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ABSTRACT The last decade has witnessed significant advance in the imaging of living systems using fluorescent
markers. This progress has been primarily associated with the discovery of different spectral variants of fluores-
cent proteins. However, the fluorescent protein technology has its own limitations and, in some cases, the use of
low-molecular-weight fluorophores is preferable. In this review, we describe the arsenal of synthetic fluorescent
tools that are currently in researchers’ hands and span virtually the entire spectrum, from the UV to visible and,
further, to the near-infrared region. An overview of recent advances in site-directed introduction of synthetic
fluorophores into target cellular objects is provided. Application of these fluorescent probes to the solution of a
wide range of biological problems, in particular, to the determination of local ion concentrations and pH in living
systems, is discussed.

KEYWORDS fluorophore; fluorescence microscopy; site-directed reaction; measurement of ion concentration;
measurement of local pH.

ABBREVIATIONS TCP - target cellular protein; FP — fluorescent protein; AGT — Of-alkylguanine transferase;
eDHFR - dihydrofolate reductase; TMP — trimethoprim; DAPI — 4',6-diamidino-2-phenylindole; NBD — 4-ni-
trobenz-2-oxa-1,3-diazole; dansyl chloride — 5-dimethylaminonaphthalene-1-sulfonyl chloride; EDANS —
5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid; FRET — Forster resonance energy transfer; SRh 101 —
sulforhodamine 101; BODIPY — 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; FITC — fluorescein isothiocyanate;

) — excitation maximum; A
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INTRODUCTION
Fluorescence-based molecular markers have for a long
time served as a tool for in vitro imaging of biomole-
cules. Fluorescent labeling with a synthetic fluorophore
was first reported in 1942, when fluorescein isothio-
cyanate (FITC)-labeled anti-pneumococcal antibodies
were obtained [1]. Until the 1980s, fluorescent labeling
was mostly used to analyze fixed biological specimens.
Over the past two decades, a number of methods have
been designed that allow one to insert fluorescent tags
into living objects [2], in particularly, as genetically en-
coded chimeras of target cellular proteins (TCPs) with
GFP-like fluorescent proteins (FPs) [3—5]. However, in
some cases, the analysis of living systems requires the
use of low-molecular-weight fluorescent probes [6, 7] to
directly modify TCP [8, 9]. The main advantage of these
fluorophores is their small size and the availability of
compounds with the desired chemical and photophys-
ical properties.

The possibility of using a certain fluorophore de-
pends on its chemical (reactivity, solubility, lipophilic
properties, pKa, and stability) and photophysical prop-

— emission maximum; € — extinction coefficient; ® — quantum yield.

erties (excitation maximum (A ), emission maximum
(A..), extinction coefficient (¢), quantum yield (®),
lifetime of the excited state, and photostability). The
extinction coefficient multiplied by the quantum yield
(¢ X @) is the universal parameter used to determine
the sensitivity of this method for different fluoro-
phores. This value is directly proportional to the bright-
ness and takes into account the amount of absorbed
light and the yield of fluorophore emission.

PROPERTIES OF SYNTHETIC FLUOROPHORES

Fluorophores emitting in the UV

and blue spectral ranges

Fluorophores emitting in the UV spectral range are
used to label living systems not that frequently, since
UV light is toxic for them. Furthermore, it is diffi-
cult to distinguish between the fluorescence signals
of these tags and cell autofluorescence. Pyrene de-
rivatives (Fig. 1) are a classic example of fluorophores
emitting in the near-UV spectral range: they are
characterized by A = 340 nm, A = 376 nm, a high
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quantum yield ® = 0.75, chemical stability, and long
fluorescence lifetime, which allows fluorophore mol-
ecules to form excimers with a bathochromic shift in
the emission spectra. These properties of pyrenes are
used in the monitoring of conformational changes in
the protein structure [10] and to determine the concen-
trations of ions in certain metals [11, 12]. Pyrene de-
rivatives, such as 8-hydroxy-1,3,6-pyrenetrisulfonate
(pyranine, Fig. 1), are used as pH indicators or sensors
for Cu* ions [13]. The 8-O-carboxymethylpyranine de-
rivative is characterized by A_/A__401.5/428.5 nm and
e =25 x10* M'cm™ (405 nm). This fluorophore can be
used as a bright and photostable tag emitting in the
violet spectral range for multicolor labeling of cellular
objects [14].

Fluorescent markers based on coumarin derivatives
are widely employed as chemosensors and in the la-
beling of biomolecules [15, 16]. A substituent inserted
at position 7 of coumarin yields fluorophores emitting
in the visible range of the spectrum: e.g., 7-hydroxy-
4-methylcoumarin (Fig. 2). This fluorophore is charac-
terized by A_ = 360 nm, A__ =450 nm, ¢ = 1.7 X 10° M
lem?, and @ = 0.63. 7-Hydroxycoumarin derivatives act
as an intracellular fluorescent sensor of phosphatase
activity; its mixed carbonates are used to determine
the lipase and esterase activities [17, 18]. A related com-
pound, 7-amino-4-methylcoumarin (Fig. 2), exhibits
the same spectral properties as the hydroxy derivative
atpH>5.

The indole derivative 4’,6-diamidino-2-phenylindole
(DAPI,; Fig. 3) was first synthesized in 1971 at the Otto
Dann’s laboratory in pursuit of anti-trypanosomiasis
drugs. This compound proved inefficient as medica-
tion but demonstrated DNA-binding ability [19]. Since
the binding of DAPI to DNA significantly increases
fluorescence in the blue spectral range (A = 461 nm
for DAPI bound to DNA), this marker is widely used
to label DNA in living cells [20]. It has recently been
shown that irradiation of DAPI with UV light or laser
light with A = 405 nm results in its photoconversion [21,
22]. The emission maximum of the fluorophore shifts
toward the green region of the spectrum (505 nm) af-
ter argon laser excitation of the photoconverted form
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Fig. 1. Fluorophores based on condensed aromatic com-
pounds with emission in the UV- and blue spectral ranges
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7-hydroxy-4-methylcoumarin = 7-amino-4-methylcoumarin

Fig. 2. Fluorophores based on coumarin derivatives

of DAPI at 458 nm. Furthermore, the photoconverted
green form of the fluorophore loses its color after blue-
light irradiation [22]. This property was used in single-
molecule localization microscopy (the SMLM method
in subdiffraction imaging) of DNA, which has made it
possible to reconstruct the accurate map of distribution
of these molecules in cell nuclei and chromosomes dur-
ing mitosis [20].

The fluorescent dibenzimidazole derivatives were
first synthesized and used by Hoechst AG company for
fluorescence microscopy. The compound Hoechst 33342
(Fig. 3) fluoresces in the cyan-blue spectral range and
has an emission maximum at 461 nm. It binds to DNA,
easily penetrates through the cell membrane, and can
be used for experiments on living cells [20].

