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Abstract

Watching biological molecules provides clues to their function and regulation. Some of the most
powerful methods of labeling proteins for imaging use genetically encoded fluorescent fusion tags.
There are four standard genetic methods of covalently tagging a protein with a fluorescent probe
for cellular imaging. These use I) auto-fluorescent proteins, I1) self-labeling enzymes, 111)
enzymes that catalyze the attachment of a probe to a target sequence, and 1V) biarsenical dyes that
target tetracysteine motifs. Each of these techniques has advantages and disadvantages. In this
review, we cover new developments in these methods and discuss practical considerations for their
use in imaging proteins inside living cells.

Protein labeling methods

What do biological molecules do? Where are they located? How do they behave and how
are they regulated? These are central questions for modern cellular and molecular biology.
The parallel development of new imaging probes and advanced imaging technologies useful
for tracking and measuring the properties of biological molecules has opened a new era of
biological discovery. By watching the behavior of molecules at nanometer resolution in
living cells in real time, the underlying complexities and regulatory mechanisms of
biological systems are being unraveled. The standard tools to label molecules in biological
systems are based almost exclusively on the genetic fusion of fluorescent tags. These tags
fused in frame to proteins of interest have ushered in the modern era of intracellular
molecular imaging.

There are four standard ways to covalently label a protein inside a cell for fluorescent
imaging. The most common and conventional method is the use of intrinsically fluorescent
proteins (FPs) related in structure or sequence to green fluorescent protein (GFP) [1]. These
25 kD proteins were first isolated from the small 10 cm jellyfish Aequorea Victoria and have
been engineered to spontaneously form dozens of relatively bright, stable, chromatically
diverse fluorophores that can be imaged with conventional fluorescence microscopy [1].
Second, a series of self-labeling enzymes have been developed that can covalently attach a
fluorescent ligand to one of its own amino acid residues. These enzymes are similar in size
to FPs and are commonly called Halo tags and SNAP/CLIP tags [2-4]. If these enzyme
domains are fused in frame to a protein the pair can be labeled by introducing a cell-
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permeable fluorescent ligand, which covalently reacts with the fusion tag. Third, an enzyme
can be used to covalently attach a fluorophore-ligand to another protein or peptide [5].
Fourth, small cell-permeable biarsenical dyes FLAsH and ReAsH have been developed that
can covalently react with a short peptide sequence [6, 7]. The amino acid sequence that
specifically recognizes the bisarsenic is small, only 4 amino acids in length. However,
optimized sequences of 12 amino acids have been shown to increase the specificity of
labeling [8].

This review evaluates recent developments related to these four covalent labeling methods.
We focus on fluorescent tags that can be used to image proteins inside cells and review
practical considerations for their application in biological systems. We discuss the
advantages and disadvantages of each method, their photo-physical characteristics and
chemical structures, and practical considerations for determining which probe will provide
the optimal labeling scheme. For example, we discuss issues such as probe size, toxicity,
cellular and molecular behavior, linkers, background fluorescence, and brightness.

Fluorescent proteins

Tracking cellular proteins in vivo with fluorescent tags was made routine by the
development of GFP and its family members (Figure 1). Creating a genetic in-frame fusion
of an FP to a protein of interest allows that protein to be localized in time and space to
specific tissues, cells, or sub-cellular compartments. The development and refinement of
these tags for biological applications has intensified over the last decade, providing
researchers with numerous choices in FP excitation and emission spectra, brightness, pH
sensitivity, and photo physical properties [1]. Indeed, a palette of FP proteins is now
available to genetically “paint’ a protein in vivo for light microscopy. These tags can—in
large part—be minimally disruptive to most proteins when attached to the N- or C-terminus,
can fold well within biological temperature ranges, can mature quickly, and can remain
fluorescent in many sub-cellular compartments.

