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Abstract
Opticalfluorescencemicroscopy plays a pivotal role in the exploration of biological structure and
dynamics, especially on live specimens. Progress in thefield relies, on the one hand, on technical
advances in imaging and data processing and, on the other hand, on progress influorescentmarker
technologies. Among these, genetically encodable fluorescent proteins (FPs) are invaluable tools, as
they allow facile labeling of live cells, tissues or organisms, as these produce the FPmarkers all by
themselves after introduction of a suitable gene. Here we cover FPmarkers from theGFP family of
proteins as well as tetrapyrrole-binding proteins, which further complement the FP toolbox in
important ways. A broad range of FP variants have been endowed, by using protein engineering, with
photophysical properties that are essential for specificfluorescencemicroscopy techniques, notably
those offering nanoscale image resolution.We briefly introduce various advanced imagingmethods
and showhow they utilize the distinct properties of the FPmarkers in exciting imaging applications,
with the aim to guide researchers toward the design of powerful imaging experiments that are
optimally suited to address their biological questions.

1. Introduction

Over the past decades, optical fluorescence micro-
scopy has taken center stage as a technique for studying
biomolecular structure, dynamics and interactions, as
well as the resulting functional consequences within
living cells, tissues, or organisms, as they occur in space
and time. It is a highly sensitive andminimally invasive
technique, allowing experiments to be performed over
extended periods on live specimens under near-
physiological conditions.

The enormous power and versatility of present-
day optical fluorescence microscopy rests on two pil-
lars. On the one hand, powerful microscopy hardware
has become available that allows imaging with high
temporal and spatial resolution and excellent signal-
to-background ratio (SBR) [1, 2]. Various super-reso-
lution methods have been devised that permit routine
optical fluorescence imaging with 10–100 nm

resolution [3–5]. On the other hand, equally impor-
tant has been the invention of ingenious procedures to
decorate–with molecular precision and specificity—
locations within a sample with luminescent probes. A
variety of strategies have become available to precisely
tag biological molecules or structures with fluor-
ophores, so they can be visualized selectively in the
presence of a myriad of other molecules. In general,
fluorescence labeling can require enormous efforts
and potentially affect the molecular processes under
study and their biological effects [6–8]. A huge simpli-
fication was achieved by the introduction of geneti-
cally encodable fluorescence tags. By introducing a
suitably engineered gene, e.g., a fusion construct of a
protein with such a tag, into cells, we enable the biolo-
gical system (cell, tissue, or organism) to produce the
tagged protein autonomously; often cumbersome
staining procedures are no longer needed. Genetically
encodable fluorescence tags greatly facilitate specific
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labeling and enable entirely new experiments. For
truly self-luminescent tags such as GFP-type markers,
the protein lights up after expression and can be visua-
lized [9–11]. For tetrapyrrole-binding tags (section 3),
chemical tags (e.g., Halo, SNAP/CLIP) [12–14] and
RNA aptamer tags [15–17], specifically binding chro-
mophores need to be supplied externally or internally
viametabolic processes.

In this review, we summarize the current state of
genetically encoded fluorescent protein markers,
including green fluorescent protein (GFP)-type pro-
teins and tetrapyrrole-binding fluorescent proteins
(FPs). GFP-type markers comprise a huge family of
proteins with diverse photophysical properties, mak-
ing them extremely versatile. Nevertheless, there are
limitations inherent in their design that cannot be
overcome by protein engineering. They require dioxy-
gen (and produce hydrogen peroxide) in the chromo-
phore maturation process and, therefore, are not
suited for imaging in anaerobic environments such as
bacterial biofilms and tumor cores. Moreover,
although their wavelength range has been extended
towards the red over the years, far-red (650–700 nm)
GFP-typemarkers lack brightness, and emission in the
near-infrared (NIR, 700–1000 nm) region does not
appear to be feasible. These long-wavelength spectral
regions are particularly attractive for deep-tissue and
whole-animal imaging, however, due to lower light
scattering and absorption in biological tissues. Tetra-
pyrrole-binding FPs function in anaerobic environ-
ments and emit long-wavelength fluorescence, so they
can nicely complement or substitute GFP-type mar-
kers in a variety of imaging applications.

Many of these genetically encodable markers fea-
ture very special physico-chemical properties thatmake
them suitable for particular fluorescence imaging tech-
niques (and less suitable for others). Thus, it is crucially
important to select a fluorescencemarker that best sup-
ports the selected imaging mode, a ‘one-dye-fits-all’
approach will not be successful. Therefore, we briefly
introduce these methods, discuss suitable FP markers
and illustrate their usewith selected applications.

2.GFP-typefluorescent proteins

2.1. Basic photochemical and optical properties
The green fluorescent protein (GFP) and related
fluorescent proteins (FPs) of the GFP family have
revolutionized research in the life sciences by enabling
a vast array of novel fluorescence-based approaches to
study biomolecular processes, especially in living cells
and organisms [18, 19]. Osamu Shimomura isolated
GFP from tissue extracts of the jellyfish Aequorea
victoria already in 1962 [20]. But only in 1994,
researchers recognized the usefulness of avGFP as a
genetically encoded fluorescence marker, just requir-
ing (usually prevalent) O2 for its self-assembly, which
is necessary for fluorophore synthesis from a

tripeptide [9, 10, 21]. Color variants of avGFP with
emission peaks ranging from blue (BFP) to yellow
(YFP) were quickly developed by mutagenesis [22]. A
major advance was the discovery of GFP homologues
in anthozoa animals [23, 24], complementing the
color palette with orange and red FP markers [25, 26].
Furthermore, it was realized that certain FPs undergo
a variety of light-induced chromophore modifica-
tions, making their fluorescence controllable by light
[27–30]. Upon irradiation with light of a suitable
wavelength, ‘photoactivatable’ or ‘optical highlighter’
FPs either switch reversibly between a fluorescent and
a non-fluorescent state (photoswitching), or change
their fluorescence emission intensity or color irrever-
sibly (photoconversion).

All FPs of the GFP family fold into a rigid, 11-stran-
ded β-can, with a central helix running along its axis,
capped at either end by short helical sections and loops
(figures 1(A), (B)). The fluorescent chromophore inter-
rupts the central helix and resides close to the geome-
trical center of the protein. The green-emitting
4-(p-hydroxybenzylidene)−5-imidazolinone (p-HBI)
chromophore (figure 1(C)) forms autocatalytically
from three amino acids (Ser65-Tyr66-Gly67, GFP
numbering) in a sequential cyclization-oxidation-dehy-
dration reaction, with characteristic time scales ranging
fromminutes to hours [31, 32]. There are two isomeric
forms of p-HBI (figure 2(A)), with the cis isomer being
thermodynamically more stable than the trans isomer
for the free dye in aqueous solution [33]. The p-HBI
molecule is completely non-fluorescent in solution
because it effectively de-excites non-radiatively upon
rotation aroundone of the bonds of themethine bridge,
thanks to a low isomerization barrier [34–36]. Thus, a
rigid binding pocket, with surrounding residues and
water molecules stabilizing the planar conformation
within the β-can, is essential to ensure a high quantum
yield (QY) offluorescence emission.Most natural GFP-
type proteins characterized to date host a fluorescent cis
chromophore, with the red-emitting eqFP611 [37]
being a notable exception [38]. Likewise, among engi-
neered FPs, a fluorescent anionic trans chromophore is
rarely observed [39–41].

In either isomeric state, the hydroxyphenyl moiety
of the chromophore can, in principle, be protonated
or deprotonated (figure 2(A)). Typically, only the
anionic form is strongly fluorescent; the neutral chro-
mophore emits only weakly (if at all), or is rendered
anionic upon photoexcitation and excited-state prot-
on transfer (ESPT, see section 2.2.1). In optical
absorption spectra, the neutral and anionic chromo-
phore species display two bands (ca. 390 and 490 nm
for green-emitting FPs), denoted A and B, respectively
[42, 43]. The pH-dependent change of the A and B
band amplitudes often cannot be described by a simple
protonation reaction according to the Hendersson-
Hasselbalch relation [44–46]. Chromophore protona-
tion is coupled to the external proton concentration;
nevertheless, tight electrostatic interactions between
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the chromophore and protonatable groups in the pro-
tein interior can cause anomalous behavior such as
constant A and B band populations in a certain
pH range [44, 47] or multiple protonation steps
[48, 49]. Comparing cis and trans isomers, the A band
peak positions are only slightly different, and the same
holds true for the B bands. Thus, the isomeric state
cannot easily be assigned from the absorption spectra
[38, 49, 50].

Natural FP polypeptide sequences are generally
poor performers as FP markers and need further

optimization by protein engineering. Fourmain issues
require particular attention. (1) Natural polypeptide
chains frequently tend to aggregate or oligomerize,
which is detrimental for their use as a fusion marker
tied to a protein of interest [32, 51, 52]. In lucky cases,
monomeric markers have been obtained by exchan-
ging only a few amino acids at the binding interfaces
[40, 41, 53, 54], but oftentimes, dozens of replace-
ments are required [40, 55, 56]. (2) FPs display incom-
plete or, in rare cases, even complete lack of
chromophore formation (maturation) [32, 52, 57],

Figure 1. Structure ofGFP-type FPs. (A)Cartoon representation of a single protomer. The helix running along the central axis of the
β-barrel is interrupted by the chromophore (yellow sticks). (B) Schematic of the secondary structure. S1–S11:β-sheets; the two short
helical regions are depicted as tubes. The chromophore position is indicated by a star. (C) Structure of the green p-HBI chromophore,
with carbon, oxygen and nitrogen atoms plotted in yellow, red and blue.

