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1. Introduction

One of the greatest challenges in life science is the
understanding of the sophisticated interplay between
structure and function of molecules within complex
systems. Selective labeling of biomolecules with bio-
physical probes in principle allows for investigation
and manipulation of proteins, enzymes or biochem-
ical processes in vitro as well as in vivo. The inven-
tion of fluorescent proteins (FPs) as genetically en-
coded reporters in the early nineties revolutionized

the cell biologist’s ability to gain insight into cellular
processes in living cells. Since the first application of
the original Aequorea Victoria wild type green fluo-
rescent protein (GFP) in nematodes [1] researchers
started to generate improved FP versions which
have better photophysical properties and optimal be-
havior in cells and organisms [2–3]. Nowadays, the
scientific community has access to a vast number of
FPs which cover a broad spectral range and have be-
come an indispensable tool to study cell biology by
fluorescence microscopy. However, there are yet a
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Technologies to visualize cellular structures and dynamics
enable cell biologists to gain insight into complex biolo-
gical processes. Currently, fluorescent proteins are used
routinely to investigate the behavior of proteins in live
cells. Chemical biology techniques for selective labeling
of proteins with fluorescent labels have become an at-
tractive alternative to fluorescent protein labeling. In the
last ten years the progress in the development of chemi-
cal tagging methods have been substantial offering a
broad palette of applications for live cell fluorescent mi-
croscopy. Several methods for protein labeling have
been established, using protein tags, peptide tags and
enzyme mediated tagging. This review focuses on the
different strategies to achieve the attachment of fluoro-
phores to proteins in live cells and cast light on the ad-
vantages and disadvantages of each individual method.
Selected experiments in which chemical tags have been
successfully applied to live cell imaging will be discussed
and evaluated.

Principle of chemical tagging strategies: the interaction
of genetically encoded tags with small molecules allows
for fluorescent labeling of proteins in live cells.
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few drawbacks associated with the application of
FPs. The structural architecture and size of FPs, a b-
barrel of �27 kDa, cannot be altered without the
loss of fluorescent properties. The size of a reporter
tag however, plays an important role, as the natural
behavior of a protein of interest (POI) should be
minimally perturbed by the reporter tag. Compared
to fluorescent proteins, chemical tags are smaller
and ideally can be combined with arbitrary biophysi-
cal probes. In recent years highly selective chemical
tags have been invented as tools to address biologi-
cal questions. Whereas in vitro labeling of purified
proteins is routinely used in biology and pharmaceu-
tical research, chemical methods are now being de-
veloped for in vivo labeling. This requires strategies
which ensure the labeling of a specific target mole-
cule in a cell that contains a daunting number of re-
active and functional molecules. The demand for
specificity is the most challenging task in the devel-
opment of chemical labeling technologies. We de-
scribe the different strategies to achieve specific la-
beling with chemical tags and their application in
live cell experiments.

2. What makes a good chemical tag?

Chemical tags are based on the interaction of a small
molecule to a genetically encoded amino acid se-
quence (a small peptide or protein). This interaction
has to be highly orthogonal, enabling the specific la-
beling of the tag sequence within highly functiona-
lized environments. The ideal chemical tag for in
vivo protein labeling should fulfill the following cri-
teria: (i) the tag should be as small as possible so as
not to perturb the properties of the molecule of in-
terest; (ii) the labeling must be as specific as possible
in order to achieve an optimal signal to noise ratio;
and (iii) the labeling reaction should be fast and
quantitative to ensure high labeling density; (iv) the
method should enable the introduction of a multi-
tude of biophysical probes; (v) the fluorophore con-
jugates must be cell permeable and well-behaved
within cells for intracellular labeling, (vi) the tag as
well as the fluorophore conjugates should not exhibit
cytotoxic properties; (vii) it should work in vitro as
well as in vivo, on cell surfaces, within cells and on
or in cell compartments. Certainly, to meet all these
criteria is nearly impossible. Each chemical tag has
its own advantages and disadvantages, and, cur-
rently, none of the chemical tags fulfill all the re-
quirements. For the design of a successful experi-
ment, it is helpful to know the strengths of each
approach to find the best labeling strategy for each
individual experiment. In the following sections we
will present different classes of chemical tags and
discuss the individual pros and cons of each method.