A large part of the success in applying FPs to biological imaging applications results from
their unique chemical structure (Figure 1)[9]. Members of the GFP family are relatively
small, compact, chemically inert proteins. These proteins are ~240 amino acids long (~27
kD) and fold into a 11 B-sheet barrel surrounding an internal distorted helix (Figure 1) [10].
FPs are autofluorescent because the central portion of this internal helix contains three
amino acids (TYG for EGFP) that undergo a spontaneous chemical reaction to generate the
stable chromophore. The Bbarrel shields the internal helix from the solvent and provides a
chemically complex environment for the flurophore. Indeed, the chemical properties of the
residues near the chromophore greatly influence the photochemistry of each FP variant [11,
12]. The diversity of these residues generates the wide range of photo-physical
characteristics of the different FP isoforms. Unfolding GFP, which maintains the covalent
chemical structure of the central chromophore, but radically repositions the amino acids
surrounding the chromophore, completely abolishes fluorescence [13]. The sensitivity of
GFP to unfolding illustrates the idea that the fluorophore of an FP can be thought of as a
distributed fluorescent system that contains both the cyclized amino acid chromophore and
the neighboring amino acids. In this review we cover the most commonly used and best
behaved variants along with four practical considerations for their application to cellular
imaging. For a more complete survey, a number of excellent reviews have been written that
exhaustively cover the entire palette of fluorescent proteins currently available [1, 10, 14—
16].

When making the choice of what FP to use in an imaging experiment, one of the first
considerations is the color variant to use. The most common fluorescent protein used in
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cellular imaging applications is the optimized S65T mutant of the original GFP. The
preferred variant of this tag is the enhanced version (EGFP) that contains additional folding
mutations along with the monomeric A206K substitution (commonly called mGFP) [17, 18].
The A206K mutation has been shown to reduce the intrinsic dimerization of FPs at high
protein concentrations [17]. Two recent high performance mutants of GFP are superfolder
GFP (sfGFP) and Emerald, which contain additional mutations to enhance folding,
brightness, and reduce environmental sensitivity [19, 20]. These green fluorophores are
particularly bright; however, cellular autofluorescence is close to the emission color of blue/
green FPs and this background can complicate the interpretation of fluorescence images [21,
22]. Furthermore, Emerald has a large and rapid initial bleaching component which can
further complicate quantitative measurements. Several other high performance FPs are
TagBFP (blue), mCerulean3 (cyan), mCitrine/mVenus (green-yellow), tdTomato (orange),
mCherry and mApple (red), and mKate2 and mNeptune (far-red). These FPs span the visible
spectrum and in some cases provide enough spectral separation for multiplexed labeling of
several targets (Figure 1) [23-27]. Orange/red fluorophores in particular have great potential
because cellular autofluorescence is lower in this part of the visible spectrum and red light
can penetrate more deeply into thick biological samples than shorter wavelength light [21,
22, 28]. These proteins are, however, not derived from the original GFP and greater
incidences of mis-folding and mis-targeting have been reported with variants of red FPs
[29-32]. Aside from color, it is also important to match the pKa of an FP to the particular
application. Indeed, some intracellular organelles have a low pH (<5.5) and certain FP
isoforms will be quenched at these pH values [11, 33]. There are dozens of other FPs, but
the variants mentioned above have been shown to perform relatively well in standard
biological imaging applications, tend to be well behaved when attached to partner proteins,
are bright and photo-stable, and have in general survived the rigors of testing in multiple
labs across multiple experimental platforms.

The second consideration when tagging a protein of interest with an FP is to which side to
attach the FP sequence. The choice can be guided by what is known about the protein;
however, it is recommended that both sides be tested for functionality and sub-cellular
localization. Some proteins are sensitive to the sidedness of GFP attachment. For example,
placing an FP before a signal sequence in a transmembrane protein or secreted protein will
likely disrupt the sub-cellular targeting or expression of the protein. In some instances, FPs
have been added within the sequence of a protein. However, in this case the size of an FP
and the resulting perturbations to the overall fold and function of the underlying protein can
be significant. For internal fusions, careful considerations and planning must be done to
ensure that the GFP is added within loops or flexible domains. In one example, GFP was
inserted randomly into the protein and a functional screen was used to test for effects of the
inserted tag [34].