Figure 2. (A) Isomerization and protonation states, neutral cis (CH), anionic cis (C−), neutral trans (TH), and anionic trans (T−), of the
green-emitting EosFP-type chromophore. The red arrow in the upper left panel indicates isomerization around the imidazolinone (I)
bond of themethine bridge. Black dotted arrows indicate the protonation equilibrium, violet, blue and green arrows indicate light-
induced transitions. (B) Isomerization and protonation states of the red-emitting EosFP-type chromophore. Adaptedwith permission
from [80].
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especially upon expression at ‘higher’ temperatures
(37 °C) [58]. In many cases, researchers have suc-
ceeded in introducing amino acid modifications that
yielded optimized maturation [39, 53, 59]. (3) The
resistance against irreversible photobleaching of p-
HBI and its variants is generally weaker in comparison
to robust synthetic dyes. Enhancing the thermo-
dynamic stability and rigidity of the FP fold to sup-
press chromophore mobility may help to enhance
photobleaching resistance. (4) FPs are by no means
steady light emitters but show intermittent fluores-
cence (photodynamics, flickering) on timescales ran-
ging from nanoseconds to minutes, as observed early
on by Moerner and collaborators [60]. There are var-
ious reversible processes that the chromophore can
undergo to switch between dark and bright (emitting)
states, including formation of triplet or radical states
[61–63], proton transfer and/or conformational
dynamics such as cis–trans isomerization [64–66], and
transient photoinduced electron transfer, i.e., photo-
oxidation or photoreduction [67–70].

Over several decades, a wealth of detailed struc-
tural and spectroscopic studies have paved the way to a
profound understanding of structure-function rela-
tionships of GFP-like proteins, providing a basis for
the rational development of optimized variants by
using genetic engineering [18]. Rational amino acid
modifications are typically complemented by random
mutagenesis steps, which sometimes introduce rather
unexpected but effective modifications that are not
always easy to rationalize. Rather than starting marker
development from a single template structure, one can
also synthesize the FP frommultiple short stretches of
amino acids taken from FPs with beneficial properties,
as exemplifiedwithmScarlet [71].

For a live bioimaging experiment, FP markers
must be chosen with a view toward the micro-
environment(s) in which they need to function. For
example, FPs targeting the endosomal pathway will
encounter pH values ranging from 6.5 (in early

endosomes) to 4.5 (in lysosomes). Unless the chromo-
phore pK<4, the decrease of pH makes the sample
dimmer due to a serious reduction of the fraction of
anionic, fluorescent chromophores. Moreover, oxi-
dizing micro-environments such as the eukaryotic
secretory pathway and the mitochondrial inner mem-
brane space promote disulfide bond formation.
Accordingly, cysteines in the FP polypeptide chain can
cause problems and lead to non-functional marker
constructs [72]. This problem has been solved by the
development of various ‘oxFPs’ that have their
cysteines replaced, e.g., moxNeonGreen [73]. Another
potential problem is the generation of reactive oxygen
species (ROS) upon FP marker excitation in an oxida-
tive environment, leading to phototoxicity especially
under prolonged imaging conditions [74]. In many
applications, the effect is negligible because the β-can
effectively screens the chromophore from O2. In the
engineered FP KillerRed [75] and its monomeric var-
iant SuperNova [76], diffusion of O2 towards the chro-
mophore has been facilitated by a water-filled channel
so that these FPs are orders of magnitudemore photo-
toxic than avGFP and can be used as genetically enco-
ded photosensitizers.

A small selection of monomeric FPs with high
molecular brightness, i.e., extinction coefficient, ε,
times QY, covering a major range of the visible spec-
trum, are given in table 1. A comprehensive list of FP
marker tools can be found in the FP database together
with key optical properties [77]. Presently, the FP data
base contains more than 800 entries, ca. 200 of which
are monomeric FPs. Even though determination of
photophysical parameters such as ε andQY are simple
procedures, literature values should generally not be
taken at face value. For example, an early literature
survey found ε values ranging from 6,000–50,000
M−1cm−1 for the B band of avGFP [47], and ε values
of 27,000 [78] and 97,000 M−1cm−1 [79] have been
reported for the green chromophore species of
mEosFPthermo.

Table 1.Optical properties of selected brightGFP-type FPs across a widewavelength range.

FP λExc (nm) λEm (nm) ε (M−1cm−1) QY Brightnessa References

Sirius 355 424 15,000 0.24 3.6 [253]
mTagBFP2 399 454 50,600 0.64 32.38 [254]
mCerulean3 433 475 40,000 0.87 34.8 [255]
mEGFP 488 507 56,000 0.6 33.6 [53]
mNeonGreen 506 517 116,000 0.8 92.8 [256]
mClover3 506 518 109,000 0.78 85.02 [257]
mVenus 515 527 104,000 0.64 66.56 [258]
mRuby 558 605 112,000 0.35 39.2 [40]
mScarlet 569 594 100,000 0.7 70 [71]
mCherry 587 610 72,000 0.22 15.84 [259]
mGarnet2 598 671 105,000 0.09 9.13 [151]
mCardinal 604 659 87,000 0.19 16.53 [260]

a defined as (ε×QY)/1000.
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2.2. Chromophore photophysics
In GFP-type proteins, the chromophore shows sur-
prising photochemical and photophysical effects that
can be both a blessing and a curse [80, 81]. For
example, they universally display intermittent fluores-
cence emission, which can be detrimental when a
bright and steadily emitting fluorophore is needed,
e.g., for single particle tracking, but is essential in
super-resolution imaging applications [82].We briefly
introduce different classes of light-responsive FPs in
the following subsections.

2.2.1. Large Stokes-shift (LSS) FPs exploiting
excited-state proton transfer (ESPT)
In avGFP, B band excitation (∼488 nm) of the anionic
chromophore gives rise to fluorescence peaking at 504
nm [83]. Remarkably, A band excitation (∼400 nm) of
the neutral chromophore yields a similar emission
peak (∼508 nm) and thus a Stokes shift of more than
100 nm due to ESPT [35, 43]. The hydroxyphenyl
group of the p-HBI chromophore is a photoacid that
can release its proton upon electronic excitation to a
nearby proton acceptor, from where it returns once
the chromophore’s electronic system has relaxed to
the ground state [43, 84]. In recent years, ESPT
pathways have been engineered into various red-
emitting FPs to generate LSS variants [85–87]. Their
neutral chromophores can be excited with 473- or
488-nm laser lines and emit fluorescence at or above
600 nm. Thus, in combination with a regular green-
emitting FP, dual-color experiments can be performed
with only one excitation laser [87, 88].

2.2.2. Photoswitchable FPs
Reversibly photoactivatable, or photoswitchable FPs
(PS-FPs, see table 2) can be toggled between a dark off-
and a bright on-state by light. In all known PS-FPs
(except for Dreiklang [89] and SPOON [90], see
below), photoswitching involves a light-induced,
strictly correlated change of the isomerization and
protonation states of the chromophore, accompanied
by conformational rearrangements of amino acids
lining the chromophore pocket [91]. The proton
affinity of the chromophore’s hydroxyphenyl moiety,
as quantified by its pK value, plays a pivotal role in the
switching process. In general, the pK is different for
the cis and trans forms due to the different local
environments of the protonating group. Altogether,
there are four distinct chromophore species involved
in photoswitching, the anionic cis chromophore, C−,
which is the key fluorescent species in most PS-FPs,
the anionic trans chromophore, T−, and the neutral cis
and trans chromophores, CH andTH (figure 2(A)).

In so-called negative photoswitchers [92], the pro-
ton binding affinity is lower for the cis than the trans
isomer and, thus, pKcis<pKtrans. If the sample pH is
in-between, i.e., pKcis<pHsample<pKtrans, only two
fluorophore species, C− and TH, will be populated
appreciably in equilibrium (figure 3(A)). Excitation
into the B band of the fluorescent C− state (with ∼480
nm light for green PS-FPs) induces emission and, with
low probability, a transition to the non-fluorescent TH

form (off-switching). Irradiating into the A band of
the non-fluorescent TH form (∼400 nm for
green-emitting PS-FPs) induces the reverse transition
and, therefore, restores the fluorescent C− state
(on-switching). At lower sample pH, i.e.,

Table 2.Optical properties of selected (reversibly) photoswitchableGFP-type FPs (PS-FPs).