3. The different types of chemical tags

Three general strategies have been developed for
protein labeling in living cells, all based on the speci-
fic interaction between a genetically encoded tag
and a small molecule (Table 1). In the case of fluo-
rescent labeling, the small molecule is either fluores-
cent itself or covalently linked to a fluorophore. In
this review we will use the term fluorescent label as
we will mainly focus on the application of chemical
tags for fluorescent labeling. The binding of a fluo-
rescent label to the tag sequence occurs either by for-
mation of a covalent bond (by self-modification), a
non-covalent high affinity binding, or the formation
of a covalent bond mediated by an enzyme (enzyme
mediated tagging). The polypeptide tag can be an in-
tact protein or a short peptide, expressed as fusion
with the protein of interest (POI). Protein tags ex-
ploit the highly specific interaction between protein
domains and the fluorescent label which thereby gets
directed to the POI. The “covalent” protein tag
forms a covalent bond with the label (self-modifica-
tion), whereas the “non-covalent” exploits the high
affinity interaction between a protein domain and
the fluorescent label. Compared to protein tags, pep-
tide tags have the advantage of being small in size,
potentially minimizing the perturbation in folding of
the protein and its natural behavior. Similar to pro-
tein tags, peptide tags have been developed for cova-
lent and non covalent attachment of a fluorescent
label to the peptide sequence. To achieve highly spe-
cific and strong binding of a fluorescent label to the
interface of a short peptide sequence is a significant
challenge with peptide tags. This problem can be
solved when labeling is mediated by an enzyme that
specifically recognizes the peptide as substrate and
catalyzes the formation of a covalent bond to the
fluorescent label.

4. Protein tags

4.1 Covalent protein tags

The group of Kai Johnsson was the first who
exploited the reaction of a small molecule to a pro-
tein’s active site for protein labeling purpose. They
employ the ubiquitous human DNA repair enzyme
O6-alkylguanin-DNA alkyltransferase (hAGT) to la-
bel the POI with a substrate-probe conjugate. The
hAGT is 20 kDa in size and responsible for the re-
pair of O6-alkylated guanine residues in DNA
strands. The hAGT protein transfers alkyl groups
from the O6-position of the guanine in a one turn-
over self-modification reaction to a cysteine residue
in its active site [4]. Johnsson and colleagues showed
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that modified O6-benzyl guanine substrates carrying
fluorophores in the para position of the benzyl
group result in labeling of hAGT at the active cy-
steine residue [5]. By mutational analysis they identi-
fied a hAGT mutant that catalyzed the self-labeling
reaction 50 times faster than the wild type hAGT,
thus eliminating the need for hAGT deficient cell

lines [6–7]. In additional studies, they introduced a
variety of probes that tag hAGT and its fusion pro-
teins using this chemical labeling approach that they
named SNAP-tag approach [8]. To date, the SNAP-
tag is the most widely used chemical labeling tech-
nology, applied in live cell experiments for intra- as
well as extracellular labeling. In 2008, the Johnsson

Table 1 Chemical tagging methods.
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lab reported the direct evolution of a hAGT mutant
version which exhibits a 100-fold greater preference
of cytosine over guanine substrate [9]. This mutant
protein tag, named CLIP-tag, was shown to be selec-
tive enough to be used orthogonally to the SNAP-
tag. For this reason, it is possible to simultaneously
and specifically label two fusion proteins with differ-
ent fluorophores allowing for multicolor labeling in
one cell. As the SNAP- and the CLIP-tag have the
same hAGT origin, this also demonstrates the poten-
tial of directed evolution for the development of
new protein tags. Both the SNAP-tag and the CLIP-
tag and their respective substrates are now commer-
cially available from New England Biolabs (NEB).

Another self-modifying protein tag is based on a
mutant version of a dehalogenase enzyme (marketed
as “Halo Tag” by Promega) [10]. The 33 kDa wild
type haloalkane dehalogenase hydrolyses alkylha-
lides by transferring the alkyl group covalently to an
asparagine residue in the active site with the halide
ion as the leaving group. In a second step, the pre-
viously formed covalent bond between the substrate
and the protein is hydrolyzed to recycle the dehalo-
genase. The mutation of the His289 residue in the
active site prevents the hydrolysis of the covalent

bond [11]. The transferred alkyl group stays cova-
lently bound and the mutant version of the dehalo-
genase can be used as a self modifying protein tag.
Because eukaryotes lack endogenous dehalogenases,
the “Halo Tag” can function as a specific labeling
strategy in eukaryotic cells with low unspecific back-
ground staining. The small size of the substrate and
the little synthetic effort to convert fluorophores to
substrates makes the Halo-tag an attractive tag for
applications in live cell experiments.

Bonasio et al. report the use of the fungal serin
esterase cutinase (22 kDa) and its suicide substrate
p-nitrophenyl phosphonate (pNPP) to covalently
link fluorophores to an integrin on the surface of liv-
ing cells [12]. The substrate p(NPP) is not able to
permeate cell membranes and therefore the cutinase
protein tag is restricted to extracellular protein label-
ing.