A third consideration when making an FP fusion is the linkers used to join the two
sequences. Generally, it is prudent to add a flexible linker between the two partners. The
standard flexible linkers consist of runs of glycines interspersed with serines or threonines
(GGGSGGGS)[35]. Glycines provide conformational flexibility while the hydrophilic
residues allow hydrogen bonding with the solvent and prevent the linker from interacting
with hydrophobic protein-binding interfaces. These linkers have been used to create flexible
biosensors and tandem dimers of FPs [36, 37]. While adding a linker is good practice, most
cloning vectors have multiple cloning sites (MCS) that introduce a random sequence
between the fusion partner and the FP sequence. These nucleotides can add upwards of 30
amino acids between the protein of interest and the FP (Figure 1). These amino acids are
generally not solely serines, threonines, or glycines, and have the potential to affect the
behavior of an attached protein [38]. Furthermore, the first two and last eight amino acids of
an FP are unstructured [9, 39, 40]. Thus, any proteins fused to an FP incorporate these
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unstructured residues between the FP and the sequence of interest. The combination of these
unstructured regions and amino acids added from cloning procedures can add close to 40
amino acids of sequence space between the two proteins. Due to the potential effects of such
long chemically complex linkers, it is prudent to limit the unnecessary sequences space
between the FP and fusion partner.

Quite often the attachment of an FP to a protein of interest has no observable effects on a
protein’s structure, function, and localization [41]. However, this is not always the case,
particularly when proteins are over-expressed [32, 42, 43]. Thus, the fourth and final
consideration when using an FP as a fusion tag is the nature of the expression system. Most
plasmid vectors used to transiently transfect and express FP fusion proteins contain strong
promoters such as the CMV or EF-1a promoter. These promoters can drive a hundreds-fold
increase in the amount of a protein present in a cell [44, 45]. Furthermore, promoters can act
differently in different cells types. This potentially large increase in a protein’s expression
level can have a dramatic influence on the sub-cellular localization of a fusion protein and
its cellular function. The selection of cells expressing the smallest amount of a fluorescent
protein that can still be imaged clearly with the desired imaging modality is preferred. Along
these lines, the use of stable cell lines or promoters with disrupted sequences, tunable
activity, or the direct integration of fluorescent proteins into the genome, can mitigate the
effects of extreme over-expression [43, 46, 47]. For example, a severely truncated CMV
promoter (sometimes called the speckle promoter) has been used to express very low
amounts of protein necessary for single molecule imaging [46, 48].

The use of FPs for biological studies is now ubiquitous. They are used for imaging proteins
inside cells, tissues, and animals and to monitor binding and association between proteins
with techniques such as fluorescence resonance energy transfer, fluorescence correlation
spectroscopy, and single molecule imaging [49]. They are used to watch proteins move on
the molecular scale [50]. They are used to build biosensors that monitor cellular signaling
pathways [51]. All of these methods continue to be developed and improved. Of particular
note are the recent developments in photo-switchable FPs such as mEQS2, Dronpa, PS-
CFP2, PA-mCherry, and PA-GFP [52, 53]. These probes can be used to highlight and then
track fusion proteins over time. They are also powerful probes for super-resolution optical
methods [54, 55]. These new probes are helping to drive the rapid developments in super-
resolution techniques, and as these probes improve and develop with brighter, more stable,
and chromatically diverse variants, multicolor and live cell methods for super-resolution
imaging will likewise improve [53]. Furthermore, alternative autofluorescent proteins are
being developed for conventional imaging. These include the flavin-based fluorescent
proteins (iLOV-FMN) and bacterial phytochrome-biliverdin proteins [56, 57]. These new
probes have great potential as they have either far-red excitation wavelengths (phytochrome)
or are ~20 kD smaller than standard FPs (iLOV).

