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Chudakov DM, Matz MV, Lukyanov S, Lukyanov KA. Fluorescent Proteins and Their Applications in Imaging
Living Cells and Tissues. Physiol Rev 90: 1103–1163, 2010; doi:10.1152/physrev.00038.2009.—Green fluorescent
protein (GFP) from the jellyfish Aequorea victoria and its homologs from diverse marine animals are widely used
as universal genetically encoded fluorescent labels. Many laboratories have focused their efforts on identification
and development of fluorescent proteins with novel characteristics and enhanced properties, resulting in a powerful
toolkit for visualization of structural organization and dynamic processes in living cells and organisms. The diversity
of currently available fluorescent proteins covers nearly the entire visible spectrum, providing numerous alternative
possibilities for multicolor labeling and studies of protein interactions. Photoactivatable fluorescent proteins enable
tracking of photolabeled molecules and cells in space and time and can also be used for super-resolution imaging.
Genetically encoded sensors make it possible to monitor the activity of enzymes and the concentrations of various
analytes. Fast-maturing fluorescent proteins, cell clocks, and timers further expand the options for real time studies
in living tissues. Here we focus on the structure, evolution, and function of GFP-like proteins and their numerous
applications for in vivo imaging, with particular attention to recent techniques.

Currently, the term green fluorescent protein is well
known beyond the realm of life science. The development of
green pigs and cats has been well covered by the media, and
transgenic fluorescent fish are common in home aquaria.
However, for the long 30 years since the beginning of this
story more than 45 years ago (392), green fluorescent protein (GFP) was of interest only to a handful of scientists
studying luminescence of marine creatures. Aequorea victoria GFP began to garner much attention after its cloning in
1992 (348) and the first demonstration of its utility as a
fluorescent tag for in vivo labeling in 1994 (63). GFP, a fully
genetically encoded label, became a unique tool that enabled
direct visualization of structures and processes in living cells
and organisms. Afterward, a keen interest in the structure,
biochemistry, and biophysics of GFP-like fluorescent proteins (FPs; here we will use this term only for GFP-like
fluorescent proteins and not for other proteins possessing
fluorescence such as iLOV, Ref. 64) arose, which resulted in
an avalanche of scientific publications on FPs and their
applications to solve basic problems in molecular and cell
biology (Fig. 1).
A number of GFP-like proteins have been discovered in
bioluminescent (a naturally occurring form of chemiluminescence) Hydrozoa and Anthozoa species, where FPs can
re-emit light during bioluminescence resonance energy
transfer (BRET). Nonbioluminescent Anthozoa also carry
FPs (275) and GFP-like nonfluorescent chromoproteins
(256). Moreover, recent studies revealed FPs in evolutionarily distant species, including crustaceans (383), comb jellies
(143a), and even chordates (lancelets) (86) (see sect. III). In
addition to the “original” GFP-like chromophore, which was
described as early as 1979 (391) and refined in 1993 (75), its
modified variants were described in natural FPs, including
DsRed-like (132) and Kaede-like (294) red chromophores
and a few other variations (see sect. II). The discovery and
development of multiple spectral FP variants (see sect. V)
has revolutionized studies of living systems. These achievements were recognized by the 2008 Nobel Prize in Chemistry
Physiol Rev • VOL

awarded “for the discovery and development of the green
fluorescent protein, GFP” (Fig. 1).
Nowadays, GFP and its variants and homologs of different colors are used in a variety of applications to study
the organization and function of living systems (Fig. 2) (see
sect. VI). FPs encoded in frame with proteins of interest
make it possible to observe their localization, movement,
turnover, and even “aging” (i.e., time passed from protein
synthesis). Nucleic acids also can be labeled via RNA- or
DNA-binding protein domains. FPs targeted to cell organelles by specific protein localization signals enable visualization of their morphology, fusion and fission, segregation
during cell division, etc. FPs are essential tools for individual
cell labeling and tissue labeling to visualize morphology,
location, and movement (e.g., during embryonic development and tumorigenesis), mitotic stages, and many other
important cell characteristics. Finally, whole organisms can
be labeled with FPs to discriminate between transgenic and
wild-type individuals, as well as for entertainment, i.e., creation of unusually colored aquarium fish and other pets.
Moreover, complex functional studies can be performed using FPs. One can visualize protein-protein interactions in living cells (see sect. VII) and directly observe target
promoters switching on and off, coactivation of two promoters, and a history of a promoter activation at the whole
organism level (see sect. VI). The broad field of FP-based
tools comprises a variety of fluorescent sensors that demonstrate environment-dependent changes in spectral characteristics. These genetically encoded sensors enable visualization of activities of target enzymes (e.g., protein kinases
and proteases); measurements of the concentration of intracellular ions, metabolites, and messengers (H⫹, Ca2⫹, Cl⫺,
H2O2, cAMP, etc.); and other cellular parameters (see sect.
IX). An emerging area is FP-mediated light-induced production of reactive oxygen species (ROS) that can be used to
locally inactivate target proteins, selectively kill cells, and
study intracellular ROS signaling (see sect. X). This arsenal
of FP-based methods can be used not only in basic studies
but also for high-throughput screening of drug candidates
and preclinical studies.
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A wide variety of FPs have become available thanks to
extensive efforts to study their natural diversity and biochemistry. Along with pure academic interest, the practical
applicability of FPs has prompted researchers to study the
phylogeny and biological functions of this protein family,
spatial protein structure, chemical structure and mechanisms of formation of chromophores, photophysical properties and their structural determinants, etc. New insights into
FP biochemistry have often resulted in the generation of
new FP variants for practical use. Last but not least, studies
of FP-derived fluorescence in marine creatures suggest a
number of previously unsuspected aspects of their physiology, ecology, and behavior (see sect. III).
The goal of this review is to summarize our current
understanding of the structure, biochemistry, and evolution
of this amazing protein family, and also to highlight the
variety of biological techniques provided by FPs.
II. SPATIAL STRUCTURE AND DIVERSITY
OF CHROMOPHORES
A. Structure
FPs and chromoproteins of GFP family consist of
⬃220 –240 amino acid residues (25 kDa) (Fig. 3), which
Physiol Rev • VOL

fold into a barrel formed by 11␤-sheets that accommodates an internal distorted helix (Fig. 3, A and B) (103,
162, 253, 324, 340, 346, 349, 465, 483, 500). The chromophore group is formed by a unique posttranslational
modification of the three amino acid residues of the
helix at positions 65– 67 (numbering in accordance with
Aequorea victoria GFP). While the side chain of the
first chromophore-forming residue at position 65 can
vary, Tyr66 and Gly67 are strictly conserved among all
natural GFP-like proteins. The resulting chromophore
is located in the very center of the ␤-barrel and therefore is well protected from contact with the solvent by
the surrounding protein shell. In addition, the barrel of
FPs is stabilized by multiple noncovalent interactions
that ensure its extremely high stability to thermal or
chemical denaturation as well as resistance to proteolysis (46, 435, 451).
Importantly, all GFP-like proteins have a more or less
pronounced tendency to oligomerize. Even Aequorea victoria GFP, which is considered monomeric, forms dimers at
high concentrations corresponding to physiological conditions in jellyfish (80). Some FPs exist as strong dimers, e.g.,
GFP from the sea pansy Renilla (253, 338, 472) or phiYFP
from jellyfish Phialidium (383). Notably, nearly all FPs from
nonbioluminescent Anthozoa and other taxa form very sta-
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FIG. 1. A timeline of major achievements in the field. Green color below the text highlights basic studies of natural diversity of green fluorescent
protein (GFP)-like proteins; blue, structural insights; orange, development of novel fluorescent protein (FP) variants; magenta, appearance of FP-based
technologies. Drawings of representative animals having FPs are shown above the timeline (from left to right: jellyfish, sea anemone, copepod, and
lancelet). Columns above the timeline show the number of scientific articles per corresponding year that can be found searching PubMed with the term
green fluorescent protein (this search is not comprehensive but reflects the general dynamics of publications on fluorescent proteins).
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ble homotetramers even at very low (nanomolar) concentrations (26).
The tetrameric structure of FPs was first revealed by
crystallographic studies of the red FP DsRed from Discosoma sp. (465, 500). Each DsRed monomer contacts the
two adjacent protein molecules by two distinct interfaces
(Fig. 4). The hydrophobic interface includes a cluster of
closely packed hydrophobic residues surrounded by a set
of polar side chains. The hydrophilic interface contains
many hydrogen bonds and salt bridges between polar
residues and includes buried water molecules. In addition, it is stabilized by an unusual “clasp” formed by
COOH-terminal residues of each monomer. This tight tetrameric structure presented major difficulties for the
early experimental use of red FPs (see sect. IV).
The side chains of amino acids buried inside the FP
barrel play essential roles in chromophore formation and
fine-tuning of spectral properties. The most important
residues are located in the middle of the ␤-strands, close
to the chromophore group. Therefore, each strand “controls” a chromophore from a particular direction as
shown in Figure 5. Arg96 from strand 4 is the most critical
catalytic residue (strictly conserved among FPs), which is
in direct contact with the chromophore in mature FPs
(Fig. 3C). Arg96 promotes protein backbone cyclization
during FP maturation (244, 404, 405). Catalytic activity is
also associated with the evolutionarily conserved Glu222
from strand 11 (244, 404, 405), although mutagenesis studies demonstrated that in some cases this residue can be
Physiol Rev • VOL

replaced with almost no deleterious effects on the maturation of the FP chromophore (101, 134). Inner residues
from strands 7, 8, and 10 influence the FP spectra in a
different way. Side chains of residues 148, 165, 167, and
203 are in contact with Tyr66 of the chromophore (Fig.
3D) and are the primary determinants of its protonation
state (anionic or neutral), polarization, spatial conformation (cis or trans), and rotational freedom (19, 49, 70, 324,
340, 349, 352, 414, 459, 463). Variations of these side
chains can dramatically alter the excitation and emission
spectra, make the protein highly fluorescent or nearly
completely nonfluorescent, or facilitate reversible photoswitching of the chromophore between two different
states. Correspondingly, a number of interesting and
sometimes extremely useful mutants have been obtained
by mutagenesis at these points. For example, widely used
yellow variants of GFP (see sect. V) carry a key Thr203Tyr
substitution that results in a red-shift of excitation and
emission maxima (324). Substituting the same position
for Ile or His, on the contrary, leads to stabilization of the
protonated chromophore with a blue-shifted absorption
at ⬃400 nm, which is seen in such GFP variants as Sapphire (435, 512) and PA-GFP (334). A bright red FP DsRed
was converted into an nonfluorescent chromoprotein
state by substitutions Ser148Cys, Ile165Asn, Lys167Met,
and Ser203Ala (51). Some FPs, such as asFP595 (256) or
Dronpa (139), naturally possess pronounced reversible
photoswitching characteristics that are largely determined by positions 148, 165, 167, and 203 (70).

90 • JULY 2010 •

www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 21, 2017

FIG. 2. Main areas of applications of fluorescent
proteins. Dark gray and light gray petals show structural and functional studies, respectively, although
boundaries between them are often quite fuzzy.
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B. Natural Diversity of Chromophores
The chromophore is arguably the most interesting
part of an FP. Commonly, biosynthesis of pigments occurs through multiple sequential reactions catalyzed by
several specific enzymes and involving low-molecular
substrates and cofactors. In contrast, the barrel of FPs
acts as a unique “enzyme” that modifies its own internal
amino acids without any external cofactors and substrates except molecular oxygen. This property underlies
all practical uses of FPs by ensuring fluorescence capability after expression in nearly any heterologous system.
Substantial efforts have been devoted to the study of
chromophores of GFP-like proteins. These studies revealed
chemical structures of the chromophores and suggested
general mechanisms of their formation. However, the exact
sequence of molecular events during chromophore maturation is still a matter of active debate, even for the moststudied GFP “green” chromophore, not to mention the more
sophisticated red-shifted chromophores.
Physiol Rev • VOL

The GFP-like chromophore is formed by cyclization
of the protein backbone at positions 65– 67 (Ser-Tyr-Gly in
Aequorea victoria GFP), followed by dehydrogenation of
C␣-C␤ of Tyr66 with molecular oxygen (Fig. 6). These
reactions result in a two-ring structure representing a
conjugated -system that is large, polarized, and planar
enough to absorb and emit light within the visible range.
The phenolic hydroxyl of the chromophore’s Tyr66 ionizes easily, which results in drastic changes in spectral
characteristics. In the wild-type Aequorea victoria GFP,
the chromophore is in equilibrium between protonated
(neutral) and deprotonated (anionic) forms (473). Protonated GFP chromophore absorbs at ⬃400 nm and can
potentially give off blue light at ⬃460 nm, as observed in
PS-CFP (74), dual emission pH sensors (147, 280), and
some permuted FPs (10). However, in most cases, the
protonated GFP-like chromophores undergo the process
called ESPT (exited state proton transfer): immediately
after excitation, the chromophore loses one of its protons
and becomes charged, thus dissipating a portion of the
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FIG. 3. Structure of GFP. A and
B: overall structure of GFP ␤-barrel with
semitransparent surface is shown from
the side (A) and from the top (B). Chromophore is shown in a spacefill representation. C and D: GFP chromophore and
selected nearby residues in sticks and
semitransparent spacefill representation.
Carbon atoms are gray, nitrogen atoms are
blue, and oxygen atoms are red.
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absorbed energy. Subsequently, it emits green fluorescence with an emission spectrum essentially identical to
that of the initially charged form (49, 65). This effect was
employed to generate the proteins with large Stokes
shifts, characterized by a single excitation peak around
400 nm and a green fluorescent emission peak beyond 500
nm (6, 435, 512) (see sect. V).
Anionic chromophore absorbs at ⬃480 nm and emits
green light at ⬃510 nm. The anionic form is often stable
and is responsible for a single-peak excitation, as seen in
one of the most popular green FPs, EGFP (77), as well as
in numerous wild-type and mutant green FPs. In addition,
excitation and emission spectra of the anionic GFP chromophore can be blue- or red-shifted by the influence of
amino acid environment, from cyan such as amFP486
(275) to yellow FPs (see sect. V).
Although the typical GFP-like chromophore can already demonstrate dramatically different spectral properties depending on its molecular environment, its emission
apparently cannot be red-shifted beyond 540 nm (yellow).
To achieve a more substantial red shift, the basic GFP-like
chromophore undergoes further covalent modification resulting is several other naturally occurring structures,
among which the two most common ones are the redemitting DsRed- and Kaede-like chromophores.
The chromophore of DsRed type is formed by additional oxidation (by molecular oxygen) of the C␣-N bond of
a residue at position 65. This oxidation results in the appearance of an acylimine group that extends the conjugated
-system and leads to a dramatic bathochromic shift of
excitation-emission spectra. Recent studies showed that formation of DsRed-like chromophore often occurs via a blue
intermediate in which the central five-membered heterocyPhysiol Rev • VOL

90 • JULY 2010 •

www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 21, 2017

FIG. 4. Overall structure of DsRed tetramer. Monomers are
shown in different colors. Chromophores are shown in a spacefill
representation.

cle is conjugated to an acylimine group but not to the Tyr66
phenolic (Fig. 6) (415a, 419a). At the same time, in some
fluorescent proteins, DsRed-like chromophore originates
from a GFP-like precursor (326a). In some proteins, acylimine, which is a highly reactive group, undergoes further
conversion. In particular, purple chromoprotein asFP595
from the sea anemone Anemonia sulcata carries an unusual
chromophore consisting of a GFP-like core extended with a
keto group; the protein backbone is broken just before the
chromophore (Fig. 6) (352). This structure is most likely
formed via a DsRed-like intermediate as a result of acylimine
hydrolysis. In yellow FP zFP538 from the button polyp Zoanthus, the chromophore includes a third six-member heterocycle formed by the side chain of Lys65 so that the
GFP-like core becomes extended with an additional conjugated C⫽N bond (Fig. 6) (135, 347, 359). This structure
probably results from a transimination reaction in which a
transiently appearing acylimine is attacked by the Lys65
terminal amino group, cleaving the protein backbone. Another unusual cyclization of a side chain was found in Kusabira-Orange (KO) from the stony coral Fungia concinna
(200). Here, Cys65 forms a new five-member thioamide ring,
which extends the GFP-like chromophore core (Fig. 6)
(210). The appearance of a DsRed-like intermediate during
maturation of the KO chromophore was proposed in this
case as well.
Remarkably, instability of DsRed-related chromophores,
together with technical problems and mistakes, led to considerable difficulties in ascertaining their exact chemical structures. For example, investigation of asFP595 was accompanied
by an unprecedented number of wrong assertions noted even
in publication titles. The article “Cracks in the beta-can:
fluorescent proteins from Anemonia sulcata (Anthozoa,
Actinaria)” described asFP595 as significantly shorter
than other GFP-like proteins (476). This conclusion was
refuted in the next paper entitled “Alternative cyclization
in GFP-like proteins family. The formation and structure
of the chromophore of a purple chromoprotein from Anemonia sulcata” (271), but the suggested unusual chromophore structure was in turn demonstrated to be incorrect by Zagranichny et al. in the article “Traditional GFPtype cyclization and unexpected fragmentation site in a
purple chromoprotein from Anemonia sulcata, asFP595”
(508). The same chromophore structure and the fragmentation site of the protein backbone were assumed in the
published crystal structures of asFP595 variants (19, 484).
However, the most recent crystallographic, chemical,
and biochemical studies indicated that the protein in
fact possesses a yet different chromophore structure
and backbone fragmentation site (352, 433, 495). Similarly, only chemical synthesis of the zFP538 chromophore (493) explained its complex spectral transformations and resolved the controversy between biochemical (509) and crystallographic (347, 359) data.
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FIG. 5. Amino acid alignment of selected GFP-like proteins representing different taxa and color classes. GFP from jellyfish Aequorea victoria,
ppluGFP2 from the copepod Pontellina plumata, AmphiGFP from lancelet Branchiostoma floridae, green zFP506 and yellow zFP538 from button
polyp Zoanthus, red FP DsRed from mushroom anemone Discosoma, green-to-red photoconvertible FP Kaede from stony coral Trachyphyllia
geoffroyi, and chromoproteins asFP595 from sea anemone Anemonia sulcata and anm2CP from an unidentified anthomedusa are shown. The
numbering is in accordance with Aequorea victoria GFP. Introduced gaps are represented by dashes. The residues whose side chains form the
interior of the ␤-barrel are shaded. The chromophore-forming triads are highlighted with a green rectangle. The spatial structure and positioning
relative to the chromophore are shown for all ␤-strands and other selected regions above the corresponding amino acid sequences.

The green-to-red photoconvertible fluorescent protein Kaede demonstrates a principally different way of red
chromophore formation. In contrast to DsRed, maturation of the Kaede-like red chromophore does not involve
an oxidation step but requires light irradiation. All known
Physiol Rev • VOL

Kaede-like proteins carry His65, which appears to be
indispensable for the formation of chromophore of this
type. In the dark, Kaede matures to its green fluorescent
form in which the GFP-like chromophore exists in equilibrium between protonated and deprotonated states. Ultravi-
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6. Chemical structures and pathways of maturation of naturally occurring chromophores within GFP-like proteins.

olet (UV)-violet light illumination results in the conversion of
the protonated chromophore into a mature red form.
This conversion requires cleavage of the protein backbone between the C␣ atom and the amide N of His65
and formation of a double bond between the C␣ and C␤
atoms of His65 (Fig. 6) (294). Kaede-like proteins became very popular as photoactivatable labels (see sect.
VIII).
In addition to the diversity of chemical structures,
crystallographic studies have revealed different conformational states of FP chromophores (Fig. 7). Most often,
chromophores of FPs exist in a cis planar conformation.
Physiol Rev • VOL

However, some red FPs (285, 340) and all nonfluorescent
GFP-like chromoproteins with known three-dimensional
structures (270, 326, 349, 393) carry a trans nonplanar
chromophore.
It is perhaps notable that the overwhelming majority
of natural FPs features GFP-like chromophores in a deprotonated state. Protonated green chromophores are only
rarely found, and the first FP characterized, Aequorea
victoria wild-type GFP, is in fact very unusual in this
regard. Among red-shifted proteins, DsRed-like chromophores are most common, determining spectral properties of not only red FPs but also most, if not all, chro-
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moproteins (270, 326, 349, 393). Only a couple of groups
within class Anthozoa opted for the green-to-red photoconvertible Kaede-like chromophore instead of a DsRedlike one for their red FPs; however, the chromoproteins of
these Anthozoa are still DsRed-like (see sect. III). Other
chromophore structures mentioned above have been only
found once in nature thus far.
The diversity of chromophores along with the influence of their within-protein environment determines the
wide spectral diversity of natural GFP-like proteins. The
most commonly found spectral classes are cyan, green,
red, and photoconvertible green-to-red FPs, as well as
purple-blue nonfluorescent chromoproteins (Fig. 8) (239).
Cyan FPs possess relatively broad excitation and
emission spectra peaking at ⬃450 and 485 nm, respectively (275). They contain GFP-like chromophores in
which spectra are blue-shifted due to noncovalent interactions with nearby residues and buried water molecules
(7, 135, 162). In addition, natural cyan FPs with protonated chromophores absorbing at ⬃400 nm were characterized recently (12).
Compared with cyan FPs, green FPs possess narrower and red-shifted spectra with excitation at 480 –510
nm and emission at 500 –520 nm. As mentioned above,
GFP-like chromophores usually exist in the deprotonated
state, although some proteins with a predominant neutral
chromophore with absorption at 390 – 400 nm were found
(239, 473).
Red FPs containing DsRed-like chromophores (in
anionic state in all known natural proteins) possess excitation and emission maxima at ⬃560 –580 and 570 – 610
nm, respectively. Some of the natural DsRed-like proteins
Physiol Rev • VOL

exhibit a “timer” phenotype (i.e., change fluorescent color
over time) due to spontaneous green-to-red conversion in
the process of chromophore biosynthesis (183, 239). This
step of maturation of the DsRed chromophore can be
enhanced by violet light irradiation (450).
Green-to-red photoconvertible Kaede-like proteins in
their mature (photoconverted) red state fall into the same
spectral region, but their emission spectra have a wellpronounced shoulder or even minor peak at 620 – 630 nm,
a characteristic signature of His65 side chain incorporated into the chromophore (494).
Natural nonfluorescent chromoproteins of different
hues possess a single absorption peak (at 560 – 610 nm for
currently known proteins) that determines their color:
purple for absorption maxima at 560 –570 nm, lilac for
580 –590 nm, and blue for ⬎595 nm. Interestingly, examples of orange-red nonfluorescent coloration, which
should correspond to an absorption peak at 480 –520 nm,
can be observed in coral species. Such chromoproteins
likely will be characterized in the future.
Chemical modifications of DsRed-like chromophores
described above are responsible for the appearance of yellow-orange FPs, zFP538 and KO, with excitation/emission
maxima at 527/538 and 548/559 nm, respectively. Notably, among hundreds of natural FPs known to date, no
other proteins have been identified with such spectral
properties (except phiYFP, which carries GFP-like
chromophore stacked with Tyr203) (12). The yelloworange FPs and their respective chromophores thus
appear to be curiosities rather than widespread biological phenomena.
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FIG. 7. Spatial structures of natural chromophores shown in stick representation. Carbon atoms are gray, nitrogen atoms are blue, oxygen
atoms are red, and sulfur atoms are yellow.
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C. Artificial Chromophores and Colors
The natural diversity of excitation-emission spectra
was further extended via mutagenesis (see sect. V). Early
attempts to mutate Aequorea victoria GFP revealed that
Tyr66 of the chromophore can be substituted for aromatic
side chains (Phe, His, or Trp), resulting in dramatically blueshifted FPs (Fig. 9 and table in Fig. 10). Trp-based chromophores give off cyan fluorescence with an excitation/
emission maxima at ⬃435/475 nm, such as in the cyan FPs
ECFP (155, 156), Cerulean (360), mTurquoise (122), and
TagCFP (Evrogen JSC). His-based chromophores are characteristic of blue FPs such as EBFP (156, 361, 498), SBFP2
(230), EBFP2 (9), and Azurite (283) and have further blueshifted excitation/emission peaks at 383/448 nm. Finally,
Physiol Rev • VOL

III. EVOLUTION OF GREEN FLUORESCENT
PROTEIN-LIKE PROTEINS
Family of FPs originated very early in the evolution
of Metazoa (multicellular animals) but appear to have
been lost in many present-day lineages, perhaps in con-
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FIG. 8. Representative spectra of main spectral classes, which are
widely encountered in natural GFP-like proteins. Excitation (dotted lines)
and emission (solid lines) are shown for FPs. Spectra before (green lines)
and after (red lines) photoconversion are shown for a Kaede-like green-tored photoconvertible FP. Absorption spectrum is shown for a chromoprotein.

