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Abstract

Fluorescent tools have revolutionized our ability to probe biological dynam-
ics, particularly at the cellular level. Fluorescent sensors have been developed
on several platforms, utilizing either small-molecule dyes or fluorescent pro-
teins, to monitor proteins, RNA, DNA, small molecules, and even cellular
properties, such as pH and membrane potential. We briefly summarize the
impressive history of tool development for these various applications and
then discuss the most recent noteworthy developments in more detail. Par-
ticular emphasis is placed on tools suitable for single-cell analysis and espe-
cially live-cell imaging applications. Finally, we discuss prominent areas of
need in future fluorescent tool development—specifically, advancing our ca-
pability to analyze and integrate the plethora of high-content data generated
by fluorescence imaging.
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1. INTRODUCTION

Fluorescent tools have launched biological research into a new realm of understanding of cellular
processes and dynamics at the single-cell level. These tools are enabling the characterization of
stochasticity and heterogeneity exhibited by biological systems, which could not adequately be
probed by techniques that rely on bulk analysis of populations of cells. Early applications of fluo-
rescent tools entailed monitoring protein dynamics, which continues to be a field of active develop-
ment. Recent advances in photoactivatable and photoswitchable probes enable more sophisticated
measurements of protein stability and turnover, and multiplexing capabilities are pushing the field
toward high-throughput proteomics using data-rich fluorescent techniques. The past decade has
experienced a surge in new tools for nucleic acid imaging, and single-molecule detection used
in combination with highly multiplexed labeling is enabling unprecedented quantitative global
analysis of cellular responses.

Fluorescent sensors are also increasingly providing insight into what could previously be called
the “dark matter” of the cellular milieu: small molecules, secondary metabolites, metals, and ions.
Never before had these essential molecular species been visualized on the single-cell level. Tools
can now probe global shifts in cellular state that are not well captured by any single molecular
indicator, such as membrane potential, cellular division, and tissue differentiation.

This review provides a broad overview of well-established fluorescent tools, with an eye toward
recent developments and emerging technologies, and it refers the reader to more comprehensive
and detailed reviews on individual techniques and applications. We begin with a discussion of
general classes of fluorophores and their advantages and disadvantages for various applications.
We then discuss methods for labeling a molecule of interest with a fluorescent moiety—including
fluorescent protein fusions, incorporation of fluorescent moieties through nonnatural amino acid
substitution, chemical labeling, and antibody labeling—emphasizing applications in live cells.
We briefly review applications for monitoring proteins, which are already well established, and
then focus on the extension of these techniques to high-throughput proteomics and screening.
Progress in visualizing nucleic acids is discussed, followed by an overview of recent developments
in fluorescent sensors for small molecules and cell state. Finally, we discuss areas of need for future
development, emphasizing the need for improved automated image analysis and multiparametric
systems biology methods to handle the exponential growth of data.

2. NEW ADVANCES IN THE DEVELOPMENT OF FLUOROPHORES

The potential to peer inside cells to visualize, track, and quantify molecules, ions, proteins, nucleic
acids, and biochemical reactions has led to the development of a vast collection of small molec-
ular fluorophores and fluorescent proteins. Choice of the specific fluorophore or even class of
fluorophore (small molecule versus fluorescent protein) depends on several factors, including the
nature of the experiment, potential for perturbation of the molecule or cellular state of interest,
and optical properties of the fluorophore. Fluorescent dyes are small and exhibit favorable op-
tical properties, such as brightness, photostability, and narrow bandwidth relative to fluorescent
proteins. They can be designed to be membrane permeable to illuminate intracellular milieu or
membrane impermeable to report on extracellular species, although controlling localization is not
necessarily trivial.

Fluorescent dyes can be chemically modified through organic synthesis. Thus, they can be
tailored to the cellular environment or illumination method. There are now hundreds of com-
mercially available organic dyes that span the visible wavelength range (1, 2). Many of these are
built from a smaller number of core scaffolds; innovative and combinatorial synthetic routes to
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generate and functionalize the core scaffold can lead to a huge expansion in the available tools (3,
4). Advances in rational design strategies have recently expanded dye scaffolds, permitting new
chemistry and extending the spectral range. Inspired by insights from molecular modeling, a sim-
ple structural modification recently yielded increases in both brightness and photostability (with
a nearly twofold improvement in quantum efficiency), with generalizability across the spectrum
of live-cell imaging fluorophore candidates (5).

A noteworthy recent addition to the suite of small-molecule fluorophores is the near-infrared
(IR) silicon-rhodamine dyes (6) and their extension to DNA stains (7) and cytoskeletal stains
(8) with improved spectral properties for long-term and in vivo imaging. Another novel class
of fluorogenic molecules consists of the carbofluoresceins and carborhodamines (9), which can
be caged or masked to modulate their fluorescent properties. This unique attribute makes these
molecules valuable as sensors or reporters, as well as for superresolution microscopy applications.

The two most frequently cited limitations of organic fluorophores for live-cell imaging are the
lack of molecular specificity—necessitating sophisticated approaches for attaching fluorophores
to biomolecules—and the challenge of ensuring cell permeability (10). The use of fluorescent pro-
teins (FPs) as fluorophores circumvents both these limitations due to their genetic encodability.
Since the 1990s, FPs have been subjected to extensive protein engineering to tune their optical
properties (wavelength range, brightness, and photostability), as well as biochemical properties
(rate of protein folding and chromophore maturation, pKa, oligomerization state, robustness in
fusions and in oxidizing environments). The engineering and properties of traditional FPs were ex-
tensively reviewed (11, 12). Notable recent additions to the FP toolbox include mNeonGreen (13),
mRuby3 (14), FusionRed (15), mGarnet (16), and oxFPs (17). A recent publication (18) provides a
useful quantitative comparison of the optical properties and cellular performance of over 40 FPs.