Parental FP Name λExc (nm) λEm (nm) ε (M−1cm−1) QY Brightnessa References

Dronpa Dronpa 503 518 95,000 0.85 80.75 [224]
ffDronpa 503 517 105,000 0.75 78.75 [261]
Padron 503 522 43,000 0.64 27.52 [262]
Kohinoor 495 514 62,900 0.71 44.66 [263]

mEos2 mGeos-F 504 515 53,135 0.85 45.16 [162]
mGeos-S 501 512 64,602 0.76 49.1 [162]
mGeos-E 501 513 69,630 0.75 52.22 [162]
mGeos-C 505 516 76,967 0.81 62.34 [162]

mEos3.1 Skylan-NS 499 511 133,770 0.59 78.92 [184]
Skylan-S 499 511 152,408 0.64 97.54 [223]

mMaple3 G-MarsQ 470 494 38,615 0.64 24.71 [169]
G-Mars L 468 495 43,278 0.50 21.64 [168]

avGFP rsEGFP 493 510 47,000 0.36 16.92 [264]
rsEGFP2 478 503 61,300 0.3 18.39 [164]
Dreiklang 511 529 83,000 0.41 34.03 [89]
SPOON 510 527 54,000 0.5 27 [90]

DsRed rsCherryRev 572 608 84,000 0.005 0.42 [92]
rsCherry 572 610 80,000 0.02 1.6 [92]

TagRFP rsFusionRed1 577 605 82,400 0.1 8.24 [173]
rsTagRFP 567 585 36,800 0.11 4.05 [265]

a defined as (ε×QY)/1000.
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pKcis≈pHsample<pKtrans, C
H becomes populated

appreciably. Again, exciting C− results in emission
and, with a small probability, induces a transition to
the dark TH form. 400-nm light, however, excites both
TH and CH, so that trans-cis and cis-trans isomeriza-
tion reactions are simultaneously photoactivated. The
net result is a reduced fraction of the C− species; on-
switching is incomplete. Similarly, at higher sample
pH, pKcis<pHsample≈pKtrans, the fraction of T−

species becomes significant and gives rise to more
complicated behavior.

The acid-tolerant PS-FPs rsGamillus-S and rsGa-
millus-F, engineered from Gamillus, a monomeric
green FP from the hydromedusaOlindias formosus, are
as yet the only known negative photoswitchers having
T− as the fluorescent state [93]. Here, the roles of cis
and trans chromophores are exchanged; these PS-FPs
can be switched off by exciting T−with∼500 nm light,
and switched on by excitingCHwith∼400 nm light.

For so-called positive photoswitchers [92],
pKcis>pKtrans; excitation within the spectral region
of the B band enhances the emission, but only if the
sample pH is such that pKcis≈pH>pKtrans. This
condition means that the trans isomer is mainly
deprotonated, whereas the cis isomer is a mixture of
neutral and anionic species. For on-switching, excita-
tion light (∼480 nm light for green-emitting PS-FPs) is
absorbed by the B band of the T− species, which leads
to its photoisomerization and thus enhances CH

(figure 3(B)). Subsequently, CH transfers population
to C− to restore the protonation equilibrium, so that
the fraction of the fluorescent species, C−, is
enhanced. Because the B bands of T− and C− overlap
strongly, the newly generated C− species will also be
photoactivated to undergo cis-trans isomerization,
which reduces its population. The net effect of irradia-
tion into the B band region depends on the relative
populations of both anionic forms and their associated
photoisomerization QYs. The off-transition is
induced by excitation of the A band of the CH species
(∼400 nm for green-emitting PS-FPs), which

photoisomerizes to form non-fluorescent T−. Subse-
quently, theprotonation equilibriumbetweenCHandC−

re-adjusts, causing a reduction of the fluorescent C− spe-
cies. For higher sample pH, pKcis>pHsample>pKtrans

or pKcis>pH≈pKtrans, there is no change in fluores-
cenceupon light-activated isomerization.

Reversible on- and-off switching in Dreiklang
requires illumination wavelengths of ∼365 nm and
∼405 nm, respectively [89]. Fluorescence excitation at
∼515 nm is completely decoupled from photoswitch-
ing and leads to emission peaking at 529 nm. In the
on-state, the chromophore exists in both protonated
and deprotonated forms, with the A and B absorption
bands centered on 412 and 511 nm, respectively. Irra-
diation into the B band induces fluorescence, whereas
irradiation into the A band leads to a remarkable cova-
lent hydration of the imidazolinone ring, resulting in a
non-fluorescent chromophore absorbing at 340 nm.
Subsequent irradiation into this band dissociates the
water molecule again to recover the on-state chromo-
phore. Water binding is weak, so on-switching can
also occur thermally. A Dreiklang variant, SPOON
[90], can be switched off by 488-nm excitation light
and rekindles via thermally induced dehydration.

2.2.3. Irreversible photoconversion of the FP
chromophore
In photoconverting FPs, the chromophore is irrever-
sibly altered by light exposure. Van Thor et al [94]
reported in 2001 that intense illumination of avGFP
with 390-nm light did not only result in green
fluorescence, but also increased the fraction of anionic
chromophore species. They showed that photocon-
version involves a one-photon process causing CO2

cleavage from Glu222. The Thr203His variant of
avGFP, denoted photoactivatable GFP (PA-GFP), is
initially stabilized in the neutral cis form of the
chromophore and, therefore, essentially non-emissive
upon excitation at 488 nm [95]. Excitation into the A
band results in green emission due to ESPT, as in
avGFP. Decarboxylation of the Glu222 side chain

Figure 3.Reversible photoactivation.Cis and trans chromophores are denoted byC andT, respectively, with superscripts ‘H’ for
neutral and ‘−’ for anionic.Wiggly violet and green arrows represent processes induced by the photoactivation light. Arrowswith
open shafts indicate secondary effects of the activation light. Black arrows denote (thermal)protonation equilibrium as quantified by
the pK. Adaptedwith permission from [91].
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upon intense violet (∼400 nm) light irradiation causes
a shift of the protonation equilibrium of the chromo-
phore from the neutral to the bright green-fluorescent
anionic form, and the emission intensity upon B band
excitation increases∼100-fold [96]. Various FPs of the
PA-GFP type are listed in table 3.

Green-to-red photoconvertible FPs (PC-FPs) such
as EosFP make up the largest family of photo-
convertible FPs (table 4). A key advantage over PA-FPs
is that they can easily be detected in the inactive, green-
emitting state forming upon protein expression. With
a low probability, excitation of the green form causes
cleavage of the polypeptide chain between the Nα and
Cα atoms of residue 62 of the chromophore tripep-
tide, His62-Tyr63-Gly64 (EosFP numbering [54]).
The photoconversion reaction can be initiated most

effectively with light around 400 nm, i.e., by excitation
of the neutral cis chromophore, and also via excitation
of the anionic (green) chromophore (e.g., 488 nm)
[97–99], albeit with very low yield (see also figure 5(A)
in [54]). As a result, the conjugated π-electron system
of the p-HBI chromophore extends to include the imi-
dazole sidechain of His62 (figure 2(B)), causing a red
shift of the absorption and emission bands. The two
chain fragments remain tightly associated after photo-
cleavage, preserving the proper β-can fold. Remark-
ably, exposure to far-red light (600–850 nm) in
combination with 488-nm excitation light has been
shown to greatly enhance the photoconversion yield in
EosFP-type PC-FPs with Ala69Thr or Ala69Ser muta-
tions [100–103]. This process, dubbed ‘primed con-
version’, enables, e.g., dual-channel super-resolution

Table 3.Optical properties of off-on photoconvertible GFP-type FPs.

FP λExc (nm) λEm (nm) ε (M−1 cm−1) QY Brightnessa References

PA-GFP 504 517 17,400 0.79 13.75 [95]
PATagRFP 562 595 66,000 0.38 25.08 [266]
PAmCherry1 564 595 18,000 0.46 8.28 [267]
PAmCherry2 570 596 24,000 0.53 12.72 [267]
PAmCherry3 570 596 21,000 0.24 5.04 [267]
PAmKate 586 628 25,000 0.18 4.5 [268]

a defined as (ε×QY)/1000.

Table 4.Optical properties of (irreversibly) photoconvertingGFP-type FPs featuring awavelength change, as indicated by the color bars.
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single-molecule localization microscopy (SMLM, see
section 4.5) of primable EosFP variants together with
the regular versions [101].

By introducing a single mutation (Phe173Ser) that
gives the chromophore more space to move, PC-FPs
have been engineered that, in addition to green-to-red
photoconversion, also feature cis-trans isomerization-
based photoswitching in the green and red forms.
These variants, e.g., IrisFP [103], mIrisFP [104] and
NijiFP [79] (table 4), can be employed, e.g., in super-
resolved pulse-chase imaging experiments based
on SMLM.

3. Linear tetrapyrrole-binding fluorescent
proteins

In their quest for alternative platforms for engineering
genetically encoded FP markers, researchers have
identified various proteins that bind linear tetrapyr-
roles (e.g., bilirubin (BR), biliverdin IXα (BV), phyco-
cyanobilin (PCB), phytochromobilin (PΦB)), either
non-covalently or covalently and autocatalytically, so
that no further enzyme or cofactor is needed to
generate a functional FP marker [105]. Like p-HBI
derivatives in GFP-type FPs, linear tetrapyrroles are
intrinsically flexible, and effective radiationless de-
excitation due to fast intramolecular rotations makes
them practically non-fluorescent in solution
[106, 107]. Upon binding to a protein, however, they
acquire a substantial fluorescence QY due to steric
restrictions imposed by the protein. BR-binding
markers fluoresce brightly in the green spectral range,
whereas BV-binding marker proteins emit fluores-
cence in the far-red/NIR spectral regions. In contrast
to GFP-type markers, which generate their chromo-
phore autocatalytically, BR- and BV-binding proteins
depend on an external supply of cofactors to form a
functional FP marker. Both molecules are intermedi-
ates of the catabolism of heme, which is a key protein
cofactor that is produced in significant amounts in
various live animals, including fish and mammals.
Notably, the performance of these fluorescence turn-
on probes depends on the in-situ fractional occupation
of their ligand binding sites and, therefore, on the
ligand concentration in their environment (test tube,
cell culture, organism etc) as well as the intrinsic ligand
affinity of the marker protein. Accordingly, the
excellent brightness under in-vitro conditions may
not be reproduced in experiments with live animals,
since limited bioavailability can severely hamper their
performance [108].