Phe66 provides the shortest wavelength fluorescence in
GFP-like proteins with an excitation peak at 355 nm and
emission peak at 424 nm, such as in the recently developed
FP Sirius (430). None of these types of modification has ever
been encountered in natural proteins, which invariably carry
Tyr-based chromophores, for reasons yet unclear.
A textbook example of the influence of adjacent
residues on spectral properties of GFP chromophore is
yellow FP variant that carries the Thr203Tyr substitution. Tyr203 was inserted in GFP rationally based on
the first crystal structure of GFP (324). A - stack
between Tyr203 and chromophore’s Tyr66, confirmed
by crystallography (463), results in significantly redshifted spectra (excitation/emission maxima at 515/528
nm). In the following years, a number of improved
yellow FP variants were developed and are currently
used widely (see sect. V). It is remarkable that essentially the same chromophore environment was revealed
in natural phiYFP, which was cloned much later (383).
Blue-shifted variants of DsRed-like chromophore
were generated by mutation of Try66 (9, 384) or by
stabilization of the blue chromophore which appears as
an intermediate during normal maturation of the red
chromophore (419, 419a) (Fig. 9). The introduction of
Thr65 resulted in the DsRed variant mOrange, which
displays orange fluorescence. X-ray studies showed
that the chromophore of this protein is formed by
cyclization of the Thr65 side chain (397) analogous to
the above-mentioned cyclization of Cys65 in the natural
orange FP KO (210).
A number of mutants in which Tyr66 was substituted for various nonaromatic residues were constructed and tested (30, 32–34, 366, 367). None of these
mutants has immediate practical significance because
they lack fluorescence, but they have provided valuable
insights into the mechanisms of chromophore formation. Most importantly, it became clear that the chromophore biosynthesis does not require an aromatic
residue at position 66 (366, 367). Also, structures that
are believed to be intermediates during GFP chromophore formation were trapped, and unusual elimination and cross-linking reactions were revealed.
Extensive studies of naturally occurring FPs, along
with mutagenesis-based efforts devoted to generation
of their novel spectral variants, spawned the remarkable spectral diversity of FPs for practical use, described in section V.
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nection to their freshwater or terrestrial specialization.
FPs exist in the host genome as a multigene family and
have experienced frequent gene births and deaths, which
may have facilitated their remarkable functional diversification in evolution. Due to the ease of their heterologous
expression and phenotypic characterization, FPs represent an ideal model for studying the basic processes of
functional diversification in protein families experimentally, using approaches such as the resurrection of ancestral proteins and evolutionary intermediates. However,
Physiol Rev • VOL

such studies have been held back by the lack of clear
understanding of the actual biological function of FPs.
This knowledge gap should be addressed through the
experimental biology of FP-possessing organisms, such as
corals, jellyfish, amphioxus, and copepods.
A. Where Do GFPs Come From?
Proteins sharing a GFP fold (“␤-barrel,” consisting of
11 ␤-sheets with a distorted helix threaded through the
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FIG. 9. Chemical structures of chromophores obtained in artificially mutated FPs. Top row: blue-shifted chromophores generated by substitution of
GFP chromophore’s Tyr66 by aromatic residues; also, a stacking of Tyr66 with Tyr203 utilized in YFP variants is shown. Middle row: blue-shifted
modifications of DsRed chromophore obtained by stabilization of the blue acylimine-based chromophore, introduction of Phe or Trp residues instead of
Tyr66, or by mutation Gln65Thr resulting in cyclization of Thr65 side chain analogous to that of Cys65 in KO. Bottom rows: colorless variants of GFP
chromophore in Tyr66-substituted GFP variants.
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middle) constitute a superfamily (383), uniting two protein families in which this fold is utilized for profoundly
different functions. The family of GFP-like fluorescent
proteins and chromoproteins is characterized by fluorescence and/or color enabled by the autocatalytic synthesis
of the chromophore. The second family is composed of
so-called G2F domains of nidogens, fibulins, and related
multidomain extracellular matrix proteins from a variety
of multicellular animals (276). In these proteins, the GFP
fold serves as a protein-binding module (238). The only
Physiol Rev • VOL

two currently sequenced genomes that contain FPs, that
of the starlet sea anemone Nematostella vectensis and the
lancelet Branchiostoma floridae, also contain G2Fs, despite earlier claims to the contrary (37). In these genomes,
G2Fs and FPs fall into their respective clusters within the
superfamily tree, indicating that these two families resulted from gene duplication very early in the evolution of
multicellular animals, as suggested earlier (383). G2F domains, therefore, constitute the most basal outgroup to
GFP-like proteins, prompting the question of the function
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FIG. 10. Selected monomeric FPs (updated 2009). The table includes monomeric FPs that are the best or the only one in their color class, the
most popular, or the most recently published. *“Noncomprehensive” means that absence of information does not imply any bad or good
characteristics. **Pronounced fast bleaching component (387). B⫺, low brightness; Ps⫺, low photostability; Pi⫺, strong reversible photoinactivation; pH⫺, low pH stability; Cl⫺, sensitivity to Cl⫺; mat⫺, slow maturation; Ps⫹, high photostability; pH⫹, high pH stability; pH⫹⫹, extreme pH
stability; mat⫹, fast maturation; B⫹, high brightness.
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FIG. 11. Hypervariable amino acid positions (side chains rendered
in red) mapped onto the structure of a typical coral FP tetramer. This
pattern was interpreted as a binding interface requiring continuous
readjustments through positive selection because of the “evolutionary
arms race” against an unknown binding target. [From Field et al. (108).]
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whereas the protein-binding function of G2Fs is well characterized and constitutes the main function of these domains (e.g., Refs. 438, 482), for FPs it was postulated as a
result of statistical phylogenetic analysis and, in the absence of direct evidence, remains highly speculative. To
clarify this issue, an experimental investigation of proteinbinding properties of natural FPs would be of considerable interest.
B. FP Is an Ancient Metazoan Gene
FPs appear to be a protein family specific to Metazoa
with a remarkably patchy distribution across phyla. To a
significant extent, both Metazoa specificity and patchiness may be the result of incomplete and biased sampling;
however, the fact that only two of the currently sequenced animal genomes contain FP genes clearly indicates that FPs are far from ubiquitous in Metazoa. Still,
there are currently enough examples of FP-containing
animals to conclude that the common ancestor of all
Metazoa most likely possessed the FP gene (86, 383).
FPs are currently known to exist in four phyla of
multicellular animals: Cnidaria, Ctenophora (comb jellies), Arthropoda, and Chordata (Fig. 12). Coincidentally,
these four phyla provide a reasonably good sampling of
the most basic partitions of the metazoan tree of life.
Cnidaria and Ctenophora represent radially symmetrical
animals (Radiata), which are, according to current views,
not closely related (i.e., do not form a clade within the
phylogenetic tree). Of these, Ctenophora split off the main
stem of the metazoan tree of life especially early: it is
generally accepted that comb jellies are a more ancient
lineage than cnidarians, and one analysis even suggests
that Ctenophora is the most basal phylum of all Metazoa
(99). Arthropoda and Chordata belong to a group of bilaterally symmetrical animals (Bilateria) and represent
the two major partitions, Protostomia and Deuterostomia,
respectively. The discovery of FPs in all these taxa, therefore, strongly suggests that the FP gene was acquired very
early during metazoan evolution (86, 383).
It should be noted, however, that the basal phylogeny of FPs (Fig. 12) does not fully match the currently
accepted gross phylogeny of the host animals. Instead
of constituting one of the basal lineages of the FP
family, GFP from the ctenophore Haeckelia beehleri
(143a) groups with Cnidaria, reminiscent of the nowdismissed grouping of cnidarians and ctenophores
within the phylum Coelenterata. Moreover, even within
the “Coelenterata” clade, the ctenophoran FP does not
occupy a basal position but falls firmly into the clade of
hydrozoan FPs. The easiest explanation for such a
puzzling pattern is contamination of the ctenophore
material with ingested hydrozoan medusae, which is
quite likely since ctenophores of the genus Haeckelia
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of the common ancestor of these two families, which
remains unclear. Unfortunately, the profound sequence
dissimilarity despite nearly identical protein folds (177)
between these two families precludes the most direct way
of answering this question, which is through resurrection
and characterization of the ancestral protein, since the
reconstruction of such a sequence would be extremely
ambiguous. Identification of a prokaryotic homolog of GFP
would elucidate this problem to a great extent; however, to
date, the only supposedly prokaryotic matches to GFP-like
proteins in Genbank are either clear cases of GFP-coding
vector contamination (such as GFPs from Azotobacter,
Azomonas, and Neisseria, which are different from the
GFP from Aequorea victoria by mere 2–5 nucleotide substitutions most likely due to sequencing errors) or the
result of contamination of prokaryotic material with eukaryotic DNA, such as an intron-containing GFP-coding
sequence from a marine environmental genomics dataset
(Genbank accession no. AACY021567213). The only tentative functional similarity between FPs and G2Fs, which
may be attributable to their common ancestor, is the
molecular interface formed by the outward-facing side
chains of the ␤-strands 1, 2, 3, and 11 of the fold (108,
276). In G2Fs, this is the experimentally determined protein-binding surface that is strongly conserved within the
family (176). In contrast, in coral FPs this surface is
hypervariable (Fig. 11), which was interpreted to be the
result of diversifying positive selection driving the evolution of putative binding interface under the conditions of
“evolutionary arms race” (108). It should be noted that,
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FIG. 12. Phylogenetic tree of representative FPs, reconstructed from the protein sequences using MrBayes 3.1 (181) under the “mixed” model.
The branches with a posterior probability ⬍0.95 are collapsed. Individual sequences are represented by boxes corresponding to their color type (see
legend). Only the names of the proteins mentioned throughout the text of this review are shown, with their commercial names and/or mutant
derivatives given in brackets. The systematic affinity of the host organisms is indicated. The clades designated A–D correspond to the groups
originally reported in Ref. 239.

indeed specialize in preying on medusae (142). Otherwise, to reconcile the topology of the FP family with
the currently accepted gross phylogeny of multicellular
animals, one is forced to assume that Bilateria and
Anthozoa inherited a different paralogous lineage of
Physiol Rev • VOL

FPs than Ctenophora and Hydrozoa and that these two
paralogous lineages separated from each other perhaps
even before the origin of multicellular animals. Unlikely
as this sounds, given the peculiar birth/death dynamics
of FP genes within a genome (see below), this possi-
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C. Overview of Natural FP Diversity
Within Cnidaria, class Anthozoa contains the greatest
diversity of FP colors (12, 239, 275) (it should be noted,
however, that anthozoan FPs are also the best sampled).
Multicolored FPs are found in all three subclasses of
Anthozoa (Ceriantipatharia, Hexacorallia, and Octocorallia; Fig. 12).
A notable feature of the FP phylogeny of Anthozoa is
that it fails to recapitulate the systematics of the host
Physiol Rev • VOL

organisms, which may be a consequence of a peculiar
gene gain/loss pattern among anthozoan FPs, limited understanding of anthozoan phylogeny, or both (12, 239).
The only “well-behaved” sequences are the two proteins
from subclass Ceriantipatharia (cloned from tube anemones; Refs. 185, 477), which form a separate basal clade;
however, it remains to be seen whether this grouping will
hold when more representatives of this subclass are analyzed. Proteins from the other two subclasses (Octocorallia and Hexacorallia) are intermixed with each other,
sometimes recapitulating individual orders (such as Pennatulacea, Alcyonacea, and Zoantharia), but generally do
not follow a systematic pattern. The best-characterized
group of all cnidarians, reef-building corals of the order
Scleractinia, is represented by three diverse clades
(clades B, C, and D of Ref. 239; Fig. 12). Of these, only the
gene lineage represented by clade B is found in all corals,
in the form of nonfluorescent chromoproteins. The other
two lineages underwent sorting between coral groups so
that a given coral species may contain FPs of either clade
C or clade D, but not both (12). This was accompanied by
independent evolution of the typical fluorescent color
diversity within each lineage. In particular, within clade
D, the origin of fluorescent color diversity clearly predated the separation of coral families represented there,
which indicates that corals became colorful as early as
the late Triassic-early Jurassic period, in the very beginning of the modern-type coral reefs (206). Also within
clade D, a unique solution to red fluorescence was found in
the form of the Kaede-like chromophore (294). All red proteins within clade D are Kaede-like, whereas in the rest of
the tree, only DsRed-like red proteins are found (12).
Another class of Cnidaria, Hydrozoa, yielded the
most divergent FP sequences; however, most of these
proteins are green. There are two notable exceptions
(383): the yellow fluorescent protein from Phiallidium
sp., which nevertheless possesses the typical “greenlike”
chromophore structure, and a purple chromoprotein from
an unidentified anthomedusa, which was developed into
the unique genetically encoded photosensitizer KillerRed
(50) (see sect. X). It is also interesting to note a peculiar
colorless FP, which was cloned from a nonfluorescent
relative of the most famous jellyfish in the world [Aequorea victoria, the host organism of the original GFP
(392), A. coerulescens (134)]. In this protein, following
some Carroll-like nonsensical logic (61), fluorescence can
be rescued by removing one of the side chains that is
strictly conserved in FPs and is considered critical for
chromophore formation (Glu222).
Thus far, the only taxon of protostome bilaterian
animals that yield FPs is the class Maxillopoda, subclass
Copepoda, which is part of phylum Arthropoda, subphylum Crustacea. Within copepods, FPs were cloned from
representatives of two families, Pontellidae (383) and
Aeteidae (273), both belonging to the same order (Cal-
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bility is not entirely implausible. An alternative explanation may be the artifact of phylogenetic reconstruction known as the long branch attraction (106), since
both ctenophore and hydrozoan FPs form long
branches in the tree (Fig. 12). In that case, however,
one would expect them to group with G2Fs, which form
the longest branch. Improved sampling of diverse
ctenophoran FPs will help resolve this issue.
It is tempting to attribute the lack of FPs in most
model organisms with sequenced genomes to their terrestrial or freshwater origin, implying that the primary
(frustratingly, still unknown) biological function of FPs
is somehow related to the marine environment. Indeed,
the current list of organisms harboring FPs consists
exclusively of marine species. Among cnidarians, FPs
are notably absent in the genome of the freshwater
Hydra but are common in marine representatives of the
same class (Hydrozoa) (134, 383, 392) and reach the
highest known diversity in the exclusively marine class
Anthozoa (12, 239, 275). Interestingly, representatives
of the other three classes of Cnidaria, Scyphozoa,
Cubozoa, and Staurozoa, all of which are large jellyfish
of different kinds, despite also being exclusively marine, thus far have not yielded FPs and are not known
to fluoresce, at least not in their adult forms (M. Matz,
unpublished data). It would be interesting to look for
fluorescence in the diminutive polyploid stage of the
life cycle of these jellyfish.
Given these phylogenetic complications, it is reasonable to ask the following question: did fluorescence
evolve only once in the FP family? A strong argument in
favor of the single fluorescence origin is that, on the basis
of spectroscopy (383), X-ray crystallography (103, 483),
and patterns of sequence conservation (37, 86), it appears
that in both cnidarian and bilaterian FPs follow the same
structural solution to achieving fluorescence, which involves modification of Tyr66 and Gly67 to form a chromophore with the help of Arg96 and Glu222 side chains as
key catalytic groups. Still, given the paucity of phyla that
thus far have yielded FPs, as well as many unanswered
questions concerning the mechanisms of the chromophore biosynthesis, the possibility of independent evolution of fluorescent FPs in different animal groups
should not yet be discounted.
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D. FPs Form Multigene Families in Host Genomes
The first indication that FPs are present in multiple
copies in the host organism genome came from the fact
that multiple FPs of different color could be cloned from
the same organism (275). Later, an extensive analysis of
FP sequences expressed in the great star coral Montastrea cavernosa demonstrated that multiple FP genes may
correspond even to the same color of fluorescence: each
of the principal fluorescent colors (cyan, green, and red)
in this coral was determined by more than one gene,
which now appears to be a typical situation for corals (12,
95, 206). Recent analysis of the fully sequenced genome of
the lancelet Branchiostoma floridae revealed that this
animal possesses 16 FP genes (37, 47). According to the
results of heterologous expression of 15 of these proteins
in bacteria, 14 of them encode GFPs. Of the remaining
two, one was expressed in bacteria but failed to develop
any color; for the other, expression was not attempted
since its sequence contained a mutation that should have
inhibited chromophore formation (Gly67-Ala). Only 3 of
these 16 genes were abundantly expressed (47). The 16
lancelet FPs form 6 groups of closely related sequences,
many of them produced by tandem duplications. Notably,
the expansion of gene diversity within these groups appears to have occurred independent of another lancelet
species, Branchiostoma lanceolatum (47). A quick glance
at the genome and EST database of another FP-containing
organism, the starlet sea anemone Nematostella vectensis, suggests a similar pattern: only two genes are expressed abundantly, while many more are encoded in the
Physiol Rev • VOL

genome, including partial genes and versions with deleted
chromophore-forming sequences (Matz, unpublished
data).
These observations suggest that frequent gene duplication and loss must be a key factor in the evolution of
FPs. It is hardly surprising that the phylogeny of genes
fails to follow the systematic position of the host organisms, since in most cases the genes from different species
must be paralogs rather than orthologs. It is also tempting
to speculate that frequent gene duplication may facilitate
the evolution of color diversity. In general, FPs may provide a useful experimentally tractable model for studying
the effects of gene duplication and loss on the evolution
of functional diversity in protein families.
E. Color Evolution
Origins of different colors and associated chromophore types are arguably the most interesting aspects
of the FP family evolution. In addition to the general
interest for understanding the mechanisms of functional
diversification in proteins, knowledge of the mutational
pathways leading to different spectral properties and
chromophore structures would be an important step toward the rational design of FP-like fluorescent labels ab
initio, which would allow their precise tailoring for the
needs of particular applications.
Of all the naturally occurring proteins, FPs are perhaps the most amenable to experimental studies of evolutionary modification, owing to their robust expression
in bacteria and the ease of phenotypic characterization.
Ugalde et al. (442) applied an ancestral reconstruction
methodology to demonstrate that the common ancestor
of the three fluorescent colors within clade D was green
and that the complex Kaede-like red color (requiring one
additional autocatalytic modification reaction to form the
chromophore) evolved from it in a gradual fashion
(Fig. 13). This result also implied that the red color
within clade D appeared more than once. The general
notion of pervasive convergent evolution of FP color
diversity in corals was recently corroborated by reconstruction of the common ancestor of all three coral FP
clades, which also turned out to be green (12). This
study was taken further by Field et al. (108), who
applied statistical phylogenetics to detect signatures of
positive selection along the individual lineages leading
to the new colors within clade D. This analysis demonstrated that the evolution of both cyan and red colors
was facilitated by natural selection and identified the
mutations involved. The key determinant of the cyan
color turned out to be a mutation at site 167: it alone
turns the ancestral green protein cyan, while its reversal in the extant cyan protein restores the ancestral
green color. Likewise, the reversal of the three muta-
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anoida). GFP-like fluorescence was observed in at least
one open-ocean representative of another order of copepods, Harpacticoida (Matz, unpublished data). All currently known Copepoda FPs possess typical GFP-like
chromophores. Importantly, Copepoda FPs tend to exhibit several properties that are beneficial for their application in biotechnology: high brightness, low oligomerization tendency, and fast fluorescence development (103). It
therefore may be interesting to survey copepods for FPs
in a systematic fashion, primarily focusing on marine
species from the open ocean.
Among deuterostomes, several FPs were recently
found in two species of the lancelet (also known as
amphioxus), genus Branchiostoma (phylum Chordata,
subphylum Cephalochordata; Refs. 37, 47, 86). Other deuterostome genomes, even for marine species such as the
sea urchin Strongylocentrotus or sea squirt Ciona, do not
seem to contain FP genes (47). Some Branchiostoma FPs
have a very high molar extinction coefficient (130,000
M⫺1) (37), suggesting that they may yield promising markers; however, their quantum yields have not been reported.
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F. Biological Functions of FPs

tions that were positively selected in the red lineage
severely affects the efficiency of red chromophore maturation. The fact that the individual mutations that
were under selection were critical for the new colors
constitutes strong evidence for the biological role of FP
colorfulness in reef-building corals. In the case of red
color, however, introduction of the three candidate
mutations into the green ancestor did not bring about
even a trace of redness, indicating that mechanisms
other than natural selection (such as neutral drift) must
have been involved in assembling the necessary mutation combination. This combination was recently determined through analysis of a library of possible evolutionary intermediates between green and red proteins
and was found to include a staggering 12 mutations (of
a total 37 transitional mutations) (109). Most of these
mutations could not have been predicted from purely
structural considerations, since they affect sites that do
not modify the chromophore environment directly. Instead, it appears that the evolution of additional chromophore modification capacity associated with the red
color was enabled through adjustments of the overall
protein fold, leading to subtle realignment of the chromophore and surrounding side chains. This hypothesis
can be substantiated in the future by crystallography
studies of resurrected ancestral proteins and evolutionary intermediates. It would also be very interesting to
apply the same approach to other cases of color diversity evolution, such as independent evolution of Kaedelike red proteins within clade D and the origin of
DsRed-like red proteins within clade C.
Physiol Rev • VOL
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FIG. 13. Phylogenetic tree for a subset of clade D FPs, drawn on a
petri dish using bacteria expressing extant and recreated ancestral
proteins, under ultraviolet type A illumination. The more complex red
fluorescent color evolves from ancestral green in a gradual fashion.
[From Ugalde et al. (442).]