Self-labeling proteins and enzyme targeting peptide tags

Fluorescent proteins have limitations. For example, their photo-physical properties are not as
good as organic dyes. They can blink, they are not very bright, some are not photo-stable,
and their colors and chemistry are limited. To overcome these issues, another class of
protein-based fusion tags has been developed that can catalyze the covalent auto-attachment
of an organic fluorophore inside living cells [58]. These tags are near to the size of an FP
(Figure 2). When expressed, the proteins are not innately fluorescent and only become
fluorescent when the cells are exposed to the fluorescent ligand. This scenario lends several
advantages to these systems over standard FP labeling. For example, labeling can be
restricted in both time and space, and sequential labeling schemes can be employed. For
example, pulse chase experiments, where one fluorophore is added and then at some time
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later a second (different) fluorophore is added, can be performed. Furthermore, the
development of these tags is rapidly progressing and future variants and their ligands will
certainly complement the current palate of FPs with additional chemical or spectral
characteristics difficult or impossible to obtain from fluorescent proteins [59]. For example,
these probes could be brighter and more chromatically diverse, and will likely have specific
chemical or photonic properties such as photoswitching, environmental sensitivity, or free
radical generation.

The first protein used to catalyze the covalent auto-attachment of a fluorophore within a cell
was the 20 kD DNA repair protein human O8-alkylguanine-DNA alkytransferase (AGT)
(marketed as SNAP tag) (Figure 2)[4, 60]. This protein catalyzes the attachment of O°-
alkylguanine or O8-benzylguanine to a cysteine on the protein. The modified AGT is then
degraded to protect the cell from the mutagenic effects of O%-alkylguanine. To achieve
labeling of AGT, fluorescent membrane permeable O6-alkylguanine substrates were
synthesized and added to cells expressing proteins with genetic in-frame fusion of AGT.
These proteins were shown to be specifically labeled by these cell permeable fluorescent O°-
benzylguanine substrates. Recently, a new variant of this enzyme has been developed that
reacts specifically with O8-benzylcytosine substrates (CLIP tag) [3]. Thus, SNAP and CLIP
tags can be used together in one cell to label two proteins with two different fluorescent
ligands.

Since the development of AGT, this system has been used for localizing proteins, tracking
their expression and transport, and sensing and measuring structures. Furthermore, these
enzymes have opened the door for the improvement of super-resolution methods including
stimulated emission depletion (STED) and pointillism microscopy for locating proteins to
sub-diffraction limited positions within cells [61-63]. For example, dye labeled SNAP tags
have been shown to provide improved resolution to pointillism imaging of clathrin coated
pits [61].

Aside from AGT, the bacterial enzyme haloalkane dehalogenase (marketed as Halo tag) has
been developed as a self-labeling fusion tag (Figure 2) [2]. Like AGT, this enzyme
covalently attaches a modified flurophore-ligand to an active site residue. Specifically,
haloalkane dehalogenase removes halides from hydrocarbon chains by nucleophilic
displacement. During the reaction a covalent ester is formed in the active site between the
hydrocarbon chain and an active site aspartate. In the native enzyme a conserved histidine
reacts with the covalent protein-chemical intermediate, releasing the ligand and regenerating
the aspartate nucleophile [64, 65]. When this histidine is mutated, the enzyme proceeds to
the covalent intermediate but cannot release the substrate. Thus, substrates containing a
haloalkane chain are covalently attached to the mutant enzyme in a one-to-one ratio. Similar
to AGT (SNAP) tags, Halo tags have been used in studies to investigate the localization and
trafficking of proteins in living cells. Being organic dyes, Halo tag fluorophores are bright
and relatively photo-stable. This has allowed the targeted labeling of proteins for single
molecule studies [66]. Additionally, the ability to pulse label proteins allows protein
populations to be tracked over time.