Bimane, 1,5-diazabicyclo[3.3.0]octa-3,6-dien-2,8-
dione (Fig. 3), is characterized by A__ = 390 nm,
A =482 nm, and ® = 0.3. Bimane fluorescence is

em
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Fig. 3. Synthetic fluorophores emitting in the blue and cyan spectral ranges
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Fig. 4. Fluorophores emitting in the green-yellow spectral range

quenched in the presence of tryptophan and tyrosine;
the degree of quenching depends on the distance be-
tween these two residues (= 10—15 nm). This property
of the fluorophore was used for real-time detection of
the conformational changes in enzymes during sub-
strate binding [23, 24].

Fluorophores emitting in the green—

yellow spectral range

NBD (4-nitrobenzo-2-oxa-1,3-diazole) and its deriva-
tives exhibit emission in the green region of the spec-
trum. NBD chloride (Fig. 4) reacts with amino and thiol
groups. Complexes between NBD chloride and prima-
ry amines have the excitation and emission maxima
A, =465nm, A =535nm (¢ =22 X 10* M'cm" and
® = 0.3). Another NBD derivative that selectively in-
teracts with cysteine has been successfully used as a
fluorescent sensor of Cys in HeLa cells [25]. The sen-
sitivity of NBD derivatives to the microenvironment
proved important in producing lipid markers [26, 27]
or new kinase substrates [28]. NBD-based Cu*" and S*

sensors that allow one to determine the concentration
of these ions in a living cell have been designed [29].

NBD-SCN was used to detect cysteine and homocys-
teine. Substitution of the thiocyanate group with cys-
teine or homocysteine increases the intensity of NBD
fluorescence at 550 nm 470- and 745-fold, respective-
ly [30]. Moreover, NBD-SCN exhibits relatively high
membrane-penetrating properties and can be used to
visualize changes in the concentration of cysteine and
homocysteine in a living cell [30].

Naphthalene derivatives are among the most fre-
quently used fluorophores emitting in the green spec-
tral range. This group of tags includes dansyl chloride
that reacts with amino groups and EDANS (Fig. 4). De-
rivatives of this compound are characterized by A = 336
nm, A__ =520 nm, ¢ = 6.1 X 10° M'em™, and ® = 0.27.
EDANS-based fluorescent markers are currently used
in in vivo experiments [31]. Another fluorophore, 4-ami-
no-3,6-disulfonylnaphthalimide, is characterized by
fluorescence emission in the yellow spectral range. Its
carbohydrazide, known as Lucifer yellow (A = 428 nm,
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Rhodamine 110

Sulforhodamine 101

Fig. 5. Xanthene-based synthetic fluorophores

A, =534 nm, Fig. 4), is used as a polar label and in two-
photon excitation experiments [32].

Fluorophore fluorescein (Fig. 4) exhibits unique
properties: it can exist in aqueous solutions in seven
prototropic forms, including the most biologically im-
portant ones — the mono-anionic and dianionic forms
— which interconvert with pK_ ~ 6.4 [33]. The dianion-
ic form displays maximal fluorescence (A_ = 490 nm,
A, =5l4nm,e=9.3 x 10* M'em™, and ® = 0.95). The
pH sensitivity of fluorescein derivatives was used to
produce fluorescent pH indicators [34, 35]. These deriv-
atives were employed to obtain sensors for ions of vari-
ous metals: e.g., Fluo-3 for measuring the concentration
of calcium ions in living cells [36, 37]. Fluorescein exists
in two equilibrium forms: as lactone and the quinoid
form (Fig. 4). Acylation or alkylation of phenol groups
results in the fixation of a molecule as nonfluorescent
lactone, which can be used to synthesize fluorogenic
substrates for a number of enzymes [38, 39]. However,
fluorescein-based fluorophores have significant draw-
backs, as well. They are characterized by a high rate of
photobleaching; the wide emission band of these fluo-
rophores limits their application in multi-color label-
ing of cellular objects. Furthermore, they are prone to
self-quenching at high densities of tag insertion in TCP.

Another group of synthetic fluorophores emitting in
the green spectral range is based on rhodamine deriva-
tives. Introduction of various substituents into the rho-
damine structure allows one to tune its spectral char-
acteristics. The most typical example is rhodamine 110
(Fig. 5) (A, =497nm, A =520nm,e="7.6 % 10* M'cm™,
and @ = 0.88 [40]). Insertion of four-membered azetidine
rings at two nitrogen atoms substantially increases the
quantum yield and brightness of the fluorophore [41],
while insertion of four methyl groups at the N, N’ atoms
shifts the excitation and emission maxima towards the
long-wavelength region (A_/ A_ 548/572 nm), but re-
duces the quantum yield of the fluorophore (® = 0.41)
in aqueous solutions [42]. Rhodamines containing rigid
cyclic systems instead of amino groups are character-
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Seminaphtharhodafluor

Naphthofluorescein

ized by higher quantum yields; their spectra are shift-
ed towards the long-wavelength region. In particular,
sulforhodamine 101 (Texas Red) (Fig. 5) and its deriva-
tives — the fluorophores that are most frequently used in
cellular biology [43, 44] — are also used as photosensitiz-
ers in photodynamic therapy [45]. Together with fluo-
rescein, rhodamine tags are components of FRET pairs
[46, 47]. Substitution of both amino groups in rhodamine
can yield its nonfluorescent derivative. This property
is used in the synthesis of photoactivable rhodamine
analogues [48] and to synthesize fluorogenic substrates
when studying the mechanisms of enzyme catalysis.
Rhodamine 110 derivatives have been used as substrates
to determine the activity of various enzymes [49]. Hybrid
fluorophores consisting of a polypeptide-linked quan-
tum dot and rhodamine that can be cleaved by caspase-1
have been used in apoptosis assays [50]. Rhodamine de-
rivatives are also used when designing indicators of pH
and the ions of some metals [51, 52].

The compounds under the Alexa Fluor trademark
are a large group of hydrophilic negatively charged
tags that are represented by sulfated derivatives of
various fluorophores, such as fluorescein, coumarin,
cyanine, or rhodamine. The well-known rhodamine
derivative Alexa Fluor 488 exhibits properties largely
similar to those of FITC (A =493 nm, A__ = 519 nm).
However, unlike FITC, Alexa Fluor 488 is character-
ized by higher photostability, higher brightness, and
lower pH sensitivity. Optimal results in comparable
experiments on specific labeling of modified histones
were demonstrated by Fab fragments labeled with Al-
exa Fluor 488 [53]. Alexa Fluor 488 can act as a donor-
fluorophore to study the structure of various cellular
receptors using the FRET effect [54].