Despite the great interest in FPs from a biotechnology point of view and correspondingly numerous works
devoted to their structure, mutation analysis, and adaptation to various labeling applications, their biological function remains highly controversial. Multiple hypotheses
have been proposed based on laboratory studies of
cloned proteins, but none of these has been verified in
actual experiments with host organisms, such as corals or
jellyfish. At the moment, it is not even clear whether the
primary function of FPs is related to their fluorescent
ability or whether fluorescence is simply a side effect of
some other functional activity.
The suggested fluorescence-related functions can be
grouped into two classes: photosynthesis modulation and
optical communication. The first applies to reef-building
corals that host algal symbionts (“zooxanthellae”): it has
been suggested that the presence of FPs may scatter
photosynthetically active radiation and thus either dissipate its excess in high light, providing photoprotection
(204, 371), or deliver the unabsorbed light back to the
zooxanthellae under low light conditions (371). Indeed,
there is a correlation between fluorescence and stress
resilience in morphs of the same species (371), and FP
expression is upregulated by high light, especially by the
blue light that is the most photosynthetically relevant
(83). However, there are numerous counter-arguments,
and we list only three that seem the most compelling.
First, FP fluorescence in corals is typically not strong
enough to make any appreciable impact on the light field
experienced by zooxanthellae (279). Second, FP colors
other than green are suboptimal or even completely unsuitable for photoprotection or photoenhancement due to
mismatch with the photosynthesis action spectrum, yet
the color diversity is relevant for coral survival, as demonstrated by statistical phylogenetic analysis (108). Third,
numerous anthozoans do not contain symbionts yet display bright and often multicolored fluorescence (184,
378).
The visual communication function is most commonly associated with green FPs from bioluminescent
organisms, such as jellyfish Aequorea victoria or sea
pansy Renilla reniformis (194, 392, 474). In these animals, green FP is associated with the light-producing
enzyme (aequorin or luciferase) and converts its inherently blue emission into green through a nonradiative
energy transfer mechanism (300, 301, 474). This association sometimes results in the improvement of the overall
bioluminescence quantum yield (474), but not always (for
example, not in Aequorea victoria bioluminescent system; Refs. 124, 301), prompting the search for an explanation related to the blue-to-green color conversion. This
need is most commonly attributed to the fact that green
light in greenish coastal water is less attenuated than blue
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cent green (but sometimes, red), and tentacles may also
show green fluorescence. For corals in particular, there is
an interesting qualitative observation (173) that freeswimming dinoflagellate algae of the genus Symbiodinium, the ones that form symbiosis with corals, seem
to be attracted to the green light. If so, green fluorescence
of tentacles and oral region in coral polyps may serve as
an attractor for potential symbionts.
Another visual function of green fluorescence may be
realized in pontellid copepods, in which it has been suggested to serve as a mate recognition signal (383). This
idea is supported by species-specific pattern (383) and the
sexual dimorphism of fluorescence (Matz, personal observation). However, this hypothesis would be difficult to
test experimentally.
In corals, fluorescent and nonfluorescent coloration
derived from FPs seem to be suitable for eliciting strong
visual responses from fishes inhabiting the reef, so corals
are indeed colorful in the ecological sense of the word
(277). The role of such signaling remains unclear but may
include aposematic (warning) function to advertise the
coral’s unpalatability. Another curious function that was
suggested by an analysis of the ability of fish to discern
coral colors is that in some cases fluorescence seems to
mask the presence of symbiotic algae in the coral tissues,
thereby perhaps hiding the algae from the eyes of herbivorous fishes. Both signaling and “algal camouflage” functions wait to be substantiated by behavioral experiments
with reef fishes in situ.
Several functions unrelated to fluorescence directly
have been suggested as a result of exploring additional
activities of heterologously expressed FPs. The GFP from
Aequorea victoria has been shown to transport protons
across its globule as a result of its complicated photocycle
(4, 5), which for corals prompts a hypothesis of FP involvement in regulating the deposition of calcium carbonate skeleton, a process that is highly pH dependent. Although most green coral FPs have permanently anionic
chromophores (12) and therefore do not feature the GFPlike photocycle, their occasional accumulation in the
coral tissue responsible for skeleton deposition (calicoblastic ectoderm, Ref. 267) provides support for such an
idea. Induction of chromoproteins and red fluorescent
protein in the immunocompromised coral tissues suggested their role in coral immunity (329, 330), which is
corroborated by in vitro demonstration that FPs can scavenge reactive oxygen species (47, 48). It would be interesting to explore whether red coral FPs and chromoproteins exhibit scavenging activity as well.
Arguably the most intriguing alternative FP function
was suggested by the recent finding that green FPs can act
as light-driven electron donors in concert with appropriate electron acceptors, including biologically relevant
ones (45). This was found to be a common feature of
GFPs of different origins, including jellyfish, anthozoans,
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(191) and thus would be visible over longer distances
(299). There is a problem with this explanation, however,
since the luminescence in jellyfish is initiated by mechanical stimulation (e.g., Refs. 150, 164) and does not have to
travel far to the eye of the attacker; besides, green luminescent species are found not only in coastal waters, but
also in the open ocean that is the most transparent in the
blue, rather than green, region of the spectrum (143).
Another explanation, which appears more likely to us, is
that the green color is more visible since it better fits the
spectral sensitivity of the eyes of potential predators (268,
331, 332). We would like to suggest one additional possibility: that green rather than blue luminescence may be an
adaptation for better signal visibility in the presence of
light (during the day at shallow depths), since green luminescence would produce a stronger contrast against
the blue background of the ocean water. This possibility
is supported by the abundance of green-fluorescent, but
nonbioluminescent medusae in the well lit open ocean, in
which FPs may serve as a “daytime analog of bioluminescence” (383).
Localization of green fluorescence in tentacles and
oral appendages of many hydrozoans, including medusae
and siphonophores (Matz, unpublished data) (143), immediately suggests the prey attraction function; however, the
obvious may not be true in this case. An alternative explanation for such localization, as previously mentioned,
is that localization of fluorescence in these retractable
body parts provides the possibility of generating a deterring “fluorescence flash” in response to mechanical stimulation, resulting from a concentration of fluorescence
within a small volume as a result of rapid retraction of the
previously extended fluorescent body part (383). To verify
these hypotheses, experiments with live fluorescent jellyfish are required, where the jellyfish would be exposed to
potential prey and predators under different light conditions (either improving or diminishing the visibility of
fluorescence).
What types of prey might be attracted to the green
fluorescence of jellyfish and corals? For the large predatory flower hat jelly Olindias formosa, which possesses
strong green fluorescence in the tentacles, it may be small
fish (S. H. D. Haddock, personal communication). For
corals and a plethora of smaller jellyfish, one possibility is
diverse larvae of marine invertebrates, most of which
show positive phototaxis with one of the sensitivity maxima in the green region (111). It is conceivable that, even
despite the fact that larvae cannot form visual images and
navigate to the tentacle from a distance, the green fluorescence in the tentacle in close proximity may induce the
larva to change its swimming trajectory sufficiently to
increase the chance of its capture. Corals also sometimes
exhibit patterns of fluorescence that suggest a role in prey
attraction. For example, the area immediately surrounding the polyp’s mouth is very commonly brightly fluores-
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IV. KEY CHARACTERISTICS FOR
PRACTICAL USE
The natural diversity of FPs has provided scientists
with a rich palette of variants with different biochemical
and spectral characteristics, which represent a huge
source of potentially powerful molecular tools for numerous applications in the study of complex biological systems. However, the properties of wild-type FPs are determined by their natural function(s) (as yet unknown; see
sect. III). The purpose of natural evolution could differ
essentially or even contradict that of researchers employing FPs in fluorescent microscopy and other fluorescent
techniques.
Below we will consider, one by one, the key characteristics of FPs that might be important for their practical
use. These considerations, however, cannot be comprehensive since each particular assay or experimental setup
may require a specific choice or optimization of an FP.

FPs require a lesser dose of excitation light, and thus
lower phototoxic effects occur. It is also important that a
bright FP or its fusion construct can be used in lower
amounts, minimizing intervention in natural processes.
Many of the naturally occurring FPs are characterized
by high brightness determined both by a molar extinction
coefficient exceeding 100,000 M⫺1·cm⫺1 and a fluorescence
quantum yield approaching the theoretical limit of 1. Also,
for the enhancement of artificially derived FP variants (such
as monomerized FPs), brightness is the easiest parameter to
improve, through mutagenesis followed by screening of expression libraries for brighter clones. The mutants may be
generated in vitro by random or site-directed mutagenesis,
which is the most common way, or using somatic hypermutation approach (468, 469). The palette of FPs is therefore
rich in bright variants (see the next section).
Along the visible spectrum, the obtainable brightness
seems to be maximal for those FPs that have a peak emission at ⬃500 –530 nm (green and yellow FPs) and decreases
toward its limits (blue and far-red FPs). This apparent trend
is likely due to the physical properties of the GFP-like chromophore, which is the predecessor of all FP chromophores,
and by its surrounding formed by a homotypic ␤-barrel
structure. Nevertheless, recent efforts have resulted in development of substantially brighter variants with emission
peaks in the blue and far-red regions, indicating that some
progress is still possible (see tables in Figs. 10 and 14).
However, enhancement of an FP brightness during its
optimization can happen at the expense of other characteristics, such as its monomeric nature and pH- and photostability. Meanwhile, FP of lower brightness but higher photostability can result in better signal-to-noise ratio, especially
for experiments involving long time series. Therefore,
brightness should not be the only parameter considered
while choosing an FP for a particular application.
It should also be kept in mind that fluorescent brightness measured for an FP sample in vitro cannot be directly
extrapolated to its actual brightness in vivo. Indeed, the
resulting signal brightness generated by an FP expressed in
living cells is determined not only by its intrinsic spectral
characteristics, but also by such parameters as transcription
and translation efficiency, mRNA and protein stability, and
chromophore maturation rate (see below). These parameters can differ for various FPs and their fusion constructs.
Importantly, at the single molecule level, an FP can demonstrate much higher brightness than that measured for the
ensemble of FP molecules in a sample (413).

A. Brightness: QY and EC
B. Maturation Rate
Sensitivity and signal-to-noise ratio of any fluorescence detection technique clearly depend greatly on the
brightness of the fluorophore employed. For fluorescent
labeling in living systems, high brightness of an FP provides additional advantages. In particular, the brighter
Physiol Rev • VOL

FP fluorescence appears after protein folding and
chromophore maturation, which includes several consecutive covalent modifications that are especially extensive
for orange and red FPs (see sect. II). Usually, chro-
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copepods (45), and lancelets (K. A. Lukyanov, unpublished data). Interestingly, electron transfer can be mediated only by FPs with a natural Tyr66-based chromophore, while mutants with artificial Trp66- or His66based chromophores are inactive in this regard. This
observation provides an indirect indication of the biological significance of this phenomenon and a plausible explanation of absolute conservation of Tyr66 in natural
FPs. For example, FP-mediated redox reactions may participate in diverse cellular processes such as light sensing
or the production of reductive equivalents.
At the same time, the light-induced transfer of two
electrons from an FP to an oxidizer in vitro results in
irreversible inactivation of the FP, which makes the prospect of using FPs as electron donors in vivo rather wasteful and therefore not very likely. The only possible exception may be sensory function (45), since it does not require massive electron transfer. It is easy to imagine that
an FP in vivo may be simultaneously accepting electrons
from somewhere to prevent its inactivation and thereby
functions as a true light-dependent electron pump. If such
an activity is demonstrated, the role of FPs in animals will
have to be completely reconsidered. For example, it
would be tempting to speculate that the original role of
GFP in bioluminescent systems was photoregeneration of
spent luciferin, coelenterazine, during the daytime.
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mophore maturation is the rate-limiting step for the FP to
become fluorescent. Depending on the particular FP, oxygen concentration, and temperature, maturation can
take from several minutes (103, 304) to hours or even
days, as in the case of Timer FPs (418, 425) (see sect. VI).
For practical use, the maturation rate should be reasonably fast to obtain a high and stable fluorescent signal.
Most FPs in use have a maturation half-time from ⬃40
min to 1–2 h, which is sufficient to label cells, organelles,
and proteins of interest and to perform various quantitative experiments. However, for some applications, such
as early detection of promoter activation, labeling proteins of interest with a short lifetime, or monitoring single
translational events, FPs with very fast maturation are
needed. For example, fast-maturing yellow FPs allowed
the direct observation of the production of a single protein molecule in real time (503).
At the same time, the quantitative measurement of an
FP maturation rate is not a trivial task, especially for fast
maturing proteins. Probably the most accurate approach
to measure the FP maturation rate requires the denaturation of an FP and reduction of a chromophore using
dithionite (103, 304, 357). This approach is commonly
used to follow fluorescent protein maturation starting
from the native polypeptide, but it is only applicable to
green and yellow FPs, since dithionite reduction often
leads to irreversible destruction of red FPs (our observations). Alternatively, maturation can be traced in living
bacteria (230, 231) or for the proteins rapidly purified
after expression under anaerobic conditions that prevent
chromophore maturation (285, 384). Finally, a rough comPhysiol Rev • VOL

parison of FP maturation rates can be performed in living
eukaryotic cells. However, this latter approach can give
results quite different from in vitro data, due to differences in FP expression efficiency, turnover rates, etc.
In general, the diversity of techniques employed to
measure maturation rates still does not allow for accurate
comparisons of all FPs. A comprehensive study is needed
to compare maturation rates of the most popular FPs in a
single assay. Nevertheless, measurements performed using the same system in the same laboratory (or strictly
following the same criteria) make it possible to assess the
relative maturation rate for at least some of the FPs. In
this paper, we mark fast maturing proteins as “Mat⫹”
(tables in Figs. 10 and 14).
C. Photostability and
Undesirable Photoconversions
Photostability of FPs is one of the cornerstones of a
successful imaging experiment and becomes the key factor for the long time series, for gathering weak fluorescent
signals, and for quantitative measurements, including
FRET techniques. The chromophore of FPs is protected
from the environment by the protein shell. This largely
determines the generally high photostability and low phototoxicity of wild-type FPs, which is probably important
for their natural function in sea creatures. Low phototoxicity is also inherited by most mutant variants of natural
FPs known to date, except KillerRed (see sect. X). Successful mutant variants also preserve naturally high pho-
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FIG. 14. Selected dimeric and tetrameric FPs (updated 2009). *“Noncomprehensive” means that absence of information does not imply any bad
or good characteristics. T, tetrameric; D, dimeric; B⫺, low brightness; Ps⫺, low photostability; pH⫺, low pH stability; Ag⫺, aggregation; Ps⫹, high
photostability; pH⫹, high pH stability; mat⫹, fast maturation; B⫹, high brightness.
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orescence, which is actually quite common among FPs.
Notable reversible quenching is characteristic for various
Aequorea-GFP-based cyan, green, and yellow FPs, as
well as for some red FPs (358, 385, 403). Kindling of
fluorescence is pronounced for mKate (388, 389) and can be
seen in mCherry, Katushka, mKate2, etc., under certain irradiation conditions (usually low irradiation intensity).
Clearly, pronounced reversible changes in fluorescence intensity and/or excitation/emission spectra can drastically
distort the expected results of quantitative experiments.
The possibility of irreversible photoconversions
should be kept in mind as well. Such photoconversions
are observed for many FPs upon intense irradiation under
the appropriate conditions, for example, green-to-red conversion of EGFP and other green FPs (45), red-to-green
conversions of some orange and red FPs under high
power of excitation light or two-photon excitation (123,
232, 264), yellow-to-cyan conversion of some yellow FPs
(214, 232, 353, 444), and possibly other yet undescribed
effects. While photoactivation effects have been successfully exploited in many applications (see sect. VIII), they
can be disastrous for quantitative analysis, leading to
erroneous interpretation of experimental data.
Due to all these reasons, we do not provide a comparison of FP photostabilities in absolute numbers, but only
label proteins as having high or low photostability when
there is sufficient information (tables in Figs. 10 and 14).
To conclude, the guidelines for choosing a photostable FP can be summarized as follows.
To choose an FP for an experiment requiring high
photostability and consistent photobehavior of a fluorescent label, literature data can be used as a general guide,
but attention should be paid to the fact whether the
imaging systems that was used to evaluate the FPs is
similar to the one that is going to be used for the study.
Preferably, several FPs of a desirable color should be
initially evaluated, and experiments to control for any
unexpected photobehavior should be performed before
starting any large-scale quantitative experiments. To
avoid undesirable photoconversions, intensity and duration of excitatory illumination should be minimized as
much as possible.
D. Oligomeric Nature and Aggregation
Being genetically encoded, FP can be cloned in frame
with a protein of interest, thus allowing for its direct
tracking in a living system. However, for the labeling of
most proteins, an FP must be monomeric (see also sects.
V and VI). Otherwise, oligomerization of a chimeric construct would interfere with the normal function and localization of the studied protein. Moreover, if the protein
of interest is an oligomer itself, the fusion construct with
a dimeric or tetrameric FP may form a network of interacting proteins leading to aggregation (71, 386, 452).
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tostability of wild-type FPs. At the same time, there are
plenty of “enhanced” variants that have lost high photostability of their parent wild-type proteins in the course of
optimization of green FPs; development of blue, cyan, and
yellow FPs; and monomerization of red FPs.
The appropriate choice of a photostable FP (tables in
Figs. 10 and 14) is often crucial for a successful experiment. This choice, however, can be rather complicated,
since the photostability of any given FP in a living cell
depends on many parameters that are not yet well understood. In particular, light source (laser scanning, widefield, or spinning disk), intensity of light, and frequency of
light pulses, as well as employed excitation wavelengths,
determine the photobehavior of an FP to a great extent.
For example, mRaspberry surpasses mPlum in photostability in confocal microscopes, but this is not the case
under widefield irradiation (389).
Several approaches for evaluating photostability in
FPs exist, all with their own advantages and drawbacks.
The simplest way is to compare FPs of similar spectral
characteristics side by side under the same excitation
light. This allows for direct selection of the most photostable variants for a given experimental system. However,
this approach does not provide absolute physical characteristics that would make it possible to compare FPs of
various spectral properties requiring different excitation
wavelengths.
To compare FPs of different colors, it is common
practice to calculate the photobleaching halftime required
to reduce the emission rate to 50% from an initial emission
rate of 1,000 photons/s per fluorescent protein (384 –386,
389). This comparison, however, requires complex calculations based on ensemble brightness of an FP measured
for a protein sample in vitro and a number of assumptions
potentially leading to accumulated errors. Notably, the
resulting photostability value ends up correlated with the
protein’s brightness so that the brighter protein always
appears more photostable just because of its higher photon output and thus appears even more desirable as a
marker. In addition, in practice, this approach cannot be
universally applied to various experiments performed in
living cells and tissues. Such factors as cell state, composition of the cell medium (44), and compartmentalization
of fusion FPs within the cell also play a role. Moreover,
fusion with a cellular protein can substantially influence
the photobehavior of an FP, probably due to the restriction of FP motility (our unpublished data).
Photostability can be also measured at the single
molecule level, providing an estimation of photobleaching
quantum yield (480). However, it should be noted that the
photobehavior of a single FP molecule may be very different from that at the ensemble molecule level.
In addition to irreversible photobleaching, it is important to take into account possible reversible photoconversions resulting in temporary quenching or “kindling” of flu-
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studies (103, 315, 340, 347, 352, 416, 465, 481, 485, 500)
have suggested ways to disrupt the tetramers through
rational site-directed mutagenesis, such mutagenesis
most often leads to structural changes impairing the fragile mechanism of the red chromophore maturation. All
monomeric orange, red, and far-red FPs available to date
were obtained after laborious mutagenesis of dimeric or
tetrameric Anthozoa FPs, which aimed to shatter oligomerization interfaces of these proteins, but to retain
successful maturation and fluorescence of the red chromophore.
The challenge of generating a monomeric red FP was
finally met by Tsien and co-workers (59, 384, 468) and
other groups (200, 228, 285, 388, 416), although extensive
efforts are still being devoted to optimization of the red
monomers (370, 385, 389). Today, the palette of monomeric FPs covers the whole visible spectrum (see next
chapter) and allows for multicolor labeling of proteins of
interest (see sect. VI), complex FRET experiments (see
sect. VII), and other multiparameter imaging experiments.
For some applications, dimerization or tetramerization of FPs could be potentially employed as a useful
feature. In particular, minor dimerization can provide
more effective FRET, as is the case for the enhanced
FRET pair CyPet-YPet (321, 457). Weak dimerization of
Superfolder GFP due to the characteristic mutation
A206V apparently facilitates the solubility of its fusions
with relatively insoluble proteins (337). Indeed, we have
observed this “superfolder” property for other dimeric
and tetrameric FPs as well (our unpublished data). In
principle, natural tetramerization of FPs can be made
useful to form fluorescent complexes for various assays,
for example, multivalent recombinant fluorescent antibodies.
It is also important to note that application of FPs for
the labeling of cellular organelles, whole cells, and tissues,
as well as visualization of promoter activity (see sect. VI),
does not necessarily require monomeric FPs. Often, dimeric
and tetrameric FPs demonstrate advantageous spectral and
biochemical properties compared with their monomeric
counterparts and may be preferable for applications not
involving molecular tagging (table in Fig. 14).
Unfortunately, in addition to tetramerization, many
natural FPs are prone to aggregation at high concentrations, which can be toxic for living cells, hindering work
with cell cultures and making it impossible to generate
stable cell lines and healthy transgenic animals. One of
the most remarkable examples of toxic aggregation is the
formation of huge needle-like crystals by wild-type
copGFP (ppluGFP2), which can physically destroy eukaryotic cells in several hours (103). At the same time,
copGFP is one of fastest maturing, pH stable, and brightest FPs that can be used to track the early stages of
promoter activation (103). Some FPs have a tendency to
accumulate in lysosomes (202), forming dotlike struc-
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It was rather serendipitous that the first fluorescent
protein discovered, Aequorea victoria GFP, turned out to
be a natural monomer. This property, inherited by its
artificially generated descendants, enables wide use of
this group of FPs for labeling of various proteins of interest as in-frame fusion to the COOH or NH2 terminus or
even as an insert within a flexible loop. Minor dimerization of Aequorea victoria GFP derivatives at high concentrations is negligible for most applications and can be
eliminated by a point mutation A206K (507).
As described above, the spectral characteristics of
the GFP chromophore can vary greatly, depending on the
protein environment. Chromophores can be modified by
substituting Tyr66 for His, Trp, or Phe, which results in
the blue-shifted spectral variants (see sect. II). Extensive
mutagenesis of Aequorea victoria GFP produced a series
of monomeric FPs of a variety of colors: blue (155, 156),
violet (430), cyan (155, 156, 231, 360), green (77, 154, 497),
and yellow (324). This palette enables multicolor labeling
of proteins of interests and FRET-based techniques (see
sects. V–VII). Improved monomeric markers derived from
FPs cloned from Aequorea spp. are still being developed,
gradually achieving better brightness, photo- and pH-stability, maturation rate, etc. (8, 9, 79, 130, 134, 231, 283, 304,
419).
However, there are no reports on green FP modifications thus far that would succeed in shifting its emission
peak beyond 540 nm without further covalent modification
of the chromophore, which, in turn, seems difficult to
achieve using available mutagenesis and screening techniques. Although we have reported a partially red mutant of
EGFP, no useful purely red variant was generated (288).
Breakthrough in the red fluorescent field occurred
only after the discovery of DsRed and other red fluorescent and chromo proteins in Anthozoa species (95, 256,
275, 476). These discoveries opened the way for the development of orange, red, and far-red FPs with emission
peaks located as far as 655 nm (394).
However, the vast majority of natural FPs and chromoproteins cloned from various species during the past
10 years are tetramers, such as FPs from Anthozoa (95,
256, 275, 476) and Copepoda (103, 383), or dimers, such as
anm2CP and phiYFP from Hydrozoa (383). FPs recently described in Branchiostoma (lancelets) (37, 47, 86; patent application WO2007142582) are still poorly characterized, but their
amino acid similarity with Copepoda FPs and first gel-filtration
experiments (patent application WO2007142582) suggest their
oligomeric state.
Most importantly, oligomerization is common for all
orange and red GFP-like fluorescent proteins discovered,
including DsRed (275) and other Anthozoa FPs (285, 480),
anm2CP (50, 383), and probably red FPs from lancelets
(patent application WO2007142582). Engineering of the
red monomeric FP has become one of the most challenging tasks for FP developers. Although crystallography
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tures that can merge into larger and potentially cytotoxic
agglomerations. Potential aggregation problems should always be kept in mind, especially for the expression of FPs in
transgenic animals. The positive service record of an FP,
including successful generation of stable cell lines and application in living organisms, should be taken into account
when choosing an appropriate nonaggregating FP.
E. pH Stability