While both Halo and SNAP tags appear to fold well and are efficiently labeled by cell-
permeant fluorescent ligands, an additional step of washing the free dye from the cells is
required to ensure a low fluorescent background. Furthermore, the labeling of Halo tag is
inhibited by both detergents and fixation. Thus, the labeling must be done before the cells
are fixed or permeabilized with detergents. For AGT tags, native AGT in mammalian cells
is able to react with the fluorescent ligand [60]. For this reason, the use of cell lines with
depleted or no endogenous AGT is recommended to keep off-target background labeling
low. Additionally, ligand-bound AGT has been shown to be targeted for degradation. In this
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regard, it is possible that labeled AGT fusion proteins will have a reduced half-life compared
to the turnover of native proteins. However, newer AGT variants with faster reaction
kinetics have been shown to be better behaved in living systems [3]. Furthermore, these tags
are relatively large proteins. Thus, issues similar to the ones mentioned above for FPs
including attachment site, linker composition, internal fusions, expression system choice,
and disruptions of the overall fold, function, or localization of the protein should be
considered.

An alternative method for labeling proteins is the use of an enzyme that catalyzes the
attachment of a probe to a specific peptide sequence. For example, the small 9 kD acyl
carrier protein (ACP) tag can be covalently labeled with CoA derivatives by the enzyme
AcpS [67]. However, substrates for this system are not membrane permeable and restrict its
use to extracellular proteins. Recently, a new enzyme-peptide system was developed that
allows the covalent modification of a peptide tag in living cells [5]. This system uses an
engineered fluorophore ligase derived from the bacterial enzyme lipoic acid ligase (LplA).
This mutant enzyme can catalyze the attachment of a cell permeant fluorophore (7-
hydroxycoumarin) to the 13-amino acid LplA acceptor peptide tag (LAP). To label an
intracellular target, the LplA enzyme and LAP target must be co-expressed in the same cell.
An advantage of this system is that the location of the enzyme can be restricted to
subcellular compartments, spatially restricting the addition of the fluorophore to specific
populations of the acceptor.

Covalent organic fluorescent ligands

GFP and self-labeling proteins are quite large on the molecular scale. Currently, the smallest
and most successful genetically encoded tag for covalent small fluorophore labeling is the
tetracysteine-biarsenical system (Table 1 & Figure 3). With this system, a short peptide
sequence (Cys-Cys-Xaa-Xaa-Cys-Cys, where X is any amino acid other than cysteine) is
genetically introduced into the sequence of a target protein [68]. This sequence, while rare in
native proteins, can specifically react with a membrane-permeable biarsenical dye. There are
two standard biarsenical dyes, green and red (Table 1). The green emitting variant is FIAsSH-
EDT, (fluorescein arsenical hairpin binder). This dye has a peak absorbance around 508 nm
and a peak emission at 528 nm [6, 69]. The red variant, ReAsH (resorufin arsenical hairpin
binder), is a derivative of the red fluorophore resorufin; it absorbs at 593nm and emits at
608nm. In both dyes, the reaction of the biarsenical ligands with the cysteine thiols results in
covalent bonds between the organoarsenicals and the tetracysteine motif. This binding is
thought to involve consecutive cysteine residues in the target sequence (i and i+1 and i+4
and i+5). Other attachment schemes including i and i+4 and i+1 and i+5, however, are
possible [6].

In model peptides, rate constants for FIAsH labeling are between 10° M~1s71 and 1076571
and the dissociation constant is 10~11M [68]. While the minimal peptide sequence for flash
labeling is CCXXCC, an optimized sequence CCPGCC has been shown to form a more
stable complex with faster association kinetics. This sequence has been further optimized
resulting in two high affinity 12 amino acid biarsenical binding motifs (FLNCCPGCCMEP
and HRWCCPGCCKTF) (Table 1) [8]. In peptides where the cysteines were separated by
one amino acid the binding to dye was reduced and in peptides with four consecutive
cysteines (CCCC) the affinity for the fluorophore was extremely low and the complex had a
low quantum yield. These data along with NMR studies suggest that the peptide-dye
complex does not adopt a straight alpha helix and instead adopts a hairpin conformation
(Figure 3) [69, 70]. Alternative bipartite sequences have been developed that space the two
di-cysteine motifs between a longer sequence that can fold back onto itself, thus positioning
the four cysteines in the correct orientation to bind the biarsenical dye [71]. Furthermore,
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intermolecular sequences have been shown to bind a biarsenaical dye between two
independent di-cystein motifs [71]. These alternative methods could be used to develop new
biosensors or as structural probes for protein conformational changes[72].