Fluorophores emitting in the red, far-
red, and near-infrared spectral range
Fluorophores emitting in the far-red and near-infra-
red spectral ranges are of the greatest interest, since
the light-exciting fluorescence of these fluorophores is
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Fig. 6. Resorufin and its photoactivatable o-nitrobenzyl derivative

non-toxic to living systems. Furthermore, infrared rays
can penetrate living tissues much deeper than shorter
wave light. In addition, background autofluorescence
has virtually no effect on the imaging of biomolecules
in living systems using far-red and infrared fluoro-
phores. Unfortunately, the majority of known synthet-
ic fluorophores belonging to this group have a signifi-
cant drawback: a low quantum yield of fluorescence in
aqueous solutions. Probably, among the fluorophores
of this group, special attention should be focused on
fluorescein and rhodamine derivatives with xanthene
structures modified by the addition of aromatic rings.
These substituents cause a significant bathochromic
shift in fluorescence spectra. One of these derivatives,
naphthofluorescein (Fig. 5), fluoresces in alkaline solu-
tions at much longer wavelengths (A_ /A — 595/660
nm). However, all the advantages of this far-red flu-
orescent tag are outweighed by the fact that it has a
lower extinction coefficient (¢ = 4.4 X 10* Mem™!) and
quantum yield (@ = 0.14). This series of derivatives has
been successfully used as sensors in living cells [55, 56].
In efforts to obtain rhodamine derivatives absorbing
at longer wavelengths, its analogues with the oxygen
atom between two aromatic cycles substituted by silicon
(Si-rhodamine), germanium (Ge-rhodamine), or tin (Sn-
rhodamine) atoms were synthesized [57]. The resulting
derivatives retain the key characteristics of rhodamine,
such as a high quantum yield in aqueous solutions, re-
sistance to photobleaching, and high water solubility.
Three new compounds — SiR680, SiR700, and SiR720
— with fluorescence in the near-infrared region (670—
740 nm) were obtained by inserting additional aromatic
substituents in Si-rhodamine. SiR680 and SiR700 were
shown to exhibit appreciably high quantum yields in
aqueous solutions (@ = 0.35 and 0.12, respectively) [58].
Activated succinimide derivatives of SiR700 were used
in vivo for the imaging of a tumor growth [58, 59].
Xanthene dyes with a structure containing an ad-
ditional aromatic ring exhibit unique properties. Unlike
the symmetric fluorescein and rhodamine derivatives,

the resonance forms of these compounds are not equiv-
alent to each other and have different spectral proper-
ties. Hence, the asymmetry of these tags can be used to
design ratiometric fluorescent indicators. The ratio be-
tween the fluorescent intensities of different forms of
indicators allows one to accurately determine the intra-
cellular concentration of various ions. Seminaphthoflu-
orescein-based fluorophores are used as pH sensors and
indicators of other ions. Rhodol-based seminaphtho-
xanthenes are also applied as pH indicators. The ratio-
metric pH sensor seminaphthorhodafluor (Fig. 5) is one
of such examples [60, 61]. This compound is character-
ized by A_ =573nm, A =631 nm, =44 x10* M'cm™,
and @ = 0.092 at high pH values.

Resorufin (Fig. 6) is used, in particular, for real-time
detection of endogenous phosphatase activity in living
cells [62]. At pH > 7.5, resorufin exists in anionic form
with fluorescence emission in the red spectral range
(A, =572nm, A =585 nm,e=56 X 10* M'em™, and
@ = 0.74). The fluorescence intensity of this dye signifi-
cantly decreases at low pH values.

Some synthetic fluorophores can be modified so that
their fluorescence is “switched on” only after activation
with light of a certain wavelength. These photoacti-
vatable, or latent, fluorophores are used for space- and
time-resolved dynamic imaging of processes requir-
ing the activation of small populations of fluorescent
markers. In particular, these fluorogenic markers are
synthesized via reactions between a fluorophore and
o-nitrobenzyl bromide. A molecule can be activated
by irradiation at 365 nm; the o-nitrobenzyl group is
cleaved to release the active fluorophore (Fig. 6). Ac-
tive migration of microtubules during mitosis was dem-
onstrated for the first time, and the dynamics of actin
microfilaments was studied using photoactivation of
a tubulin-conjugated fluorogenic probe [63]. A num-
ber of photoactivable coumarin analogues capable of
penetrating into the cell have been synthesized [64, 65].
After penetrating into the cell, a small population of
coumarin molecules was activated and used as a fluo-
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rescent reporter to monitor the migration of molecules
through gap junctions [65].

Borodifluorodipyrromethene-based compounds
widely known as BODIPY are used to synthesize fluo-
rescent markers [66, 67], including those for labeling
biomolecules in living cells [68]. They are character-
ized by high photostability and quantum yield, neutral
charge, and narrow absorption and emission bands.

This series of dyes can be tuned to the desired wave-
length using certain substituents [69]. However, wide
application of these fluorophores is limited because
of their poor solubility in water. Some BODIPY fluo-
rophores (Fig. 7) exhibit spectral properties similar to
those of fluorescein: e.g., BODIPY FL (A = 505 nm, A__
=511nm,e=9.1 %X 10* M'ecm™, and ® = 0.94). Insertion
of additional aromatic substituents in the BODIPY FL
molecule (Fig. 7) shifts emission towards the red and
far-red regions (BODIPY TR, BODIPY 630/650 and
BODIPY 650/665).

Most BODIPY-based labels are stable fluorescent
markers. However, fluorophores altering their optical
properties during photoactivation or upon binding to
biologically important molecules have also been syn-
thesized [70, 71]. A neutrally charged BODIPY can pen-
etrate through the cell membrane. BODIPY and some
of its derivatives exhibit appreciably high lipophilic
properties and, therefore, are accumulated mostly in
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the membranes of subcellular structures [72]. Hence,
modified BODIPY derivatives containing hydrophilic
moieties are required for the imaging of biomolecules
localized in cytosol.

BODIPY and its derivatives are characterized by
a small Stokes shift, which is the reason for the self-
quenching of these markers at a high density of bio-
molecule labeling. This property is used to synthesize
fluorogenic substrates for proteinases whose fluores-
cence intensity increases during the proteolysis of pro-
teins labeled with this tag with a higher density [73].

Carbocyanine dyes (cyanins) are compounds with
polymethine chains of different lengths that have an
odd number of carbon atoms between two nitrogen
atoms (R,N-(CH=CH) -CH=N"R,) [70] (Fig. 8). The
structure of these compounds is very similar to that
of the chromophores in the visual pigment rhodopsin
[74]. This property was recently used to design a con-
struct encoding a specific protein binding retinoic acid
(CRABPII) that can form a complex with the fluoro-
genic derivative of cyanine dye. Unlike the original
profluorophore, this complex is characterized by a
bright fluorescence in the far-red spectral range and
high quantum yield [75]. Labels with only one terminal
nitrogen atom involved in the aromatic heterocycle are
known as hemicyanine dyes. Hemicyanines are used as
ratiometric fluorescent pH sensors in in vivo experi-
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ments [76]. Cyanine tags in which the terminal charge-
carrying atoms are directly bound to the methine chain
are called streptocyanine tags. Streptocyanine dyes
have been used as an indicator of superoxide dismutase
activity [77].