V. MODERN PALETTE OF
FLUORESCENT PROTEINS

color diversity of monomeric FPs covers almost the
whole visible spectrum, from violet (emission peaking at
424 nm) to far-red (emission peaking at 650 nm) (table in
Fig. 10 and Fig. 15). This palette is additionally enriched
by a number of FP variants with a large Stokes shift of
more than 100 nm. The only notable gap remains in the
near-infrared region, and development of a bright monomeric FP with emission maximum peaking at 660 –700 nm
would be a great advancement both for multicolor labeling and whole body imaging (see sect. VI).
The current palette of monomeric FPs enables multicolor protein labeling experiments with as many as six
colors (219) and potentially more. In our hands, the combination of available monomeric FPs allows for straightforward five-color imaging using an Olympus FV1000 confocal microscope equipped with standard filter sets, without the need for spectral deconvolution (Fig. 16). Options
for multicolor labeling can be potentially expanded to
more than 10 colors by adding large Stokes T-Sapphire
and mKeima (see below) and reversibly photoactivatable Dronpa (16), Padron (17), and RsCherrys (413)
(see sect. VIII).
The abundance of monomeric FPs of various spectral
characteristics opens new possibilities for multiparameter imaging of structures and processes in living systems.
Below we summarize the properties of the best monomeric FPs developed to date, in the order of their emission color, starting from the shortest wavelength.
1. Violet FP (excitation/emission peaking at
355/424 nm)
Weak violet-blue emission is characteristic of the FP
variants carrying a Tyr66Phe mutation of the chromophore-forming triad (78, 435). In 2009, the first practically usable “ultramarine” FP of this type was reported,
named Sirius (430), which has an emission peak at 424
nm, the shortest wavelength of all known FPs. Due to its
high photo- and pH stability, Sirius tolerates prolonged
exposures and can be targeted to acidic organelles. Sirius
was successfully applied as a FRET donor within a bluecyan sensor for caspase-3 activity in dual FRET experiment and is expected to become a valuable addition to the
common-use FP list. However, its low brightness (Fig.
15), along with the tendency of living cells to autofluoresce in the violet part of the visible spectrum and general
toxicity of violet and UV light (412), will likely limit applicability of Sirius in its present form. Brighter versions
of Sirius and its like are necessary to mitigate these
problems.

A. Monomeric FPs

2. Blue FPs (excitation/emission peaking at
⬃380 – 400/450 nm)

Today, after a long struggle against the natural tendency of FPs to form oligomers (see previous section),

Until recently, the only FP variant available in blue
was EBFP (156, 361, 498), the Tyr66His mutant variant of
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The key parameter that is usually employed to compare pH stability of FPs is pKa, which is the pH value at
which the brightness of fluorescence for a given FP equals
50% of the maximal brightness measured at an optimal
pH. Fluorescence of FPs typically increases at higher pH
and reaches its maximum at pH 8 –9. A further increase in
pH commonly does not alter fluorescence until reaching
alkaline values of 10 –13, which lead to protein denaturation and/or degradation of the chromophore.
For most FPs developed to date, fluorescence brightness depends on pH changes in the physiological range,
with a typical pKa from 5.0 to 7.0. Generally, pH dependence of FPs is most pronounced for yellow FPs (pKa
from 5.5 to 6.5) and to a lesser extent for the green FPs
(pKa from 5 to 6), while blue, red, and far-red variants are
often much less sensitive to pH, with pKa values as low as
2.7 for TagBFP (419) and 3.8 for TagRFP (285). Such
pH-stable FPs can be visualized in acidic organelles such
as endosomes, lysosomes, and Golgi and provide more
reliable readouts for quantitative assays.
In general, since substantial pH changes are common
during many physiological processes (410), the pH dependence of an FP fluorescence can notably distort the results of quantitative experiments. Therefore, pH stability
is an important parameter for the choice of an FP for
quantitative measurements, especially for ratiometric dual- or multicolor imaging and for FRET techniques. Control experiments and appropriate calibration may be necessary for quantitative imaging. Also, we recommend using FPs with similar pH dependence for quantitative dual
color labeling and FRET (see sect. VII).
As usual, there is a flip side to the pH stability problem: dependence of FPs on pH can be efficiently exploited
to monitor pH changes and vesicular transport in living
cells (see sect. IX).
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Aequorea victoria GFP. As a spectrally favorable FRET
donor for EGFP, EBFP was used in a number of FRETbased sensors (156, 292, 336, 361). However, EBFP has
low brightness and very poor photostability and thus has
not become a popular tag. Fortunately, these detrimental
qualities turned out not to be inherent to the histidine-

containing chromophore. Recent publications reported
dramatic progress in further modification of EBFP, resulting in proteins named SBFP2 (230), Azurite (283), and
EBFP2 (9). All these blue FPs have the monomeric nature
of Aequorea victoria GFP and work properly in fusion
with various proteins (9, 230, 386). In particular, EBFP2
and Azurite are characterized by enhanced photostability
and are clearly much better than EBFP for any application
(table in Fig. 10).
Nevertheless, in the end, His66-based blue FPs may
yield to the emerging class of blue FPs carrying the “original” Tyr66-containing GFP-like chromophore (9). In particular, the recently reported TagBFP (419) demonstrates
superior brightness and high photostability and is a strong
competitor of classical blue FPs (Fig. 15).
In general, it can be stated that today’s blue FPs,
unlike the earlier versions, are on par with other colors in
terms of brightness and stability and can be widely applied for techniques such as multicolor, FRET, and FCCS,
which should lead to rapid growth of their popularity in
the coming years.
3. Cyan FPs (excitation/emission peaking at
⬃430 – 460/480 – 490 nm)

FIG. 16. Multicolor labeling, living HeLa cells, Olympus FV1000
confocal microscope. TagBFP-H2B (blue), TagGFP2-actin (green),
phiYFP-mito (yellow), TagRFP-golgi (orange), mKate2-zyxin (red).
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In contrast to His66-based EBFP, cyan fluorescent
ECFP (155, 156) with a Trp66-containing chromophore
and excitation/emission peaks at 434/477 nm has become
popular for use in FRET (see sect. VII) and dual-color
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FIG. 15. Spectral diversity of available monomeric FPs. Columns show positions of emission maxima and relative brightness of representative
monomers. Fluorescence brightness values were calculated as a product of molar extinction coefficient and fluorescence quantum yield taken from
original publications for each protein and normalized per EGFP brightness (extinction coefficient 55 000 M⫺1·cm⫺1, quantum yield 0.6).
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4. Green FPs (excitation/emission peaked at
⬃490/510 nm)
Historically and due to natural abundance, numerous
green FPs have been discovered and developed, and a
number of good monomeric green FP labels are available
today (table in Fig. 10). However, it should be pointed out
that one of the first enhanced variant obtained, EGFP (77,
154, 497), already combined most of the desirable characteristics. Novel green FP variants that should be mentioned are as follows: 1) mEGFP carrying a point mutation A206K, which makes Aequorea victoria GFP derivatives fully monomeric even at high concentrations (507);
2) mWasabi, which is brighter at the expense of some
photo- and pH stability (8); 3) Emerald (EmGFP), which
has faster maturation (79); 4) Superfolder GFP, which
supports the solubility of fused proteins but presumably
possesses stronger dimerization due to the mutation
A206V (337); 5) TagGFP2, which has high pH stability and
fast maturation (half-time of fluorescence development at
37°C is 11 min) (419).
5. Yellow FPs (excitation/emission peaked at ⬃515/
530 nm)
A bathochromic shift in both the excitation and the
emission spectra characteristic of yellow FPs is due to
stacking of the GFP-like chromophore with Tyr203 (324)
(see sect. II). One of the first enhanced yellow FPs reported, EYFP, is characterized by low pH stability and
high sensitivity to halide ions, and therefore in most applications is going to be replaced by further enhanced
versions, such as Citrine (130), Venus (304), Topaz (79),
and TagYFP (390) (table in Fig. 10). One of the brightest
yellow FPs reported to date is YPet, which also demonstrates enhanced FRET with co-optimized cyan FP CyPet
Physiol Rev • VOL

(311). However, the problem of the latter pair is increased
tendency to form homo- and heterodimers (321). The
spectral gap remains at an emission wavelength between
530 and 555 nm that has yet to be filled with monomeric
FP variants (Fig. 15), while dimeric and tetrameric FPs of
these wavelengths already exist (table in Fig. 14).
6. Orange FPs (excitation/emission peaking at ⬃550/
560 nm)
The list of orange and red monomeric FPs is much
more modest compared with the short wavelength palette. However, several bright variants with rather good
characteristics are already available to choose from. In
particular, the orange segment is represented by mKO
(monomeric Kusabira Orange; Ref. 200) and mOrange
(384), both developed from Anthozoa tetrameric FPs.
Enhanced versions were reported recently for both
proteins, although tradeoffs remain: faster maturation of
mKO2 seems to be accompanied by lower pH stability
(370), and photostable mOrange2 matures slower than the
original protein (385). Nevertheless, all four orange FPs
described have reasonably high and generally balanced
characteristics and are suitable for protein labeling and
multiple fluorescent applications (table in Fig. 10).
7. Red FPs (excitation/emission peaking at
⬃560 –590/580 – 610 nm)
The nomenclature for FP colors is a bit confusing, for
which our team is largely to blame. Indeed, fluorescence
emission of many FPs that are called red, such as DsRed
(275), TagRFP (285), TurboRFP (285), and others, actually look orange-red, and chemical fluorescent probes
(such as TRITC) of this emission wavelength are usually
designated as orange. Currently, in this orange-red segment, five monomeric FPs seem to be preferable for most
applications (table in Fig. 10). The brightest one is
TagRFP (285), which still yields to enhanced TagRFP-T in
photostability (385). Closer to the red edge of the segment, similarly, mStrawberry and mRuby (228) win in
brightness but lose in photostability to mCherry (384).
Although optimization of red monomers is still ongoing,
the available variants generally satisfy the demands of
most applications. Importantly, high extinction coefficients of the FPs of this class make them excellent FRET
acceptors for yellow donors. It can be expected that
yellow/red FRET pairs will soon challenge traditional
cyan/yellow pairs (see sect. VII).
8. FarRed FPs (excitation/emission peaking at ⬃590/
630 – 650 nm)
Longer excitation wavelengths can penetrate deeper
into biological tissues, causing less background autofluorescence and less phototoxicity. These advantages, along
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labeling in combination with yellow FPs. Directed evolution of ECFP resulted in substantial progress, with the
best variants reported being Cerulean (360) SCFPs (231),
TagCFP (Evrogen JSC), and mTurquoise (122), all characterized by enhanced brightness and/or maturation rate
(table in Fig. 10).
However, similar to blue FPs, the palette of cyan FPs
was recently enriched with a monomeric FP carrying a
natural GFP-like Tyr66 chromophore but demonstrating
cyan fluorescence emission. This protein, named mTFP1
(“monomeric Teal FP,” Ref. 7), is a monomeric mutant
developed from the tetrameric protein cFP484 from the
soft coral Clavilaria sp. (275). Compared with Cerulean,
mTFP1 possesses higher brightness and photostability.
The narrower emission spectrum of mTFP1 can reduce
cross-talk in multicolor and FRET experiments (6). On
the other hand, the fluorescence emission peak of mTFP1
is closer to that of green FPs, which may complicate its
spectral separation from yellow FPs.
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9. FPs with increased Stokes shift
FPs characterized by increased (⬎100 nm) distance
between excitation and emission maxima (Stokes shift)
open several unique possibilities. In combination with
regular FPs they can be used for visualization of two
emission colors at a single excitation wavelength that is
optimal for both proteins, visualization of two FPs with
similar emission but different excitation optima, fluorescence cross-correlation spectroscopy (FCCS) (220), and
construction of effective FRET pairs (see sect. VII).
Large Stokes FPs contain protonated chromophores
(either GFP-like or DsRed-like), which undergo excited
state proton transfer (see sect. II), resulting in rapid chromophore transition into the charged form and emission in
the longer wavelength (49).
Thus green fluorescent Sapphire (101, 155) and its
enhanced mutant variant T-Sapphire (512), as well as the
recently reported yellow FP mAmetrine (6), are characterized by violet excitation peaks (table in Fig. 10). Both
T-Sapphire and mAmetrine are efficient FRET donors for
orange-red FPs (6, 152) (see sect. VII).
Similarly, red fluorescent mKeima (named after the
Japanese chess piece), which was developed from Montipora stony coral, demonstrates the largest known
Stokes shift among FPs, with a blue excitation peak at 440
nm and red emission peak at 620 nm. The relatively weak
characteristics of mKeima limit its application, and development of an enhanced Keima-like FPs is highly desirable. Nevertheless, even in its present form, mKeima can
be used for FCCS and multicolor labeling (219, 220).
Physiol Rev • VOL

It can be concluded that the currently available variety of bright monomeric FPs is quite sufficient for multicolor labeling, FRET, and other microscopy techniques.
Still, their spectral and biochemical properties could be
further optimized. The main remaining objectives include
higher photostability and better performance in fusions
with “capricious” proteins (see sect. VI).
B. Tandems
Although monomerization of FPs is arguably the best
way to their successful application as protein fusion tags,
alternative solutions were also proposed (53, 59, 112,
243), including generation of tandem versions of dimeric
FPs, in which two copies of an FP gene are fused headto-tail via a short flexible linker (59, 112). Upon expression, tandem FPs form intramolecular dimers that generally behave as a monomer of twice the size, thus avoiding
interaction with other FP molecules in solution.
This approach was proposed in 2002 and successfully
implemented to generate tandem versions of far-red FP
HcRed (112) and a dimeric variant of DsRed (59). One of
the most popular tandems employed today is tdTomato,
which demonstrates very high brightness and photostability (384). Recently, tandem versions were also reported
for the large Stokes Keima (220), red TurboRFP and
far-red Katushka2 (389), RFP611 (228), RFP639 (228), and
photoactivatable EosFP (312).
Tandem FPs usually demonstrate satisfactory performance in “noncapricious” fusions and thus can be applied
for the labeling of fusion proteins. Still, the larger size of
a tandem FP is more likely to cause disruption of function
in fused proteins, and therefore true monomeric FPs are
generally preferable for reliable protein labeling (281).
C. Dimeric and Tetrameric FPs
For uses other than as a fused molecular tag, the
monomeric state of an FP is generally not required (see
sect. VI). Therefore, the choice of an appropriate fluorescent label is not restricted to monomers and tandems, but
also includes dimeric and tetrameric FPs that are often
characterized by advantageous characteristics. The table
in Figure 14 summarizes the best dimeric and tetrameric
FPs available to date. Among these proteins, several deserve special mention: 1) tetrameric wild-type ppluGFP2
from Pontellina plumata (commercial name copGFP)
demonstrates excellent characteristics, including fast
maturation, high brightness, and photostability. The drawback of copGFP is that it is prone to form needlelike
aggregates in mammalian cells after 2 days of expression
(103). However, it still can be used in various applications
that do not require prolonged visualization in living systems.
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with requirements of FRET and multicolor labeling techniques, have spurred the development of more and more
red-shifted FPs of higher brightness.
To date, the list of useful monomers in this part of the
spectrum includes four FPs: mRaspberry (468), mPlum
(468), mKate2 (389), and mNeptune (248). Characteristics
of mKate2 combine high brightness and photostability; at
the moment, mKate2 is probably the preferable FP of this
color class for most applications, including protein labeling in living tissues. Still, mNeptune can be preferable for
multicolor labeling in combination with orange-red FPs
due to the more red shifted excitation and emission spectra that can be therfore better separated.
This field is rapidly developing, and the appearance
of enhanced far-red FPs is expected in the near future.
However, bright far-red fluorescence is not a natural property of FPs. Moreover, the Gaussian-like shape of the
brightness histogram (Fig. 15) suggests a physical limit
for known FP chromophores. For this reason, future development of essentially red-shifted FPs will likley be
limited by this barrier, unless a principal innovation
breaks through it.
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VI. BASIC APPLICATIONS OF
FLUORESCENT PROTEINS
FPs can be applied in a large variety of studies
related to various aspects of living systems, and the
range of these applications is continuously expanding.
In this section, we briefly summarize the basic applications of FPs and describe particularly well-developed
fields in more detail in subsequent sections. Our goal is
to provide a general overview to inspire novel ideas and
future work. Each of the mentioned applications, however, deserves a separate comprehensive review to
summarize all the information relevant for rational experimental planning.
A. Protein Labeling
Cloning a gene of interest in frame with an FP results
in a genetic construct that can be transferred into cells
and organisms to highlight localization of the expressed
protein of interest, as first demonstrated in 1994 (470).
Today, protein labeling is one of the most popular applications of FPs for visualizing protein expression, localization, translocations (see sect. IX), interactions (see sect.
VII), and degradation (see sect. VIII) in living systems in real
time.
When fused to a protein of interest, good natural FP
monomers derived from Aequorea species (see sects. II, IV,
and V) usually do not affect its proper localization and
function. Monomeric mutant variants of naturally tetrameric FPs also work well in a fusion with most proteins
of interest (386). It should be mentioned, however, that
occasionally some of the latter cause problems, presumably due to the residual weak dimerization or nonspecific
interactions of exposed hydrophobic interfaces. To control for these possible artifacts, one should preferably try
several FPs of a desired color class for capricious fusions
Physiol Rev • VOL