A very small protein tag (only 9 kDa in size) has
been engineered based on the acyl-carrier protein
(ACP) [13]. The ACP-tag developed by Yin et al. is
an enzyme mediated protein tag. The covalent link-
age of a 40-phosphopantetheine-probe to a serin resi-
due in ACP is formed by the enzyme phosphopan-
tetheine transferase (PPTase). However, the charged

Figure 1 (online color at: www.biophotonics-journal.org) Chemical Tagging Methods. (a–f) Cartoons depicting different
chemical tagging methods. (a) TMP-eDHFR labeling; (b) BG-hAGT labeling (SNAP-Tag); (c) SLF-FKBP12(F36V) label-
ing; (d) Halo Tag labeling strategy from Promega; (e) Biotin Ligase peptide tag labeling; e) FlAsH tag labeling.
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substrate has difficulty crossing cell membranes,
which is why the ACP-tag is only suited for labeling
cell surface proteins [13–15].

4.2 Noncovalent protein tags

All the above mentioned protein tags have the cova-
lent bond formation between protein tag and fluo-
rescent label in common, resulting in the irreversible
attachment of the fluorophore. However, noncova-
lent receptor-ligand pairs can also be exploited for
labeling, provided that the interaction is of high se-
lectivity and affinity. Beneficial for the development
of noncovalent protein tags is the longstanding ex-
perience in drug research providing an arsenal of po-
tential receptor-ligand pair candidates. The Cornish
group invented the first noncovalent protein tag
which exploits the high affinity binding of folate ana-
logs to the protein dihydrofolate reductase (DHFR)
from Escherichia coli (E. coli). Methotrexate-fluoro-
phore conjugates have been successfully used to la-
bel E. coli DHFR (eDHFR) expressed in DHFR de-
ficient mammalian cells [16]. This was necessary to
circumvent background staining from binding of
methotrexate conjugates to endogenous DHFR. To
overcome this limitation for further applications,
methotrexate was substituted with the antibiotic tri-
methoprim (TMP). TMP binds to eDHFR with high
affinity (1 nM KD) but exhibits minimal binding to
mammalian DHFR (KD > 1 mM) [17]. It has been
demonstrated that trimethoprim conjugates can be
used to selectively label eDHFR in wild type mam-
malian cells. The synthetic access to the TMP conju-
gates is straightforward. Modifications introduced to
the para-methoxy position of the benzene ring mini-
mally affect the binding to eDHFR, representing an
ideal position for the linkage to fluorophores [18–
21]. TMP itself has excellent cell permeability, as ex-
pected from its use as therapeutic agent. The 18 kDa
monomeric eDHFR behaves well when expressed in
mammalian cells, and TMP-fluorophore conjugates
with standard linker and protection group chemistry
show good cell permeability. Labeling of nuclear
proteins, plasma membrane proteins, and cytoplas-
mic proteins have been demonstrated in various cell
types, showing that the eDHFR-TMP receptor-li-
gand pair can be used as a robust noncovalent pro-
tein labeling system in living cells [17–18]. The
TMP-tag is marketed as LigandLink by Active Motif
(Carlsbad, CA).

Marks et al. made a noncovalent protein tag
based on the small molecule immunosuppressant
FK506 and its target FKBP12 [22], a system pio-
neered by the laboratory of Stuart Schreiber [23,
24]. The 12 kDa human protein FKBP12 binds the
natural ligand rapamycin with a KD of 0.2 nM and a

synthetic ligand (SLF) with subnanomolar affinity
[25]. Furthermore, Clackson et al. developed a non-
native receptor ligand pair, using the “bump-hole”
approach. A FKBP12(F36V) mutant selectively
binds a “bumped” SLF analog, also referred to as
SLF’, with very high affinity (KD ¼ 0.094 nM) [26].
In 2009 Robers et al. reported optimized SLF’ fluor-
ophore conjugates, validated by morphology analysis
using a number of FKBP(F36V) fusion proteins in
live cell imaging [27]. Currently, SLF’ itself or SLF’-
fluorophore conjugates are not commercially avail-
able, limiting the access to the FKBP based labeling
strategy for cell biologists. In comparison to covalent
attachment strategies, the non covalent labeling has
experimental limitations for long term studies and
also cannot be used for pulse-chase experiments.