Carbocyanine compounds are given names corre-
sponding to the number of carbon atoms between the
dihydroindole components of the molecule. In terms of
its spectral characteristics, Cy3 (F'ig. 8) is comparable
to tetramethylrhodamine (A_ = 554 nm, A = 568 nm).
The spectra of Cy5 are shifted towards longer wave-
lengths (A = 652 nm, A__ = 672 nm), while the more
extensive constructs, such as Cy7, exhibit fluorescence
emission in the near-infrared region (A = 755 nm,
A, = 788 nm). Cyanines are characterized by a high ex-
tinction coefficient (up to 300, 000 Mcm™) and high
solubility in water. Absorption and emission can be
shifted towards longer wavelengths either by increas-
ing the length of the polymethine chain or by inserting
an aromatic moiety of terminal heterocyclic fragments.
Increasing the length of the polymethine chain by two
carbon atoms shifts the absorption maximum by ~100
nm, while insertion of the benzene ring to the terminal
indole residue shifts absorption by ~30 nm [78]. Such
structural modifications are denoted with a “.5” index:
e.g., Cy5.5.

The p-nitrobenzoyl derivative of the heptacyanine
fluorophore emitting in the near-infrared region was
used as a ratiometric sensor of cysteine in mitochondria
under oxidative stress. It has been demonstrated that
this fluorophore can be used in living mice as a sensor
of Cys[79] and glutathione levels in living cells [80].

SITE-DIRECTED REACTIONS OF A SYNTHETIC
FLUOROPHORE CONJUGATION TO TCP

Covalent binding reactions
Various chemical reactions are currently used to bind
synthetic fluorophores to functional groups of bio-
molecules [81]. Succinimide ester (Fig. 9) is the most
frequently used: its interaction with primary and
secondary amino groups yields a stable amide bond.
Isothiocyanate is another commonly used compound.
Fluorophores modified with iodacetamide, maleimide,
or dithioles are used to label sulfthydryl groups.
Bioorthogonal conjugation [82] and the so-called
“click” chemistry [83—85] draw special attention. In
this case, the chemical groups involved in the reaction
of conjugation to a biomolecule do not react with other
functional groups. These chemical groups are inserted
in the molecules either via the metabolic machinery of
the cell [86, 87] or due to the TCP enzymatic activity of
[88, 89]. The azide moiety complies with all the require-
ments imposed on a bioorthogonal chemical group: it is

characterized by high reactivity, selectivity, stability in
aqueous media, and low reactivity towards biological
molecule functional groups. Insertion of a small azide
moiety only results in minor structural perturbations of
the biomolecule. The bioorthogonal label inserted into
a cellular object can be covalently bound to the fluoro-
phore due to highly selective click reactions: Cu-cata-
lyzed azide—alkyne cycloaddition is a classic example
of those (Fig. 9) [90, 91]. However, Cu-catalyzed reac-
tions can be used mainly in in vitro experiments, since
the catalyst needs to be delivered to the reaction site
in the living systems. In addition, copper is toxic at the
concentrations used for labeling. Bertozzi et al. [92] have
developed a method of modification where an alkyne
is a component of the strained eight-membered ring
(Fig. 9). In this system, the alkyne exhibits increased
reactivity and does not require a catalyst. Later on,
difluorocyclooctynes [93] with much higher reactivity
were obtained, allowing one to use click chemistry for
azide-labeled biomolecules in living organisms [94]. The
Staudinger ligation is another example of bioorthogonal
reaction application for in vivo labeling (Fig. 9) [95, 96].

Reactions yielding sulfides and metal-

chelate fluorophore—TCP complexes

Introduction of small amino acid sequences into the
target protein is another promising approach in conju-
gating synthetic fluorophores to TCP. These sequenc-
es need to have an appreciably high affinity to the
selected fluorescent marker. For example, the Cys-
Cys-Pro-Gly-Cys-Cys sequence forms a hairpin-like
structure due to the -Pro-Gly- insertion [97]. Hence,
four cysteine residues form a cluster characterized
by high affinity to organic arsenic compounds [98]. In
particular, the arsenic-disubstituted derivative of flu-
orescein FIAsH (Aex = 508 nm, Aem = 528 nm) reacts
with this tetracysteine sequence to form a complex
with a dissociation constant that lies in the picomo-
lar range (Fig. 10A) [8, 99]. Furthermore, F1AsH ex-
hibits bright green fluorescence only when bound to
the tetracysteine sequence, thus significantly reduc-
ing background fluorescence. Besides F1AsH, there
is ReAsH (Aex = 593 nm, hem = 608 nm), a resoru-
fin-based marker (Fig. 10A) exhibiting fluorescence
in the red spectral range [8, 100].

It should be mentioned that F1AsH and ReAsH are
membrane-permeable labels, which facilitates their
delivery to the cell. Side reactions with monothiols are
a drawback common to these compounds; however,
nonspecific binding can be suppressed with an ex-
cess amount of dithiotreitol. Labeling with F1AsH and
ReAsH is also complicated under oxidative conditions
because of the oxidative reactions that the tetra-Cys
sequence is involved in.
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Metal coordination complexes are used in another
method for fluorophore insertion into the TCP [101]. A
polyhistidine sequence ((His),, where n = 6) that forms
complexes with nickel nitrile triacetate (Ni**—NTA) acts
as a complexing agent (Fig. 10B). Derivatives of cyanine
dyes with one or two covalently bound Ni**~NTA com-
plexes were synthesized to specifically label proteins
containing the poly-His-sequence. The disubstituted
derivatives Cy3 and Cyb have demonstrated a higher
affinity compared to the monosubstituted ones and were
used in FRET experiments to measure the distances in
DNA complexes with the poly-His-labeled protein [102].

The key disadvantage of the poly-His/Ni**~NTA
system for in vivo experiments is the low binding affin-
ity (the K, values lie within 1—20 uM), which negatively
affects the stability of the fluorophore-TCP complex
and, eventually, visualization of TCP. Piehler et al. syn-
thesized fluorescein derivatives with 1—4 covalently
bound NTA residues and characterized their interac-
tion with the poly-His-sequence (His6 and His10). The
stability of multivalent chelating groups to bind in-
creased by more than four orders of magnitude, com-
pared to that of mono-NTA and reached the subnano-
molar level [103].

Poor permeability across the cell membrane is an-
other serious limitation in using the Ni**-NTA complex
in vivo. Tampe et al. applied the membrane-translo-
cating TAT-peptide (49RKKRRQRRR57) to deliver
Ni?"-NTA inside the cell [104]. The resulting trisNTA/
His6-TAT49—57 complex was used to deliver fluores-
cently labeled NTA into the cell (the cytosol and nu-
cleus); trisNTA was then predominantly bound to the
His10-tagged intracellular protein. The translocating
peptide His6-TAT49—57 was released, since it had a
higher binding affinity to His10 (K, = 0.1 nm) [103].

Sun et al. suggested a different approach to the syn-
thesizing of membrane-permeable constructs [105].
They obtained a compound where NTA was covalently
bound to fluorophore and aryl azide (Ni**-NTA-AC).
Ni**-NTA-AC easily penetrated through the cell mem-
brane and was bound to intracellular proteins carrying
the poly-His tag. Light activation resulted in covalent
binding of aryl azide to TCP, which increased fluores-
cence 13-fold and ensured stable binding to the fluo-
rescent tag.