3. METHODS OF TAGGING MOLECULES OF INTEREST

3.1. Fluorescent Protein Fusions

The simplicity and ease of creating FP fusions have revolutionized our ability to peer into cells
and visualize dynamic processes in real time (Figure 1). However, perturbation of the stability,
localization, or function of the tagged protein of interest remains a perennial concern, especially
for proteins that assemble into larger complexes. Cross-reference between FP-tagged proteins and
immunofluorescence can be used to validate whether the fusion proteins behave similarly to the
endogenous proteins. One study systematically evaluated the localization of over 500 FP-protein
fusions and found, perhaps surprisingly, that localization of 80% of the FP-tagged proteins agreed
with immunofluorescence data (19). The antibodies used in this study were generated and validated
by the Human Protein Atlas Project. Despite the strong overlap, there were notable discrepancies,
including one quarter of proteins whose localization was different between the N-terminal and
the C-terminal FP fusion. These cases often corresponded to proteins with multiple isoforms,
or proteins that are targeted to the mitochondria or secretory pathway, in which an N-terminal
fusion disrupted the signal peptide.

Other studies have noted instances where fusions are tolerated at neither terminus but are
stable internally within a flexible region of the protein of interest (20). It is important to note that
localization is not predictive of a function, and further assessment of native protein function must
also be pursued. Linker choice can also significantly affect the stability and disruptiveness of an
FP fusion; strategies to optimize linkers within protein fusions were recently reviewed (21).

Fluorescent proteins also exhibit oligomerization or aggregation, despite years of engineering
toward soluble monomeric forms. Aggregation concerns are especially pertinent when targeted to
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organelles (22), or when the FP fusion is highly expressed, as is often the case when transfected as
an exogenous construct using high copy number plasmids and strong promoters. New strategies
to tag endogenous loci through genome editing [via TALENS, zinc finger nucleases, or most
recently CRISPR/Cas (23, 24)] can alleviate aggregation from overexpression, while also ensuring
that the FP fusion more closely mimics physiologically relevant expression levels and patterns.
For proteins that do not tolerate bulky fusions with a full FP, an alternative strategy is to
utilize a split-FP system wherein a single beta strand is fused to the protein of interest (25). The
remainder of the FP is expressed separately and combines with the fused strand to reconstitute
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the intact fluorescent protein. This strategy is even more amenable to CRISPR/Cas targeting to
endogenous loci, as the small split-FP tag can be encoded on a single oligonucleotide template
for high-efficiency gene tagging (26).

3.2. Fluorescent Nonnatural Amino Acids

Incorporating fluorophores directly into proteins via nonnatural amino acids enables labeling
proteins in live cells. This strategy addresses some of the concerns of functional perturbation
from bulky FP fusions. Several fluorescent amino acids, including L-(7-hydroxycoumarin-4-
yl)-ethylglycine (27), 2-amino-3-[5-(dimethylamino)naphthalene-1-sulfonamide]-propanoic acid
(28), and 6-propionyl-2-(N,N-dimethylamino)napthalene (29), were incorporated at amber
codons by evolving orthogonal aminoacyl-tRINA synthetases to specifically recognize the fluo-
rescent amino acid. This approach has also been used to introduce a new fluorophore into cyan
fluorescent protein, altering the spectral properties of the FP by inducing fluorescence resonance
energy transfer (FRET) between the biological and chemical fluorophores (30). Alternatively,
amino acids with chemical handles can be incorporated into the protein, followed by chemo-
selective reactions to attach a fluorophore. These methods were recently comprehensively re-
viewed (31).

Side-by-side comparisons have elucidated cases where FP fusions impaired the function of the
protein of interest, whereas nonnatural amino acid substitutions were well tolerated (32). However,
incorporation efficiency of nonnatural amino acids is often context-dependent and affected by
neighboring primary sequence. One alternative is to incorporate the fluorescent nonnatural amino
acid in the form of a small N- or C-terminal tag that was already optimized for high-efficiency
incorporation, yet is less obtrusive than an FP fusion (33).

3.3. In Situ Chemical Labeling

There are two main approaches for direct chemical attachment of a fluorophore to a protein: self-
labeling tags and enzymatic peptide labeling. Self-labeling tags tend to be larger—similar in size
to FPs—so they may perturb the target. Enzymatic peptide labeling requires only a small 13-15
amino acid peptide to be introduced into the protein of interest, and the kinetics of labeling tend
to be rapid, but such labeling increases the risk of off-target labeling. Furthermore, it requires
the introduction of an additional element, bringing the labeling system to three components: the
probe, the dye, and the enzyme. With either labeling scheme, the dye should be nonfluorescent

Figure 1

Methods of fluorescently tagging proteins. As an example, tagging of 3-actin by various tools is presented
where the genetically encoded parts are drawn as bars (to scale). (#) FPs can be fused at the N- or C-termini
of a protein of interest. The structures of B-actin (PDB ID 2BTF) and GFP (PDB ID 1EMA) are shown at
the same relative scale. (b)) A modified tRNA (loaded by an evolved aminoacyl-tRNA synthetase) can
incorporate an unnatural amino acid at the amber (TAG) codon. A representative tRNA structure (ID
1EHZ) is shown to illustrate the incorporation of an unnatural amino acid in response to the amber codon
(UAG) in the mRNA. (¢) The HaloTag can be genetically fused to a protein of interest (HaloTag, PDB ID
4KAA). The HaloTag consists of a modified dehalogenase that covalently binds to a membrane-permeant
synthetic ligand. (4) A short biotin tag sequence is genetically fused to a protein of interest. Biotin is then
bound to the tag by biotin ligase, which in turn tightly binds labeled streptavidin. The structures of 3-actin
and streptavidin (PDB ID 4JN]J) in the fusion construct are shown at the same relative scale (biotin ligase:
PDB ID 1BIA). Abbreviations: FP, fluorescent protein; GFP, green fluorescent protein.

www.annualreviews.org o Fluorescent Tools for Live-Cell Imaging

97



98

outside of the context of the protein, or it should be highly permeable such that excess dye can
be washed out of cells after labeling to reduce background fluorescence. These methods were
recently covered in great detail in several excellent reviews (34, 35).

3.3.1. Self-labeling tags. The most commonly employed self-labeling tags are SNAP-tag (36),
CLIP-tag (37), HaloTag (38), and TMP-tag (39). All are enzymes that can covalently couple a
chemical moiety to itself if provided the appropriate substrate. These reactions are orthogonal
to one another and occur relatively quickly compared to enzymatically labeled peptide tags (see
Section 3.3.2). A wide variety of chemically functionalized substrates have been developed for
each platform, including a plethora of fluorophores with diverse spectral properties (see 31 for
a comprehensive review). Strategies to reduce the background of unbound probe include self-
quenching probes, whereby the quencher is removed when the fluorophore is chemically coupled
to the protein of interest (40).