4.3 Proximity induced covalent protein tags

Recent studies have shown that noncovalent tagging
methods can be successfully converted to covalent
tagging methods using proximity-induced reactivity.
This method, applied in pharmaceutical research for
the design of irreversible inhibitors, can also be
adapted for protein labeling. Gallagher et al. engi-
neered a covalent TMP-tag based on proximity-in-
duced reactivity using an eDHFR(L28C) variant of
the wild type eDHFR [28]. The high affinity binding
of TMP is used to direct a reactive acrylamide electro-
phile in close proximity to the nucleophilic cysteine
residue on the protein surface of the eDHFR(L28C)
variant. It could be shown that eDHFR(L28C) fu-
sions can be used for covalent protein labeling in cell
lysates as well as in living cells. This report demon-
strates the potential of proximity induced reactivity
for the development of new covalent chemical tags
from existing receptor-ligand pairs.

Whereas all previously discussed protein tags rely
on genetic manipulations, namely the expression of
the POI as fusion to the particular protein tag, Tsu-
kiji et al. reported a native protein labeling strategy
[29]. In this method, the ligand binds with high affi-
nity to the native target protein directing a reactive
group to the surface of the protein that forms a
covalent bond through proximity-induced reactivity.
To achieve labeling of the native protein carboanhy-
drase (CA), Tsukiji et al. used the CA inhibitor ben-
zenesulfonamide conjugated to a fluorophore via an
electrophilic phenylsulfonate ester (tosyl). Upon
binding of the inhibitor conjugate to CA, the tosyl
forms a covalent bond to a nucleophilic residue on
the protein surface in a SN2-type reaction with ben-
zenesulfonamide as the leaving group. Thus, the inhi-
bitor itself is not covalently bound to the target, but
the fluorophore is covalently attached to the protein.
The traceless labeling of CA using ligand directed to-
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syl-chemistry (LDT) has been shown in living cells,
tissues, and mice. Despite its elegance, such native
labeling is limited to a small number of proteins with
known high affinity ligands. The general reactivity of
tosyls to nucleophiles might limit the application to
highly abundant proteins. However, the method de-
monstrates the enormous potential of classic organic
chemistry reactions to be exploited by chemical biol-
ogy. Recently, Tsukiji et al. presented the application
of LDT-chemistry for the construction of a fluores-
cent biosensor which is only fluorescent when cova-
lently bound to the POI [30]. Such fluorogenic
probes are of high interest for chemical labeling stra-
tegies as they can help to overcome the problem of
background fluorescence from unbound probes.

5. Peptide tags

5.1 Non-enzymatic peptide tags

The ideal tag for chemical labeling should be as
small as possible to minimally perturb the protein’s
function and behavior. Therefore the development
of peptide tags, which consist of only a few amino
acids, is of high interest for protein labeling. The in-
herent challenge for peptide labeling is to yield
highly selective recognition of a small molecule from
a short amino acid sequence. The first specific pro-
tein labeling using a peptide tag has been reported
by Griffin et al. in 1998. A 15-amino acid tetracy-
steine tag with the consensus sequence CCPGCC
shows high affinity to a bis-arsenical fluorescein
probe named FlAsH (Fluorescein Arsenical Helix
binder) [31, 32]. The design of the small tag enables
the formation of arsenic-sulfur bonds between pep-
tide and probe which are highly cooperative and en-
tropically favored, resulting in a strong binding with
a dissoziation constant of �10 pM. Additionally,
binding of the FlAsH-dye to the cysteine motif en-
hances the fluorescence 1000-fold, making it a
fluorogenic tag. In further studies, the method was
expanded to a red fluorescent version called ReAsH
[33] and a biarsenical cyanine dye probe with the
binding sequence CCKEAACC, orthogonal to the
standard tetracysteine tag [34]. Although there have
been further improvements to the tetracysteine-biar-
senical system [31], it can show problems with un-
specific background labeling and toxicity. The tag
motif CCXXCC can not be found in the genome,
but similar cysteine rich sequences are present in
other proteins and can lead to non-specific labeling
[35]. Although nonspecific interactions can be mini-
mized by the addition of dithiols, the background la-
beling and the unspecific binding to hydrophobic
sites in cellular components limits the potential of

tetracysteine-biarsenical probes. Nevertheless, the
FlAsH-tag has been used in a number of cell biology
studies [36–38] and is the most established peptide
tag to date.