In addition to the tetracystein and poly-His se-
quences, poly-Asp ((Asp,),, where n = 1—3) were also
used to label TCP. Hamachi et al. synthesized fluores-
cein-tagged polynuclear Zn*" complexes (a binuclear
Zn?*" complex is shown in Fig. 10C) [106]. In this case,
increased affinity was observed for a longer poly-Asp
chain. Tetranuclear Zn?" complexes were used for fluo-
rescent labeling of the muscarinic acetylcholine recep-
tor, and its initial activity was retained.

Site-directed labeling using enzyme reactions
Another technology of fluorophore insertion in TCP is
based on enzyme reactions. The so-called SNAP-tag
[107], CLIP-tag [108], HALO-tag [109], and TMP-tag
[110—112] methods are used in this case.

In the SNAP-tag method, O®-alkylguanine transfer-
ase (AGT, Fig. 11A) acts as a fusion protein. AGT has a
molecular weight of 20 kDa; it transfers alkyl groups
from OF° of the alkylated guanine residue to the cyste-
ine residue in the active site of the enzyme (see review
[113]). Incubation of cells expressing AGT-TCP with
the Of-benzylguanine substrate, in which the p-ben-
zyl group carries a fluorophore, results in fluorescent
labeling of AGT—TCP at cysteine in the active site of
AGT [9]. Mutant forms of AGT were also obtained, cat-
alyzing the reaction of alkyl radical transfer to AGT—
TCP 50 times faster compared to the wild-type enzyme
[107]. The SNAP-tag technology is currently the most
commonly used to label intra- and extracellular pro-
teins.

The CLIP-tag method is similar to SNAP-tag; it em-
ploys the mutant form of AGT, whose substrates are
fluorescent analogues of O*-benzylcytosine (Fig. 11B)
[108]. Despite the similarity between these technolo-
gies, SNAP-tag and CLIP-tag are characterized by dif-
ferent substrate specificities and can be used for simul-
taneous imaging of several cellular objects.

In the HALO-tag method, a genetically engineered
variant of haloalkane dehalogenase acts as a fusion pro-
tein that specifically reacts with halogenated alkanes
covalently bound to fluorophore (Fig. 11C) [114, 115].
This reaction, in which covalent binding is formed be-
tween the enzyme and the fluorescently labeled alkane,
is highly specific and allows one to quickly insert a tag
into proteins both in vitro and in vivo (103—10° M s71)
under physiological conditions; importantly, this reac-
tion is irreversible.

In all the methods mentioned above, the unreact-
ed tag needs to be thoroughly washed off the cells to
achieve high contrast. SNAP-tag fluorogenic sub-
strates containing an enzymatically removable fluo-
rescent quencher were synthesized to eliminate this
drawback (Fig. 11A). The enzymatic reaction with
SNAP-tag results in cleavage of the quenching group,
thus increasing the fluorescence intensity more than
fiftyfold. The advantage of these no-wash fluorophores
was demonstrated using the spatio-temporal dynamics
of epidermal growth factor receptors during cell mi-
gration [116].

The TMP-tag carrying a mutant of dihydrofolate
reductase (eDHPR L28C) from Escherichia coli (mo-
lecular weight of ~18 kDa) is an alternative system. As
a result of the enzyme reaction, fluorescently labeled
2,4-diamino-5-(3,4,5-trimethoxybenzyl)pyrimidine
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(trimethoprim, or TMP) binds to eDHPR-TCP (Fig.
11D) that is expressed in animal cells. The system is
characterized by a relatively low background fluores-
cence and rapid kinetics [111]. A nonfluorescent TMP
derivative containing a fluorophore and the corre-
sponding quenching agent was produced to further re-
duce the background fluorescence caused by either the
unbound or nonspecifically bound fluorescent tags. The
TMP ligand binds to eDHPR—TCP, and the quencher is
removed during the enzyme reaction. This method was
shown to be efficient in labeling histones in the nuclei
of HEK 903T cells [117].

CONCLUSIONS

The methods used for imaging biomolecules in living
systems using synthetic fluorophores have been signif-
icantly modified in recent years. Various experimental
and conceptual limitations have been overcome, pri-
marily, for the site-directed reactions that allow one
to insert a fluorescent tag into TCP. Modern technolo-
gies based on novel photoswitchable fluorophores are
developing rapidly, such as subdiffraction microscopy
that allows one to visualize cellular objects at resolu-
tions in the nanometer scale.

Bioorthogonal labeling has made it possible to insert
synthetic fluorophores that are much smaller than flu-
orescent proteins into TCP. The internal sites of TCP
can be labeled using this method, as opposed to label-
ing N- and C-terminal regions using FPs. Furthermore,
the spectral properties of synthetic fluorophores can be
easier tuned compared to FPs. Synthetic fluorophores
can also be used to label non-protein objects (nucleo-
tides, lipids, glycans, metabolites, etc.).

Although the constructs used in the enzyme meth-
ods for fluorophore insertion (SNAP-tag, CLIP-tag,

HALO-tag, and TMP-tag) are of a size comparable to
that of FPs, any small molecule can be inserted into
TCPs using these techniques. Enzyme methods for
fluorophore insertion into TCPs have been used more
and more routinely to solve complex problems in mod-
ern biology and medicine. Use of these technologies in
transgenic animals has been reported [118].

Today, the method involving the formation of met-
al—chelate complexes and sulfides is also frequently
used for in vivo fluorescent labeling. As opposed to
the previous techniques, it employs a small peptide
fragment fused to TCP. New fluorophores exhibiting
higher binding affinity and fluorescence intensity have
been designed since the first publication that reported
on the use of F1AsH. TCPs labeled with photoswitch-
able fluorescent tags have also been created using the
metal—chelate technologies.

Taking into account the large number of application
problems existing in the imaging of biomolecules in liv-
ing systems, is it unlikely that a single universal fluoro-
phore that meets all the desirable requirements can be
designed. Moreover, the investigation of complex sys-
tems with several target objects requires the simultane-
ous use of several different fluorophores. Hence, further
advance in this field solely depends on the synthesis of
novel fluorophores that comply with the requirements
of fluorescent microscopy, such as high photostability,
low phototoxicity during long-term imaging, and the
possibility of labeling multiple objects in living systems. ®

This work was supported by the Russian Science
Foundation (grant no. 14-50-00131).

REFERENCES

1. Coons A.H., Creech H.J,, Jones R.N,, Berliner E. // J. Im-
munol. 1942. V. 45. P. 159—-170.

2.Sung M.H., McNally J.G. // Wiley Interdiscip. Rev. Syst.
Biol. Med. 2011. V. 3. Ne 2. P. 167—-182.

3. Chudakov D.M., Matz M.V, Lukyanov S., Lukyanov K.A.
// Physiol. Rev. 2010. V. 90. Ne 3. P. 1103—1163.

4. Day R.N., Davidson M.W. // Chem. Soc. Rev. 2009. V. 38.
Ne 10. P. 2887—2921.

5. Pakhomov A.A., Martynov V.I. // Chem. Biol. 2008. V. 15.
Ne 8. P. 755—764.

6. Terai T., Nagano T. // Curr. Opin. Chem. Biol. 2008. V. 12.
No 5. P. 515—521.

7. Lavis L.D., Raines R.T. // ACS Chem. Biol. 2014. V. 9. No 4.
P. 855—-866.

8. Adams S.R., Campbell R.E., Gross L.A., Martin B.R.,
Walkup G.K., Yao Y, Llopis J., Tsien RY. // J. Am. Chem.
Soc. 2002. V. 124. Ne 21. P. 6063—6076.