Another class of self-labeling tags consists of tetra-cysteine and tetra-serine tags, which bind
dyes noncovalently. Tetra-cysteine tags bind the cell-permeable biarsenical dyes FIAsH and
ReAsH (41). In theory these dyes exhibit a high signal-to-noise ratio because the unbound dyes are
not fluorescent (42). However, in practice, nonspecific association of the dye with cellular proteins
limits the signal-to-noise ratio. Tetra-serine tags, which bind the bis-boronic dye RhoBo, result
in less toxicity but increased off-target labeling, as some endogenous human proteins contain the
SSPGSS tag consensus sequence (43).

3.3.2. Enzymatic labeling tags. Biotin ligases of bacterial origin recognize a 15-residue biotiny-
lation site thatis distinct from mammalian biotin ligases; thus, adding the bacterial biotinylation tag
and introducing the ligase into mammalian cells allow specific biotinylation of a protein of interest
(44). Strepavidin-fluorophore conjugates can then detect this moiety but are subject to background
detection of endogenously biotinylated proteins. Alternatively, biotin ligases from other species
including yeast are able to accept alkyne and azide derivatives of biotin, directly facilitating click
chemistry fluorophore attachment (45), although the presence of endogenous biotin may de-
crease labeling efficiency. Click chemistry refers to a series of biocompatible reactions that enable
a biomolecule to be conjugated to a reporter molecule. The most common click chemistry reac-
tions involve copper(I)-catalyzed cycloaddition between an azide and an alkyne, strain-promoted
[also known as (3+2)] cycloaddition, and thiol-ene reactions. Copper-free click chemistry, which
approximates the kinetics and efficiency of the canonical copper-catalyzed reaction, should be used
for live-cell applications to reduce toxicity (46). Lipoic acid ligase from Escherichia coli has been
engineered to attach fluorescent moieties directly to the protein of interest (47, 48), but can only
tolerate small fluorophore substrates that excite and emit at short, high-energy wavelengths that
are typically prohibitively damaging for live-cell or long-term imaging (34).

3.4. Fluorescent Antibody Labeling

Due to their large size (~150kDa), antibodies have historically been limited to applications in fixed,
permeabilized cells. However, the specificity of antibodies is useful for monitoring endogenous
proteins in cells, so several recent strategies have been developed for antibody-based live-cell
imaging. These approaches typically utilize only a portion of a full-length antibody, either the
antigen binding fragment (F,;, ~55 kDa), the single-chain variable fragment (scFV, ~28 kDa),
or the smallest recognition unit called a nanobody or VyH domain (~12 kDa), derived from
single-chain camelid antibodies (49). Because antibodies can show off-target binding, they should
be verified in cells in which the protein of interest is knocked out.
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3.4.1. Fluorobodies, chromobodies, and FabLEM. The most common uses of antibodies for
live-cell imaging entail genetic fusions between an antibody fragment and an FP. Fusions between
an scFV, comprising the Vi, and Vi domains, and an FP are typically called fluorobodies (50). The
field of histone modification labeling has termed this design a Mintbody (modification-specific
intracellular antibody) when used to detect a specific posttranslational or epigenetic modifica-
tion (51). Chromobodies entail a similar design, whereby the scFV is replaced with a smaller
nanobody. These antibody derivatives bind less strongly to their target than does a full-length
antibody, enabling better dynamics for live-cell imaging (51). Exchange with a cellular probe pool
may mitigate photobleaching, although this can decrease fluorescence contrast due to elevated
background.

The advantages of antibody-FP fusions relative to direct FP fusions are monitoring of en-
dogenous proteins and the ability to detect specific posttranslational modifications. Antibody-FP
fusions may also be advantageous in cases where proper folding of the target protein is impeded
by FP fusion. Because antibodies recognize endogenous untagged proteins, the target protein will
be translated and folded prior to recognition by the antibody-FP fusion. However, the possibility
still exists that antibody binding can trigger conformational change or alter the function of the
target protein (50, 52).

FabLEM (F,, live endogenous modification) uses monovalent antigen binding fragment (F,,)
domains obtained by digestion from monoclonal antibodies, which are then conjugated to a small-
molecule fluorescent dye. The conjugated F,, can be introduced into cells either by microinjection
or by bead loading, a technique using 75-500 pum glass beads to create small, transient tears
in the cell membrane (53). With either method, cells can be imaged immediately. Background
fluorescence may be high if the concentration of F,, conjugates is not optimized, but it can
be minimized using temporal averaging in the imaging process (54, 55). The advantage of this
approach is the brightness of small-molecule fluorophores; however, imaging can only occur for
1-2 days before the conjugates are diluted out through cell division. A systematic study empirically
determined the most suitable dyes for single- or multichannel FabLEM imaging (56).

3.4.2. Engineered scFVs as fluorogen activating proteins. Directed evolution of scFVs via
yeast or phage display can be used to generate fluorogen activating proteins (FAPs). As the name
suggests, FAPs are proteins that bind a nonfluorescent dye and cause an increase in fluorescence
emission, typically due to stabilization and rigidification of the dye molecule. These are selected
with specificity to individual fluorogenic dyes including malachite green and thiazole orange (57).
Some promiscuous variants of scEV FAPs are capable of binding any member of a broad set of
cyanine dyes, thus eliciting fluorescence at many possible wavelengths spanning the visible and
near-IR spectra (58). This feature confers experimental flexibility, as the emission wavelength can
be altered by changing the dye rather than reengineering the scFV.

Recently, engineered scFV FAPs were used to generate far-red probes for STED superres-
olution microscopy with spectral parameters and quantum yields on par with ATTO dyes (59).
Even greater signal-to-noise ratios can be achieved via multidonor amplification in fluorogenic
dendrons, comprising several Cy3 donors coupled to a single scFV-activated malachite green flu-
orogen (60). It remains to be seen whether the FAP approach is feasible with smaller antibody
fragments such as nanobodies.

3.4.3. Antibody scaffolding. The high specificity and binding affinity of antibodies (and scFV
fragments) to their respective epitopes were recently exploited to generate FP scaffolds that
can achieve single-molecule resolution. The SunTag was the first demonstration of this ap-
proach, where a linear epitope tag of up to 24 copies is fused to a protein of interest and an
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scFV-GFP (green fluorescent protein) fusion is expressed simultaneously within the cell (61). The
tag then recruits multiple GFPs to the protein of interest, providing signal amplification via scaf-
folding. SunTag24X fused to a membrane-targeting domain resulted in puncta 18-fold brighter
than membrane-targeted GFP alone, indicating that the majority of the epitopes are populated by
scFV-GFP (61). This tag is less bulky than direct fusion with multiple FPs, but the unstructured
nature of the tags and their repetitive sequences pose problems for expression and stability (62),
limiting their use to variants with fewer epitope copies.