A very similar strategy of labeling exploits the
poly-His peptide tag, well established in protein pur-
ification and immobilization methods. Both reported
probes, a NTA-chromophore conjugate [39] and a
zinc-chelating fluorophore called HisZiFit [40], show
moderate binding affinity to the poly-His peptide
(NTA I with Kd � 2 mM; HisZiFit-Zn2þ with Kd �
40 nM). Weak binding and poor dye characteristics
limit the poly-His tag approach to labeling on the
cell surface. In contrast to these rational design stra-
tegies, peptide-ligand pairs have also been developed
from peptide libraries using in vitro selection meth-
ods. Marks et al. selected a peptide aptamer against
the fluorophore Texas red using phage display [41].
They obtained a 38-amino acid peptide sequence
with picomolar affinity to a Texas red calcium sensor
that has been applied in live cells for calcium ima-
ging. Another peptide tag has been selected for
lanthanide binding from a peptide library. Lantha-
nide ions have ionic radii similar to calcium and can
be coordinated by short peptide sequences. Lantha-
nide-binding tags (LBTs) are only 15–20 amino
acids in size and can bind Tb(III) with high affinity
[42]. LBTs are genetically encodable luminescent
tags and have the advantage of long-lived lumines-
cence [43]. Franz et al. reported LBTs that bind
lanthanides in the low micromolar range and that
can be applied in extracellular labeling [44].

5.2 Enzyme mediated peptide tags

Since there are inherent difficulties to achieve high-
specificity binding with short peptide tags, enzyme-
mediated peptide labeling has been developed as an
alternative strategy to label small peptides with
fluorophores. The development of enzyme-modified
peptide tags greatly benefit from cell posttransla-
tional modifications (PTMs) carried out by enzymes
that form covalent bonds between specific peptide
sequences and their corresponding substrate [45].
Selectivity for the modification of a peptide is
mediated by an enzyme that recognizes both the
specific peptide sequence and the substrate for mod-
ification (e.g. farnesylation, prenylation, myristoyla-
tion, biotinylation). This concept has been adapted
to develop enzyme-mediated peptide tags. For exam-
ple, Biotin ligase is an enzyme that attaches the co-
factor biotin to a specific peptide sequence [46]. The
E. coli biotin ligase BirA covalently attaches biotin
to a lysine residue in a 15 amino acid biotin acceptor
peptide sequence (BAP) [47] and is orthogonal to
eukaryotic biotinylation. Ting and colleagues synthe-
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sized a biotin analog with a ketone functionality that
is accepted as substrate by BirA [48]. Recently, they
also utilized other biotin ligases from yeast (yBL) and
Pyrococcus horikoshii (PhBL) to label corresponding
acceptor peptides with azide- and alkyne functiona-
lized biotin analogs [49]. The labeling with biotin ana-
logs containing alkynes, ketones or azides allow for
downstream modifications with fluorophores using
click chemistry. However, the biotin ligase approach
is restricted to protein labeling on the cell surface as
endogenous biotin still serves as a much better sub-
strate. Further mutational analysis of the individual
biotin ligases are needed to reduce the cross reactiv-
ity and make the biotin ligase mediated modification
of BAP a useful peptide tagging strategy for intracel-
lular protein labeling. Another example of an enzyme
mediated peptide tag is the E. coli lipoic acid ligase
(LplA) that couples the prosthetic group lipoic acid
to proteins involved in oxidative metabolism [50, 51].
LplA is structurally related to biotin ligase and shows
mechanistic parallels to BirA. Similar to BirA, the
Ting lab optimized LplA for substrates carrying an
azide functionality [52]. By mutational analysis, the
residue W37 was identified to be the most important
for expanding the substrate specificity. Based on this
finding Uttamapinant et al. recently evolved LplA
mutants that accept a fluorescent coumarin derivative
as substrate [53]. The two most promising candidates,
LplA(W37V) and LplA(W37I), have succeeded in
intracellular labeling of peptide tagged proteins and
did not exhibit cross-reactivity to endogenous se-
quences or substrates. Ting and colleagues demon-
strated for the first time that it is feasible to convert a
natural ligase to a fluorophore ligase. This new meth-
od, which they call PRIME (probe incorporation
mediated by enzymes) can serve as a superior alter-
native to the FlAsH-tag, having the advantage of low
background labeling. However, PRIME does not al-
low for free choice of probes because the mutant
LplA only accepts coumarin derivatives. The attrac-
tiveness of having a very small tag which mini-
mizes protein perturbation comes with a trade off in
the photophysical properties of the fluorophore.
Although coumarins can be used for fluorescence mi-
croscopy, they are only moderately suited for high re-
solution fluorescence imaging. Nevertheless, PRIME
is a breakthrough for the application of enzyme
mediated peptide tags by making it a one-step label-
ing approach. Future studies will show if probe selec-
tivity can be further expanded to more attractive
fluorescent probes, allowing for widespread use of
PRIME as tagging approach for fluorescence ima-
ging. The shortest known enzyme-mediated peptide
tag is the sortase tag [54–56]. The bacterial enzyme
sortase A from Staphylococcus aureus recognizes the
5 amino acid peptide tag sequence LPXTG, cleaves
between the T and G residues and subsequently
forms a new peptide bond to a polyG-probe conju-

gate. The sortase tag is only applicable for cell surface
labeling because the polyG substrates cannot cross
the cell membrane.