3.1. Bilirubin-binding FPmarkers
A small fluorescent protein, UnaG, lights up the
muscle fibers of the Japanese freshwater eel, Anguilla
japonica [109]. UnaG was structurally and spectro-
scopically characterized by Miyawaki and coworkers
in 2013 [110]; it belongs to the fatty acid binding

protein (FABP) family and has a molecular mass of
16.5 kDa. Its 139 amino acids fold into a ten-stranded
β-barrel that is capped by two α-helices (figure 4).
Meanwhile, representatives of this protein class have
been identified in other eel species as well [111–113].
UnaG binds BR non-covalently with high specificity
and affinity (KD =98 pM) in an interior pocket. BR
binding, the rate of which scales with the concentra-
tion of BR in the environment, leads to a fluorescence
turn-on of the cofactor. Off-switching is due to ligand
dissociation, which can be significantly accelerated by
photooxidation of UnaG-bound BR, enabling light-
controlled clearance of the internal cavity [114]. UnaG
has maximal absorbance at 498 nm (ε=77,300 M−1

cm−1), and strong fluorescence with QY 0.51 with a
maximum at 527 nm (table 5), resulting in amolecular
brightness comparable to that of EGFP. An enhanced
variant, eUnaG, carrying the single-point mutation,
Val2Leu, was reported to have a more than two-fold
increased brightness in bulk assays with live insect
cells [115].

UnaG was first employed in a sensitive fluoro-
metric assay for measuring blood BR levels in clinical
analytics [110]. The suitability of UnaG as a fluores-
cence marker has been demonstrated in a variety of
imaging applications [110], including subcellular
mapping of bilirubin in live mammalian cells [116].
Furthermore, reporters of protein-protein interac-
tions have been developed based on complementation
assays with split UnaG constructs [117].

3.2. Phycobilisome-based FPmarkers
In 2016, Tsien and collaborators [118] engineered the
small ultra-red FP (smURFP) from an allophycocya-
ninα-subunit. This protein is part of the light harvest-
ing antenna complex (phycobilisome) of the
cyanobacterium Trichodesmium erythraeum
(TeAPCα). The native protein requires a lyase to
incorporate PCB, whereas smURFP binds a BV
chromophore spontaneously and covalently via a
cysteine residue, Cys52, marked in orange in figure 4.
Its excitation and emission bands are in the far-red
spectral region at 642 and 670 nm, respectively.
Forming a tightly bound homodimer with an overall
molecular mass of 32 kDa, smURFP is only slightly
bigger thanGFP and very bright, due to a large (dimer)
extinction coefficient (180,000M−1cm−1) and aQY of
0.18, which is quite high for FPmarkers with a flexible
BV tetrapyrrole chromophore (table 5). Moreover,
smURFPwas attested a high photostability, in fact, the
highest one of all FP markers ever investigated in the
Tsien lab [118]. Recently, another allophycocyanin-
derived protein, BDFP1.5, was reported that is mono-
meric and has further red-shifted excitation and
emission peaks but, unfortunately, much lower
brightness [119].

In cell culture studies, supplementation with
membrane-permeant BV dimethylester (BVMe2) was
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shown to greatly improve chromophore availability
and thus the effective brightness of smURFP. Interest-
ingly, the spontaneously formed smURFP dimer
incorporates only a single BVMe2, whereas the tandem
dimer consisting of two concatenated protomers
binds two of them [118]. Despite its excellent perfor-
mance in vitro, smURFP was not judged effective for
whole-animal imaging due to insufficient supply of
BV [108, 118].

Recently, Machado et al [120] proposed to use
smURFP as a self-labeling protein tag, similar to
SNAP, CLIP orHalo [8]. As the two carboxylates of the
BV chromophore are not recognized by smURFP for
binding, they are available for coupling of poly-
ethylene glycol (PEG) linkers tethering cargo mole-
cules. Interestingly, only the mono-substituted

BV-PEG-fluorescein but not BV-(PEG-fluorescein)2
was covalently attached to the protein.

3.3. Bacteriophytochrome-derived FPmarkers
Phytochrome photoreceptors are expressed in plants,
fungi, cyanobacteria and bacteria to sense the light
conditions in their environment [121]. They cova-
lently bind linear tetrapyrroles including PΦB, PCB or
BV to form a photochromic holoprotein. The light-
sensing function relies on reversible, photo-induced
interconversion between a fluorescent red- and a non-
fluorescent far-red-absorbing form, denoted ‘Pr’ and
‘Pfr’, respectively. This process involves cofactor
photoisomerization, which needs to be suppressed by
suitable amino acid mutations to obtain a bright
phytochrome-based FP marker with low flickering.

Figure 4. Linear tetrapyrrole-binding FPmarkersUnaG, smURFP andmiRFP670. (A)Cartoon representations, with the
chromophores depicted as stickmodels. Dimeric smURFP is plottedwithout (top) andwith boundBV. The protomers are shown in
red and dark red. The PAS andGAF domains ofmiRFP670 are plotted in gray and red. (B)Close-ups of the chromophores. (C)
Structures of BR (cyan) andBV (red), with the conjugatedπ-electron-systems colored in cyan and red. (D)Excitation/emission ranges
covered by the chromophores.
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Among the different species, bacterial phytochrome
photoreceptors (BphPs) have the lowest-energy elec-
tronic transitions, as they incorporate BV as the ligand.
Therefore, they are attractive as templates for engi-
neering far-red and NIR FPs. Full-length BphPs are
homodimers, with each of the ∼730 amino acids long
protomer chains arranged in several domains [122].
Only the first two domains of the N-terminal photo-
sensory module, denoted Per-Arnt-Sim (PAS) and
cGMP phosphodiesterase/adenylate cyclase/FhlA
transcriptional activator (GAF) are required for engi-
neering an FP marker that has ∼35 kDa molecular
mass. The BV cofactor is buried in a pocket in the GAF
domain (figure 4) [123], yet covalently (and autocata-
lytically) attached to a cysteine residue of the PAS
domain, which also confers thermodynamic stabiliza-
tion to the entire structure.

The first bacteriophytochrome-based FPs consist-
ing of 321 amino acids, denoted infrared-fluorescent
proteins (IFPs), were engineered in 2009 from a Dei-
nococcus radiodurans phytochrome [124]. Subse-
quently, othermarkers were engineered fromdifferent
BphPs [125–129]. Many of these were dimeric and/or
showed low brightness in mammalian cells, hamper-
ing their use as markers for imaging. Their fluores-
cence can be enhanced with an external supply of BV
[124] or co-expression of heme oxygenase [126] to
enzymatically generate BV from heme, which may,
however, adversely affect cell metabolism and pro-
liferation [130]. Recently, a variety of monomeric
far-red/NIR FPs with excitation and emission in the
ranges 642–702 nm and 670–720 nm, respectively,
were reported (table 5) [131], some of which had bene-
ficial properties for stimulated emission depletion
(STED) microscopy (see section 4.2). A common fea-
ture of all BV-based FPs is their low QY (table 5); yet,
the relatively high extinction coefficients make them
nevertheless quite suitable for cell, tissue and whole-
animal imaging. Photoactivatable phytochrome-
based FP markers have also been developed [132].

These PS-FPs feature photoinduced transitions from
the non-fluorescent Pfr to the fluorescent Pr state; the
back-reaction occurs in the dark.

3.4. Cyanobacteriochrome-derived FPmarkers
Cyanobacteriochromes (CBCRs) are photoreceptor
proteins found in cyanobacteria. They are distantly
related to bacterial phytochrome-based photorecep-
tors and offer great opportunities for the development
of FP markers in the visible and far-red/NIR parts of
the spectrum [133]. Only a single GAF domain binds
the linear tetrapyrrole chromophore and permits
reversible photoisomerization as in canonical phyto-
chrome photoreceptors, which allows very small,
single-domain FP markers to be developed. In 2019, a
CBCR-derived, BV-binding far-red FP, miRFP670-
nano, was reported [134]. With a polypeptide chain of
147 amino acids, it has a molecular mass of only
17 kDa. However, it is not as bright as its phyto-
chrome-based counterparts [131]. Photoswitchable
marker proteins can also be developed fromCBCRs by
retaining their photoreceptor functionality, as was
demonstrated for the red-green switchable biliprotein
(RGS protein) from Synechocystis sp. PCC6803 [135].
Although RGS is far from being a useful FP marker, it
shows the potential of CBCRs as templates for further
engineering of far-red/NIR FPmarkers.