and compare the localization pattern with those visualized with a trustworthy natural monomer such as EGFP,
as well as by antibody staining of endogenous proteins in
fixed cells.
In many cases, fusion to one of the termini of the
protein is preferable due to involvement of another terminus in specific interactions or its essential role in determining the protein’s localization. In this respect, literature data describing successful performance of a fusion
of interest with one particular FP can be roughly extrapolated to other monomeric FPs. In some cases, performance of a fusion can be improved by inserting a flexible
Gly-rich linker of several amino acid residues between the
FP and the protein of interest, which may prevent potential steric conflicts. Occasionally, the importance of both
termini of a studied protein or other considerations may
prompt insertion of an FP inside the protein chain, which
has been successfully achieved in a number of cases (25,
298, 364).
Many factors can influence the apparent expression level of a fusion construct, including efficiency of
transcription, mRNA stability, efficiency of translation,
FP maturation rate, and stability of the protein chimera. The stability issue is particularly important since
the inherent turnover rate of the targeted protein often
determines the half-life of the whole construct in a cell.
The desirable expression level of a fusion construct
is balanced between sufficient signal for reliable imaging
and minimal interference with the biochemistry of a living
cell. This tolerable level is unique for each protein of
interest, depending on its functional role in the protein
ensemble and also on the properties of a fused FP. In
some cases, deletion of one or several domains of a
studied protein may be necessary to avoid deleterious
effects on overexpression (370).
Expression levels are particularly important for
multicolor imaging of several proteins of interest,
where the cumulative effect of several overexpressed
proteins must not be disruptive to the living cell, but at
the same time, all fusions should be bright enough for
reliable detection. Moreover, expression of these fusions should be at comparable levels; otherwise, the
dominant one would bleed through into other spectral
channels. One way to achieve a desirable balance of
expression levels is by adjusting concentration of vectors used for transient transfection. In general, in transient transfections, the expression level usually varies
considerably among the transfected cells, and so optimally expressing cells (producing a relatively low but
still easily detectable signal) should be chosen from the
population. However, for the quantitative long-term experiments and high reproducibility of the results, it is
preferable to generate stable cell lines.
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2) ZsYellow1 and TurboYFP (enhanced version of
phiYFP; Ref. 383) are the only two “true yellow” FPs
available. Both proteins demonstrate high brightness,
photostability, and fast maturation and can be recommended for cell labeling in various assays. Being a weak
dimer, TurboYFP can be also applied for fusion protein
labeling for a limited set of proteins of interest.
3) DsRed-Express2 and DsRed-Max were reported to
have lower toxicity in long-term expression than other red
FPs (415), useful for constructing transgenic lines.
4) Katushka (commercial name TurboFP635) exhibits the highest emission brightness beyond 650 nm among
all FPs and therefore can be the FP of choice for whole
body imaging (see sect. VI) (388, 389).
Other considerations are summarized as “noncomprehensive notes” in the table in Figure 14.
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B. Photobleaching Techniques

C. Subcellular Localizations
The distribution of proteins within a cell is well organized, and protein trafficking is accurately controlled
by consensus peptide sequences that serve as subcellular
address labels. An FP or FP-based sensor construct may
be thus targeted to various subcellular compartments,
enabling organelle visualization, studies of fusion-fission
Physiol Rev • VOL

D. Promoters Tracking
Cloned under the control of a promoter of interest,
an FP can highlight promoter activity in a given genetic
environment, in particular cells and tissues, in particular
time, and in response to an external influence (63, 344).
Compared with enzyme-based assays, this approach has
lower sensitivity but enables in vivo visualization without
exogenous intervention, and multicolor fluorescent imaging of several promoters using distinct FP reporters.
Two key factors should be considered when selecting an FP reporter for promoter activity tracking: the FP’s
maturation rate and its half-life in the cell (turnover rate).
The maturation of an FP is a time-limiting step that can
substantially delay the appearance of a detectable fluorescent signal (see sect. IV). It is important to note that the
monomeric state of an FP is not necessary for promoter
activity tracking (unless the FP aggregates and leads to
toxicity; see sect. V). Therefore, fast-maturing tetrameric
FPs can be successfully used for this purpose. The maturation half-time of some of these is as short as several
minutes (tables in Figs. 10 and 14).
Each FP has a characteristic turnover rate in a given
expression system. Therefore, inactivation of a promoter
does not lead to immediate disappearance of the reporter’s
fluorescent signal, which can be stable for many hours or
even days (76). However, FP lifetimes can be modulated by
fusing appropriate domains or destabilization signals (245).
Destabilized FPs have faster turnover rates, and their fluorescence disappears soon after promoter inactivation (245).
Therefore, fast maturing and fast-degrading FPs show the
closest coupling to actual promoter activity. With such reporters, one can monitor sequential activation as well as
inactivation of promoters of interest and thus infer the
mechanisms underlying gene regulatory networks and cyclic processes in living systems.
So-called split FPs, i.e., FPs divided into two halves
that can reconstitute to produce functional protein, rep-
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While photobleaching is generally an undesirable
phenomenon that may complicate the visualization of a
fluorescent label, it can be exploited to study the mobility
of fluorophores, including proteins of interest fused to
FPs. Any functional fusion construct of an FP and a
protein of interest can be used to estimate the protein’s
mobility in living cells, as well as to investigate the influence of external factors on its mobility, using photobleaching techniques (250). This information is extremely
valuable, since protein movement within a cell is tightly
connected with its functional activity and interaction with
other molecules.
The most widely used techniques are as follows:
1) fluorescence recovery after photobleaching (FRAP),
which consists in bleaching a small region of interest
(ROI) by intense light irradiation followed by monitoring
of the rate of fluorescence recovery. This rate is determined by rate of migration of unbleached protein into the
photobleached patch from other regions of the cell.
2) Fluorescence loss in photobleaching (FLIP), where the
rate of fluorescence signal decay is monitored within
ROIs adjacent to the repeatedly bleached region (see Ref.
250 for a detailed review).
Photobleaching techniques have several limitations,
including difficulties with monitoring fast protein movement, side-effect phototoxicity due to high-power light,
and complex photobehavior of some FPs, such as reversible photoconversion. However, these techniques are well
established and provide a way to reliably measure or at
least compare protein mobilities, assuming that all the
necessary corrections and controls are performed, and an
FP with well-characterized photobehavior is used. Indeed, photobleaching techniques involving FPs have provided invaluable insights into the dynamic behavior of
proteins in living cells. A remarkable example is the high
motility of nuclear proteins that has become evident
through FRAP, which dramatically changed the prevailing
views of the architecture of nuclear processes (341).
A potentially more straightforward and sensitive alternative to photobleaching techniques is tracking the
mobility of photoactivated proteins, enabled by the recently developed photoactivatable FPs, as discussed in
section VIII.

events, and local monitoring of cellular parameters. Some
of the most popular signal motifs that can efficiently
target a construct of interest to a desirable compartment
are presented in Table 1. In some cases, duplication of a
signal may be necessary to achieve reliable targeting
(327). Importantly, the data presented in Table 1 can be
used not only to target a protein of interest to a particular
compartment, but also to avoid undesirable targeting of a
designed nontargeted construct. In this case, such “address label” sequences should be avoided when designing
linkers or modifications of the NH2 and COOH termini;
otherwise, the engineered protein may be (and quite commonly is) inadvertently targeted to the nucleus (by K/Rrich sequences), peroxisomes (by the COOH-terminal sequence XKL), etc.
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TABLE 1. Some popular signal motifs used to target fluorescent proteins, fusion constructs, and genetically
encoded sensors to subcellular compartments
Targeting Signal Motifs

Nucleus

Cytosol
ER lumen
Mitochondrial matrix

Golgi lumen
Golgi membrane
Plasma membrane

Peroxisomal matrix

COOH terminus: PKKKRKVEDA
COOH terminus: DPKKKRKV
COOH terminus: DPKKKRKVDPKKKRKVDPKKKRKVGSTGSR
In general, various KR-rich sequences close to the COOH terminus
can lead to more or less efficient protein localization to the
nucleus or nuclear membrane
COOH terminus: LALKLAGLDI
NH2 terminus: MLLSVPLLLGLLGLAAAD and COOH terminus:
KDEL
NH2 terminus: MSVLTPLLLRGLTGSARRLPVPRAKIHSLGDP
Tandem repeat of this signal provides more reliable targeting
NH2 terminus: MVGRNSAIAAGVCGALFIGYCIYFDRKRRSDPN
NH2 terminus: MAIQLRSLFPLALPGMLALLGWWWFFSRKK
NH2 terminus: 81 amino acids of the human
␤1,4-galactosyltransferase
NH2 terminus: MGNLKSVAQEPGPPCGLGLGLGLGLCGKQGPA
NH2 terminus: MGCIKSKRKDNLNDDGVDMKT
Myristoylation and palmitoylation
COOH terminus: KKKKKSKTKCVIM
Farnesylation
COOH terminus: KLNPPDESGPGCMSCKCVLS
Farnesylation
NH2 terminus: MLCCMRRTKQVEKNDEDQKI
Double palmitoylation
COOH terminus: SKL
COOH-terminal sequence XKL can also determine notable
targeting to the peroxisomal matrix

Reference Nos.

NLS
NLS of SV40 TAg

93, 115, 292
196, 241

NES
Calreticulin

475
292, 328

Cytochrome-c oxidase

327

Tom20
DAKAP1a
1,4-Galactosyltransferase

13, 115
93
121

eNOS
Lyn kinase

13, 115
115, 235, 327

K-ras4B

93

v-Ha-Ras

153

GAP-43

153
125

Adapted from VanEngelenburg and Palmer (449).

resent an alternative approach that can be applied for the
tracking of simultaneous activity of two promoters
(Fig. 17A). Fluorescent signals produced by such complementary FP halves driven by two different promoters of
interest highlight cells expressing both genes (516). Moreover, by combining several FP halves carrying point mutations leading to spectral differences, one can potentially
resolve the combination of promoters that are active in a
particular system (179).
E. Timers
A whole range of possibilities, which thus far remain
largely unexplored, is provided by so-called Timer FPs
that change fluorescence color with time and thus allow
the determination of their temporal expression in retrospect. Importantly, different timer FPs are characterized
by various maturation rates (from minutes to hours and
even days) and thus are suitable for investigations of
processes on a variety of time scales.
The first Timer FP named DsRed-E5 was reported in
2000 (425). DsRed-E5 produces green fluorescence within
several hours after synthesis, but later converts to a red
fluorescent form. These fluorescent changes occur since
some of the chromophores within a tetramer mature to
the green GFP-like form instead of red, and their green
Physiol Rev • VOL

fluorescence dominates until slower maturing red chromophores appear and “steal” the excitation energy away
from the green ones through a hyperefficient intratetrameric FRET (450). Therefore, tissues, cells, or cellular
organelles that are colored green signify recent production of DsRed-E5, while red fluorescence marks regions
that have already expressed the protein at least several
hours ago. The ratio of red to green fluorescence is proportional to the age of expressed protein and thus can
indicate the time since corresponding promoter activation. In practice, this provides means to monitor the dynamics of gene expression in various tissues (287), to
separate cells that have recently activated a promoter of
interest from the cells characterized by permanent promoter activity (289), to analyze the age-dependent distribution of organelles (98, 406), and to study protein trafficking (82, 225, 247).
However, tetrameric FPs are generally not suitable
for fusion with other proteins. Therefore, the recent development of monomeric mCherry-based Timers named
fast-FT, medium-FT, and slow-FT, which change fluorescent color from blue to red within time periods from
several hours to a day, is an important contribution (418).
Monomeric Timers simultaneously track localization and
age of proteins of interest in living cells and thus reveal
the pathways of trafficking of newly produced proteins.
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Source
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F. Cell and Tissue Labeling
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FIG. 17. Main modes of applications of split FPs. Split FPs are
shown as gray halves of a barrel (in fact, sizes of NH2- and COOHterminal FP parts are usually quite different); reconstituted FPs, as
colored barrels, fusion partners, as gray geometrical figures of different
shapes. A: self-associating split FPs allow the detection of a simultaneous presence of FP halves in a cell or cell compartment. B and
C: non-self-associating split FPs fused to proteins of interest make it
possible to determine whether target proteins interact with each other
(B) and also to compare the relative strengths of protein-protein interactions (C). D: RNA-binding domains fused to FP halves enable detection of appearance and localization of target RNA molecules.

Under the control of a specific promoter in an appropriate genetic context, an FP can help visualize particular
cell types in whole animals, organs, tissues, and cell cultures. This possibility is particularly important in such
fields as immunology (145, 282), neurobiology (168, 251,
420, 456, 502), development (68, 333, 425), transplantology (113, 319, 467, 488), and carcinogenesis (170, 171, 439,
496, 504, 505).
Multiple FPs can be combined to visualize locations
of different cell types in living systems. Moreover, it was
recently reported that a mixture of several FPs obtained
by random recombination enables multicolor cell labeling
with more than 100 hues distinguishable by fluorescence
microscopy. This was demonstrated in one of the most
beautiful applications ever developed with the use of FPs,
Brainbow (251). Brainbow employs Cre-mediated recombination to generate a random mix of several FPs expressed in individual neurons, which is expected to
greatly help in deciphering complex neuronal circuits
(Fig. 18).
Similar to promoter tracking, rational engineering of
degradation motifs can be a powerful approach to visualize changes in molecular ensembles of living cells. A vivid
example of this is the technique developed for the realtime monitoring of cell cycle progression in living tissues,
named Fucci (370). This technique employs green and red
FPs fused to appropriate protein domains that cause their
rapid degradation at particular stages of a cell cycle (Fig.
19). As a result, red and green fluorescent signals oscillate
in antiphase: all cells in the G1 phase are labeled red and
those in the S/G2/M phases are labeled green. This technique works well in transgenic animals and in time-lapse
imaging, allowing the identification of dividing cells in
studies of development, tumor progression, and other
processes employing division and redistribution of living
cells.
The major difficulty of fluorescent imaging of proteins, cells, and tissues within whole animals is the light
absorption by melanin and hemoglobin, as well as light
scattering (223). Both absorption and scattering become
less pronounced as the light wavelength increases. The
optimal “optical window,” which is most transparent for
the visualization in living tissues, is considered to be
between 650 –700 and 1,100 nm (223). Therefore, development of bright far-red or near infrared FPs should help
to increase sensitivity of the whole body imaging techniques employing a genetically encoded label. At the moment, one of the preferable FPs for use in whole body
imaging is Katushka, a far-red FP with an emission profile
that peaks at 635 nm and extends far beyond 700 nm to
the infrared part of the spectrum (388). Beyond 650 nm,
Katushka demonstrates superior brightness compared
with any other FP reported to date and therefore should
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provide the best sensitivity (87, 169, 388). However, the
excitation maxima of available far-red FPs, including Katushka, are still located within the suboptimal wavelength
range: 590 nm and lower. Therefore, a significant bathochromic shift of FP absorbance is still highly desirable to
provide efficient excitation by 633 nm laser line or other
deeply penetrating far-red light sources. In this respect,
recently reported mNeptune with excitation maximum
peaked at 600 nm can be a possible choice (248). Alternatively, efficient excitation in living tissues can be
achieved via two-photon excitation that employs infrared
wavelengths (96).
Generation of a bright FP emitting in infra-red would
probably be the best solution for whole body imaging.
However, infrared appears to be a rather unattainable
Physiol Rev • VOL

peak for FP developers. An alternative solution for semigenetically encoded infrared labeling on the basis of bacterial phytochromes was recently developed (396). In
spite of low brightness of the reported label and requirement of injection of a cofactor biliverdin, this approach in
general is very promising for fluorescent imaging in whole
tissues.
A number of advanced imaging techniques have been
developed for enhanced imaging of FPs in living tissues.
The most recent example is a remarkable technique utilizing FPs as contrasting labels for the multispectral optoacoustic tomography (MSOT) for deep high-resolution
imaging in living tissues (356). The technique combines
photoacoustic imaging tomography (137, 471) and selective-plane illumination microscopy (SPIM) (182) to recon-
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FIG. 18. A: schematic representation of multicolor cell labeling using Brainbow technology. One possible variant is shown where a cassette of
three FPs of different colors (red, yellow, and cyan) separated by different lox sites under control of a single promoter is inserted into the genome
in multiple tandem copies (8 in this case). Transient activation of Cre recombinase results in stochastic recombination events so that each cell
expresses different amounts of each FP and is colored individually (7 combinations among many potentially possible are shown). B and C: Brainbow
examples, transgenic mouse: dentate gyrus, three FP variants (B); brain stem, four FP variants (C). (Images kindly provided by Prof. J. Lichtman.)
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struct FP distribution in a thick sample, making it possible to identify individual FP-labeled cells at a depth of
several millimeters.
G. DNA and RNA Labeling
In vivo imaging of mRNAs production, localization,
and dynamics is a crucially important tool for live cell
studies. Several techniques for real-time mRNA labeling
and tracking were proposed with the use of FPs (see Ref.
440 for the detailed review). These techniques allow direct fluorescent labeling of specific mRNA molecules in
living cells. Moreover, since both mRNA and FP constructs are genetically encoded, these techniques can be
potentially applied within stable cell lines and transgenic
animals.
In the most straightforward scheme, an FP is fused to
the RNA-binding domain, and the corresponding RNA
motif recognized by this domain is fused with a target
mRNA. Multiple copies of the RNA motif can be introduced to amplify the signal. If the RNA-binding domain is
highly sequence specific, and if its target RNA motif is
naturally absent in the studied cells, this approach results
in target mRNA labeling with high sensitivity and specificity. The first appropriate domain-mRNA pair proposed
was the bacteriophage coat protein MS2 binding to a
specific hairpin of the phage RNA (38, 40). This pair was
successfully employed in a number of applications (351,
365). Combining this one with another recently introduced domain-mRNA pair (84) enabled simultaneous dual
color labeling of two mRNAs (242). The key limitation of
this approach is the high background signal produced by
unbound FP molecules. This problem can be partially
Physiol Rev • VOL

VII. STUDYING PROTEIN-PROTEIN
INTERACTIONS USING
FLUORESCENT PROTEINS
Information concerning protein interactions is vitally
important for understanding the function of molecular
ensembles in living cells. FPs can be employed in at least
three principal ways to identify, confirm, or disprove the
dynamic or stable interactions of proteins of interest:
Förster resonance energy transfer (FRET), FCCS, and
complementation of split FPs, which are described in this
section. It is also conceivable that in the future superresolution microscopy techniques may enable direct visualization of interacting proteins; this theoretical possibility is discussed in connection with photoactivatable FPs
in the next section.
A. FRET
The measurement of energy transfer efficiency between two FP molecules is currently one of the most
commonly used approaches to monitor protein-protein
interactions in living cells (343) and is also utilized in
genetically encoded sensors (see sect. IX). This approach
is based on the fact that excited chromophore of a higher
energy (i.e., operating in a shorter excitation-emission
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FIG. 19. Monitoring of cell cycle progression inside the developing
zebrafish embryo with zFucci technique. [Image kindly provided by Prof.
A. Miyawaki; from Sugiyama et al. (421).]

solved by low expression levels of FP or its targeting to
the nucleus (114). An alternative solution is the application of split FP halves that reassemble into a functional
FP only in the presence of RNA containing the two motifs
that bring them together (Fig. 17D). The feasibility of this
approach was demonstrated in several works (325, 354,
443).
Still, all these approaches imply the introduction of
RNA motifs recognized by a protein domain. Just as the
fusion of an FP to a studied protein can potentially disrupt
the protein’s function, the introduction of specific RNA
motifs into natural mRNA can alter its behavior in living
cell. This important issue represents the general concern
for RNA labeling techniques and should be kept in mind
when designing mRNA constructs and interpreting the
results.
Several techniques have been also developed to exploit FPs to monitor chromosomal dynamics in living
cells. These techniques employ the fusion of an FP with
DNA-binding domains, such as natural transcription factors that bind to the introduced recombinant DNA locus
carrying several specific binding sites (118, 203, 278, 363)
or zinc finger DNA-binding domains recognizing specific
DNA sequences (249). The fusion of an FP with proteins
present in chromatin, such as histones (197) or centromere binding domains (163), can be helpful for visualizing
chromosomal dynamics.

FLUORESCENT PROTEINS AND THEIR APPLICATIONS

FIG.

transfer. This makes FRET very useful for detecting molecular interactions by microscopy, spectroscopy, and
flow cytometry analysis of living cells (343, 402).
Efficiency of FRET (i.e., the quantum yield of the
energy transfer) between any two FPs also depends on a
number of other parameters: spectral overlap of donor
emission and acceptor absorption spectra, quantum yield
of donor fluorescence, and extinction coefficient of the
acceptor. For each pair of donor and acceptor chromophores, the measure of FRET efficiency integrating
over these factors is Förster distance (R0), defined as the
distance at which FRET efficiency is 50% of its maximal
value. The theoretical Förster distance can be calculated
and is typically 4 – 6 nm (the more the better) for the best
FP pairs reported (table in Fig. 20).