6. Applications of chemical tags in live cell
imaging

In recent years, some of the chemical tagging methods
have surpassed the proof-of-principle stage and have
been increasingly applied to address various biological
questions. Chemical tags have been used to study the
localization and dynamics of proteins in living cells,
especially in experiments that can not be easily per-
formed with fluorescent proteins. In the last few years,
chemical tags have been used to label proteins with
fluorophores suited for advanced imaging technolo-
gies such as super-resolution (SR) microscopy [57–
59], Ca2þ-imaging [60–62], pH sensing [63], hydrogen
peroxide detection [64], chromophore assisted light in-
activation [36, 65, 66], and multi-photon microscopy
[19]. Recently, Kosaka et al. demonstrated the use of
the Halo-tag to perform in vivo imaging studies in live
animals for the first time [67]. In the following, we fo-
cus on three applications of chemical tags that have
shown advantages over fluorescent proteins, namely
chromophore assisted light inactivation, Ca2þ-imag-
ing, and super-resolution microscopy.

6.1 Fluorescent chemical tags for chromo-
phore assisted light inactivation of proteins

Fluorophores can be used as photosensitizers that
generate reactive oxygen species (ROS) upon light
irradiation at the appropriate wavelength. This
photochemical property can be utilized for acute,
spatially and temporally controlled inactivation of
proteins in chromophore-assisted light inactivation
(CALI) [68]. Photosensitizers can damage proteins
by the reaction of the ROS with methionine or by
crosslinking [69]. This damage only occurs to the
proteins in close proximity to the fluorophore due to
the inactivation distance of approximately 3–4 nm
[70]. However, the difficulty in CALI applications is
to direct the damage and inactivation by ROS solely
to the POI. Fluorescent proteins do not serve as
good sources for ROS, presumably because the bar-
rel structure screens the chromophore. Nevertheless,
the FP called “killer red” was found to be a good
photosensitizer but has the drawback of dimerization
[71]. Chemical tags offer the ideal technology to lo-
calize photosensitizers in close proximity to the tar-
get protein. When directly attached to the POI, the
damage from the generated ROS to other proteins

J. Biophotonics 4, No. 6 (2011) 397

REVIEWREVIEW
ARTICLEARTICLE

# 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.biophotonics-journal.org



will most likely be minimized. The FlAsH-tag was
the first chemical tag to be used in inactivation ex-
periments. Kurt et al. utilized the FlAsH-tag for
CALI in neuronal cells from Drosophila, to study
the role of synaptotagmin I (syt IaC) in vesicle for-
mation [36] and demonstrated that FlAsH-tag CALI
can be successfully combined with electrophysiologi-
cal methods. Fluorescein with a high singlet oxygen
quantum yield is a good photosensitizer and, there-
fore, a suitable reagent for CALI experiments. Cai
et al. successfully used eDHFR-tag with TMP-fluor-
escein in CALI experiments to reveal that nonmus-
cle myosin II (NMII) is required to maintain cyto-
plasmic coherence [66]. The myosin light chain
(MLC) is part of the NMII hexamer and can be la-
beled with TMP-fluorescein when expressed as a
MLC-eDHFR fusion. Inactivation of the cytoplasmic
NMII using CALI caused a loss of local coherence
in the actin cytoskeleton network that was demon-
strated by the curving of actin cables around the
irradiated region (those denoted by dashed and
dotted lines (Figure 2 f–j) upon inactivation of MLC
(Figure 2 g–i).

The SNAP-tag has also been applied in CALI
using the photosensitizer fluorescein. Keppler et al.
studied the effect of inactivation of a- and g-tubulin
on cell division and spindle function [65]. Inactiva-
tion of fluorescein tagged SNAP-a-tubulin causes
spindle shortening and arrest in metaphase, whereas
inactivation of centrosomal g-tubulin affected micro-
tubule nucleation and growth rate. Recently, an eo-
sin probe for Halo-tag technology was successfully
used in CALI. It was demonstrated that the eosin
photosensitizing probe shows superior effectiveness
in ROS generation over fluorescein [72].