4. Advanced imagingwith FPmarkers

Basic concepts of fluorescence microscopy and the
operating principles of advanced imaging methods
have been reviewed extensively [3, 5, 19, 136–140].
The choice of the most effective imaging approach for
a particular experiment depends on the nature of the
sample (live or fixed, dimensions of the specimen), the
resolution (in time and space) required for answering
a biological question, the type of data to be recorded
(plain imaging in one or more channels or dynamic
imaging, e.g., to monitor interactions between

Table 5.Optical properties of linear tetrapyrrole-binding FPs.

Parental Protein λExc (nm) λEm (nm) ε (M−1 cm−1) QY Brightness References

Fatty acid binding proteins

UnaG N/A 498 527 77,300 0.51 39.4 [110]
Phycobilisome-derived proteins

smURFP TeAPCα allophycocyanin 642 670 180,000 0.18 32.4 [118]
BDFP1.5 ApcF2 allophycocyanin 688 711 74,000 0.05 3.7 [119]
Bacteriophytochrome-derived proteins

emiRFP670 RpBphP1 642 670 87,400 0.14 12.2 [131]
miRFP680 RpBphP2 661 680 94,000 0.15 13.6 [131]
emiRFP703 RpBphP1 674 703 90,900 0.09 7.8 [131]
miRFP713 RpBphP2 690 713 99,000 0.07 6.9 [131]
miRFP720 RpBphP2 702 720 98,000 0.06 6.0 [269]
SNIFP DrBphP 697 720 149,000 0.02 3.3 [155]
mIFP BrBphP 683 705 65,900 0.07 4.6 [270]
Cyanobacteriochrome-derived proteins

miRFP670 nano NpR3784 645 670 95,000 0.11 10.3 [134]
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different biomolecules), the type of analysis (qualita-
tive, quantitative), and the equipment and experience
available in the lab [141]. It is crucially important to
select a fluorescence marker that best supports the
selected imaging method. In the following, we will
briefly introduce a few common fluorescence-based
imaging techniques, discuss the essential properties of
FP markers that are suitable for these methods and
present selected applications.

4.1. Confocal laser scanningmicroscopy (CLSM)
A regular confocal microscope uses a diffraction-
limited, focused Gaussian laser beam (Airy spot) as a
probe to raster-scan the sample in the focal plane,
exciting fluorophores pixel by pixel. Thus, the image
resolution depends on the size of the probe (spot). As a
time-sequential, single-point technique, CLSM is
relatively slow when taking images with many pixels
[142]. To achieve sampling at higher speeds, spinning
disk confocal microscopy utilizes many (ca. 1,000) foci
in parallel [143]. A confocal pinhole in the detection
pathway is essential for CLSM; it rejects light
from out-of-focus planes and thus enables optical
sectioning.

Fluorescence markers should be chosen according
to the available laser wavelengths to ensure effective
excitation and optimal SBR. Furthermore, important

parameters for selection are brightness and photo-
bleaching resistance [138]. For color (lifetime) multi-
plexing, it is preferable that excitation and/or
emission spectra (lifetime decays) of the individual
dyes are markedly different to minimize channel
cross-talk. As molecular oxygen is one of the key play-
ers responsible for photobleaching, adding oxygen
scavengers and/or triplet quenchers to the specimen
reduces build-up of reactive oxygen species and can
often greatly improve survival of both fluorophores
and live cells or organismduring light exposure [144].

Green-to-red PC-FPs enable pulse-chase imaging,
a powerful technique to observe dynamics in live cells,
tissues, and organisms that is related to fluorescence
recovery after photobleaching (FRAP) and similar
approaches [145]. A live specimen expressing a protein
of interest fused to a PC-FP is imaged in the green
channel. Next, a subregion is targeted with a pulse of
405-nm laser light, and the red-converted, tagged
molecules are followed (chased) in the red color chan-
nel without interference from newly expressed green-
emitting proteins. Examples are shown infigure 5.

More recently, optical clearing methods such as
‘Clear Lipid-exchanged Acrylamide-hybridized Rigid
Imaging/Immunostaining/In situ hybridization-
compatible Tissue-hYdrogel’ (CLARITY) [146] have
been developed that render whole rodent brains

Figure 5.Pulse-chase imagingwith EosFP variants. Top: Cell tracking aftermicroinjection of themRNAof tetrameric EosFP into a
Xenopus laevis oocyte and photoconversion of EosFPmolecules in one cell at stage 3. Center: Organelle tracking.Mitochondria in
rabbit kidney cells were labeledwith tdEosFP fused to amitochondrial targeting signal. After photoconversion in the regionmarked
by the violet square by focused 405 nm irradiation, the red-labeledmarkers were followed over time. (c)Protein tracking.
mEosFPthermo fused toRITA to highlight the cytoskeleton of aHeLa cell was photoconverted in the regionmarked by the violet circle
at time zero. Red-emitting fusion proteins appearedwithin 20 s in the regionmarked by thewhite square in the leftmost image (see
close-ups at 0, 20 and 40 s on the right). Adapted from [29]with permission. Copyright 2011WILEY-VCH.
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transparent to prepare them for fluorescence imaging.
Unlike EGFP, the variant muGFP is able to withstand
these harsh chemical treatments and remain fluor-
escent [147].

4.2. Stimulated emission depletion (STED)
microscopy
In essence, STED microscopy is CLSM with a ‘shar-
pened’ probe beam, so that the pixel step size can be
reduced to visualize fine details. This is achieved by
scanning with two spatially and temporally overlaid
beams, (1) a tightly focused Airy spot to excite
fluorophores, and (2) a red-shifted beamwith toroidal
(doughnut-shaped) intensity profile in the focal plane
and zero intensity in its center. This high-power
depletion (or STED) beam de-excites fluorophores
outside the central region of the Airy spot by stimu-
lated emission, thereby effectively ‘sharpening’ the
probe used for raster scanning of the sample
(figure 6(A)).

As stimulated emission is a fundamental phenom-
enon, any fluorophore is in principle suited for STED
microscopy. However, fluorescence labels should be
extremely photostable to withstand the high laser
power of the STED beam (ca. 5 MW /c m −2 [148])
needed for efficient depletion. At the same time, deple-
tion should occur at the red edge of the fluorophore’s
emission spectrum to minimize re-excitation by the
STED beam. Moreover, the smaller pixel spacing
implies that fluorophores have to endure many excita-
tion-depletion cycles during scanning. Some organic
dyes are very resistant to photodestruction and thus
excellent for STED imaging. Nevertheless, STED has

also been employed successfully in live-cell imaging
with a range of far-red emitting GFP-type FPs
[149–154] as well as tetrapyrrole-binding FPs [155]
(figures 6(B), (C)). Monomeric NIR FPs derived from
Rhodopseudomonas palustris including emiRFP670,
miRFP670-2 and miRFP680, enabled STED imaging
in live U2OS cells with a resolution approaching 40
nm, evenwithout adding exogenous BV [131].

4.3. Reversible saturable opticalfluorescence
transitions (RESOLFT)microscopy
Selective depletion of fluorescence markers in the
wings of the excitation spot, which is key to the
resolution enhancement of STED microscopy, can be
achieved in other ways than via stimulated emission
from the excited singlet state, e.g., by exploiting triplet
state transitions [156, 157]. All these ‘STED-like’
approaches are subsumed under RESOLFT micro-
scopy, as reversible light-inducible transitions between
saturable energy levels play essential roles for all of
them [158–160]. In this context, fluorophores that can
be driven by light between (long-lived) bright and dark
states are most attractive [158, 159, 161]. Their key
advantage is that depletion of the emissive state
requires only moderate intensity thanks to the small
spontaneous transition probabilities, whereas regular
STED imaging uses high laser power to ensure that
depleting transitions outcompete fluorescence transi-
tions occurring on nanosecond time scales.

PS-FPs are convenient probes for RESOLFT ima-
ging, as they inherently feature long-lived on- and off-
states with state lifetimes ranging from tens of seconds
to hours [49, 162], and can be switched selectively back

Figure 6. STED imaging. (A) Schematic depiction of combined excitation and stimulated de-excitation. (B) STED images of a live
COS-7 cell transfectedwith LifeAct-mGarnet. STED images, separated by time intervals of 3 min, were recorded by using 640-nm
excitation at 6.1μW, 780-nmdepletion at 56mW, dwell time 40μs, pixel size 20 nm. Images 1, 2, 6 and 10 out of 10 are shown.
Adapted from [152]with permissionCCBY 4.0. (C)Confocal and consecutive STED images of a liveHela cell expressing Vim-SNIFP.
25μMBVwas added to themedium∼2 h before imaging. Image acquisitionwas started every 11 s using 633-nm excitation at 5μW,
860-nmdepletion at 220mW, pixel dwell time 10μs, pixel size 30 nm. Images 1, 5 and 10 out of 30 are shown. Scale bars, 2μm.
Adapted from [155]with permissionCCBY 4.0.
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and forth between these states multiple times by light
irradiation [91]. The scanning procedure uses a ‘reset-
dump-probe’ sequence, carried out at each and every
pixel, the details of which depend on the switching
mode (positive or negative, see section 2.2.2).

