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Near-infrared fluorescent proteins (NIR FPs), photoactivatable
NIR FPs and NIR reporters of protein—protein interactions
developed from bacterial phytochrome photoreceptors
(BphPs) have advanced non-invasive deep-tissue imaging.
Here we provide a brief guide to the BphP-derived NIR probes
with an emphasis on their in vivo applications. We describe
phenotypes of NIR FPs and their photochemical and
intracellular properties. We discuss NIR FP applications for
imaging of various cell types, tissues and animal models in
basic and translational research. In this discussion, we focus on
NIR FPs that efficiently incorporate endogenous biliverdin
chromophore and therefore can be used as straightforward as
GFP-like proteins. We also overview a usage of NIR FPs in
different imaging platforms, from planar epifluorescence to
tomographic and photoacoustic technologies.
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Introduction

Near-infrared (NIR) fluorescent probes are superior for
deep-tissue and whole-body imaging of small mammals
because of reduced autofluorescence, low light scattering
and minimal absorbance of hemoglobin, melanin and
water in the NIR ‘optical window’ (~650-900 nm) of
mammalian tissue [1]. Significant efforts to develop
NIR fluorescent proteins (FPs) from the GFP-like family
of proteins resulted in FPs with autocatalytically formed
chromophores exhibiting maximally red-shifted absor-
bance of 611 nm in TagRFP657 [2] and fluorescence of
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675 nm in TagRFP675 [3]. The most far-red shifted
chromophore found in PSmOrange absorbs at 634 nm
and fluoresces at 662 nm [4], however, its formation
requires an irradiation with high-power green light. Nei-
ther of these protein have both excitation and emission
maxima within the NIR optical window (Figure 1a).

To overcome this likely fundamental limit of the chro-
mophore chemistry of the GFP-like FPs [5], recently
another family of proteins was employed to engineer truly
NIR FPs, namely bacterial phytochrome photoreceptors
(BphPs) (Figure 1b). BphPs belong to a large family of the
phytochrome photoreceptors found in plants, algae, fungi,
bacteria and cyanobacteria, which use linear tetrapyrrole
compounds, also known as bilins, as a chromophore [6].
The utility of phytochromes for development of fluores-
cent probes was first explored a decade ago by Lagarias
and co-workers [7]. Among phytochromes, BphPs are the
most suitable templates for engineering of NIR FPs. By
contrast to plant and cyanobacterial phytochromes, BphPs
utilize the most far-red absorbing bilin, biliverdin IXa
(BV) [8-10]. Being an enzymatic product of heme degra-
dation (Figure 1c), BV is ubiquitous in many eukaryotic
organisms including flies, fishes and mammals, unlike
tetrapyrrole chromophores of all other phytochrome types
[11]. This important feature makes BphP applications in
live mammalian cells, tissues and whole mammals as easy
as conventional GFP-like FPs, requiring no enzymes or
exogenous cofactors [12].

Recently, numerous BphP-based NIR fluorescent probes
of different phenotypes have become available. They
consist of permanently fluorescent NIR FPs [13°°,14—

16,17°°,18], photoactivatable NIR FPs [19] and NIR
reporters of protein—protein interaction [20°,21-23].

Here we overview available NIR FPs and their applica-
tions. We describe NIR FP phenotypes and molecular
basis of their fluorescence. We discuss NIR FP character-
istics including their advantages and limitations. Next we
focus on NIR FP applications in basic biology and biomed-
icine. We overview imaging modalities beyond planar
imaging that allow for higher resolution and sensitivity.
Lastly, we provide a brief perspective on future NIR FPs.

Phenotypes and properties of near-infrared
fluorescent proteins

In natural BphP photoreceptors, BV isomerizes at its 15/16
double bond upon light absorption [6]. This conformational
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change is sensed by a photosensory module and is trans-
mitted to an output effector domain, initiating the light-
driven molecular signaling pathway. The photosensory
module is formed by PAS (Per-ARNT-Sim repeats),
GAF (cGMP phosphodiesterase/adenylate cyclase/FhlA
transcriptional activator), and PHY (phytochrome-specific)
domains (Figure 1b). BV is located in a pocket of the GAF
domain and is covalently attached to a conserved Cys
residue in the N-terminal extension of the PAS domain.
This N-terminal extension passes through a lasso in the
GAF domain, forming a figure-of-eight knot structure [24].
Although the PAS-GAF domains are minimally required
for BV binding, the PHY domain is important for the
chromophore photoconversion and light-driven signal
transduction [25,26]. Two states corresponding to two
distinct BV conformations are historically called as Pr
(‘pigment red absorbing’; 15/16 double bond is in a cis
conformation) and Pfr (‘pigment far-red absorbing’; 15/16
double bond in a #ans conformation).