6.2 Localization of fluorescent Ca2þ-sensors
by chemical tags

Intra- and extracellular Ca2þ is central to a multitude
of physiological and biochemical processes such as
signal transduction or muscle contraction. One of

the earliest breakthroughs for live cell imaging was
the invention of chemical Ca2þ-indicators by Roger
Tsien [73]. The functional principle is based on Ca2+

chelating fluorophores that only fluoresce when
complexed with Ca2þ. Nowadays, there is a large
number of commercially available Ca2þ-indicators
with different Ca2þ-affinities, applicable systems with
Ca2þ-concentrations ranging from 50 nM to 50 mM
[74]. The particular disadvantage of chemical Ca2þ-
sensors is the difficulty of controlling cellular locali-
zation, for example, the targeting to specific orga-
nelles. As an alternative to the chemical sensors, the
Tsien lab and others developed genetically encoded
Ca2þ-indicators (GECIs) based on fusions of FPs
with calcium responsive elements like calmodulin or
troponin [75–78]. These indicators allow for the dis-
section of the spatial and temporal control of calcium
signaling processes in cells because they are geneti-
cally encoded and therefore specifically localized.
However, these protein based sensors named “came-
leons” or “camgaroos” do not cover the full detection
range as well as chemical Ca2þ-indicators do. There-
fore, chemical methods have been developed to com-
bine the advantages of genetically encoded tags and
chemical Ca2þ-indicators. Chemical tags are ideally
suited to localize chemical sensors to a specific orga-
nelle or protein.

There are currently three reports from the Johns-
son laboratory using the SNAP-tag approach in com-
bination with chemical Ca2þ-indicators. Bannwarth
et al. demonstrated calcium sensing with Indo-1 and
Fura-2FF SNAP-tag conjugates and verified the
Ca2þ-sensitivity of the probes in live cell experi-
ments. It was shown that the derivatization and
covalent attachment to proteins did not affect the
Ca2þ-sensing capabilities of the two well known che-
mical Ca2þ-indicators [60, 61]. A new sensitive cal-
cium indicator based on BODIPY was developed by
Kamiya et al. [62]. A benzyl guanine derivative of
the BODIPY sensor was successfully coupled to the
SNAP-tag (localized to the nucleus) and used for
sensitive Ca2þ-imaging in live cells. The SNAP-tag
Ca2þ-sensors are still in the proof-of-principle stage.
Further experiments will show if they can serve as

Figure 2 Chromophore assisted
light inactivation of NMII using
the TMP-fluoresceine tag. Laser
inactivation of TMP-fluorescein la-
beled MLC-eDHFR fusion pro-
teins by irradiation of a �7.0 mm
diameter for 1 sec. (a–j) CALI of
cytoplasmic myosin II locally de-
stroyed the contractile actomyosin
II network, revealed by the curva-
ture of the actin cables close to the
irradiated region marked with the
dashed and dotted lines [66].
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robust tools in calcium imaging to address further
biological questions.

A FlAsH-tag based calcium sensor has been
shown to provide new insights into the mechanisms
by which voltage-gated calcium channels regulate
signaling pathways [79]. Tour et al. used the FlAsH-
tag method to localize the calcium sensor calcium
green-FlAsH (CsGF) to the mouth of the calcium
channel Cav1.2. By measuring the calcium signals
generated at the pore of calcium channels, they
showed that spatially elevated calcium concentra-
tions are not caused by single channels but by chan-
nel clusters. This study demonstrates the strength of
chemical tags for measuring calcium concentrations
close to ion channels in cells. Further applications
using genetically encodeable tags in combination
with chemical sensors will greatly expand the ability
to study fast calcium signals in domains next to pro-
teins.

6.3 Chemical tags for super-resolution
imaging in live cells

The diffraction of light classically limits the resolu-
tion of fluorescence microscopy to �200 nm. In the
last few years, this constraint has been removed by
the invention of new microscopy technologies that
break the diffraction limit [80–82]. These new tech-
nologies, termed super-resolution (SR) microscopy,
can improve the spatial resolution of fluorescence mi-
croscopy over 10-fold to length scales approaching
those necessary to determine the structures of macro-
molecular complexes in cells. For more details about
each individual technology, we refer to reviews
about SR microscopy [83–85]. Important to all
super-resolution microscopy technologies is the abil-
ity to switch emitters between fluorescent “on” and
fluorescent “off” states.