Both FLAsSH-EDT, and ReAsH-EDT>, are essentially non-fluorescent before they react. In
the excited state, the free molecules are quenched by either vibrational deactivation or
photo-induced electron transfer mechanisms [6]. This is thought to occur because in the
unbound dye the EDT groups allow free rotation of the aryl-arsenic bonds. When the dye
interacts with a tetracysteine motif, each EDT is displaced and the rigidity of the complex
impedes conjugation of the arsenic and chromophore orbitals. Thus, the rigid molecule can
evade quenching due to photo-induced electron transfer or rotational decay pathways present
in the freely rotating dye [6]

The advantages of biarsenical dyes are two-fold. First, the targeting motifs are small. Thus,
the introduced sequences have less opportunity to disrupt the overall fold and function of the
labeled protein. The second advantage of these probes is the ease of pulse-labeling
procedures. One of the first applications of biarsenical dyes was in vivo pulse labeling of the
gap junction protein connexin. In this work, gap junction assembly was monitored by
sequentially labeling connexin proteins with FIASH-EDT,and ReAsH-EDT, [68]. More
recently, pulse labeling of a viral vesicular stomatitis protein with FIAsH and ReAsH was
used to map the rate of plasma membrane trafficking of newly synthesized virus proteins
[32]. Interestingly, the same protein tagged with mRFP was not functional, illustrating that
FP fusions are sometimes not well tolerated, whereas smaller tetracysteine tags can support
the underlying biological function of the protein [32]. Aside from pulse labeling
experiments, the ability to add a fluorophore to an expressed protein in vivo has made
biarsenical dyes useful tools for FRET. In these studies, the fluorescence of a donor
fluorophore attached to a protein is measured. Next, the acceptor biarsenical dye is reacted
to a tetracysteine motif and the quantity of donor quenching is measured [49]. This method
provides a direct measurement of FRET efficiency [49]. This technique has been used to
map structural transitions in membrane receptors during ligand activation [73, 74].

The three major concerns when using biarsenical dyes are the level of background labeling,
the overall cellular toxicity of the ligands, and the effect of the tag on the proteins function
or localization. One of the causes of background labeling is the interaction of these dyes
with the membrane or off-target cellular proteins. These are generally proteins that are rich
in cysteines, including zinc finger proteins, RING finger proteins, protein kinases, and
cytoskeletal proteins [75, 76]. Other non-thiol binding sites such as hydrophobic pockets,
membranes, or other cellular structures could contribute to nonspecific background
fluorescence [75]. To reduce this background, washing the cells with British anti-Lewisite
(BAL), a chemical that binds to arsenic, free EDT>, or the dye disperse blue 3, have been
found to reduce off-target labeling and suppress background fluorescence [7, 69, 77, 78].
Further methods to increase the specific signal over the noise of the fluorescent background
have included using robust promoters to increase the expression level of target proteins or
engineering tandem repeats of the tetracysteine motifs to increase the total number of dyes
per fusion partner [79].