To address the low stability of this design, tandem epitope tags were incorporated into multi-
ple locations on the hyperstable GFP variant, superfolder GFP, which improved the stability and
expression of the tag (62). This design, “spaghetti monster FP” or smFP, was used with bead load-
ing of antibody-dye conjugates to achieve significantly increased brightness for single-molecule
tracking. Two orthogonal versions—based on mRuby2 and mWasabi, which do not cross-react
with anti-GFP antibodies—were also developed (62).

4. MONITORING PROTEIN DYNAMICS

Proteins have arguably been more extensively studied using fluorescent tools than has any other
cellular constituent, in part because proteins are amenable to tagging by all of the methods outlined
in Section 3. FP fusions are widely used to study protein localization on a global scale. Nearly all
open reading frames in yeast (63) and several hundred in human cells were systematically evaluated
in this way, often with multiple fusions (for example, one each at the N-terminus and C-terminus)
to assess perturbations in trafficking or stability (64). Developments in photocontrollable FPs and
photoactivatable dyes have facilitated superresolution microscopy of exquisitely detailed cellular
structures using protein tagging (65, 66). We highlight a handful of popular techniques from
the long history of protein study with fluorescent tools and provide references for more detailed
reviews. We then discuss developments at the intersection of protein imaging tools with high-
throughput screening and analysis for fluorescent proteomic analysis.

4.1. Protein Turnover

In the past 10-15 years, several techniques have been developed to study protein dynamics, not just
abundance and distribution within cells. Two broad classes of fluorescent timers were developed:
photoswitchable (photoactivatable or photoconvertible) FPs suitable for pulse-chase experiments
and shorter time frames (minutes) and timers that rely on maturation kinetics of FPs for longer
time frames (hours) (67). Monomeric fluorescent protein timers (FT's) rely on a time-dependent
blue-to-red conversion within the chromophore, which can be used to determine rates of protein
synthesis and turnover. Structural studies have shed light on the mechanism of this conversion,
identifying critical residues that can be manipulated to engineer new FT's with more diverse time
frames (68).

Tandem fluorescent protein timers (tFTs) exploit variable chromophore maturation kinetics
among different FPs, typically using a rapidly maturing GFP and a slower-maturing red fluores-
cent protein (69). Recently, evidence suggests that the GFP component of tF'T's is not efficiently
degraded within the cell, leaving tF'T fragments that may preclude the use of the timers to deter-
mine protein turnover rates (70). GFP variants that are less resistant to proteasomal degradation
have been suggested for future tFT development.

4.2. High-Throughput Microscopy for Proteomic Analysis

Historically, proteomics studies have relied heavily on mass spectrometry, providing insight into
protein abundance and posttranslational modification frequency. With advanced fluorescence
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imaging tools, we now can approach proteomics with single-cell resolution, temporal information,
and additional parameters such as cell cycle stage (see Section 6.3.2), shape, and size. The two
main challenges for this application are developing high-throughput and automated methods to
quantitate and integrate high-content microscopy data (see Section 7) and creating comprehensive
FP-tagged strain libraries. Progress on both of these fronts is reviewed in 71.

Beginning in the mid-2000s, researchers began using GFP-tagged libraries to screen strains
harboring fluorescent versions of nearly every known protein in the yeast genome (63). Global
proteomic shifts in response to media changes (72), chemical perturbations, genetic mutations (73),
and DNA damaging agents (74) were probed on millions of cells. The localization and abundance
of thousands of proteins can be quantified using automated image analysis, and flux diagrams can
be used to represent the proteomic flux induced by the experimental condition (73). Data can be
gathered using automated microscopy in multiwell dishes, by flow cytometry, or by imaging flow
cytometry (75) incorporating fluorescence barcoding (76) to differentiate pooled members of an
FP-tagged library. Comparisons between proteomic data gathered by microscopy, flow cytometry,
and more traditional proteomics methods were recently reviewed (77).

Thus far, the majority of fluorescent global proteomics work was performed in yeast due to the
lack of comprehensive tagged libraries in other cells, but the CRISPR-Cas tagging strategies dis-
cussed in Section 3.1 suggest that these studies will rapidly be expanded to mammalian cells. Subsets
of the human proteome were examined with high-throughput microscopy; for example, 53 nuclear
proteins were assessed for abundance, localization, mobility, and protein—protein interactions us-
ing fluorescence correlation spectroscopy (78). The ability to simultaneously monitor and account
for other morphological parameters (such as cell shape, size, contact with neighboring cells, and mi-
totic state) greatly improves the reproducibility of conclusions drawn from large-scale screens (79).

5. MONITORING NUCLEIC ACID DYNAMICS

Methods to assess dynamic cellular responses have historically been heavily focused on measure-
ments of protein dynamics due to the relative abundance of protein detection tools. However,
several fluorescent tools were developed in recent years to probe DNA and RNA abundance
and localization in fixed cells, as well as to monitor their dynamics in living cells. Furthermore,
high-resolution techniques now permit monitoring and mechanistic insight into DNA replication,
transcription (80), translation (81), and DNA repair (82), which were all recently reviewed. Used
in combination, these approaches facilitate a systems-level understanding of cellular response
and regulation.

5.1. Approaches for Monitoring RNA

RNA, including noncoding RNA species, is implicated in a vast number of dynamic regulatory
processes, and it is no longer viewed as merely a messenger for protein production. In this section,
we focus on fluorescent tools that enable spatial resolution of RNA molecules within cells, which
have advanced significantly within the last several years (Figure 2).