9. Keppler A., Gendreizig S., Gronemeyer T., Pick H., Vogel
H., Johnsson K. // Nat. Biotechnol. 2003. V. 21. Neo 1. P. 86—89.

44| ACTANATURAE| VOL.8 Ne4 (31) 2016

10. Bains G., Patel A.B., Narayanaswami V. // Molecules.
2011. V. 16. Ne 9. P. 7909—-7935.

11.WuY,LiC,LiY, LiD, Li Z. // Sens. Actuator B-Chem.
2016. V. 222. P. 1226—1232.

12. Pinheiro D., de Castro C.S., de Melo J.S.S., Oliveira E.,
Nunez C., Fernandez-Lodeiro A., Capelo J.L., Lodeiro C. //
Dyes Pigment. 2014. V. 110. P. 152—158.

13. Saha T., Sengupta A., Hazra P, Talukdar P. // Photo-
chem. Photobiol. Sci. 2014. V. 13. Ne 10. P. 1427-1433.

14. Legenzov E.A., Dirda N.D., Hagen B.M., Kao J.P. // PLoS
One. 2015. V. 10. Ne 7. P. e0133518.

15. Hara D., Komatsu H., Son A., Nishimoto S., Tanabe K. //
Bioconjug. Chem. 2015. V. 26. Ne 4. P. 645—649.

16. Han S., Zhang F.F,, Qian HY., Chen L.L.,, Pu J.B,, Xie X,
Chen J.Z. // Eur. J. Med. Chem. 2015. V. 93. P. 16—32.

17. Mizukami S., Watanabe S., Kikuchi K. // Chembiochem.
2009. V. 10. Ne 9. P. 1465—1468.

18. Zadlo A., Koszelewski D., Borys F., Ostaszewski R. //
Chembiochem. 2015. V. 16. Ne 4. P. 677—682.

19. Morikawa K., Yanagida M. // J. Biochem. 1981. V. 89. Ne 2.



REVIEWS

P. 693-696.

20. Szczurek AT, Prakash K., Lee HK., Zurek-Biesiada D.J.,
Best G., Hagmann M., Dobrucki JW., Cremer C., Birk U. //
Nucleus. 2014. V. 5. Ne 4. P. 331-340.

21. Piterburg M., Panet H., Weiss A. // J. Microsc. 2012. V. 246.
Ne 1. P. 89—-95.

22. Zurek-Biesiada D., Kedracka-Krok S., Dobrucki JW. //
Cytometry A.2013. V. 83. Ne 5. P. 441-451.

23.J. Brunette A.M., Farrens D.L. // Biochemistry. 2014.

V. 53. Ne 40. P. 6290—6301.

24. Smirnova I, Kasho V., Kaback H.R. // Proc. Natl. Acad.
Sci. USA. 2014. V. 111. Ne 23. P. 8440—8445.

25. Wang J.M,, Liao Y., Shao S.J. // Chem. Lett. 2015. V. 44.
Noe 10. P. 1437—-1439.

26. Makiyama T., Nakamura H., Nagasaka N., Yamashita
H., Honda T\, Yamaguchi N, Nishida A., Murayama T. //
Traffic. 2015. V. 16. Ne 5. P. 476—492.

27. Gaibelet G., Allart S, Terce F., Azalbert V., Ber-
trand-Michel J., Hamdi S., Collet X., Orlowski S. // PLoS
One. 2015. V. 10. Ne 4. e0121563.

28. Lima S., Milstien S., Spiegel S. // J. Lipid Res. 2014. V. 55.
Ne 7. P. 1525-1530.

29. Meng Q., Shi Y., Wang C,, Jia H., Gao X., Zhang R.,

Wang Y., Zhang Z. // Org. Biomol. Chem. 2015. V. 13. Ne 10.
P. 2918-2926.

30. Chen Y.H,, Tsai J.C,, Cheng T.H., Yuan S.S., Wang Y.M. //
Biosens. Bioelectron. 2014. V. 56. P. 117-123.

31. Urru S.A.M,, Veglianese P., De Luigi A., Fumagalli E.,
Erba E., Diaza R.G., Carra A., Davoli E., Borsello T., Forloni
G, etal. // J. Med. Chem. 2010. V. 53. Ne 20. P. 7452—7460.

32. Kristoffersen A.S., Erga S.R., Hamre B, Frette O. // J.
Fluoresc. 2014. V. 24. Ne 4. P. 1015—-1024.

33. Lavis L.D,, Rutkoski T.J., Raines R.T. // Anal. Chem. 2007.
V. 79. Ne 17. P. 6775—6782.

34. Meier R.J., Simburger J.M., Soukka T., Schaferling M. //
Chem. Commun. 2015. V. 51. Ne 28. P. 6145—6148.

35. Lopez S.G., Crovetto L., Alvarez-Pez J. M., Talavera E.M.,
San Roman E. // Photochem. Photobiol. Sci. 2014. V. 13. Ne 9.
P. 1311-1320.

36. Minta A., Kao J.P, Tsien RY. // J. Biol. Chem. 1989. V. 264.
Noe 14. P. 8171—-8178.

37.Cheng Z.Y., Wang X.P., Schmid K.L., Han X.G. // Neuro-
science. 2014. V. 280. P. 254—-261.

38. Zaikova T.O., Rukavishnikov AV, Birrell G.B., Grif-
fith O.H., Keana J.F. // Bioconjug. Chem. 2001. V. 12. No 2.

P. 307-313.

39. Smith E.L., Bertozzi C.R., Beatty K.E. // Chembiochem.
2014. V. 15. Ne 8. P. 1101-1105.

40. Grimm J.B.,, Sung A.J.,, Legant W.R., Hulamm P., Matlosz
S.M., Betzig E., Lavis L.D. // ACS Chem. Biol. 2013. V. 8.

Ne 6. P. 1303—-1310.

41. Grimm J.B,, English B.P,, Chen J., Slaughter J.P., Zhang
Z.,Revyakin A., Patel R., Macklin J.J., Normanno D., Singer
R.H, et al. // Nat. Methods. 2015. V. 12. Ne 3. P. 244—-250.

42. Vogel M., Rettig W,, Sens R., Drexhage K.H. // Chem.
Phys. Lett. 1988. V. 147. Ne 5. P. 452—460.

43. Hill R.A., Grutzendler J. // Nat. Methods. 2014. V. 11.

Ne 11. P. 1081-1082.

44. Schnell C., Shahmoradi A., Wichert S.P., Mayerl S., Hagos
Y., Heuer H., Rossner M.J., Hulsmann S. // Brain Struct.
Funct. 2015. V. 220. Ne 1. P. 193—203.