Conclusions

Brightness, photo-stability, background, toxicity, and spectral overlap, ion sensitivity, along
with structural and cellular effects on the targeted partner, are all important issues to weigh
when choosing a fluorescent tag for in vivo imaging of cells. The four covalent labeling
modalities mentioned in this review all provide specific advantages and disadvantages in
this context. Indeed, each can provide robust fluorescent signals within cells (Figure 4). FPs
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are autofluorescent and thus have essentially no background. However, their photophysical
characteristics are not optimal and they are large. Self-labeling enzyme and enzyme tags
provide more robust organic fluorophores, but there are issues with background fluorescence
and probe stability, and the fusion tags are of similar size to FPs. Enzyme attachment to a
small protein domain is possible but requires the expression of a second protein in the cell or
only works on extracellular proteins. Biarsenical dyes and tetracysteine motifs are small and
their targeting sequence is short. There are, however, significant issues with background
fluorescence. Additionally, while this review focused on covalent methods to label proteins
inside cells several developing technologies for labeling proteins rely on non-covalent
methods. These methods include the use the protein dihydrofolate reductase as a fusion tag
which can bind to trimethoprim-linked fluorophores with nanomolar affinites, and
fluorogen-actived proteins which bind to and activate the fluorescence of chemicals such as
malachite green [80, 81]. Furthermore, several methods have been developed which cannot
easily be used inside cells but have be used predominantly to label extracellular proteins.
These methods include histidine tags to bind nickel-NTA-linked fluorophores or quantum
dots or the use biotin ligase to covalently attach a fluorescent biotin to an acceptor peptide
[82—84]. As these additional methods improve they will further add functionality to
experimental imaging systems.

Clearly, there is not one answer to which probe or method will provide the best signal for all
cellular imaging applications. The development and refinement of tags for live cell imaging
is progressing rapidly and the molecular toolkit continues to grow. Future developments
might include I) smaller genetic tags, I1) probes with interesting chemistries such as multi-
color photo-switchable or photo-activating dyes, I11) probes which respond to voltage,
temperature, or ligands including ions or small molecules, IV) additional cell permeable
ligands for self-labeling enzymes, tetracysteine tags, or enzyme targets and, V) multi-
functional probes that can be used together for fluorescence, electron, magnetic, or x-ray
imaging. These developments, along with similar advances in image processing and
acquisition methods will provide new views of biological structure and function.
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Figure 1.

Auto-fluorescent proteins as fusion tags. a) Table of excitation and emission wavelengths for
twelve optimized fluorescent proteins (FP). The comparative brightness of each FP is listed
as the product of the quantum yield and the extinction coefficient at the peak absorbance
wavelength divided by 1000. Values were generating from the literature [1, 23, 26, 28]. b)
Structure of EGFP [39]. A magnified view of the cyclized chromophore (TYG) is shown to
the right. ¢) Cartoon of N- and C- terminal linkers introduced during genetic fusion of a
protein of interest (POI) to an FP in standard Clontech vectors. The minimum and maximum
linkers are indicated by parenthesis. The unstructured amino acids from EGFP are colored
green. A common flexible peptide linker is shown below.
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Figure 2.

Self-labeling enzymes as fluorescent fusion tags. a) The structure of AGT/SNAP tag (top)
and the Haloalkane dehydrogenase tag (bottom). The residues that are labeled by the
fluorescent ligand are shown in yellow. In Halo, the mutated catalytic histidine is shown in
orange. b) (top) Structure of a benzyl guanine-linked TMR ligand for SNAP lag labeling and
a (bottom) TMR-linked haloalkane for Halotag labeling along with c) the corresponding
reaction mechanisms for covalent attachment.
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Figure 3.

Structure of the biarsenical dyes FLASH-EDT> (a) and ReAsH-EDT5, (b). (c) Model of the
optimized tetracysteine peptide bound to ReAsH based on the NMR structure of the
complex [70].
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Figure 4.
Examples of fluorescent labeling methods in cells. a) Total Internal Reflection Fluorescence

image (TIRF) of a living PC12 cells expressing the F-actin binding protein ITPKA tagged
with tdTomato [85]. b) TIRF image of a PC12 cell expressing Halotag-Beta actin labeled
with the red fluorophore TMR-halotag ligand. ¢) Confocal image of an erythrocyte infected
with transgenic Plasmodium falciparum expressing the tetracysteine tag (TC)-containing
protein KAHRP (+His)-TC labeled with ReAsH.
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