5.1.1. Fixed-cell techniques for RINA detection. RNA-FISH (fluorescence in situ hybridiza-
tion), which was developed in the 1980s, is the method of choice for RINA detection in fixed cells.
Recent developments in single-molecule detection and multiplexing capacity have dramatically
increased the amount of information obtainable by this method. The first demonstration of single-
molecule FISH (smFISH) in 1998 relied on long, multiply labeled probes that proved difficult to
synthesize (83), limiting widespread adoption. Smaller, singly labeled probes were developed in
2008 (84).
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More recently, powerful strategies to multiplex smFISH have emerged. A simple technique
is to photobleach the sample in between multiple hybridizations, allowing multiple RINA species
to be visualized within a single sample or cell (85). A more elegant strategy is to use error-robust
combinatorial labeling, in effect assigning a barcode to each RNA of interest. This technique
allows highly multiplexed smFISH, with over 1,000 RNA species reliably detected with 14 rounds
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of hybridization (86). These approaches harbor significant promise for developing complex
systems biology models to predict global cellular responses and for characterizing the nature of
cellular heterogeneity.

5.1.2. Live-cell RNA probes. There are several categories of live-cell RNA imaging probes, most
of which provide spatial resolution within the cell. Molecular beacons, dye aptamers, and nanoflares
all rely on small-molecule fluorescent dyes, often in combination with a quencher to reduce
signal in the absence of RINA target recognition. Molecular beacons and dye aptamers exhibit
fluorescence at the site of the RINA target, whereas nanoflares release the fluorescent moiety upon
target recognition. Other approaches utilize fluorescent proteins fused to DNA-binding proteins,
either aptamer-binding proteins such as MS2, PP7, or pumiliol, or very recently the RNA-guided
binding protein Cas9 of CRISPR-Cas (87). The aptamer strategies require engineering the target
RNA of interest, whereas molecular beacons, nanoflares, and rCas9 (ssRNA-recognizing Cas9)
can recognize native target sequences.

To generate a molecular beacon, a FRET pair or a fluorophore-quencher pair is attached to the
ends of a hairpin oligonucleotide, where the probe sequence complementary to the target resides
in the hairpin loop. Upon hybridization with the target, the fluorophore is spatially separated from
the quencher. Despite their simplicity, molecular beacons are of limited utility in live-cell imaging
due to the challenge of loading them into cells and their susceptibility to degradation (88).

Nanoflares employ a similar concept except that the fluorophore is tethered to a gold nanopar-
ticle, which acts as a quencher (89). The RNA target exhibits a higher binding affinity for the
probe than the fluorophore-containing oligonucleotide, thus displacing it and spatially separating
the fluorophore from the quencher. In this case, the target RNAs are sequestered at the gold
nanoparticle, which may perturb functionality. Additionally, the fluorophore is released, so target
RNA abundance can be quantified but intracellular localization cannot be tracked.

Several groups have characterized RNA aptamers that activate fluorogenic dyes (90, 91), but
these have not been used extensively in live cells due to high background signal and cellular
toxicity (92). The Spinach system was designed to overcome some of these limitations; this plat-
form utilizes the small-molecule fluorophore 3,5-difluoro-4-hydroxybenzylidene imidazolinone
(DFHBI), which interacts with a small RNA aptamer evolved through SELEX (systematic evo-
lution of ligands by exponential enrichment). Subsequent generations were developed, including
Broccoli (93) and iSpinach (94), which were evolved and selected within cells for improved signal
and robustness in vivo. The structure, mechanism, and characteristics of these RNA aptamers
were recently reviewed (95).

Several naturally evolved RNA-binding proteins are used to target fluorescent proteins to RINAs
ofinterest. Two orthogonal systems are commonly used, adapted from bacteriophage proteins that
bind specific RNA stem-loops: MCP (MS2 coat protein) and PCP (PP7 coat protein) (reviewed

Figure 2

Methods of fluorescently labeling RNA in fixed or live samples. (2) Endogenous RNA is labeled by
sequence-specific fluorescent oligo probes that bind the RNA of interest in fixed permeabilized cells. () A
small aptamer (called Spinach/Broccoli) is genetically incorporated as a fusion of the RNA of interest, and
fluorescence activation is achieved after binding of the cell-permeable small molecule DFHBI. (¢) Short
aptamers are incorporated at the 3" end of the RNA of interest in series. Each aptamer binds an aptamer-
binding protein fused to one or several FPs. (d) An FP is fused to a genetically modified version of Cas9 that
remains nuclear, unless it is retained in the cytosol upon binding to an endogenous RNA of interest via a
sequence-specific PAMmer. Abbreviation: FP, fluorescent protein; PAMmer, protospacer adjacent
motif-presenting oligomer.
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in 96). Typically, several copies of the aptamer are introduced to a single transcript to increase
fluorescence contrast, resulting in a bulky system that may interfere with normal RNA function.
Recent work in yeast suggests that the stem-loop aptamers cause aberrant degradation of the
target RNAs (97). Background is also high from unbound GFP-MCP/PCP fusions, although this
can be reduced by using a split-FP system and adjacent, orthogonal aptamers (98). The pumiliol
RINA-binding protein is also used for this purpose, using unique pumiliol domains that recognize
specific aptamer sequences (99).

Finally, a CRISPR/Cas RNA imaging platform was recently described, combining the native
sequence-targeting abilities of base-pairing probes with the malleability of engineered protein
sensors. Although Cas9 nuclease is typically used to bind DNA, it can also recognize ssRNA if
provided a complementary DNA oligonucleotide at the intended target site (100). This strategy
was extended to RNA imaging in live cells using a GFP-Cas9 fusion and was found to cause
minimal disruption to RNA levels or localization as verified by RNA-FISH (87).

5.2. Approaches for Monitoring DNA

Although DNA is not as dynamic in abundance or cellular localization as RNA, its configuration
and accessibility are important indicators of activity. Furthermore, DNA replication and repair
are critical checkpoints for cell cycle progression, and thus tools for monitoring these processes
are useful for biomedical applications such as developing diagnostics for DNA damage and cancer.

5.2.1. Tracking genomic loci. The abundance (e.g., copy number) and location/accessibility of
genomic loci are important indicators of cellular state and may signal aberrant activity. Similar to
RNA, single-molecule FISH can be used on fixed cells to quantify and spatially resolve genomic
loci, butitcannot be used in live cells. Recently, CRISPR/Cas was also adapted for live-cell genomic
imaging using a Cas9-GFP fusion (101). Labeling of repetitive telomeric regions indicates that the
probe can find its target within highly compacted chromatin. However, there are concerns about
background fluorescence and interference with target gene transcription (101). The ability to track
specific loci in real time during cell division may enable more sophisticated characterization of
phenomena such as meiotic recombination.