45. Kryman MW, Davies K.S., Linder M.K., Ohulchanskyy
TY., Detty M.R. // Bioorg. Med. Chem. 2015. V. 23. Ne 15.

P. 4501-4507.
46. Fudala R., Mummert M.E., Gryczynski Z., Gryczynski L.

// J. Photochem. Photobiol. B. 2011. V. 104. No 3. P. 473—477.
47.Chib R, Raut S., Fudala R., Chang A., Mummert M., Rich
R., Gryczynski Z., Gryczynski I. // Curr. Pharm. Biotech-

nol. 2013. V. 14. Ne 4. P. 470—474.

48. Gee K.R., Weinberg E.S., Kozlowski D.J. // Bioorg. Med.
Chem. Lett. 2001. V. 11. Ne 16. P. 2181-2183.

49. Sueyoshi K., Nogawa Y., Sugawara K., Endo T., Hisamoto
H. // Anal. Sci. 2015. V. 31. P. 1155-1161.

50. Moquin A., Hutter E., Choi A.O., Khatchadourian A., Cas-
tonguay A., Winnik F.M., Maysinger D. // ACS Nano. 2013.
V. 7.Neo 11. P. 9585—9598.

51. Huang Q., Zhang Q., Wang E., Zhou Y., Qiao H., Pang L.,
Yu F. // Spectrochim. Acta A Mol. Biomol. Spectrosc. 2016.
V. 152. P.70-76.

52. Wang E., Zhou Y., Huang Q., Pang L., Qiao H., Yu F.,, Gao
B, Zhang J., Min Y., Ma T. // Spectrochim. Acta A Mol.
Biomol. Spectrosc. 2016. V. 152. P. 327-335.

53. Hayashi-Takanaka Y., Stasevich T.J., Kurumizaka H.,
Nozaki N., Kimura H. // PloS One. 2014. V. 9. Ne 9. 106271

54. Mahalingam M., Girgenrath T., Svensson B., Thomas
D.D,, Cornea R.L., Fessenden J.D. // Structure. 2014. V. 22.
Ne 9. P. 1322—-1332.

55. Xue S., Ding S., Zhai Q., Zhang H., Feng G. // Biosens.
Bioelectron. 2015. V. 68. P. 316—321.

56. Albers A.E., Dickinson B.C,, Miller EW., Chang C.J. //
Bioorg. Med. Chem. Lett. 2008. V. 18. Ne 22. P. 5948—5950.

57. Koide Y., Urano Y., Hanaoka K., Terai T., Nagano T. //
ACS Chem. Biol. 2011. V. 6. Ne 6. P. 600—608.

58. Koide Y., Urano Y., Hanaoka K., Piao W., Kusakabe M.,
Saito N., Terai T., Okabe T., Nagano T. // J. Am. Chem. Soc.
2012.V.134. Ne 11. P. 5029—5031.

59. McCann T.E., Kosaka N., Koide Y., Mitsunaga M., Choyke
PL., Nagano T., Urano Y., Kobayashi H. // Bioconjug. Chem.
2011. V. 22. Ne 12. P. 2531-2538.

60. Rathje M., Fang H., Bachman J.L., Anggono V., Gether U,
Huganir R.L., Madsen K.L. // Proc. Natl. Acad. Sci. USA.
2013. V. 110. Ne 35. P. 14426—14431.

61. Capellini VK., Restini C.B., Bendhack L.M., Evora P.R.,
Celotto A.C. // PLoS One. 2013. V. 8. Ne 5. P. e62887.

62. Zhang H., Xu C,, Liu J., Li X, Guo L. // Chem. Commun.
2015. V. 51. Ne 32. P. 7031-7034.

63. Theriot J.A., Mitchison T.J. // Nature. 1991. V. 352.

No 6331. P. 126—131.

64. Zhao Y., Zheng Q., Dakin K., Xu K., Martinez M.L., Li
W.H. // J. Am. Chem. Soc. 2004. V. 126. No 14. P. 4653—4663.

65. Guo Y.M., Chen S., Shetty P., Zheng G., Lin R., Li W.H. //
Nat. Methods. 2008. V. 5. Ne 9. P. 835—841.

66. Loudet A., Burgess K. // Chem. Rev. 2007. V. 107. Ne 11.

P. 4891-4932.

67. Boens N., Leen V., Dehaen W. // Chem. Soc. Rev. 2012.
V.41. Ne 3. P. 1130—1172.

68. Kowada T., Maeda H., Kikuchi K. // Chem. Soc. Rev. 2015.
V. 44. No 14. P. 4953—4972.

69. Le Guennic B., Jacquemin D. // Acc. Chem. Res. 2015.

V. 48. Ne 3. P. 530—537.

70. Zhang Y., Swaminathan S., Tang S.C., Garcia-Amoros J.,
Boulina M., Captain B., Baker J.D., Raymo F.M. // J. Am.
Chem. Soc. 2015. V. 137. Ne 14. P. 4709—4719.

71. Yang C.D.,, Gong D.Y.,, Wang X.D., Igbal A., Deng M.,

Guo Y.L, Tang XL, Liu W.S., Qin WW. // Sens. Actuator
B-Chem. 2016. V. 224. P. 110—117.

72. Uppal T., Hu X., Fronczek F.R., Maschek S., Bobado-
va-Parvanova P, Vicente M.G. // Chemistry. 2012. V. 18.

No 13. P. 3893—3905.

73. Jones L.J., Upson R.H., Haugland R.P., PanchukVoloshina

VOL. 8 Ne4 (31) 2016 | ACTA NATURAE |45



REVIEWS

N., Zhou M.J.,, Haugland R.P. // Anal. Biochem. 1997. V. 251.
No 2. P. 144—152.

74. Abdulaev N.G., Artamonov L.D., Bogachuk A.S., Feigina
M.Y., Kostina M.B., Kudelin A.B., Martynov V.I., Mirosh-
nikov A.IL, Zolotarev A.S., Ovchinnikov Y.A. // Biochem.
Int. 1982. V. 5. Ne 6. P. 693—703.

75. Yapici I, Lee K.S., Berbasova T., Nosrati M., Jia X., Va-

sileiou C., Wang W., Santos E.M., Geiger J.H., Borhan B. // J.

Am. Chem. Soc. 2015. V. 137. Ne 3. P. 1073—1080.

76.LiY.,, Wang Y., Yang S., Zhao Y., Yuan L., Zheng J., Yang
R. // Anal. Chem. 2015. V. 87. Ne 4. P. 2495—2503.

77. Vinatier V., Guieu V., Madaule Y., Maturano M., Payra-
stre C., Hoffmann P. // Anal. Biochem. 2010. V. 405. No 2.
P. 255—-259.

78. Mujumdar S.R., Mujumdar R.B., Grant C.M., Waggoner
A.S. // Bioconjug. Chem. 1996. V. 7. Ne 3. P. 356—362.

79.Yin K., Yu F,, Zhang W,, Chen L. // Biosens. Bioelectron.
2015. V. 74. P. 156—164.

80.Yin J., Kwon Y., Kim D,, Lee D., Kim G., Hu Y,, Ryu J.H.,
Yoon J. // Nat. Protoc. 2015. V. 10. Ne 11. P. 1742—-1754.