20. Selected FRET pairs of fluorescent proteins.
Physiol Rev • VOL
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wavelength range) can transfer some of its excitation
energy to an acceptor chromophore of a longer wavelength range, through a nonradiative dipole-dipole coupling mechanism termed FRET (110).
The principle of protein interaction detection using
FRET is as follows. Two proteins of interest are fused
correspondingly to a donor and acceptor FPs. When the
two proteins interact, FRET between their FP tags can be
detected, assuming that the interaction brings the FPs
into sufficient proximity and allows for their favorable
orientation with respect to each other. The distance between the two chromophores plays by far the most important role: the efficiency of FRET decreases with distance following inverse sixth power law and should be
typically shorter than 10 nm to result in detectable energy
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FPs, or some green/red pairs of FPs may help to achieve
the desirable compromise (see table in Fig. 20).
2) Undesirable photobleaching or photoconversion
(reversible or irreversible) of the donor or acceptor during visualization (see sect. IV): control experiments and
appropriate corrections are necessary.
3) Different sensitivities of donors and acceptors to
pH and other intracellular parameters: it is generally preferable to use FRET partners with similar pH stability.
4) Difference in stoichiometric ratios of donor and
acceptor molecules, or excess of natural cellular partners
for the studied recombinant FP-fused proteins, which
leads to higher background fluorescence of molecules
that are not undergoing FRET: in transient transfection
experiments, concentrations of DNA used for transfection
can be adjusted to mitigate this problem.
5) Difference in brightness of the donor and acceptor, which can lead to a significant contribution of noise
to the fluorescence of a dimmer fluorescent partner: it is
preferable to use FRET partners of comparable brightness (343).
6) Unfavorable orientation or large distance between
FRET partners within the formed protein complex can
diminish the FRET signal, even though the proteins of
interest are interacting. Alternative positioning of fused
FPs may be necessary to obtain sufficient FRET in such
situations (293).
7) Weak interaction may be possible between some
donor and acceptor FPs, which may result in two types of
effects. On the one hand, the interaction of FPs may
increase background FRET signal in the absence of interaction of studied proteins of interest. On the other hand,
the weak interaction of FPs may enhance FRET efficiency
after the interaction of proteins of interest (321, 457).
Depending on the balance between these effects, detection may be either improved or hindered.
In general, it is beneficial to shift the operational
wavelengths toward the red part of the spectrum, since it
reduces autofluorescence and increases FRET efficiency
(123, 229). A palette of novel orange, red, and far-red
monomeric FPs (see sect. V) has dramatically expanded
the number of potential genetically encoded FRET pairs.
Some of these pairs can provide better spectral separation
of the donor and acceptor fluorescence and still yield high
FRET efficiency. Moreover, the detection of triple interactions by FRET has now become possible, where the
acceptor of a donor fluorescence would simultaneously
play a role of a donor for the second acceptor (116). In
addition, it is now possible to monitor the interaction of
two pairs of proteins of interest simultaneously using two
pairs of FPs (6, 430).
In practice, the choice of a preferable FRET pair is
dictated predominantly by available microscopy solutions, as well as by the limited information on the performance of different FRET pairs. Here we provide an in-
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FRET can be detected in several ways, based on
changes of a number of fluorescence parameters that can
be measured by the methods of modern fluorescence
microscopy (343, 379). These changes include the following: 1) decreased fluorescence brightness (fluorescence
quantum yield) of the donor; 2) increased fluorescence
brightness of the acceptor upon excitation of the donor;
3) decreased donor fluorescence lifetime; and 4) loss of
emission light polarization.
One of the most commonly used methods for imaging
FRET is sensitized emission, where the intensity of the
acceptor fluorescence is registered upon excitation at a
wavelength that is optimal for the donor FP. Sensitized
emission is relatively easy to measure but requires multiple controls to reliably establish the presence of FRET,
due to substantial cross-talk between excitation and emission spectra of most FP pairs (see below). Image processing necessary to account for this cross-talk may lead to
the loss of weak FRET signals (343, 447).
Another FRET detection technique, called acceptor
photobleaching, registers an increase in donor fluorescence upon irreversible photobleaching of the acceptor.
This technique is more robust than sensitized emission
but cannot be used for repeated measurement of the same
molecules (188). Importantly, minor photoconversions of
FPs, including yellow-to-cyan conversions of some yellow
FPs (214, 232, 353, 444) and red-to-green conversions of
some red FPs (123, 232, 264), can lead to false-positive
results in acceptor photobleaching and should be controlled for. In the future, so-called photochromic FRET
employing reversibly inactivated acceptor (see sect. VIII)
may become a powerful alternative to the acceptor photobleaching method.
One of the most reliable techniques for quantitative
FRET measurements is fluorescence lifetime imaging microscopy (FLIM) (35, 148, 446). Its primary advantages
are independence of protein concentration and little or no
sensitivity to cellular parameters. FLIM, however, requires expensive instrumentation that is not yet widely
available.
FRET signals are usually quite weak, making quantitative measurements of changes in FRET efficiency challenging and prone to errors (343, 460). Rigorous FRET
experiments require a number of controls and very conservative data interpretation. Specifically, it is important
to evaluate, and/or control for, the following potential
problems: 1) cross-talk between the FRET partners. On
the one hand, acceptor may be excited at the donor
excitation wavelength; on the other hand, donor emission
may bleed into the acceptor detection channel. Therefore,
it is preferable to use FRET partners that are as spectrally
separate as possible, but at the same time, donor emission
and acceptor excitation should overlap as much as possible. Large Stokes shift FPs, such as UV-excited green

FLUORESCENT PROTEINS AND THEIR APPLICATIONS

complete list of FRET pairs chosen among the best and
most popular ones reported (table in Fig. 20). Förster
radia and specific comments found in the table in Figure
20 can guide preliminary comparison of these pairs, but
the reader is referred to the original manuscripts for the
technical details and potential limitations.
B. FCCS
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favorable orientation of fluorophores are required, FCCS
does not depend on a certain distance between the FPs
and therefore gives much more freedom with respect to
construct design. It is also important to note that FCCS
does not require high expression levels and thus minimizes interference with normal cellular biochemistry. Another advantage of FCCS is that monitoring of two fluorophores is concurrent, which makes the readout generally independent of cellular motility, unless the movement
of labeled cellular structures introduces undesirable fluorescence fluctuations. At the same time, cell motility can
distort data acquired by sequential imaging using FRET
techniques (24).
C. Fluorescence Complementation (Split
Fluorescent Proteins)
A powerful method to study protein-protein interactions is the bimolecular fluorescence complementation
(BiFC) assay based on split FPs (see more detailed reviews in Refs. 207, 208). We have previously discussed the
application of self-assembling variants of split FPs to
detect the simultaneous activation of two target promoters (see sect. VI). Such self-assembling split FPs (55–57)
are also useful to assess the topology of integral membrane proteins, i.e., to determine the location of their NH2
and COOH termini and internal hydrophilic loops in particular cell compartments (cytosol, endoplasmic reticulum, etc.) (511). In contrast, studying protein-protein interactions is based on split FP fragments that ideally do
not associate with each other spontaneously. Such FP
halves are fused to the two proteins of interest. If the
target proteins interact, they bring the split FP halves into
contact, resulting in reconstitution of FP and fluorescence
appearance (178, 208) (Fig. 17B). This provides a technically straightforward and relatively easy way to determine
whether two selected proteins interact and where this
interaction occurs in the cell. In contrast to FRET measurements discussed above, the BiFC assay is unsuitable
for real-time detection of target protein interactions. Indeed, after reassociation of the split FP fragments, it takes
time (minutes to hours) to form a mature fluorescent
chromophore (208) (there is an EGFP split variant that
appears to have a preformed chromophore in the NH2terminal half, but even in this case fluorescence develops
within several minutes after complementation) (89). Thus
fluorescence development is considerably delayed from
the moment when the protein-protein interaction occurs.
In addition, the association of FP halves is irreversible in
most cases (208), although some examples of partial reversibility of the split FP assembly were documented (89,
133, 443), so breakup of the complex between the target
proteins does not quench the fluorescence signal. Notably, trapping the target protein complex forced by an FP
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An alternative method for detecting protein-protein
interactions is based on fluorescence correlation spectroscopy (FCS). FCS detects fluorescence intensity fluctuations at the single molecule level within a limited
volume and so allows the measurement of average concentrations and diffusion rates of molecules quantitatively in the living cell.
In dual-color FCCS, the fluctuation of signals is recorded simultaneously for two different fluorophores (24,
381). The cross-correlation is a degree to which the two
signals fluctuate together, which allows one to estimate
the interdependence of diffusion rates of two types of
molecules due to their interaction in living cells (24, 209,
213).
Dual-color FCCS based solely on FPs was first utilized in the work of Kohl et al. in 2002 (221), in which a
caspase-3 cleavage site was introduced between a DsRed
and green FP and the activation of caspase-3 was monitored. Later on, dual-color FCCS with fused FPs was
successfully applied to monitor protein-protein interactions in a number of applications (36, 211, 212).
To provide efficient excitation of two different fluorophores, two laser lines should be used, which must be
aligned to the same confocal spot. This can be technically
difficult. An alternative solution is to combine two FPs,
one with a small and another with a large Stokes shift (see
sect. IV), which fluoresces differently but can be excited at
the same wavelength. The first application of this idea
with FPs was implemented using the mKeima, which has
a large Stokes shift, paired with cyan FP (219). Although
the low brightness of mKeima limits its wide application
for in vivo imaging, its success in FCCS is encouraging,
and development of enhanced Keima-like FP variants is
expected. In the violet part of the spectrum, the combination of blue Azurite (283), EBFP2 (9), or TagBFP (419)
with the large Stokes shift T-Sapphire (512) or mAmetrine
(6) should theoretically enable dual-color FCCS using a
single excitation wavelength (see table in Fig. 10). Another alternative is to employ a two-photon light source
that is relatively efficient for excitation of various FPs in
dual-color FCCS (211, 212, 221).
The most important difference between FRET and
FCCS for studying protein interactions is the distance
allowed between the detected fluorophores within a complex. In contrast to FRET, in which close proximity and
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three or more independent pairs of interacting proteins,
while split FPs of different colors generated from one
parental FP would be useful to study the competitive
interactions of several proteins. Also, the development of
a BiFC system with fast fluorescence development and
with the capacity for easy and fast dissociation of FP
halves would enable the BiFC assay to be applied to study
the dynamics of protein-protein complexes in real time.
VIII. PHOTOACTIVATABLE
FLUORESCENT PROTEINS
Photoactivatable fluorescent proteins (PAFPs) represent a distinct class of FPs whose fluorescent properties
can be turned on by a pulse of light of a specific wavelength. Kindling from the dark state or switching from one
color to another, PAFPs can serve as selective photolabels of proteins, organelles, cells, and tissues. It is possible to choose which fraction of the PAFP molecules to
activate, as well as when and within which region of
interest. Activated PAFP molecules can be visualized in a
separate spectral channel, rendering nonactivated molecules invisible. This property introduces unique possibilities for precision labeling and tracking of objects of
interest in living systems, enhancement of signal-to-noise
ratio, and super-resolution fluorescence imaging.
A. Structural Basis for the Photoactivation
The tight surrounding of a chromophore within GFPlike proteins can stabilize it in various conformations and
dramatically influence its spectral properties by determining its protonation state, extinction coefficient, and fluorescence quantum yield, as well as precise positioning of
the excitation/emission peaks. Therefore, cis-trans transitions of the chromophore, accompanied by conformational changes of neighboring amino acids, can result in
reversible light-induced photoconversions that greatly
change the spectral properties of a protein (2, 18, 19, 70,
160, 313, 352, 414).
Irreversible changes of spectral characteristics become possible if the energy of absorbed photon leads to a
chemical reaction within a particular FP, such as cleavage
of the protein backbone within the chromophore (15, 294)
or decarboxylation of the Glu222, which plays a key role
in the hydrogen network formed around the chromophore
(161, 448). Besides, irreversible photoconversions that
occur under particular conditions were recently described for the FPs that were not originally considered
photoactivatable. In particular, we have reported the oxidative reddening characteristic for apparently all green
FPs, including EGFP (45). Red-to-green or orange-to-farred photoconversions upon intense or two-photon excitation were reported for DsRed, mKate, mKO, and mOr-
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can potentially affect cell physiology. At the same time,
even very weak interactions can be detected using BiFC
due to signal accumulation (260). Therefore, the sensitivity of BiFC appears to be higher compared with FRET.
A number of efficient split variants were developed
for blue (EBFP), cyan (ECFP, Cerulean, SCFP3A), green
(EGFP), and yellow (EYFP, Venus, Citrine) mutants of
Aequorea victoria GFP (178, 179, 398, 462). Moreover,
FPs of other origins were used recently to construct their
split variants including red and far-red FPs mRFP1 (187),
mCherry (105), DsRed-monomer (218), and mKate (67).
A very important step forward was the multicolor
BiFC assay (179). Complementary fragments representing
color mutants of the same FP (e.g., Aequorea victoria
GFP) can yield cross-associated species with distinct
spectral properties (Fig. 17C). This approach makes it
possible to study competition between two or more proteins for binding with a common partner (131, 179). In
addition, one can use two split FPs of different origins
and distinct colors (e.g., split variants derived from Aequorea victoria GFP and DsRed mutants) that do not
form hybrids with each other. This approach enables
simultaneous visualization of two independent pairs of
interacting proteins (105, 218). Finally, a combination of
the two above-mentioned approaches, i.e., the use of the
cross-associated BiFC system (e.g., Cerulean plus Venus
splits) together with a distinct non-cross-associated BiFC
system (e.g., mKate split), provides the opportunity to
simultaneously detect three pairs of protein-protein interactions in the same cell (67).
To study ternary protein complexes, a combined use
of BiFC with FRET or BRET was suggested (117, 399,
400). In these approaches, a red-shifted (e.g., yellow) FP
split system acts as an acceptor for FRET/BRET from a
blue-shifter donor FP or a luciferase. Thus the interaction
of three target proteins can be analyzed: two proteins (A
and B) fused to split FP halves and a third protein (C)
fused to the donor FP or luciferase (it can be the same
target protein in all fusions if its homo-oligomerization is
studied; Ref. 117). However, the results of such assays
should be treated with caution, because BiFC produces a
delayed and irreversible signal, as discussed above. Thus
energy transfer to the reconstituted FP acceptor does not
necessarily mean that simultaneous interaction of all
three native target proteins occurs in vivo. Indeed, a
situation where protein A transiently interacts with protein B, and then protein B interacts with protein C, will be
mistakenly detected as a ternary A-B-C complex by the
BiFC-FRET assay.
Further progress in the development of BiFC-based
assays for protein-protein interactions will make this approach more efficient and informative. A panel of thermotolerant split FP variants of different colors is highly
desirable. Split FP variants of different colors and divergent sequences will allow the simultaneous detection of
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ange, the mechanism of which remains unclear (123, 232,
264). Some of these photoconversions may find practical
application in the future.
B. Key Properties of PAFPs

C. Reversible PAFPs
Reversible increase or decrease of fluorescence
brightness is a widespread phenomenon among FPs. For
example, red fluorescent proteins mKate and mCherry
demonstrate a 5–15% increase in fluorescence brightness
upon irradiation by green light. At the same time, many
FPs demonstrate more or less pronounced reversible
“quenching,” which can exceed 50% of initial brightness
under appropriate irradiation conditions, as demonstrated
for Venus, Cerulean, Emerald, mApple, etc. (233, 385). Moreover, depending on the parameters of the irradiating light,
Physiol Rev • VOL

the same protein can demonstrate either kindling or quenching photobehavior (385).
In extreme cases, reversible changes may involve the
switching of a protein from an essentially nonfluorescent
state to a bright fluorescent state (“kindling”) or from a
bright fluorescent to a nonfluorescent (“quenching”) state.
Fluorescence characteristics of such reversible PAFPs
can be controlled by light irradiation of a specific wavelength, intensity, and duration. Moreover, fluorescence of
reversible PAFPs can be switched on and off multiple
times (hundreds of times for the good variants).
Reversible PAFPs reported to date include none-tored activatable “kindling” coral protein asFP595 (256),
along with its mutant variants (KFP1 and others; Refs. 68,
70), green-to-none “quenchable” Dronpa (16, 139, 140) and
a number of its enhanced versions and modifications (14,
17, 414, 486), cyan-to-none “quenchable” mTFP0.7 and its
modifications (160), and none-to-red activatable rsCherry
and rsCherryRev (413).
An additional characteristic specific to reversible
PAFPs is the relaxation half-time, which is the time period
required for 50% of the photoactivated or quenched protein
to spontaneously return to the initial state. The relaxation
half-time can vary from several seconds to hours for different reversible PAFPs and also depends on the temperature.
For some of the reversible PAFPs, immediate reverse transition is possible by irradiation of light of another wavelength. For example, nonfluorescent asFP595 (also known
as asulCP and asCP) “kindles” into the bright red form upon
intense green light irradiation (which coincides with the
excitation optimum), but can be “quenched” immediately by
weak blue (450 nm) light irradiation. Green fluorescent
Dronpa demonstrates the opposite behavior: it can be
“quenched” by intense blue light irradiation (which coincides with the excitation optimum), but can be immediately
“kindled” back to the bright fluorescent state by relatively
weak violet light irradiation.
The PAFP field is rapidly developing. New PAFP
variants appear every few months, and many of them at
the moment remain poorly characterized. Among these
proteins, Dronpa is currently the best-tested reversible
PAFP that is monomeric, has high brightness, and can be
switched on and off multiple times with high contrast
(85). A brief overview of the characteristics of reversible
PAFPs is provided in the table in Figure 21.
Reversible photoconversions of FPs can be implemented for a number of unique techniques for precise
imaging.
1. Repeated tracking of protein movement
A portion of PAFP fused to a protein can be selectively photoactivated within a region of interest of a live
cell, and the rate of distribution of the activated fluorescent signal can be tracked. In such a way, PAFPs can help
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Similar to common FPs, for practical use of a PAFP
it is important to consider such parameters as brightness,
photostability, pH stability, maturation rate of the initial
form at 37°C, turnover of PAFP or its fusion construct in
living cells, and absence of additional minor photoconversions (besides the key photoswitching event), both for the
initial and for the activated states of the PAFP. Regardless of
visualization techniques and the experimental task, monomeric PAFPs are required for applications involving molecular tagging, due to the reasons described in section IV.
An additional specific characteristic of PAFPs is the
maximal contrast obtainable after photoactivation, i.e.,
the brightness of the activated form relative to the initial
one. The contrast determines the signal-to-noise ratio and
thus sets the primary limit to any application of a PAFP.
The intensity of light required for the photoactivation
of a PAFP is also an important parameter. If the required
activating light intensity is too high, it can be harmful to
living cells and can photobleach other FPs used in multicolor experiments. It may also require prolonged irradiation for effective photoactivation, which is undesirable
for fast tracking experiments. On the other hand, activation that is too easy is also undesirable, since it makes
visualization of the initial nonactivated form difficult,
complicates precise control of photoactivation, and may
lead to increased background signal.
Successful photoactivation often depends on the
light source and many other parameters, including light
continuity (differing for the confocal versus widefield
microscopy), light intensity, light wavelength, zoom, irradiated field, protein motility, and temperature (72, 73, 255,
335, 479), as well as hypothetically on the redox potential
of the environment (45). Therefore, each new PAFP requires thorough testing and fine-tuning of photoactivation
parameters for a particular live system and a microscope.
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21. Selected reversibly photoactivatable FPs.

tracking protein motility, similar to the photobleaching
techniques discussed in section VI. However, the PAFP
approach is more straightforward: instead of inferring the
protein movement from the change in average fluorescence, it can be used to directly observe the redistribution
of the photoactivated protein molecules. This approach is
more informative and can be applied for tracking very fast
protein movement. In contrast to the irreversible PAFPs
(see below), reversible ones can be applied to track movement of a fused protein of interest repeatedly within the
same cell, to generate multiple spatial and temporal
points. This allows the identification of differences in
protein motility in various parts of the same cell and the
monitoring of changes in motility or transport direction of
a protein in response to the particular external influence
or caused by internal changes of the cell state (16).

between two states that are substantially different in their
absorbance spectra and/or molar extinction coefficient.
Such a light-controlled acceptor can serve as an intrinsic
control of FRET (see sect. VII). Indeed, if a fluorescent
donor is in close proximity to the acceptor (PAFP), then
the intensity or lifetime of the donor fluorescence must
be affected by photoswitching of the acceptor. PCFRET has been described with organic dyes (120), and
we anticipate that analogous PAFP-based methods will
appear in the near future. The only requirement for the
technique is the development of monomeric reversibly
photoactivatable FP that would substantially change
absorbance characteristics in the orange-red part of the
spectrum upon photoconversion.

2. Enhanced imaging of fast protein movement:
“protein rivers”

Optical control allows the switching of reversible
PAFP between the fluorescent and nonfluorescent states,
while other signals remain constant. Therefore, a specific
fluorescence signal can be distinguished from the background by selective registration of the modulated fluorescence of a reversible PAFP. This approach results in
high-contrast images of specific structures on high background levels (266).

By averaging multiple tracking series, it is possible to
obtain low-noise time series of protein redistribution
within a cell. In this approach, reversible photoactivation
is used to collect information for identical time series
obtained after multiple photoactivation rounds. Averaging
of the data results in high signal-to-noise ratio imaging of
rapid protein movement (69).
3. Reliable FRET detection: photochromic FRET
Photochromic FRET (PC-FRET) is based on the use
of a FRET acceptor that can be reversibly photoswitched
Physiol Rev • VOL

4. Enhancement of signal-to-noise ratio

5. Dual-color imaging within the same channel
Similar to the previous application, reversible
PAFPs can be detected not only despite high background levels, but also in the presence of another flu-
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orescent dye of the same color. For example, green
EGFP can be combined with green Dronpa in dualcolor labeling experiments.
6. Super-resolution imaging
Probably the most exciting application of reversible
PAFPs is super-resolution imaging based either on reversible saturable optical fluorescence transitions (RESOLFT;
Refs. 172, 380) or on photoactivated localization microscopy (PALM) techniques (see below).

Switching of irreversible PAFPs leads to profound
one-time photoconversion from a nonfluorescent state
to bright green or red fluorescence, from cyan fluorescence to green, from green fluorescent to red, etc. This
activated signal can be bleached but cannot be reverted
to the initial state of the protein, and thus photoactivation cannot be repeated multiple times for the same
protein molecule. Irreversible PAFPs open a different
range of opportunities for in vivo photolabeling and
visualization techniques, since they enable the accumulation of contrasting activated signals and ensure their
stability over time.
To date, multiple irreversible PAFPs of various spectral characteristics have been developed (table in Fig. 22).