The interaction of the BV chromophore with the apopro-
tein and its photochemistry defines NIR FP character-
istics and results in several NIR FP phenotypes.
Engineering of BphPs into permanently fluorescent
NIR FPs (Figure 1d) requires a stabilization of the Pr
state of the BV chromophore to decrease a probability of
non-radiative energy dissipation that is achieved by trun-
cation to the PAS-GAF domains and introduction of
amino acid substitutions into the chromophore immedi-
ate environment [16,17°°,18]. In recent years, a number of
permanently fluorescent NIR FPs were engineered from
different BphPs (Table 1). Majority of these proteins are
dimers. Although some NIR FPs behave as monomers in
in vitro assays, their proper localization in fusion con-
structs in mammalian cells was not shown. The common
feature of all NIR FPs is their relatively low quantum
yield comparing to GFP-like FPs. However, the high
extinction coefficients and NIR-shifted spectra made
them superior probes for i vivo imaging.

Fluorescent brightness in mammalian cells (also called
effective brightness) is the important parameter for NIR
FP applications (Table 1). The effective brightness
depends on molecular brightness, intracellular folding
and stability, affinity and specificity to BV chromophore,
intracellular BV concentration and protein expression
level. Low efficiency and specificity of BV binding to
the apoprotein substantially decreases the cellular fluo-
rescence because of the competition from other heme-
related compounds including protoporphyrins [27,28].
Among NIR FPs, proteins of an infra-Red Fluorescent
Protein (iRFP) series have been developed using exten-
sive screening of mutants for fluorescence in mammalian
cells [13°°,17°°]. As a result, iRFPs do not require supply
of exogenous BV and can be used by delivering of a single
gene to cells. By contrast, NIR FPs of an Infrared Fluo-
rescent Protein (IFP) series require the BV supply [18] or

co-expression of heme oxygenase [14], which may affect
cell metabolism and proliferation as heme oxygenase is
the oxidative stress-inducible enzyme [29,30].

Imaging of several biological processes iz vivo requires
spectrally distinct NIR FPs. By mutating residues in the
BV-binding pocket a set of multicolor permanently fluo-
rescent iRFPs has been developed [13°°]. Recently, we
uncovered a mechanism of the spectral blue-shift in
BphP-derived NIR FPs (unpublished data). It was found
that the chromophores in blue-shifted NIR FPs differ
from the chromophores in red-shifted NIR FPs devel-
oped from the same BphP template. In natural BphPs and
in red-shifted NIR FPs, the BV chromophore covalently
binds to the Cys residue in the PAS domain via C3°
carbon of the side chain of pyrrole ring A (Figure 1d). In
blue-shifted NIR FPs, however, BV binds to the Cys
residue in the GAF domain, resulting in blue-shifted
chromophores linked via either C3% or C3' carbon atoms
of the side chain of pyrrole ring A (Figure 1d).

By engineering of a whole photosensory module consist-
ing of the PAS-GAF-PHY domains, two photoactivatable
NIR FPs (PAiRFPs) were developed from a subtype of
BphPs, called bathy BphPs, whose ground state is Pfr
[19]. Initially in the dark (non-fluorescent) Pfr state,
PAiRFPs photoconvert into the fluorescent Pr state upon
illumination with NIR light in the range of ~650-800 nm
(Figure 1e). The light-induced conversion from Pr to
initial Pfr state is disabled in PAiRFPs, however, a slow
thermal conversion results in relaxation back to the dark
Pfr state, enabling photoactivation-relaxation cycles.

Domain organization of BphPs is favorable for design of
split reporters of protein—protein interactions. Several
such reporters have been developed using reconstitution
of the PAS and the GAF domains into a fluorescent NIR
FP via bimolecular fluorescence complementation
[20°,21-23] (Figure 1f, Table 1). Among them, iSplit
engineered from iRFP713 exhibits the highest cellular
brightness and does not require supply of exogenous BV
to mammalian cells and tissues [20°]. The complementa-
tion of iSplit reporter is irreversible. Recently, fluores-
cence of an IFP Protein-fragment Complementation
Assay (IFP PCA) reporter was shown to be reversible
[21]. Reversibility of IFP PCA complementation is not
clearly understood. The knot structure between the N-
terminus of the PAS domain with covalently bound BV
and the lasso loop of the GAF domain where BV is
positioned may inhibit dissociation of the reconstituted
NIR FP [24]. Likely, the observed IFP PCA reversibility
results from a non-covalently incorporated BV.

Biological applications of near-infrared
fluorescent proteins

Advanced NIR FPs are superior probes for non-invasive 2z
vivo imaging over GFP-like FPs. Deeper tissue penetration
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Figure 1
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Phenotypes of near-infrared fluorescent proteins (NIR FPs) engineered from bacterial phytochrome photoreceptors (BphPs) and their chromophore
photochemistry. (a) By contrast to GFP-like FPs, BphP-based NIR FPs have both excitation and emission peaks in the NIR window (650-900 nm)
where mammalian tissue is most transparent to light, and scattering and autofluorescence are low. Therefore, NIR FPs are the optimal

fluorescent probes for in vivo imaging, while bright GFP-like FPs are the good choice for microscopy. (b) The domain architecture of BphPs. The
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of NIR fluorescence excitation and emission light and lower
autofluorescence in the NIR region lead to better signal-to-
background ratio of NIR FPs in imaging beyond few
millimeters from a surface (Figure 2), as was demonstrated
in direct comparison with the most red-shifted GFP-like
FPs [13°°]. Unlike luciferases, fluorescence of advanced
NIR FPs does not depend on exogenous substrates and
produce stable signal over time allowing longitudinal im-

aging.