For RESOLFT imaging with negative photo-
switchers, PS-FPs are first switched on by a ∼400 nm
(for a green-emitting PS-FP)Airy-shaped pulse of acti-
vating light (reset, TH→C−, figure 7(A)) [91, 163].
Next, the donut-shaped depletion beam (∼480 nm)
switches off all fluorophores in the periphery of the
targeted spot (dump, C−→TH). Only fluorophores
in the center of the depletion beam remain in the
fluorescent C− state, and can subsequently be probed
by a short pulse of ∼480 nm Airy-shaped excitation
light (probe). Note that the depletion and probe beams
have the same wavelength, but their beam profiles and
intensities differ (figure 7(A)). The sequence repetition
rate (scan speed) is limited by the transition rate
between the on- and off-states. Typically, off-switch-
ing with blue light is 2–3 orders of magnitude slower
than on-switching (for comparable light intensity),
rendering off-switching the rate-limiting step [164].

Positive photoswitchers are typically non-fluor-
escent in thermal equilibrium, as chromophores
reside mainly in the T− configuration. For RSOLFT
imaging, they are first reset, i.e., photoactivated by an
Airy spot of ∼480 nm light (for a green-emitting PS-
FP) and isomerize/protonate to yield non-fluorescent
CH chromophores, which are in thermal equilibrium
with the fluorescent C− species (figure 7(B)). Next, the
donut-shaped depletion beam is applied to induce
CH→T− transitions in the periphery of the Airy spot
(dump, ∼400 nm). Non-fluorescent CH chromo-
phores only remain in the central region, and are

subsequently excited by the probe beam at∼480 nm to
collect the image. Importantly, this illumination
scheme requires only two beams, an Airy-shaped
∼480 nm beam and a doughnut-shaped ∼400 nm
depletion beam (figure 7(B)). In practice, the sample
can be scanned simultaneously with both beams,
which speeds up image acquisition, as was shown by
Konen et al [165] with the positive photoswitcher
Padron2 (figure 7(B)).

A high molecular brightness of the fluorophores is
always beneficial for a good SBR; however, it is not as
critical for RESOLFT as for imagingmethods based on
single-molecule detection (see section 4.5), as several
molecules are typically detected in each pixel. Initially,
mainly the green-emitting rsEGFP and rsEGFP2 were
employed for RESOLFT imaging, requiring ∼400-nm
light for photoswitching [164, 166, 167]. Wang et al
[168, 169] introduced the Met168Ala mutation into
the PC-FP mMaple3 to endow it with photoswitching
capability. In addition, they replaced the histidine of
the chromophore triad by essentially all other amino
acids to generate the GMars series of green-emitting
PS-FPs. Among those variants, GMars-Q and GMars-
L were found to retain∼10 and∼15% of their fluores-
cence for more than 2,000 switching cycles, which was
shown to be beneficial for RESOLFT nanoscopy in live
cells. It is noteworthy, however, that the low apparent
switching fatigue of GMars-Q does not reflect photo-
physical robustness but derives from efficient shelving
of FPs in dark states [170].

Orange and red PS-FPs often suffer from small
switching contrast or poor chromophore maturation
[171, 172]. Penachetti et al [173] engineered optimized
red-emitting PS-FPs starting from the FP Fusion Red
and demonstrated their suitability for live-cell

Figure 7.RESOLFT imaging. (A)RESOLFTwith a negative photoswitcher.Widefield andMoNaLISA (RESOLFT) images of epithelial
cells expressing LifeAct-rsEGFP2 (left) and endogenous vimentin-rsEGFP2 (right). Scale bars, 10μm.Close-ups of the regionmarked
by thewhite square show the dynamics of growing filopodia (45 frames, 3.9 s each, frame numbers included). Scale bar, 1μm.Adapted
from [174]with permissionCCBY 4.0. (B)RESOLFTwith a positive photoswitcher. Confocal andRESOLFT image of vimentin-
Padron2, including close-ups of the areas indicated by thewhite squares. Scale bars, 1μm (overview)), 0.5μm (close-ups). Adapted
with permission from [165] at https://doi.org/10.1021/acsnano.0c08207. Copyright 2021AmericanChemical Society (ACS).
Further permission related to thematerial excerpted should be directed to theACS.
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RESOLFT microscopy using molecular nanoscale live
imaging with sectioning ability (MoNaLISA) micro-
scopy. In this massively parallelized RESOLFT
approach, a 2D-periodic multi-focal (3,600 foci) light
pattern (488 or 510 nm), generated by a multi-lens
array, induces patterned on-switching of the red-emit-
ting PS-FPs. Subsequently, a 2D-periodic (590-nm)
light pattern made with crossed line gratings switches
FPs located in the periphery of the foci into the off-
state, so that fluorophores remain in the on-state in
the center and can be read out with a third, multi-focal
light pattern at 590 nm. The same approach has also
been successful with green-emitting rsEGFP2 using
wavelengths of 405 and 488 nm (figure 7(A)) [174].

4.4.Widefield and structured illumination
microscopy (SIM)
Widefield microscopy is conceptually the simplest
microscopy technique, involving light sources that
illuminate the entire field of view and detection by a
camera (or just by eye). It places no special demands
on the fluorophores, so bright and photostable FPs
such as EGFP or mCherry are well suited as markers.
Based on widefield microscopy, SIM is a sophisticated
modality that offers roughly twice-enhanced resolu-
tion over regular imaging [175]. By illuminating the
specimen with a fine periodic line pattern that can still
be optically resolved, a beat pattern (Moiré fringes)
emerges in the resulting image. It carries information
about spatial frequencies of the object above the
diffraction limit (cut-off frequency of the optical
transfer function), which can be recovered from the
acquired image since the structure of the illumination
pattern is known. As the spatial frequencies of both
object and illumination patterns are limited by diffrac-
tion, the resolution enhancement of SIM is roughly
twofold (assuming a small Stokes shift). For image
reconstruction, 2D (3D) SIM requires at least nine (15)
separate camera exposures of the region of interest,
during which the sample must remain quasi static.
Therefore, SIM has initially been geared toward fixed-
cell imaging. However, live-cell imaging is quite
feasible thanks to the high frame rates of modern
cameras [176–178].

By exploiting the non-linearity of the object’s
emission response to the excitation light, even greater
resolution enhancements can be achieved, as origin-
ally shown with saturated structured illumination
microscopy (SSIM) [148, 179, 180]. This approach
requires extremely photostable fluorophores and is
not compatible with FP markers. A non-linearity can
also be created with PS-FPs, however, which can be
reversibly driven into saturation in their dark and
bright states by irradiation at a suitably chosen wave-
length [176, 181–183], as in RESOLFT microscopy.
Using the PS-FPDronpa, Rego et al [181] achieved 50-
nm image resolution with non-linear SIM (NL-SIM).
More recently, Betzig and collaborators [184]

introduced patterned activation NL-SIM with the PS-
FP marker Skylan-NS for capturing live-cell movies at
60-nm image resolution.

4.5. Single-molecule localization
microscopy (SMLM)
SMLM is the generic term comprising various
advanced techniques based on localization of indivi-
dual fluorescence emitters, including photoactivated
localizationmicroscopy (PALM) [185, 186], stochastic
optical reconstruction microscopy (STORM) [187]
and direct STORM [188], and point accumulation for
imaging in nanoscale topography (PAINT) [189–191].
SMLM requires the use of fluorophores that do not
emit photons continually but intermittently and
randomly from a given location of the object [140].
This can be achieved either by transient binding of
continuously emitting fluorophores as in PAINT
(figure 8(A)) or by using photoactivatable fluoro-
phores, i.e., fluorophores that can be turned on by
light irradiation (figures 8(B)–(D)) [185–188]. A
SMLM image is reconstructed from a sequence of ca.
102–104 widefield images. Each individual image
contains only a small number of active emitters, so that
overlap of their individual spots is not an issue, and
their location can be precisely determined as the center
of gravity of their image spot.

Photoactivatable FPs are convenient markers for
SMLM. From a large pool of FPmarkers in the sample,
only a few are photoactivated in each image by irra-
diating with weak activating light. They are excited,
localized and photobleached, while the majority of
them resides in the off-state. For precise localization in
SMLM, the FPs should have highmolecular brightness
and resistance to photobleaching, so that a large num-
ber of photons can be detected [192]. Moreover, the
contrast between the emission of on- and off-states
should be large to ensure minimal background gener-
ated by the huge pool of inactive FPs. PC-FPs typically
yield much better contrast than PS-FPs as they appear
in a different color channel after photoconversion
[91]. In practice, detection of ca. 100 photons per sin-
gle fluorophore is sufficient for ca. tenfold resolution
enhancement, as the localization precision scales with
the inverse root of the number of photons. Notably,
this also requires a sufficient labeling density.

For SMLM with GFP-type PS-FPs, the absorption
bands of the bright and dark species should be well
separated, so that on-off and off-on transitions can be
driven selectively (figure 8(B)). Negative photo-
switchers (with C− as the fluorescent form) yield the
highest contrast for pKcis ≪ pHsample ≪ pKtrans (see
section 2.2.2). When exciting the fluorophores, the
laser also switches their emission off again, albeit with
low probability. If the QY for off-switching is large, the
photon budget is chopped up into multiple short,
time-separated photon ‘bursts’ from the same FP in
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different image frames, reducing the localization pre-
cision and complicatingmolecule counting [193, 194].