The first one reported, PA-GFP, switches from a weakly
green fluorescent state excited by violet light (⬃400 nm)
to a bright green fluorescent state excited by blue light
(⬃480 nm) (334). Photoactivation requires violet light
irradiation of relatively low intensity and results in a
100-fold increase of blue-light-excited green fluorescence,
making it possible to visualize the activated protein with
high contrast. Initial violet-light-excited green fluorescence can be visualized as well but photoconverts rapidly.
Therefore, it is rather difficult to obtain an image showing
the initial location of PA-GFP without undesirable activation of the whole field. This drawback hampers the rational choice of the region of interest for further photoactivation. Nevertheless, due to its monomeric nature, high
contrast and high brightness of the activated form, PAGFP is one of the most powerful PAFPs and has gained
popularity in a variety of applications (29, 66, 88, 91, 144,
161, 165, 258, 269, 272, 274, 297, 320, 335, 377, 426, 427,
461).
A similar protein, named PS-CFP, as well as its enhanced version, PS-CFP2 (Evrogen), switches from the
cyan to green fluorescent state with high contrast in response to irradiation by a 405-nm laser line (72, 74).
Compared with PA-GFP, PS-CFP2 gives lower brightness
of the activated signal. However, its key advantage is that
the initial cyan form can be visualized without significant
photoactivation, especially using an arc lamp source
(491).

FIG. 22. Selected irreversibly photoactivatable FPs. *Initial weak green fluorescence of PA-GFP can be visualized using violet excitation, but
rapidly leads to photoconversion.
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D. Irreversible PAFPs
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green and activated red fluorescent forms are also capable of reversible photoswitching.
Applications of irreversible PAFPs include the following.
1. Redistribution of a protein of interest
Protein movement in living cells can be visualized
with irreversible photoactivation as described above
for reversible PAFPs. Irreversible photoactivation does
not allow for repeated photoactivation and tracking
events, but instead produces a stable signal that can be
tracked for a long period of time. Therefore, irreversible PAFPs represent a strong alternative to traditional
kinetic microscopy of protein motility in living cells,
based on photobleaching effects (250) (see sect. VI).
2. Organelle labeling and tracking
With the use of a specific localization signal (see
sect. VI), PAFP can be targeted to any organelle of a
living cell. Individual organelles can then be labeled
with irreversible photoactivation to track their motility,
direction of movement, and interaction with other organelles in fusion-fission events (297). In addition, motility of proteins within organelles and proteins exchange between cellular compartments can be tracked.
3. Cell labeling
Irreversible PAFP can be used to photolabel individual cells within cultures, living tissue, or whole organisms
to track the movements of these cells during development, cancerogenesis, and inflammation (255, 376, 431).
For example, with PS-CFP2 it is possible to track the
photolabeled cell of interest in a living organism for up to
several days (411).
4. Protein degradation
Irreversible PAFPs can be used to track the degradation of a fusion protein of interest. In contrast to the
fluorescence intensity of a common FP, the photoactivated signal is independent of the rate of novel protein
synthesis. Therefore, photoactivation generates a fluorescent signal that depends only on the degradation
rate of the construct (provided that that potential photobleaching effects are avoided or appropriately corrected for). This technique allows precise and direct
monitoring of protein degradation in living cells (515).
5. Super-resolution microscopy
Similar to reversible PAFPs, arguably the most
powerful and therefore rapidly developing application
of irreversible PAFPs is the imaging of fluorescence at
a resolution beyond the diffraction barrier (see below).
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A specific class of irreversible PAFPs is comprised by
Kaede-like proteins. Kaede (“maple leaf” in Japanese) is
the founder of this group, which rapidly changes its color
from green to red upon violet light irradiation (15). Photoactivation of Kaede-like proteins is based on the cleavage within the first amino acid of the chromophore, His65,
which results in -electron conjugation of Tyr66 to the
imidazole ring of His65 and thus leads to the dramatic
batochromic shift (294, 314).
Photoactivation of Kaede generates high contrast,
and spectral characteristics of both initial and activated
forms of the protein are favorable. Importantly, the nonactivated green fluorescent protein can be monitored using blue (488 nm) light excitation without any photoactivation.
Kaede has been successfully applied as a very efficient marker for photolabeling and tracking of organelles
in cells and cells in living tissues (376, 431). However,
Kaede, as well as several other proteins of the same type,
including mcavRFP (239), rfloRFP (239), dendGFP (239),
EosFP (478), and engineered KikGR (437), were all
cloned or developed from Anthozoa species and are inherently tetrameric, just as all other Anthozoan FPs. To
overcome this limitation, significant efforts were devoted
to develop monomeric Kaede-like proteins, resulting in a
series of markers (136, 141, 281, 312, 478), the best of
which are currently mEos2 (281) and Dendra2 (3, 136)
(see table in Fig. 22). These proteins are extensively used
in various techniques, including protein tracking (29, 81,
104, 422) and super-resolution microscopy (107, 126, 236,
281) (see below).
Dendra2 is notable due to its ability to be photoactivated not only by violet, but also by less damaging blue
light irradiation using an arc lamp (see table in Fig. 22).
However, to achieve such blue-light-mediated activation
on a confocal microscope, very careful adaptation of
irradiation parameters is required. This conversion is easy
to achieve in Leica SP2 confocal microscopes equipped
with a “beam expander” hardware option (72, 73).
Another emerging class of irreversible PAFPs is represented by none-to-red activatable proteins based on
monomeric red FPs. While the first reported protein of
this type, PA-mRFP1, was characterized by rather dim
fluorescence (453), significantly enhanced variants named
PAmCherry1, -2, and -3 were reported recently (417).
PAmCherries are characterized by faster photoactivation,
higher contrast, and better photostability and may become a valuable addition for super-resolution imaging in
two-color PALM.
IrisFP is a remarkable protein of the most complex
photobehavior reported to date among FPs (2), demonstrating both reversible and irreversible types of phototransformation. This protein is a mutant version of EosFP
(478) and is capable of irreversible photoconversion from
a green to a red fluorescence state, whereas both initial
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PALM is based on gradual and statistically random
photoswitching of a pool of photoactivatable probes in a
sample, using light of a power insufficient to activate all
the molecules at once. A stack of images representing
random samples of fluorophore molecules is accumulated
through repeated cycles of photoactivation followed by
exhaustive photobleaching. These images can be processed according to single molecule techniques, such that
each molecule can be localized with high precision by
determining its center of fluorescence emission. This position is calculated by fitting the measured photon distribution from an individual molecule to the ideal PSF.
Therefore, the precision of localization directly depends
on the number of detected photons per activated molecule and thus on the fluorescence quantum yield and
photostability of the photoactivated form of a PAFP. The
best systems report up to 10 nm localization precision for
the FPs in cells.
A number of monomeric photoactivatable fluorescent proteins have been developed that are well suitable
for PALM, including both irreversibly photoactivatable
proteins and reversible ones (41). To date, successful
PALM imaging has been demonstrated for PA-GFP (165,
166), Dronpa (395), PS-CFP2 (395), mEos2 (281), Dendra2
(281), and PA-mCherry1 (417). Some of the photoactivatable proteins can be combined to obtain a two-color
PALM. One of the favorable solutions reported is the
combination of PS-CFP2 with green-to-red photoconvertible protein (395), as tdEosFP, mEos2, or Dendra2. In
principle, two-color PALM should allow the visualization
of protein-protein interactions directly, which is one of
the most important goals of super-resolution imaging.
IX. GENETICALLY ENCODED SENSORS
A. Power of Genetically Encoded Sensors
FPs represent a unique basis for development of fully
genetically encoded sensors (GES) that can be used to
visualize and quantify the enzymatic activity or conformational state of a protein of interest, changes in concentrations of particular molecules, and various physiological
events in vivo, including living cells, tissues, or whole
organisms.
On a whole organism scale, GES allow the visualization of signaling pathways between different cells, such as
neuronal activities, interactions of cells in development,
and communication of immune cells. Arguably the most
promising application is to image the responses from
individual neurons in vivo in transgenic animals with
calcium GES (263, 428). On a cellular scale, GES have
been adopted for a variety of tasks and can be used to
decipher the complex network of interacting proteins,
nucleic acids, and other molecules through both time and
space (60, 129, 290, 408, 449, 513).
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Spatial resolution in optical microscopy is limited by
the diffraction of light. Due to diffraction, any point
source of light is always observed as a blurred spot when
visualized in optical microcopy, as demonstrated by Abbe
as early as 1873 (1). The resulting profile of the observed
blurred spot is described by point spread function (PSF),
which depends on the NA (numerical aperture) of the
objective. The PSFs generated by two fluorophores separated by too short distance will overlap and will become
impossible to resolve as two point sources of light. Thus
PSF limits the resolution of the optical microscope. It can
be expressed as a full width at half maximum (FWHM) of
a PSF, which is physically limited to /(2NA) for the focal
plane (xy) and to 2 /(2NA)2 for the optical axis (z).
Since objective lenses have an NA of ⬍1.5, this results in
a maximal 150 –200 nm lateral and 500 nm axial resolution
that can be theoretically obtained by optical microscopy
(158).
This resolution is clearly insufficient for detailed
studies of cellular structures, many of which require resolution at the nanometer scale. In addition, it is very
desirable to achieve sufficient resolution to enable direct
visualization of interaction between two proteins in living
cells. Although electron microscopy provides a very high
resolution (224), it cannot visualize live cells. Moreover,
low labeling efficiency in electron microscopy makes visualization of molecular interactions extremely difficult.
A number of techniques have been developed to improve the resolution of optical microscopy, including optical sectioning by confocal microscopy (62) and multiphoton excitation (90, 97), improvement of axial resolution by two objective lenses employed in 4Pi (159) and
I5M (138).
Still, axial resolution was not significantly improved,
and optical microscopy remained limited by the diffraction barrier. The recent development of “super-resolution” microscopy, which is able to resolve objects separated by several nanometers in living cells by fluorescent
microscopy, was therefore a long-anticipated breakthrough.
In the past 20 years, several super-resolution techniques were proposed, either avoiding significant diffraction (near-field super-resolution imaging) or overcoming
the diffraction limit by modulating the molecular states of
a fluorophore that narrows the PSF or precise localization
of individual fluorophore molecules through processing
of the blurred images (107, 157). The combination of the
latter idea with PAFPs has revolutionized fluorescent in
vivo imaging by introducing a technique named PALM.
PALM [and the like: PALMIRA (100), FPALM (165, 166)]
goes beyond the diffraction barrier in fluorescence microscopy in living cells and currently represents one of
the most promising super-resolution approaches.
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natural protein domain within a sensor construct may
affect the protein interaction network of the living cell
and thus create artifacts (290). This problem may become
particularly serious due to the need to express a GES at a
high level for reliable detection of the fluorescent signal.
To minimize the disturbance of the protein interaction network, it is generally desirable to use sensory
domains that are already naturally abundant in a cell.
Another way to solve this problem is to modify the sensory domain of a GES to make it unrecognizable by the
potential cellular partners. For example, computational
redesign of calmodulin and calmodulin-binding peptide
M13 made it possible to generate functional calciumsensitive FRET constructs characterized by low affinity to
free cellular calmodulin (327). Yet another way to minimize GES/cellular machinery interactions is to use sensory domains of heterologous origin. For example, the
hydrogen peroxide sensor HyPer (see below) incorporates a prokaryotic H2O2-sensitive domain that has no
natural ligands within eukaryotic cells and thus minimally
interferes with the cellular environment (39).
GES can be classified into four groups according to
the basic principles of their design: 1) single FP-based
sensors with no additional protein domains, designed to
detect certain ions; 2) single FP-based sensors incorporating (or fused to) a conformationally sensitive detector
domain(s); 3) FRET-based sensors based on two FPs; and
4) translocation sensors/assays.
B. Sensors Based on a Single FP With No
Additional Protein Domains
The natural properties of the chromophore and its
environment within FPs make it possible to develop mutant variants sensitive to particular analytes. GES based
on a single FP were developed to detect changes in pH
value (147, 193, 216, 280, 286, 362), concentrations of
chloride (190, 464) and metal ions (31, 246), and redox
potential (94, 146).
Among these, pH sensors are the most elaborate and
are in high demand in various studies. In particular, the
acidic pH inside secretory vesicles can be exploited to
monitor exocytosis and recycling using pH-sensitive FPs
(21, 286). Some sensitivity to pH is the natural property of
most FPs carrying either GFP-like or DsRed-like chromophores; thus virtually any FP can be used to monitor
pH changes in living cells (23, 147, 193, 216, 252, 280, 286,
310, 362). In FPs with GFP-like chromophores, the proportion of charged ground-state chromophores (corresponding to the excitation peak at ⬃480 nm) grows upon
an increase in pH up to 9.0, while the proportion of those
in the protonated form (excitation peak at ⬃400 nm)
diminishes. Therefore, 480 –500 nm excited fluorescence
of a green or yellow FP usually increases with increased
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The unique nature of GES makes them quite different
from the chemically synthesized sensitive fluorescent
dyes, in terms of both their development and their application. The first key difference is that the GES are delivered as genetic materials by either transient transfection
or transgenic techniques and are subsequently produced
by cells themselves. Transgenic organisms expressing
GES can be created to monitor analyte concentrations,
the activity of proteins of interest, and cell states in vivo,
including tissues and cells that cannot be loaded with
fluorescent dyes. Tissue-specific, stage-specific, and inducible promoters and regulatory genetic elements can
drive GES expression selectively in chosen cells and in a
temporally controlled manner.
The protein nature of GES allows their targeting to
virtually any cellular compartment or microcompartment
through fusion with an appropriate signal domain, or by
adding a few extra amino acid residues to one of the
protein’s termini that form appropriate signal motif. Some
of the commonly used signal motifs are summarized in
Table 1 (see sect. VI).
In contrast to chemical dyes, GES do not require
external injection and are not prone to leakage during
long-term experiments. Also, stably transfected cell lines
can be used to standardize high-throughput and highcontent screening assays.
Arguably the most important principal advantage of
GES is that they can incorporate naturally evolved protein
sensor domains, which can provide ultimate sensitivity
and specificity for virtually any molecular or physiological
event or an analyte of interest. Practically any process in
a living cell involves proteins, so a suitable sensor domain
that generates some readout (such as change in conformation or protein-binding affinity) upon binding of a specific analyte, covalent modification, mechanical influence,
redox potential, membrane potential, etc. can potentially
be found in nature. Accordingly, sensitive genetically encoded constructs can be designed by nimble manipulation
of these domains and FP(s), either utilizing the conformational changes of fused domains to influence spectral
properties of a single FP, or based on changes in distance
and dipole orientation between two FPs capable of FRET
(see sect. VII). This approach has resulted in a great number of FP-based sensors for monitoring specific physiological events in living cells and tissues by means of
fluorescent microscopy, spectroscopy, and flow cytometry analysis (129, 195, 290, 408, 449, 513).
However, the natural origin of such sensor domains
can also be their drawback. In the complex molecular
ensemble of a living cell, there is hardly any protein
domain that is specialized for a single function or interaction partner. Therefore, most nature-derived sensory
domains are prone to numerous modifications and/or interactions, which may impair the desirable single-parameter readout of a sensor. In addition, the expression of a
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C. Sensors Built on a Single FP Fused to the
Conformationally Sensitive Detector Domain(s)
Conformational changes or interactions between domains fused to an FP, occurring in response to a specific
Physiol Rev • VOL

protein activity or change in concentration of an analyte
of interest, can cause changes in the structure of the FP
and thus influence its spectral properties. Occasionally, a
working GES can be created by simple end-fusion of a
sensor domain to an unmodified FP. However, due to the
stability of the ␤-barrel structure of FPs and spatial and
structural isolation of the NH2 and COOH termini from
the chromophore, the influence of end-fused domains on
protein fluorescence is usually negligible. Therefore, it is
much more effective to place the sensitive domains in
close proximity to the FP chromophore. This can be
achieved by inserting sensitive domains into the structure
of an FP or by end-fusing them to a circularly permuted
FP (cpFP).
Circular permutation (254) implies that protein NH2
and COOH termini are joined together by flexible linkers
several amino acids long, and new NH2 and COOH termini
are formed in another part of the protein. Permutation of
FPs is usually successful and has become a routine approach to fuse sensitive domains very close to the chromophore, which allows to influence its spectral properties
directly (27, 307, 512). This GES design strategy resulted
in a number of calcium sensors (306, 309, 322, 407, 424,
428) and was also applied to create sensors of hydrogen
peroxide (39), phosphorylation (205), and membrane potential (119, 217), although the latter two directions have
not yet produced effective GES.
Within cpFP-based sensitive constructs, conformational changes of sensory domains can cause dramatic
structural changes in the chromophore environment and
thus strongly influence spectral properties of the cpFP. In
principle, this influence can be mediated by a number of
factors, including protonation/deprotonation of a GFPlike chromophore as well as changes in its fluorescence
quantum yield and molar extinction coefficient. Most if
not all currently existing cpFP-based sensors employ
changes in the protonation status of a GFP-like chromophore. Due to the openness of the chromophore to the
environment (characteristic of the most common permuted variants with a permutation point in the vicinity of
amino acid positions 146 –147, according to GFP sequence), cpFP-based sensors are usually pH sensitive,
with a pKa (pH value at which fluorescence brightness is
half of a maximal) ⬎7.0. Thus, unfortunately, fluorescent
properties of cpFP-based sensors are affected by pH
within the physiological range.
However, this dependence is not an inherent property of all FPs capable of protonation/deprotonation of
the GFP-like chromophore. Indeed, high-contrast photoactivatable fluorescent proteins PA-GFP (334) and PSCFP (74) employ deprotonation of the chromophore upon
activation but remain pH stable in both the initial and
photoactivated states (see sect. VIII). Therefore, there is no
theoretical barrier to solving the problem of low pH stability of the cpFP-based sensors. This will require the
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pH. This fluorescence intensity change in response to pH
is reversible and very fast, occurring in ⬍1 ms (216).
Sensitivity of an FP to pH can be described by the
apparent pKa of the charged chromophore, which is the
pH value at which the intensity of green fluorescence
excited at 480 nm declines by 50% of the maximal brightness, and the Hill coefficient derived from the slope of
fluorescence versus pH curve at the pKa point. Common
green FPs with a pKa at ⬃6.0 (table in Fig. 10) are suitable
to measure pH changes in acidic compartments, while
some of the less acid-tolerant yellow FPs can be used to
measure pH changes in the cytosol (21).
FP variants with different pKa were generated by
rational and random mutagenesis. For example, pH-sensitive mutants were designed specifically for monitoring
synaptic vesicle cycling at nerve terminals. Fluorescence
of the best variants increases ⬎50-fold (our in vitro data
for the Superecliptic pHluorin, Ref. 372) in response to a
pH change from 5.5 to 7.5, which corresponds to the
changes that occur upon synaptic vesicle release.
Various GES for monitoring pH were generated, responding either with changes in fluorescent brightness of
a single fluorescence peak or with ratiometric changes of
two excitation peaks. The latter type of pH sensors imply
ratiometric measurement of fluorescence brightness excited at two different wavelengths and hence are free
from artifacts due to variable protein concentration, cell
thickness, cell movement, excitation intensity, etc. Ratiometric pH sensors commonly respond with a change in
the ratio of excitation efficiency at 400 versus 480 nm due
to a shift in the protonated/deprotonated chromophore
ratio (such as ratiometric pHluorin, Ref. 286). An internal
control of overall signal stability can be the intensity of
fluorescence excited at the isosbestic point between the
two excitation peaks, at ⬃430 nm. Another type of ratiometric GES utilizes the pH-sensitive efficiency of excited
state proton transfer (ESPT) from the protonated GFP
chromophore excited at 400 nm. These sensors are excited at 400 nm and respond with a change of fluorescence ratio between 450 and 510 nm (147). Ratiometric
pH sensors can also be developed by fusing pH-stable and
pH-sensitive variants of different colors. In this case,
changes in the fluorescence brightness ratio of the two
fused FPs can be measured along with FRET efficiency
between the two FPs (23). Recently, a pH-sensitive red FP
was reported (193) that can be expected to become a
popular pH-GES in molecular neurobiology and other
fields requiring multi-parameter imaging.
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D. FRET-Based Sensors
The readout of FRET-based sensors is the change in
the efficiency of resonance energy transfer between two
spectrally differing FPs (see sect. VII about FRET). Efficiency of FRET depends on the distance between the two
FPs and orientation of their chromophores relative to
each other. Therefore, using a combination of detector
protein domain(s) and a pair of FPs of different color, it is
possible to engineer a GES that will react to certain
intracellular events by changing its spectral properties.
The simplest design of FRET-based GES employs the
fusion of two FPs via a peptide linker that can be specifically cleaved by a cellular protease of interest, such as
caspase-1 (261), caspase-3 (6, 148, 200, 259, 261, 305, 390,
423, 441, 489, 490, 492), caspase-6 (489), or caspase-8
(490). GES of this type usually demonstrate high dynamic
range due to the complete spatial separation of donor and
Physiol Rev • VOL

acceptor FPs after cleavage, but are limited to the monitoring of protease activities.
An inverse approach is to monitor FRET between
donor and acceptor FPs fused to the separate interacting
domains, which is rather similar to the general approach
of FRET-based protein interaction studies (see sect. VII).
The difference is that with GES scientists know in advance that the two domains should interact in response to
the particular event and use this interaction as the event’s
reporter. However, the domain fused to the donor FP may
interact not only with the domain fused to the acceptor
FP, but also with endogenous proteins, which renders the
donor molecules nonresponsive and decreases the signal.
This effect can essentially preclude the detectable response in vivo from a sensor that behaves perfectly well
in vitro.
In the most universally applicable and therefore
widely used FRET-GES design, both donor and acceptor
FPs are fused to the single structurally active protein
construct, whose conformational changes affect the distance between and the mutual orientation of two FPs.
This responding protein construct may consist of one
domain or several domains that either interact with each
other or undergo structural changes in response to a
specific cellular event, such as an increase in ion concentration, modification by the enzyme of interest, change in
membrane potential, etc. (Fig. 23). Such a design of FRET
sensors implies that donor and acceptor FPs are present
in equimolar quantities, and the interacting domains preferentially exhibit intramolecular binding. Therefore, all
sensor molecules contribute to FRET changes in a living
cell, and thus the FRET signal increases. The intrinsic
limitation of this design, however, is that spatial proximity
of the donor and acceptor within a single construct before
event of interest can lead to a high background FRET
signal (290).
The universality and relative simplicity of such a
design have led to the development of numerous FRETbased sensors of this type, including GES for monitoring
changes in the concentration of Ca2⫹ (130, 153, 262, 263,
291, 292, 295, 304, 307, 327, 434), cyclic nucleotides (174,
317, 318, 375, 445, 506), glutamate (323), tryptophan (199),
specific saccharides (198), GTPase activities (186, 296),
kinase activities (128, 149, 234, 235, 237, 308, 374, 429, 458,
514), mechanical stress (284), and others (Table 2).
One of the notable and rapidly developing GES-related directions is the design of GES for the detection of
changes in membrane potential, where FPs are fused to a
voltage-sensitive membrane domain. The specific feature
of these voltage sensors is that cellular membrane acts as
an additional element that influences structural rearrangements. Several variants of FP-based voltage sensors
have been proposed, employing a membrane protein domain that undergoes conformational changes in a voltagedependent manner that lead to changes of a fused FP
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appropriate design of the chromophore surrounding that
would protect the chromophore from the environment
and thus make its protonation/deprotonation dependent
only on positioning of proximate amino acid residues.
These residues, in turn, would be controlled by the fused
conformationally sensitive domains. We expect that
progress in this direction will be made in the near future
with the help of either powerful computational design
and/or extensive in vitro evolution.
In general, cpFP-based GES are quite promising due
to the potentially high dynamic range of achievable
changes of fluorescence. Parallels with photoactivatable
proteins suggest that chromophore protonation/deprotonation can result in 100-fold fluorescence changes (74,
334). Therefore, although the most elaborated current
theme of cpFP-based GES is calcium sensing, we expect
that high dynamic range GES of other specificities will be
reported.
A remarkable example is the first specific sensor for
the hydrogen peroxide, named HyPer (39, 265). HyPer is
based on a permuted yellow FP that is inserted into the
prokaryotic regulatory domain OxyR, which is sensitive
to H2O2. In the presence of submicromolar concentrations
of H2O2, two cysteine residues of OxyR are oxidized,
resulting in dramatic conformational changes of the domain. These changes influence the chromophore environment and ratiometrically change the fluorescence excitation spectrum: fluorescence excited at 420 nm decreases
and fluorescence excited at 500 nm grows. Hydrogen
peroxide is an important signaling molecule, and HyPer
provides a unique possibility to study its functional role in
living cells and organisms. As the first independent application of HyPer, it was recently demonstrated that a rise
in H2O2 concentration can determine rapid wound detection in zebrafish (316).
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E. Translocation Sensors/Assays