5.2.2. Monitoring DNA damage and repair. Fluorescent probes marking sites of DNA dam-
age provide important insight into the mechanisms by which cells sense and respond to genomic
injury (82). Common examples include FP-tagged end-binding proteins that congregate at sites
of double-stranded DNA breaks. Comet-FISH is another common technique for analyzing DNA
damage, combining the Comet (single-cell gel electrophoresis) method (102) with FISH to de-
termine whether DNA damage has occurred near a genomic locus of interest (reviewed in 103).
Fluorescent probes were also developed to detect particular mechanisms of DNA repair, includ-
ing base excision repair (104) and nucleotide excision repair (105), which may have applications
in drug-resistance monitoring during chemotherapy (104) or to detect predisposition to cancer
due to faulty DNA repair machinery (105). High-throughput fluorescent microscopy has also
expanded our knowledge of DNA repair pathways, even in well-studied organisms; a yeast GFP-
fusion library was screened in response to chemical mutagens and revealed two novel DNA damage
responses (106).

6. MONITORING BIOCHEMICAL CHANGES AND CELLULAR STATE

Fluorescent sensors, probes, and indicators are molecules that report on the dynamics of analytes,
enzymatic activities, or cellular states through a change in fluorescence properties. Such tools have
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employed a wide range of mechanisms by which cellular dynamics are converted into a fluores-
cence readout, including FRET, intensity changes, translocation between subcellular compart-
ments, spectral shifts, and small-molecule-responsive transcription factors that drive expression of
a fluorescent reporter. Probes can also be reaction-based, wherein the analyte of interest mediates
a chemical reaction as a catalyst or selective reagent (107). Given the growing evidence that cells
encode information in the temporal activities of their signaling molecules, tracking the dynamic
biochemistry of living cells is more popular than ever (108). The huge diversity of cellular sen-
sors cannot be reviewed in detail here. Below, we highlight the main types of sensors and refer
readers to recent reviews for further detail (Table 1). We also chronicle the development of a few
sensor platforms in more detail to highlight successful approaches that may serve as roadmaps for
fluorescent tool optimization in other areas.

6.1. Small-Molecule, Metabolite, and Ion Sensors

Analyte sensors represent the largest class of sensors. Small-molecule, protein, transcriptional
reporter, and more recently RNA-based sensors were developed for analytes as diverse as cations
(Ca’*, Zn’*, and other alkali, alkaline earth, and transition metals), neurotransmitters, metabo-
lites, and second messengers. The Molecular Probes Handbook (1) provides a useful reference that
catalogues the strengths and limitations of commercially available small-molecule probes. We refer
readers to a thorough review of genetically encoded biosensors from 2011 (109), and transcrip-
tional reporters from 2015 (110). Metal ion sensors were also recently comprehensively reviewed
(111). RNA riboswitches have inspired a new class of small-molecule and metabolite sensors that
rely on fluorescence modulation upon interaction with an RINA aptamer, often based on the design
of the Spinach aptamer described under RNA imaging tools above (112).

The oldest and most mature family of analyte sensors encompasses small-molecule and genet-
ically encoded calcium indicators (GECIs). Ca’* is a ubiquitous second messenger that serves as
a key node in many signaling pathways. Its intricate spatial distribution and exquisitely regulated
dynamics have long lured researchers into developing ever more sophisticated tools for monitor-
ing the spatial and temporal patterns of Ca’* signals from living cells to whole organisms. Since
the introduction of synthetic Ca’* indicators in the 1980s and genetically encoded indicators in
the 1990s, probes have been subjected to intense iterative optimization. Although synthetic dyes
remained the gold standard for many years with respect to dynamic range, response kinetics, and
indicator linearity, GECIs have recently come of age and surpass synthetic dyes for many ap-
plications (113). However, a recent comparison of small-molecule Ca** indicators and GCamP6
sensors revealed the superiority of small-molecule dyes, particularly Cal-520 and Rhod-4, for
monitoring local Ca’* signals such as Ca’* puffs induced by IP3-mediated release of Ca>* from
the endoplasmic reticulum (114).

The two most common classes of GECIs are the single FP-based indicators (GCamP platform),
which are intensity-based and rely on collection of a single fluorescence channel, and FRET-
based indicators, which are ratiometric and require dual-channel recording. Both platforms were
subjected to extensive iterative optimization to improve performance metrics (113, 115, 116). A
major breakthrough in GECI performance came from insights derived from the analysis of crystal
structures (117, 118) and large-scale mutagenesis and screening strategies (119-121). Screening
and functional assessment upon electrical stimulation in neurons was particularly valuable for
identifying sensors with improved response kinetics and amplitudes (119). The bestin class GECIs
are now sufficiently sensitive to permit in vivo imaging in a wide range of model systems, including
worm, zebrafish, fly, mouse, and nonhuman primates (113, 115).
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Table 1 Select examples of tools to monitor cellular dynamics by fluorescence microscopy to illustrate design principles

Name/description of Genetic
Monitored item tool Type of detection encoding | Key advantages/disadvantages
Ca’* GCamPs/GECIs (113) Intensity change (single Yes Plus: permits long-term
FP sensor) or measurement of Ca’* transients
FRET-based in transgenic organisms
Minus: may perturb endogenous
calcium dynamics (114)
Small-molecule Ca’* Intensity change or No Plus: fast response time (114)
indicators spectral shift in dye Minus: intracellular
concentration of dye can be
very high
Kinase activity KTRs (126) Change in localization Yes Plus: multiplexing for detection
(nucleus versus of up to 4 different kinase
cytoplasm) of single FP activities possible
reporter
Voltage change Genetically encoded Intensity change (single Yes Plus: targeting to small pool of
across a membrane voltage sensors (based on FP sensor) or neurons in live animals possible
conformational or FRET-based Minus: slow response times
photophysical change of compared to small-molecule
sensing domain) probes
(133, 134)
Small-molecule-based Intensity change or No Minus: delivery to membrane is
voltage sensors (130) FRET-based difficult; partitioning in other
membranes likely (130)
Cell-cycle stages Fucci (fluorescent, Cell-cycle Yes Minus: requires delivery of two
ubiquitination-based state-dependent reporters
cell-cycle indicator) (137) degradation of
FP-reporters (green/red
color change at M-G1
transition, yellow at
G1-S transition)
CDK2-based localization Change in localization Yes Plus: single color allowing it to
change (138) (nucleus versus be multiplexed with other
cytoplasm) of single FP probes
reporter
NADH/NAD* SoNar (144) Conformational change of | Yes Plus: insensitive to changes in
single FP fused to pH; ratiometric
NADH/NAD™ -sensing
domain
Molecular crowding | GImRET (145) FRET-based Yes Plus: can be targeted to different