Typically, PS-FPs require two different illumination
wavelengths for fast on- and off-switching. The green-
emitting SPOON [90], however, switches off by 488-nm
excitation and switches onagain swiftly by thermal activa-
tion, enablingSMLMwithonly a single 488-nmlaser.

GFP-type PC-FPs are excellent tags for SMLM
because they ideally undergo only a single activation

step before registration (and subsequent photobleach-
ing). Green-to-red PC-FPs (table 4) such as members
of the EosFP clade [195] are presently the optimal
choice for SMLM (figures 8(C), (D)). As they are
expressed in the green state, i.e., the off-state with
respect to detection at wavelengths in the red spectral
region, their proper expression by the cell can be
examined by taking an image with green emission.
Photoconversion occurs withweak 400-nm light but is

Figure 8. SMLM. (A) SMLMbased on transient fluorophore binding. Top:Widefield (left) and SMLM (right) images of a live Cos7 cell
transfectedwithMito-UnaG and stainedwithMitoTracker Red. Bottom: Close-ups of the regionsmarked by the red square (in
widefield and SMLM) and by thewhite squares (SMLM) at time 0 (left) and after 5 min (right). Yellow andwhite arrows indicate
fission and fusion events. Adapted from [114]with permissionCCBY 4.0. (B) SMLMusing a PS-FP. 3D correlative images from cryo-
sections ofHEK293 cells expressing TOM20-Dronpa. Top: 2D SMLM images;middle: 2D cryo-electron tomography images; bottom:
overlay. Scale bar, 200 nm. 3D representation of the 2D layers:mitochondrial outermembrane and cristae are depicted in purple and
blue, respectively. Dronpamolecules are represented by green dots. Scale bar, 200 nm.Adapted from [241]with permissionCCBY
4.0. (C) SMLMusing a PC-FP. Live-cell time-resolvedAFM/SMLM.TIRF image of a CHO-K1 cell transiently expressing paxillin-
mEos2 in its green-emitting off state, overlaidwith anAFMoverview image from the upper part of the cell. Thewhite square outlines
the area that is shown in the AFM time series in b. (b)Time-resolved AFM sequence of the leading edge of the cell. Live-cell SMLM
time series showing the reorganization of paxillin-mEos2 clusters. Adaptedwith permission from [232]. Copyright 2015American
Chemical Society. (D)Dual-color SMLMusingmIrisFP, a combined PC-FP/PS-FP. TIRF (top) and SMLM (bottom) images of a live
HeLa cell expressingα-actinin-mIrisFP. From left to right: green form and red form immediately after photoconversion and after 10,
20 and 30 min. Scale bar, 5μm.
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negligible for excitation of the green or red species.
However, problems may arise if the PC-FP displays
long-lived dark states in the red-emitting form. For
example, photoactivatedmEos2was found to undergo
repeated transitions to long-lived dark states, which
can give rise to errors due to multiple counting of the
samemolecule [196, 197].

In 2006, Betzig et al [186] used fusion constructs
with d2EosFP [54] to image vinculin at focal adhe-
sions, actin within a lamellipodium, and the distribu-
tion of the retroviral protein Gag at the plasma
membrane. Zhou el al [198] elucidated how motor
proteins ensure the supply of vesicles to the hyphal tip
of filamentous fungi by quantitative SMLM of live
Aspergillus nidulans fungi expressing mEosFPthermo
fused to the chitin synthase ChsB. Combined PC-FPs/
PS-FPs such as mIrisFP enable pulse-chase experi-
ments in two color channels (figure 8(D)) [104]. For
completeness, we mention that PA-GFP and related
variants (table 3) can also be used for SMLM but are
inconvenient because they are only visible after
photoactivation.

UnaG from the Japanese freshwater eel Anguilla
japonica displays intermittent emission without light-
induced switching to the on-state; only the off-state is
under light control [114]. UnaG’s usefulness for
SMLM was demonstrated with fusion proteins label-
ing the ER (UnaG-Sec61β), vimentin filaments (Vim-
UnaG), and clathrin-coated pits (UnaG-CLC, clathrin
light chain) in fixed Cos7 cells (figure 8(A)) [114].
With a high excitation intensity of∼300W cm−2 at an
exogenous BR concentration of∼1μM,most FPswere
kept in the off-state; only a small fraction of BR-bound
and thus fluorescent UnaGmarkers remained. Each of
them emitted ∼1,200 photons on average before off-
switching, which is comparable with EosFP [199] and
the dye Atto 488 [200] and thus yields a comparable
localization precision. For surface-immobilized UnaG
molecules, a localization precision of ∼12 nm and a
resolution of∼28 nm (full-width at half-maximum) in
the lateral directions was reported. In a follow-up
study, an improved variant, eUnaG, with an even
higher photon budget was presented [115].

4.6. Light sheetmicroscopy
Light sheet microscopy was introduced already more
than 100 years ago [201, 202] and re-discovered in
2004 as a superb method to visualize ‘large’ specimens
(ca. 1 mm3) such as model organisms with cellular
resolution [203]. Its key distinguishing feature is the
uncoupling of the optical axes of excitation and
detection. Only a single slice within the sample is
illuminated, and the fluorescence excited within that
slice is collected in a perpendicular direction
(figure 9(A)). Therefore, photobleaching and photo-
toxicity (in live samples) are greatly reduced. For
optimal sectioning, various ways have been devised to
form a light sheet with minimal thickness over a

specified longitudinal distance. The simplest approach
uses a cylindrical lens; better performance can be
achieved, though, with structured illumination using
digital scanning of Gaussian, Bessel, Airy, and lattice
beams [203–207]. Multi-view imaging of a specimen
from different angles combined with subsequent
image fusion takes more effort but yields isotropic
resolution [208]. Light sheet microscopy offers in-vivo
3D+t visualization of developing embryos over hours
and days with high speed and minimal biological
perturbation [209–211]. More recently, subcellular
imaging has been demonstrated using lattice light
sheet excitation (figure 9(B)) [205].

Light sheet microscopy has no special demands on
the FPmarkers, it evenworks quite well with first-gen-
eration red FPs such as mCherry. For imaging live
organisms, FPs with excitation and emission in the red
to far-red region are preferable due to lower scattering
and autofluorescence at longer wavelengths. More-
over, continual replenishment of genetically encoded
markers by live organisms greatly alleviates photo-
bleaching. GFP- and RFP-fusions have been used to
image plasma membranes and cell nuclei in Arabi-
dopsis plants (figure 9(C)) [212] . Developmental stu-
dies on various model organisms have also been
reported, including studies on the transparent zebra-
fish (Danio rerio) embryo, with GFP fusions for label-
ing cell nuclei (figure 9(D)) [213–215], the heart [216]
or cells of the developing eye [217].

4.7. Super-resolution opticalfluctuation
imaging (SOFI)
Optical microscopy methods are mostly based on
capturing the intensity distribution in the image.
SOFI, by contrast, yields super-resolved images (and
background removal) through higher-order statistical
analysis of temporal fluctuations (intermittency) of
the photon emission from individual fluorophores
[218, 219]. Like SMLM, SOFI is a purely software-
based approach that post-processes time sequences of
fluorescence images (for an in-depth comparison of
SMLM and SOFI, see [220]). SOFI requires fluoro-
phores that switch stochastically between different
intensity levels, and the image magnification must be
such that the image of a single molecule extends over
several pixels.

FPs show intensive blinking on multiple time-
scales [66], originating from chromophore dynamics
including cis-trans isomerization upon excitation (see
section 2.2.2) [38, 50, 65]. Those intrinsic fluorescence
fluctuations in the red FPs TagRFP, TagRFP-T, and
FusionRed have been used for SOFI imaging in live
HeLa cells [221]. Typical photoswitchers, i.e., PS-FPs
such as Dronpa [222], rsTagRFP [222] or Skylan-S
[223] have been employed in photochromic stochastic
optical fluctuation imaging (pcSOFI). Upon excitation
with 488-nm (561 nm for rsTagRFP) laser light, the C−

species of the chromophore fluoresces or switches to
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the dark state, TH, with a low probability. With the
same wavelength, TH is also excited and isomerizes
back to the fluorescent C− state. We note that the
absorption of T− at the excitation wavelength is mark-
edly lower than that of C−. But because on-switching
is orders of magnitude more efficient than off-switch-
ing [224], there is continual activation and deactiva-
tion of PS-FPs (blinking).

Typically, the extent of the intensity fluctuations
limits the resolution enhancement of SOFI in biologi-
cal samples [225]. Mo et al [226] discovered that emis-
sion fluctuations of TagRFP-T were significantly
enhanced by the presence of Dronpa in close proxi-
mity, a phenomenon they termed fluorescence fluc-
tuation increase by contact (FLINC). They also
provided evidence that FLINCwasmediated by amino
acid residues on the Dronpa surface and not by the
chromophore. In a follow-up study, they fused a non-
fluorescent Dronpa mutant with TagRFP-T through
an 8-amino-acid linker. The resulting μDpTT showed
robust single-molecule fluctuations and was success-
fully employed for multicolor pcSOFI together with
Dronpa [227].