FIG. 23. Main types of FP-based fluorescent sensors. FPs are shown
as colored barrels; specific sensitive domains are represented by orange
stars and gray sectors. A: intrinsically sensitive FP changes spectral
properties (brightness or excitation-emission wavelengths) depending
on the environment, e.g., pH. B: FP or circularly permuted FP is fused to
specific sensitive domain(s); those conformational changes affect spectral properties of this FP. C: two FPs of different colors are fused to
sensitive domain(s); those conformational changes influence the efficiency of FRET between these FPs. D: translocation sensors: FP fused
to specific protein domains demonstrates environmentally dependent
changes in intracellular localization.

brightness (339) or FRET efficiency between the two
fused FPs (28, 350, 455).
The first designs to appear utilized the fusion of an
FP to the terminus of the Drosophila Shaker K⫹ channel
(FlaSh) (401), insertion of FP into skeletal muscle Na⫹
channel (22), or fusion of an FP FRET pair to a voltagesensing K⫹ channel Kv2.1 (369). However, these GES are
limited in their applicability by their low dynamic range,
low sensitivity, slow kinetics, and/or poor function in
mammalian cells (28). The most recent design of voltage
sensors, named VSFP2s, is based on the voltage-sensing
domain from Ciona intestinalis phosphatase (Ci-VSP,
Ref. 302) and a FRET pair of FPs. In contrast to homologous Kv2.1, Ci-VSP functions as a monomer (222), which
significantly improves the performance of Ci-VSP-based
Physiol Rev • VOL

Cell-based protein translocation assays represent a
separate field of FP application that traces the redistribution of an FP or FP-labeled protein between various cell
compartments (cytosol, nucleus, membrane, endosomes,
etc.) as the primary readout (167, 215). Translocation of
proteins between cellular compartments in response to
various external stimuli is a widespread phenomenon that
ensures the accurate compartmentalization of activities in
living cells. Therefore, FP-based sensors of this type in
effect monitor the activity of various signaling pathways
and other intracellular events. Upon fusion with an FP,
many proteins, such as kinases, phosphatases, receptors,
and transcription factors, become ready-to-use translocation GES for particular pathways. For example, a fusion
construct can accumulate outside or inside the nucleus, in
the cytosol or on the cellular membrane, in the cytosol or
in endosomes, evenly distributed in the cytosol, or accumulated in specific foci. The translocation can occur very
rapidly and can be tracked in real time, often returning
finally to the preactivated state after the stimulus. The
rational design of more sophisticated GES capable of
signal-specific translocation is possible by combining an
FP with protein domains bearing opposing localization
signals, which determine the protein’s localization in a
“tug-of-war” competition (215).
Modern microscopy platforms enable high content
screening using translocating FPs. In such assays,
screened compounds are tested for their ability to promote protein translocation or, vice versa, to inhibit protein translocation that should occur in response to a
particular agonist or external influence. Advanced image
recognition software can perform quantitative analysis of
translocation events and obtain reliable information con-
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sensors (92, 257, 303). VSFP2 sensors are more effectively
targeted to the plasma membrane, providing better readout from the responsive fraction. Some of the recently
developed VSFP2 variants are the remarkably high dynamic range green-orange Mermaid (436), and a yellowfar-red VSFP2.4, which is characterized by a fast initial
“on” response and prominent decrease of donor fluorescence upon activation (303) (Table 2).
Intrinsically, the performance of FRET-based sensors
is limited by FRET efficiency and by all of the FRETrelated issues detailed in section VII. The low dynamic
range of most FRET-based sensors hampers reliable signal readout and their application for high-throughput
screening assays (449). Nevertheless, these sensors have
become very popular tools for cell studies in single- and
multi-parameter imaging (342), and we believe that their
rapid evolution will eventually provide a powerful toolkit
for high-throughput drug screening platforms.
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2. Selected examples of genetically encoded sensors

Cellular Signals or Protein
Activity Measured

Sensor Name

pH

SynaptopHluorin

pH

mNect.hCNT3

cGMP

cGES-DE5

Ca2⫹

GCaMP3

2⫹

Case12

Ca2⫹

Camgaroo-2

2⫹

Ca

TN-XXL

Ca2⫹

Yellow Cameleon 3.6

Ca2⫹

Cameleon D3

H2O2

HyPer

Redox potential

roGFP1

Caspase-3 activity

CaspeR3

PKA activity

AKAR1

Membrane potential

Mermaid

Membrane potential

VSFP2.4

pH-sensitive green FP, pHluorin, fused to VAMP-2
at its luminally exposed COOH terminus
pH-sensitive red FP, mNectarine, fused to the
intracellularly exposed NH2 terminus of hCNT3
FRET-based, YFP-GKI-B-CFP, structural
rearrangement of domain
Single cpFP fused to interacting domains,
M13-cpGFP-calmodulin
Single cpFP fused to interacting domains,
M13-cpGFP-calmodulin
Insertion of structurally rearranging calmodulin
domain into YFP
FRET-based, CFP-2x(COOH-terminal lobe of
troponin C)-cpYFP, structural rearrangement of
domain
FRET-based, ECFP-calmodulin-M13-cpVenus,
interaction of domains
FRET-based, ECFP-calmodulin-M13-cpVenus
(redesigned calmodulin and M13), interaction
of domains
Single cpFP inserted into structurally rearranging
domain OxyR
Single GFP carrying surface-exposed cysteines in
positions appropriate to form disulfide bonds
FRET-based, TagGFP-DEVD-TagRFP, cleavage of
the linker
FRET-based, ECFP-14-3-3-substrate-YFP,
interaction of domains
FRET-based, Ci-VSP-mUKG-mKOk, structural
rearrangements near membrane
FRET-based, Ci-VSP-YFP-mKate2, structural
rearrangements near membrane

cerning the efficiency of the stimulus influence. Typically,
the need for standardization of translocation assays for
high content microscopy screening requires cell lines stably transfected with GES to achieve optimal responses
and to minimize the cell-to-cell heterogeneity of the assay.
In general, the rapidly developing field of translocation
sensors looks very promising both for the basic science
and drug development.
X. FLUORESCENT PROTEINS AS
PHOTOSENSITIZERS
Photosensitizers are dyes capable of efficient lightinduced generation of ROS. There are two main types of
photosensitizer reactions involving either electron or energy transfer as a primary process (54, 226). The first step
of type I reactions is abstraction of an electron from a
substrate (X) by an excited photosensitizer (Sens*) with
the formation of radicals X·⫹ and Sens·⫺. Afterward, molecular oxygen oxidizes the photoreduced photosensitizer
with the formation of superoxide anion radical (O2·⫺) and
the photosensitizer in the ground state. As a result, two
radical molecules, X·⫹ and O2·⫺, are formed. Type II reactions are based on direct energy transfer from an exPhysiol Rev • VOL

Reference Nos.

286
193
317
424, 428
407
130
263

307
327, 466

39
94, 146
390
514
436
303

cited photosensitizer to molecular oxygen with the appearance of singlet oxygen (1O2). Different photosensitizers use predominately either the type I or the type II
mechanism of action. However, in complex biological
systems, both reactions usually occur simultaneously,
and their relative contribution greatly depends on oxygen
concentration, chemical nature and concentration of substrate molecules, and other factors (226).
Photodynamic action results in the oxidation of organic molecules and inflicts considerable damage on
cells. In nature, photodynamic reactions are responsible
for some diseases in humans and animals (43), as well as
dysfunction of photosynthesis (20). Photosensitizers are
also used in biological and chemical research as well as in
the clinic. In particular, photodynamic therapy (PDT) is
based on the selective accumulation of a photosensitizer
in tumors followed by local irradiation with light resulting
in the targeted death of cancer cells (58, 180, 454). Another important area of application of photosensitizers is
chromophore-assisted light inactivation (CALI) of target
molecules, mainly proteins (102, 151, 189, 368). Here,
photosensitizer molecules are targeted to a protein of
interest by a conjugated antibody or by labeling of modified proteins carrying a specific tag such as a tetracys-
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eukaryotic cells under irradiation, by driving them to
either apoptosis or necrosis (50). However, expression
of KillerRed in the cytosol provides only a weak phototoxic effect in eukaryotes. Targeting KillerRed to mitochondria or to the plasma membrane results in a
much more pronounced phototoxicity. KillerRed in mitochondria can trigger apoptotic pathways (50), while
KillerRed on the membrane probably leads to the direct
oxidation of lipids, followed by fast necrotic cell death
(52). Other intracellular compartments such as lysosomes, endoplasmic reticulum, nucleus, and chromatin
could be further tested to reveal the most efficient localization of KillerRed. Notably, specific targeting to tumor cells
can be achieved by fusing KillerRed to appropriate antibodies, potentially providing an instrument for the selective
photodestruction of tumors (382).
Successful performance of KillerRed for inactivation of proteins was demonstrated both in vitro and in
living mammalian cells (50, 52). However, application
of KillerRed for CALI techniques is limited by its
dimeric nature, preventing functional fusion with many
cellular proteins (see sect. IV). Interestingly, phototoxicity for monomeric mCherry (384) in E. coli has been
mentioned in one recent publication (supplementary
data of Ref. 415), although mCherry was not yet compared with KillerRed in a parallel experiment.
Another limitation of KillerRed is its apparently low
quantum yield of ROS production, which is not always
sufficient for effective inactivation of a fusion protein.
The dependence of the phototoxic effect on presence of
oxygen indicates that KillerRed acts as a photosensitizer.
However, the nature of KillerRed phototoxicity remains
unclear. The low quantum yield of ROS production by this
protein in response to irradiation generally precludes direct measurements and identification of the ROS species
generated. Indirect methods, such as inhibitory analysis,
have led to conflicting results, indicating that ROS species
produced are either singlet oxygen or superoxide (50).
Notably, phototoxicity of KillerRed in deuterium oxide
(D2O) was considerably lower than that in H2O (382).
Since D2O is known to extend the lifetime of 1O2 and thus
increase the efficiency of singlet oxygen-generating photosensitizers (226), these results suggest that 1O2 is not
the ROS that mediates KillerRed phototoxicity.
A recent crystallographic study of KillerRed revealed
an unusual water-filled channel from the cap of the ␤-barrel to the chromophore area that could be the key structural determinant of its accessibility to external agents, an
important prerequisite for manifestation of phototoxicity
(345). Also, we found exceptional sensitivity of KillerRed
to ␤-mercaptoethanol, a widely used reducing agent. In
the presence of ␤-mercaptoethanol, KillerRed showed
conversion of an absorption peak at 585 nm (mature red
chromophore) to a peak at 410 nm (probably, protonated
GFP-like chromophore). Notably, these spectral changes
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teine motif (432). Then, light illumination results in the
spatially and temporally controlled inactivation of the
target protein while more distant molecules remain intact
due to ROS propagation within the limited volume. CALI
has been successfully applied to study the biological function of various proteins (151, 368, 487).
All known efficient photosensitizers are chemical
dyes, while a fully genetically encoded photosensitizer
(GEPS) would be very desirable for many applications.
GFP-like proteins, which are the only known chromophore-producing proteins encoded by a single gene,
could become a basis for the development of such photosensitizers.
Although some successful applications of FPs for
CALI were documented (355), it is clear that they are
inefficient photosensitizers compared with chemical dyes.
The main structural reason for this property (undoubtedly
beneficial for all other FP applications) is thought to be a
protein shell that blocks access of oxygen and external
organic molecules to the excited FP chromophore. Moreover, recent studies demonstrated that even a naked synthetic GFP chromophore produces barely detectable
amounts of 1O2 upon illumination (192), providing an
additional explanation of the observed low phototoxicity
of FPs. It is reasonable to speculate that this low phototoxicity of wild-type FPs is a feature brought about by
natural selection; otherwise, an FP would kill host cells,
especially under strong sunlight in the tropics. Thus efficient GEPS likely will not be found among natural GFPlike proteins.
Currently, the rational development of phototoxic
FPs is not possible due to the incomplete understanding
of the biochemistry of FPs’ chromophores, along with the
inability to perform effective computational design of
FPs. Directed evolution using random mutagenesis or
hypermutation technology (468, 469) also seems rather
problematic for GEPS design, since the selection will
have to be for mutants that severely damage host cells, so
the most highly phototoxic clones could not be propagated after testing for phototoxicity.
Owing to these reasons, thus far not a single phototoxic FP was created intentionally. However, manual
screening for phototoxicity in bacteria, performed among
various randomly chosen mutant FPs, did reveal one protein named KillerRed that demonstrates phototoxic properties (50, 52). KillerRed is a dimeric red FP with fluorescence excitation and emission maxima at 585 and 610 nm,
developed on the basis of nonfluorescent, nonphototoxic
purple chromoprotein anm2CP cloned from an unidentified anthomedusa (383). Escherichia coli cells expressing
KillerRed can be killed by white or green light irradiation
at least 1,000-fold more effectively than those expressing
other green and red FPs tested.
Although KillerRed apparently yields to chemically
synthesized photosensitizers in efficiency, it does kill
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XI. CONCLUSIONS AND PERSPECTIVES
The study and applications of fluorescent proteins
have come a long way from a subject of highly specialized
research to indispensable tools for in vivo labeling and
from a single known member, GFP from jellyfish Aequorea victoria, to hundreds of FPs of different colors.
Good and sometimes near-perfect FP markers have become available across the entire visible spectrum from
blue to far-red, and extensive efforts of many research
groups can be expected to further perfect their brightness, photostability, maturation rate, pH stability, and
performance in fusions.
The booming growth of FP-based arsenal of instruments for in vivo imaging continuously pushes the envelope of experimental biology. Present-day FPs enable
multicolor labeling of proteins and nucleic acids, tracking
of protein movements, interactions, activities, degradation, organelle motility and fusion-fission events, and
monitoring promoter activation, as well as multiparamPhysiol Rev • VOL

eter imaging of various cellular processes, including
changes in concentration of signal molecules, changes of
membrane potential, cell state, etc. On the scale of whole
organisms, FPs make it possible to visualize cells, tissues,
and organs; to monitor division and migration of cells in
development, transplantology, inflammation, and cancerogenesis; and to decipher neural circuits.
The development of FP-based techniques is currently
proceeding in multiple directions. Some of the most eagerly anticipated fluorescent tools to be developed in the
near future include the following: perfected monomeric
FPs in the red part of the spectrum that does not yield to
Aequorea victoria GFP in performance in capricious fusions (see sect. V); reversibly photoactivatable red FPs of
high dynamic range that would expand the possibilities of
two color PALM (see sect. VIII) and introduce effective
solutions for the photochromic FRET (see sect. VII); genetically encoded sensors of high dynamic range employing more effective red-shifted FRET pairs or enhanced
designs based on permuted FPs (see sect. IX); enhanced
split FPs and palettes of split variants providing for combinatorial multicolor labeling to distinguish alternative
interactions of multiple proteins of interest (see sect. VII);
fully reversible split FPs for dynamic visualization of proteins’ interaction (see sect. VII); enhanced phototoxic FPs
and techniques for their effective delivery and application
in photodynamic therapies for cancer (see sect. X); monomeric phototoxic FPs for efficient application in CALI
techniques (see sect. X); and FPs of enhanced characteristics in red, far-red, and even infra-red that would improve whole body imaging and would be also useful in
multicolor labeling and FRET techniques (see sect. VI).
Rapid progress in FP technologies, along with the
progress in microscopy, spectroscopy, drug screening
platforms, and whole body imaging systems, brings FPs
closer and closer to clinical applications each year. We
believe that in the next decade, in addition to the growing
intensity and diversity of application in basic biomedical
research, FPs will become valuable tools in preclinical
studies and medicine itself, for example, as targetable
labels for the monitoring and excision of tumors (504),
photodynamic therapies for cancer (382), and contrasting
agents in opto-acoustic sonography (356) and surgery.
FPs are also making considerable headway into the
entertainment industry. Within only a few years, the first
red FP cloned, DsRed, has traveled a remarkable circle
from the Discosoma mushroom anemone brought from
the Indo-Pacific area to an aquarium in Moscow, to the
gene cloned in our lab, which was further commercialized
by Clontech in the United States, to the transgenic red
fluorescent zebrafish that have become available in pet
stores in Moscow. As of today, various transgenic fluorescent animals expressing FPs are known, including
chickens, dogs (175), pigs (240), cats (501), and marmosets (373), as well as decorative transgenic plants (www.
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are similar to those observed during KillerRed photobleaching. These data suggest that KillerRed probably is a
type I photosensitizer.
The dimeric state of KillerRed and its relatively low
efficiency in ROS production call for further improvements to create monomeric and more efficient variants of
GEPS. Also, the absorption spectrum of GEPS ideally
should be as red-shifted as possible to reduce the nonspecific phototoxicity, as well as to ensure deeper penetration of the excitation light within living tissues. Such an
optimized phototoxic FP would be a useful tool in different areas of experimental biology and possibly in medicine. For example, GEPS can be used in functional studies
of proteins using CALI, providing nearly 100% selectivity
of fused target protein inactivation. An interesting exception from this “absolute” selectivity is possible inactivation of not only the covalently attached target but also
interacting proteins within a complex. This approach can
be potentially used to study protein-protein interactions
and composition of large protein complexes, as ROS are
known to travel 10 –50 nm. In addition, GEPS provide a
unique opportunity to introduce the same photosensitizer
into various cell compartments to investigate ROS-mediated signal transduction, including apoptotic pathways.
Also, GEPS-mediated light-induced cell killing can be
used for spatially and temporally controlled elimination
of specific cell types in developing embryos. Eventually,
GEPS could be used for the photodynamic therapy if
appropriate methods of delivery of genetic material into
solid tumors are developed (504, 505). This would allow
the combination of targeted gene delivery with local light
irradiation, enabling ultra-high selectivity during tumor
cell destruction.
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ekac.org). These examples demonstrate that FPs can rapidly become a part of the entertainment industry and also
suggest that future analysis of FP diversity and evolution
may be complicated by intense artificial horizontal transfer of FP genes among species.
In addition to their enormous value as practical tools,
FPs themselves represent broad opportunities for basic
research, many of which remain unexplored. Deciphering
the maturation mechanisms of chromophores revealed
novel posttranslational reactions never expected in proteins before. However, it remains unclear which features of
the protein determine which chromophore will be produced.
Such knowledge is the key to the rational design of FPs,
which can become the “next-generation” FP tools precisely
tailored for the needs of particular applications. The ease of
expression and phenotypic characterization of FPs makes
them excellent models for experimental studies in the
evolution of functional diversity in protein families, using
statistical phylogenetics and ancestral reconstruction approaches (108, 442). This kind of research, however, is
held back by arguably the biggest secret that the FPs still
keep after so many years, which is their biological function. Getting to the bottom of their origin, evolution,
biochemistry, and function will provide invaluable insights into the basic protein chemistry, evolution of proteins, and ecology of marine organisms.
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