organelles to monitor crowding

Abbreviations: FP, fluorescent protein; FRET, fluorescence resonance energy transfer; GECI, genetically encoded calcium indicator; GimRET, crowding-

sensitive FRET pair; KTR, kinase translocation reporter.
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Although state-of-the-art green GCamPs permit robust measurement of Ca?* transients, most
notably for monitoring neuronal activity, there are some limitations to in vivo use. In particu-
lar, poor tissue penetration of blue excitation light and spectral overlap with optogenetic tools
for controlling neuronal signals have led to concerted efforts to expand the color palette of
single FP sensors into the red. Whereas early generation red calcium indicators suffered from
diminished performance compared to their green counterparts, sensitive indicators based on
R-CamP (derived from mRuby) and R-GECO (derived from mApple) were recently developed
(122).

6.2. Sensors for Enzymatic Activities

A large number of fluorescent sensors of enzymatic activities were developed, with the aim of char-
acterizing complex cellular signaling dynamics and regulatory pathways at the single-cell level.
G-protein coupled receptors (GPCRs) play a fundamental role in cell signaling, and fluorescent
tools were developed to study GPCR activation (123) as well as to understand interactions be-
tween GPCRs and their ligands (124). Mechanisms and examples of kinase activity sensors were
recently reviewed, as well as their extension to high-throughput screening for drug discovery (125).
Recently, a generalizable method for producing specific kinase activity sensors was developed in
which a self-phosphorylating kinase is fused to an FP, with phosphorylation sites flanked by a
nuclear export signal and a nuclear localization signal (126). These kinase translocation reporters
reside in the nucleus when inactive and are exported to the cytosol upon activation. Small-molecule
fluorescent probes were also engineered to detect protease and glycosidase activity (127). Protease
activity probes, many of which are fluorescent and suitable for live-cell imaging, were recently
extensively reviewed (128), as were a suite of other fluorescent protein-based tools for assessing
posttranslational modifications (129).

6.3. Probes to Assess Cell State

Cells often respond to environmental stimuli with a global change in their cellular state, which
may not be fully captured by monitoring individual proteins, transcripts, enzymatic activities, or
small-molecule concentrations. Fluorescent probes exist for a handful of these states, including
indicators of membrane potential, cell cycle, redox state, and probes for molecular crowding within
cellular compartments.

6.3.1. Voltage and membrane potential sensors. Although the voltage clamp is the gold stan-
dard for defining ion currents and measuring voltage to study how single neurons process infor-
mation, the optical detection of voltage enables detection of neuronal activity in tissue (130). For
decades, the only available tools were voltage- and/or Ca** -sensitive dyes (VSDs, reviewed in 131)
and more recently the genetically encoded Ca?* indicators (132). The past half-decade has wit-
nessed the rapid development of a suite of genetically encoded voltage indicators, based on voltage-
sensitive phosphatases (VSP) or rhodopsins as the voltage-sensing domain. Fusions between a VSP
and an FP, usually circularly permuted, generate intensiometric sensors whereby voltage-induced
conformational change alters the intensity of FP fluorescence. Alternatively, FRET-based designs
allow ratiometric measurements. VSP-based designs generally suffer from slow response kinetics
and narrow dynamic range, but mutagenesis and rational design continue to reveal sensor variants
with improved properties (133).

Rhodopsin exhibits natural fluorescence and is used as an intensiometric sensor on its own;
however, the brightness is increased when an FP is fused to serve as a FRET donor, generating
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a so-called FRET-opsin (134). Steric hindrance between the FP and the membrane-embedded
rhodopsin makes optimization of the FRET distance difficult, but slight alterations in the linker
length and composition can drastically improve the speed and magnitude of the response (135).
Two excellent recent reviews summarize the response kinetics, dynamic range, sensitivity, bright-
ness, and other experimentally relevant parameters of all the currently characterized voltage probes
(133, 134). Voltage sensors are often used in combination with optogenetic tools engineered from
photoreceptors, typically phytochromes or cryptochromes that respond conformationally to light.
Optogenetic tools are beyond the scope of this review but are comprehensively described elsewhere
(136).

6.3.2. Cell-cycle progression. As measurements have moved from bulk analysis of a hetero-
geneous cellular population to the monitoring of individual cells, cell-cycle tracking has become
highly desirable. The most commonly used cell-cycle sensor is Fucci, which exhibits red fluo-
rescence in Gj that shifts to green fluorescence in S, G;, and M phases (137). Fucci is nuclear
localized, facilitating automated analysis. A more recent cell-cycle sensor detects changes in CDK2
activity by monitoring nuclear to cytoplasmic translocation of a fluorescent reporter. This sensor
is nuclear localized when CDK2 is low (Gg and Gy), evenly distributed throughout the nucleus and
cytoplasm in moderate CDK2 activity (S phase), and exclusively cytosolic when CDK2 activity is
high (G; and M) (138). Automated analysis is performed by analyzing the ratio of nuclear fluo-
rescence signal to the signal within a cytoplasmic ring immediately outside the nuclear boundary.
"This sensor is ideal for multiplexing with other probes, as it occupies a single fluorescence channel.

6.3.3. Redox and ROS probes. A number of probes were developed to report on the redox
environment within the cell by monitoring redox couples, such as the ratio of reduced to oxidized
glutathione (GSH:GSSQ), the presence of reactive oxygen or nitrogen species (ROS, RNYS), or key
metabolites in redox metabolism such as NADH and NAD*. Small-molecule fluorophore-based
redox probes that detect a variety of ROS and RNS were recently reviewed (139, 140). These
probes lack subcellular specificity and are not ratiometric; there are also concerns about their
stability and reversibility. Genetically encoded sensors were developed for ROS, GSH:GSSG, and
NADH/NAD™. Several recent reviews highlight the history of sensor development and limitations
of different platforms with respect to specificity, sensitivity, and pH-dependence (141-143). More
recently a new probe (SoNar) was developed for robustly tracking NAD* and NADH based
on insertion of circular permuted YFP into a Rex protein and subsequent sensor optimization.
This probe is bright, pH-resistant, and fast, enabling high-throughput metabolic screening of
compounds that alter energy metabolism (144).