Among the super-resolution microscopy methods,
photoactivated localization microscopy (PALM)
[80], and stochastic optical reconstruction micro-
scopy (STORM) [82], has the unique advantage of
simple setup and the versatility for multicolor colo-
calization. As illustrated in Figure 3, in PALM/
STORM individual fluorophores are localized at re-
solutions well beyond the �200 nm diffraction limit
by (i) stochastically photoactivating small percen-
tages of the total population of fluorophores over
time and (ii) determining the centroid position of
these individual fluorophores from the Gaussian fits
of their point spread functions (Figure 3). Given,
that single-fluorophore localization precisions as low
as �10 �A have already been achieved in vitro
[86, 87], technical advances are expected to further
improve the resolutions in live cells. SR-microscopy

has so far done mostly in fixed cells. Recently, it
could be shown that chemical tagging strategies are
ideal platforms to introduce fluorophores that have
the photophysical characteristics to allow for SR-mi-
croscopy with live cells [88].

Dellagiacoma et al. used SNAP-tag probes that
contain Cy3-Cy5 pairs to label SNAP-a-tubulin and
SNAP-b-tubulin fusions, demonstrating the capabil-
ity of the probe for STORM-based SR imaging [58].
Cy3-Cy5 pairs allow for controlled switching be-
tween fluorescent “on” and “off” states [82, 89], but
they only can be used in fixed cells, as cyanine-pairs
require a deoxygenated environment and do not per-
form switching in the reductive environment of liv-
ing cells. In another report, Schroder et al. applied
Halo-tag labeling to integrins on the cell surface
for SR imaging by stimulated emission depletion
(STED) microscopy [90]. Hein et al. used the SNAP-
tag to label cytoskeletal and membrane proteins with
fluorophores suitable for STED and demonstrated
that chemical tags have the great potential to intro-
duce fluorophores that enable SR imaging in living
cells.

Recently it has been reported that the noncova-
lent eDHFR TMP-tag is suitable for SR-imaging
based on dSTORM (directSTORM) [59]. Womba-
cher et al. successfully labeled the histone protein
H2B-eDHFR fusion with a TMP-ATTO655 conju-
gate. The fluorophore ATTO655 shows inherent

Figure 3 (online color at: www.biophotonics-journal.org)
PALM/STORM. Schematic cartoons of conventional con-
focal fluorescence microscopy (left) and super-resolution
imaging using PALM/STORM (right). In conventional
confocal microscopy, the resolution set by the diffraction
of light is �200 nm, and thus individual protein molecules,
typically 1–5 nm themselves and densely packed, cannot
be resolved. In PALM/STORM, small percentages of the
total population of fluorophores are randomly photoacti-
vated over time, allowing all individual emitter to be loca-
lized to resolutions of �20 nm in the x, y-plane from the
Gaussian fits of their point spread functions.
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photoswitching catalyzed by the reducing environ-
ment of the cell as a function of excitation laser
power [91, 92]. Pronounced photoswitching of
ATTO655 under physiological conditions and a high
stability of the “off” state has been observed. There-
fore, the fluorophore fulfills very well the prerequi-
sites for dSTORM based SR-imaging and is compati-
ble with super-resolution imaging in live cells.
Applying dSTORM imaging increased the resolu-
tion to �20 nm, and allowed the identification of

histones within the nucleoprotein complex (Fig-
ure 4). Furthermore, Wombacher et al. could exploit
the label to follow nucleosome movements in living
cells by reconstructing SR-images of 500 frames with
a temporal resolution of 10 s (50 Hz). In a recent
publication, Klein et al. demonstrated the use of
SNAP-tag based H2B labeling with a rhodamine
type fluorophore showing switching behavior in live
cells similar to ATTO655. They successfully vali-
dated the capability of rhodamines for SR-imaging
in live cell dSTORM experiments [93].
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Figure 4 Super-resolution imaging of H2B labeled with
TMP-ATTO655 conjugates. (a) Schematic representation
of super-resolution imaging according to the dSTORM
method with the TMP-eDHFR labeling system. TMP is
covalently attached to ATTO655 and binds to eDHFR
fused to H2B. Upon irradiation at 647 nm ATTO655 is ef-
ficiently transferred to a reduced non-fluorescent species
in the presence of millimolar concentrations of glutathione
(RS�) in living cells. The fluorescent state is recovered
upon reaction with molecular oxygen. (b) wide field image
(c) dSTORM image reconstructed from 10000 images re-
corded upon excitation at 647 nm with 5 kW/cm2 at a
frame rate of 50 Hz (�3 min acquisition time). The ex-
panded views and cross-sectional profiles (d, e, f) demon-
strate superior resolution well below the diffraction bar-
rier. Adjacent histone proteins separated by 50–100 nm
are clearly resolved [59].
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