4.8. Fluorescencemicroscopy in correlative imaging
In correlative microscopy, multiple imaging modal-
ities are employed in combination to probe the same
sample, either simultaneously or sequentially
[228, 229]. Their different contrast mechanisms,
resolution and other properties provide complemen-
tary information, and correlative approaches yield
more information than is obtained from separate
experiments. A simple example of correlative imaging
is (simultaneous) confocal and super-resolution fluor-
escencemicroscopy in two color channels [230, 231].

For live-cell imaging on the nanoscale, Odermatt
et al [232] used atomic force microscopy (AFM) and
SMLM in a correlative approach (figure 8(C)). By
recording a series of AFM images of the leading edge of
a live CHO-K1 cell, they studied filopodia protrusion
with subsequent lamellipodia extension. As the cell
was also transiently transfected with a paxillin-mEos2
construct, SMLM imaging allowed simultaneous
recording of the concomitant reorganization of focal
adhesions via paxillin-mEos2. Gómez-Varela et al
[233] combined AFM with SIM to image the plasma
membrane transporter, MCT1, tagged with EGFP, in
the plasma membrane of CRISPR/Cas9 genome-edi-
ted human U2OS cells. Navikas et al [234] performed
live-cell scanning ion-conductance microscopy
(SICM) combined with SOFI to image the cytoskeletal
actinin dynamics of COS-7 cells. Correlative STED,
PALM and (‘universal’) PAINT allowed imaging of
dendritic spines on live hippocampal primary neurons
[235]. Cytosolically expressed GFP served as a volume
marker of cell morphology, while mEos3.2 (for
SMLM) and Atto 647N (for STED)were employed for
super-resolution imaging of several prominent synap-
tic proteins, including the scaffold protein PSD95 and
the AMPA receptor subunits GluA1 andGluA2.

Correlative light-electron microscopy (CLEM) is
an attractive approach due to the combination of very
different contrast mechanisms. It allows specific,
fluorescently labeled biomolecules of interest to be
resolved on a canvas depicting the high-resolution
ultrastructure of the specimen obtained by EM. Sam-
ple preparation can be intricate, however, involving
chemical fixation with paraformaldehyde and/or glu-
taraldehyde, staining with osmium tetroxide, dehy-
dration with ethanol and embedding in epoxy resins

Figure 9. Light sheetmicroscopy. (A)Perpendicular excitation (blue) and detection axes in light-sheetmicroscopy. (B)Histones
(green,mCherry-H2B), mitochondria (yellow,MitoTrackerDeepRed dye), and ER (magenta,mEmerald-calnexin) at four time
points duringmitosis of aHeLa cell (typical diameter 20–40μm). Adapted from [205]with permission. Copyright 2014AAAS. (C)
Maximum-intensity projection (MIP) of an image stack depicting anArabidopsis thaliana plant expressing a plasmamembrane
marker fused toGFP (Wave131Y, green), a nuclearmarker (H2B-RFP, red) aswell as a lateral root-specific nuclearmaker fused to
GFP (green). Scale bar, 50μm.Adapted from [212]with permission. Copyright 2016Wiley& Sons Ltd. (D)MIP image of a developing
zebrafish embryo (expressingH2A-GFP) at 50% epiboly, with a sequence of four time-lapse images from the regionmarked by the
orange square shown on the left. Arrows point to a dividing cell.MIP images of a developing zebrafish embryo at different times
(hours post fertilization, hpf) are shown below. Scale bar, 100μm.Adapted from [215]with permissionCCBY 4.0.
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such as Epon [236]. Fortunately, a few FPs can with-
stand such harsh sample treatment, including mWa-
sabi, CoGFP variant 0 and mCherry2 [236], mKate2
[237], and the photoconvertible mEos4a and mEos4b
[238] as well as mEosEM [239]. Watanabe et al [240]
combined scanning EM with STED microscopy to
image the mitochondrial outer membrane protein,
TOM20, in ultrathin sections of fixed Caenorhabditis
elegans specimens embedded in glycolmethacrylate.

CLEM at cryogenic temperatures (cryo-CLEM)
yields optimal structure preservation through vitrifi-
cation (fast crystal-free freezing) of the specimen, so
chemical fixation and contrast enhancement proce-
dures can be circumvented. Liu et al [241] combined
cryo-EM with cryo-SMLM and found as an added
benefit reduced photobleaching of the PS-FP Dronpa
and hence a higher photon budget (figure 8(B)).Moser
et al [242] demonstrated that structures in thicker
parts of the cell can be imaged by cryo-SOFI due to
its ability to suppress out-of-focus signals (optical
sectioning). Cryo-SOFI was fully compatible with
cryo-EM and yielded a similar image resolution as
cryo-SMLM [243, 244], but with a several-fold lower
laser intensity.

4.9. Fluorescencemicroscopywith two-photon
excitation
In this final application section, we briefly discuss the
use of two-photon laser scanning microscopy (2P-
LSM) of cells and tissues expressing genetically
encoded FP markers. All other imaging techniques
mentioned so far are based on absorption of a single
photon for fluorescence excitation. By contrast, 2P-
LSM involves the simultaneous absorption of two low-
energy (long-wavelength) photons for fluorescence
excitation, which can be achieved with tightly focused,
femto- or picosecond pulses from high-power lasers
(typically Ti:sapphire lasers). Key advantages are the
intrinsic axial sectioning, which allows 3D raster
scanning without a confocal pinhole, and the reduced
autofluorescence and scattering when using NIR
excitation, enabling deeper tissue penetration. The
required excitation power is orders of magnitude

greater than for one-photon microscopy, and optimal
imaging conditions have to be chosen to avoid
excessive photobleaching [245, 246]. In table 6, we
have listed various GFP-type proteins useful for 2P-
LSM together with their peak wavelength, corresp-
onding 2P excitation cross section, σ2, and the
resulting molecular brightness value, σ2 times QY.
More data can be found in [247–249].

5. Conclusions

The introduction of genetically encoded FPs has
enabled molecule-specific labeling using compara-
tively simple molecular biology approaches. Here we
have reviewed two classes of genetically encodable FPs,
GFP-type proteins and tetrapyrrole-binding proteins,
which can function—within their limitations—as self-
sufficient, autofluorescent probes. We have discussed
their specific properties that make them useful as
markers for a range of advanced fluorescence imaging
methods. Genetically encodable FPs are remarkably
convenient tools and thus have become indispensable
for live-cell and organismal imaging. However,
expressing artificial genes can be a severe perturbation
to a living system, especially when using transient
transfection methods, which yield strong overexpres-
sion of the FP marker. While this is advantageous for
achieving bright images, great caution has to be
exercised to avoid artifacts resulting from marker
expression.

Overexpression artifacts can be avoided, however,
thanks to tremendous advances in our ability to target
and edit specific genes within the genome in recent
years. Most prominently, the CRISPR/Cas9 approach
[250] offers a simple yet powerful tool to introduce a
FP domain at a specific locus,making FPmarker label-
ing even more powerful. Gene editing can make sure
that expression levels are native-like, which may result
in new problems, however. Physiologically, the labeled
gene of interest is oftentimes only expressed in small
copy numbers, orders of magnitude below transient
expression [251]. This can pose severe challenges for
imaging and requires microscopes with highest sensi-
tivity and the brightest FP markers available. Thus,
novel genetically encodable FPs with higher bright-
ness, suitable absorption/emission and photoactiva-
tion properties, and a large photon budget will
continue to be in high demand in the future. Especially
the development of advanced far-red markers will
remain a hot topic in view of the benefits of long-
wavelength light for imaging, i.e., low absorption and
scattering in the range between 700 and 1300 nm. In
this effort, we expect to see further progress especially
with BV-binding FPs, as GFP-type proteins have lim-
itations imposed by their smaller p-HBI
chromophores.

Finally, we briefly allude to other platforms of
genetically encoded biomarkers that, however, require

Table 6.Optical properties of FPs upon two-photon excitation
(S0→S1 transition, per chromophore) at wavelengths>700 nm.

FP

λ2P-Exc

(nm) σ2
a (GM) σ2

b (GM) References

eBFP2.0 750 13 9.2 [248]
Cerulian 858 23 13 [248]
eGFP 927 39 30 [248]
EosFP (green) 1,000 19 13.3 [247]
tdTomato 1,050 108 60 [249]
DsREd 1,050 103 73 [248]
mCherry 1,080 27 6.4 [248]
mKate2 1,140 72 30 [248]

a Two-photon absorption cross-section.
b Two-photon brightness,σ2×QY.
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an external supply of synthetic dyes. Therefore, their
application is limited to fixed samples and, if mem-
brane-permeant dyes are used, live cells as well, but
they have clear benefits in many applications due to
the significantly better photophysical properties, espe-
cially brightness and photostability, offered by excel-
lent synthetic dyes. Like FPs, chemical tags (e.g., Halo,
SNAP/CLIP, smURFP) [12–14, 120] can be expressed
as fusion proteins and can bind bright synthetic fluor-
ophores via specific functional groups. Most exciting
are also RNA aptamer tags [15–17, 252], tiny RNA
structures that bind so-called turn-on fluorophores,
which emit strong fluorescence upon aptamer bind-
ing. With these novel tools, researchers can finally
benefit from genetic encoding of fluorescencemarkers
also on the RNA level.We are convinced that the quest
for bright, selective and sophisticated optical fluores-
cence markers for biological imaging will continue to
be a hot research topic for years to come.
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