6.3.4. Molecular crowding. Recently, the first fluorescent indicator of molecular crowding was
developed, exploiting the observed differential sensitivity of various FPs to protein concentration in
vitro (145). A hypersensitive point-mutant of YEP was paired with CFP, resulting in a ratiometric
reporter in which crowding alters FRET between the two FPs. This observation should serve as
a reminder that a plethora of cellular parameters may affect the responsiveness or dynamic range
of fluorescent sensors, and proper controls and calibrations are essential for interpreting sensor
readouts.

7. AREAS OF NEED FOR FUTURE DEVELOPMENT

With rapid advances in fluorescent tool development and improvements in microscopy platforms,
the most significant challenges currently facing the field are new methods for processing and
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interpreting the vast amounts of data being generated by fluorescence microscopy. Below we dis-
cuss two notable areas of need: strategies to incorporate complex data into systems-level modeling
and user-friendly software for automated image analysis.

7.1. Integrative Systems Biology Approaches for Cellular Dynamics

“Omics” studies have historically relied on methods that separate the biomolecules of interest
from a bulk population of cells, such as mass spectrometry, microarrays, next-generation DNA
sequencing, or RNA seq. Although these methods are extremely powerful, cells have evolved com-
plex and redundant mechanisms for regulating cellular functions in response to stress and other
stimuli. Moreover, there is growing recognition of both heterogeneity (146) and dynamics (108)
in cellular states and cellular signaling pathways that call for single-cell, time-lapse measurements
to elucidate mechanisms of regulation. Simultaneous interrogation of multiple levels of cellular
dynamics (e.g., RNA level, protein level, and metabolite level) may reveal novel regulatory mech-
anisms that govern cellular dynamics. In this respect, one limitation of fluorescence microscopy
is the small number of parameters that can be imaged simultaneously due to spectral overlap of
optical probes. A recent approach for circumventing this limitation is the development of a phe-
notypic screen to identify the ideal reporter cell lines whose phenotypic profile captures the effect
of different classes of drugs (147). Alternatively, a common approach involves tracking dynamics
of biomarkers of interest using appropriate probes, followed by fixing and staining for a broader
repertoire of biomarkers that help define features of the cellular state, albeit at a fixed point in
time (138). Using immunofluorescence, cells can be reprobed with a variety of different markers
to build a high-dimensional data set.

As described throughout this review, tools have now been developed to monitor a vast ar-
ray of cellular constituents in live cells using fluorescence microscopy. Now, a true systems-level
biological understanding of cellular dynamics is conceivable by measuring these constituents in
parallel, with temporal and intracellular resolution within single cells (148). What is needed, then,
is a multiplexed approach that integrates information from several monitoring techniques into a
systems-level model of cellular dynamics (148). Thus far, studies incorporating simultaneous mon-
itoring of multiple cellular constituents are fairly limited, but recent work is beginning to reveal
some of the parameters contributing to what was previously considered to be biological noise.

In addition to fluorescence data, other morphometric parameters can be quantified from the
images, such as cell size, morphology, and mitotic stage (149). In mammalian cells, the cellular
microenvironment was shown to account for approximately 60-80% of cell-to-cell variability
with regards to viral susceptibility (79). Accounting for these factors also increases reproducibility
in RNAi screens (150). Once comprehensive experimental data sets were gathered, elemental
principles were established for building and refining systems biology models that most accurately
reflect—and ideally, predict—the measured experimental parameters (151). However, complex
high-dimensional data sets—for example, measurements on thousands of proteins and thousands
of transcripts—will require correspondingly complex model development strategies.

7.2. Automated Image Analysis and Multiparametric Data Analysis

Similar to many fields of biological research, fluorescence-based imaging is undergoing an infu-
sion of new technologies that permit massively increased data generation. Automated time-lapse
microscopy, which can generate temporally rich data sets for thousands of cells within a single
experiment, and the advent of imaging flow cytometry (75) demand more advanced image analysis
algorithms. The amount of data permits detection of more subtle or nuanced phenotypes, but in
many cases the data generated exceed our current capabilities for quantitative analysis.
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A typical analysis pipeline includes image preprocessing or filtering to reduce noise, segmen-
tation and region of interest determination, and finally feature extraction. Time-lapse imaging
also often includes particle or object tracking to monitor migratory cells or subcellular compo-
nents over time; particle tracking algorithms were recently reviewed (152). A review of 15 free
software tools for fluorescent image analysis evaluated their performance based on criteria such
as documentation, data management, visualization, and flexibility, and placed each package on a
usability/functionality graph (153). Each program exhibits strengths and weaknesses, and the best
choice depends on the application at hand as well as the ability of the scientist to modify existing
scripts, suggesting that life scientists should receive greater training in computational analysis and
coding. Alternatively, the most effective way to process high-content imaging data sets may be
in collaboration with computer scientists and engineers using custom-built computational tools
(154).

Streamlining image analysis across many types of experiments is particularly difficult, as studies
are likely to vary widely in the attributes studied, cell line/morphology used, and thresholds for
defining cellular responses. Some approaches utilize automated algorithms in combination with
oversight from a human observer to validate calls and correct errors, which has proven highly
successful for segmentation, tracking, and lineage analysis (155). Another elegant approach is to
employ supervised machine learning algorithms to allow the researcher to adapt a standardized
analysis to their individual experimental conditions (156, 157). One set of annotated data is used to
train the software, and the researcher can make corrections throughout the analysis to iteratively
improve the accuracy of the program (158). The field would benefit greatly from an extensive
collection of these programs from which researchers can select the analytical tools closest to their
needs and train them on their own data.

There is also a strong need to make multiparametric data analysis and visualization methods
more amenable to high-content imaging applications, such that multiple observational parameters
can be analyzed for their independent and combined contributions to a phenotype of interest (159).
Platforms for five-dimensional (5D) image analysis (3D imaging data with time and fluorescence
channel as additional variables) have recently been developed for tracking neural stem cell lineage
within intact tissue samples, providing information on interactions with vasculature in the tissue
microenvironment (160). This field has progressed rapidly, but a significant need still exists for
novel software packages and open-source malleable algorithms for high-throughput, automated
quantitative image analysis.
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