81. Kalia J.,, Raines R.T. // Curr. Org. Chem. 2010. V. 14. Ne 2.
P. 138-147.

82. Hao Z., Hong S., Chen X., Chen PR. // Acc. Chem. Res.
2011. V. 44. No 9. P. 742—751.

83. Best M..D. // Biochemistry. 2009. V. 48. Ne 28. P. 6571-6584.

84. Kurpiers T., Mootz H.D. // Angew. Chem. Int. Ed. Engl.
2009. V. 48. Ne 10. P. 1729—1731.

85. Kolb H.C,, Finn M.G., Sharpless K.B. // Angew. Chem. Int.

Ed. Engl. 2001. V. 40. Ne 11. P. 2004—2021.

86. Kiick K.L., Saxon E., Tirrell D.A., Bertozzi C.R. // Proc.
Natl. Acad. Sci. USA. 2002. V. 99. Ne 1. P. 19—24.

87.Kho Y., Kim S.C,, Jiang C., Barma D., Kwon SW., Cheng
J., Jaunbergs J., Weinbaum C., Tamanoi F., Falck J., et al.
// Proc. Natl. Acad. Sci. USA. 2004. V. 101. Ne 34. P. 12479~
12484.

88. Speers A.E., Adam G.C,, Cravatt B.F. // J. Am. Chem. Soc.
2003. V. 125. Ne 16. P. 4686—4687.

89. Speers A.E., Cravatt B.F. // Chem. Biol. 2004. V. 11. Ne 4.
P. 535—546.

90. Rostovtsev V.V, Green L.G., Fokin V.V, Sharpless K.B. //
Angew. Chem. Int. Ed. Engl. 2002. V. 41. Ne 14. P. 2596—2599.

91. Tornoe CW.,, Christensen C., Meldal M. // J. Org. Chem.
2002. V. 67. Ne 9. P. 3057—3064.

92. Agard N.J., Prescher J.A., Bertozzi C.R. // J. Am. Chem.
Soc. 2004. V. 126. Ne 46. P. 15046—15047.

93. Codelli J.A., Baskin J.M., Agard N.J., Bertozzi C.R. // J.
Am. Chem. Soc. 2008. V. 130. Ne 34. P. 11486—11493.

94. Baskin J.M., Prescher J.A., Laughlin ST., Agard N.J.,
Chang PV, Miller LA, Lo A., Codelli J.A., Bertozzi CR. //
Proc. Natl. Acad. Sci. USA. 2007. V. 104. Ne 43. P. 16793—-16797.

95. Saxon E., Bertozzi C.R. // Science. 2000. V. 287. Ne 5460.
P. 2007-2010.

96. Kohn M., Breinbauer R. // Angew. Chem. Int. Ed. Engl.
2004. V. 43. Ne 24. P. 3106—3116.

97. Madani F.,, Lind J., Damberg P., Adams S.R., Tsien R.Y,,

46| ACTANATURAE| VOL.8 Ne4 (31) 2016

Graslund A.O. // J. Am. Chem. Soc. 2009. V. 131. Ne 13.
P. 4613—-4615.

98. Pomorski A., Krezel A. // Chembiochem. 2011. V. 12. No 8.
P. 1152-1167.

99. Griffin B.A., Adams S.R., Tsien R.Y. // Science. 1998.

V. 281. No 5374. P. 269—272.

100. Chen B,, Liu Q., Popowich A., Shen S, Yan X., Zhang Q.,
Li X.F., Weinfeld M., Cullen W.R., Le X.C. // Metallomics.
2015. V. 7. Ne 1. P. 39-55.

101. Uchinomiya S., Ojida A., HamachiI. // Inorg. Chem.
2014. V. 53. Ne 4. P. 1816—1823.

102. Kapanidis A.N., Ebright YW., Ebright R.H. // J. Am.
Chem. Soc. 2001. V. 123. Ne 48. P. 12123—-12125.

103. Lata S., Reichel A., Brock R., Tampe R., Piehler J. // J.
Am. Chem. Soc. 2005. V. 127. Ne 29. P. 10205—-10215.

104. Wieneke R., Laboria N., Rajan M., Kollmannsperger
A., Natale F.,, Cardoso M.C.,, Tampe R. // J. Am. Chem. Soc.
2014. V. 136. Ne 40. P. 13975—13978.

105. Lai Y.T., Chang Y.Y,, Hu L., Yang Y., Chao A, DuZY,,
Tanner J.A., Chye M.L., Qian C., Ng K.M,, et al. // Proc.
Natl. Acad. Sci. USA. 2015. V. 112. Ne 10. P. 2948—-2953.

106. Ojida A., Honda K., Shinmi D., Kiyonaka S., Mori Y., Ha-
machil. // J. Am. Chem. Soc. 2006. V. 128. Ne 32. P. 10452—
10459.

107. Keppler A., Pick H., Arrivoli C., Vogel H., Johnsson K. //
Proc. Natl. Acad. Sci. USA. 2004. V. 101. Ne 27. P. 9955—9959.

108. Gautier A., Juillerat A., Heinis C., Correa LR., Jr., Kin-
dermann M., Beaufils F., Johnsson K. // Chem. Biol. 2008.
V. 15. Ne 2. P. 128-136.

109. Los G.V,, Encell L.P, McDougall M.G., Hartzell D.D., Kar-
assina N., Zimprich C., Wood M.G., Learish R., Ohana R.F.,
Urh M, et al. // ACS Chem. Biol. 2008. V. 3. Ne 6. P. 373—382.

110. Miller LW.,, Cai Y., Sheetz M.P,, Cornish VW. // Nat.
Methods. 2005. V. 2. Ne 4. P. 255—257.

111. Gallagher S.S., Sable J.E., Sheetz M.P., Cornish VW. //
ACS Chem. Biol. 2009. V. 4. Ne 7. P. 547—-556.

112. Wang TY,, Friedman L.J., Gelles J., Min W., Hoskins
A.A, Cornish VW. // Biophys. J. 2014. V. 106. Ne 1. P. 272—
278.

113. Correa LR., Jr. // Curr. Opin. Chem. Biol. 2014. V. 20.

P. 36—45.

114. Benink H.A., Urh M. // Methods Mol. Biol. 2015. V. 1266.
P. 119-128.

115. England C.G., Luo H., Cai W. // Bioconjug. Chem. 2015.
V. 26. Ne 6. P. 975—986.

116. Komatsu T., Johnsson K., Okuno H., Bito H., Inoue T,
Nagano T, Urano Y. // J. Am. Chem. Soc. 2011. V. 133. Ne 17.
P. 6745—6751.

117. Jing C.R., Cornish VW. // ACS Chem. Biol. 2013. V. 8.

Noe 8. P. 1704—-1712.

118. Yang G., de Castro Reis F., Sundukova M., Pimpinel-
la S, Asaro A., Castaldi L., Batti L., Bilbao D., Reymond
L., Johnsson K., et al. // Nat. Methods. 2015. V. 12. Ne 2.

P. 137-139.



