depend on the loading

rate, a measure of how quickly the force rises because a bond

always ruptures at a given mechanical force as long as one is

willing to wait. It should be straightforward to measure TGT

rupture force at different loading rates (Chowdhury et al.,

2016), but the physiological level of loading rate for a given re-

ceptor-ligand pair also needs to be determined before TGTs

can be accurately calibrated.

CONCLUSION

In this review, we discussed recent advances in some of the most

popular categories of single-molecule technologies. These estab-

lished technologies have now been widely used in diverse fields

ranging from phage biology and microbiology to neurobiology,

immunology, and cancer biology, making contributions to funda-

mental biomedical and clinical research. In recognition of the

transformative force, single-molecule technologies have brought

to biological sciences, two recent Nobel prizes were awarded for

super-resolution and single-molecule fluorescence microscopy

(2014, Chemistry, shared byMoerner, Hell and Betzig) and optical

tweezers (2018, Physics, Ashkin). Yet, cutting-edge single-mole-

cule technologies are still limited to highly specialized laboratories

because of their complex and lab-specific instrumentation, strin-

gent sample and reagents preparation, and tailored data analysis.

These requirements impose a substantial barrier for non-special-

ized laboratories in the larger biomedical research community to

adopt and benefit from these impactful technologies. Moving for-

ward, we anticipate that commercialization, the establishment of

regional and national single-molecule technology centers, and on-

line and in-person training will lead to the democratization of sin-

gle-molecule technologies so that biologists can apply these tools

in their laboratories without having to collaborate with specialists.
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