NIR FPs have been widely applied to cancer studies.
Proteins of the iRFP series enabled visualization of small
tumors at early stages, monitoring tumor growth and
tracking metastases [13°°,31°]. In particular, iRFP713
protein performed well as a fluorescent marker in tumors
located in deep organs, such as liver and prostate, and
intrabone tumors, such as intracranial glioblastoma and
intratibial osteosarcoma (Figure 2a) [32]. Using various
imaging modalities (Figure 3) iRFP713 enabled imaging
progression of inflammatory breast cancer and its metas-
tases in lymph nodes [33] and detection metastatic tar-
gets of melanoma in whole body (Figure 3b) [32].
iRFP713 also allowed to monitor tumor growth and
metastases in an orthotopic prostate cancer model
(Figure 3f) [31°,34]. Single circulating metastatic cells
labeled with iRFP713 were detected in blood vessels of a
mouse [35]. NIR FPs hold a great potential for preclinical
testing of anti-cancer drugs as they can be used to
visualize tumor relapse and regression following the
medical treatment [36].

The ability to image labeled cell populations in a whole
animal makes NIR FPs useful for stem cell studies. For
example, iIRFP713 allowed to non-invasively track the
transplanted cardiac progenitor cells in the ischemic
mouse hearts iz vivo (Figure 2b) [37]. Moreover, the
transplanted iIRFP713 bone marrow cells were able to
reconstitute the hematopoietic system of the irradiated
mice, indicating the reconstitution capacity of stem cells
expressing iRFP713 [38°].

Applicability of NIR FPs is not limited to particular cell
types or organs. All iRFPs are non-cytotoxic stable proteins
[13°°]. Recently, iRFP713 transgenic mice have been
developed (Figure 2¢) [38°]. The mice were healthy as

judged from serum and blood cell indices and produced
healthy offspring. iRFP713 fluorescence was ubiquitously
detected in all tissues including brain, heart, liver, kidney,
spleen, lung, pancreas, bone, testis, thymus and adipose
tissues.

Advanced NIR FPs find their use in neuroscience for
imaging of neuronal cells and detection of their metabolic
processes. For example, iIRFP713 was expressed in pri-
mary culture of hippocampal neurons (Figure 2d) and in
retinal neurons in a mouse [39]. NIR FPs are particularly
useful for studies related to retinal neurons because NIR
excitation light does not damage photoresponsiveness of
retina unlike visible light required for GFP-like FPs.

"T'he ability to efficiently utilize endogenous BV present in
protozoan parasites allows testing of new drugs in preclini-
cal parasitic disease studies ex vivo and iz vive. Recently,
the phenotypic high-throughput screening of drug collec-
tions against Leishmania species expressing iIRFP713 was
performed. Moreover, the NIR fluorescent Leishmania
parasites were used to monitor the development of the
in vivo infection by imaging mice for 20 weeks [40].

Spectrally distinct NIR FPs enable labelling of several
tissues and organs iz vivo. The most blue-shifted iRFP670
and red-shifted iRFP713 or iRFP720 are well resolved
using two filter sets either in epifluorescence microscopy
or in whole-body imaging (Figure 2e) [13°°]. T'wo iRFPs
allowed simultaneous visualization of a liver and a tumor or
two closely located tumors in living mice. The number of
NIR FPs can be increased up to five with the use of linear
spectral unmixing algorithms available in modern confocal
microscopes and whole-body imaging platforms (Figure 2f).

NIR FPs of the iRFP series are also used in microscopy as
additional fluorescent colors, resulting in imaging of mul-
tiple FP fusions in a single cell [41,42].

Photoactivatable PAiRFPs allowed increasing of imaging
sensitivity under highly autofluorescent conditions. Auto-
fluorescence background can be removed by subtracting
the images made before and after photoactivation
(Figure 2g). PAIRFPs were also applied for photolabel-

ling and short-term noninvasive tracking in animals, as

(Figure 1 Legend Continued) photosensory module of BphPs consists of the PAS, GAF and PHY domains. Light irradiation activates the
photosensory module, which then transmits the signal to the effector domain to initiate a molecular signaling pathway. As a chromophore, BphPs
use biliverdin (BV), which is located in a pocket of the GAF domain and is covalently bound to the Cys in the PAS domain. (c) In eukaryotic cells
BV is produced from heme by heme oxygenase. (d) Multicolor permanently fluorescent FPs differ in the way they bind the BV chromophore. The
red-shifted NIR FPs (top) bind it the same way as natural BphPs, that is, by the Cys in the PAS domain via C32 carbon atom of the pyrrole ring A.
The engineered blue-shifted NIR FPs (bottom) bind BV by the Cys in the GAF domain via either C32 or C3' carbon atoms of side chain of the ring
A. In the resulting chromophore adducts, one double bond in the ring A is removed from the conjugation with the rest of the w-electron system
resulting in the spectral blue shift. (€) Photoactivatable NIR FPs consist of a whole photosensory module and, similarly to natural BphPs, the
bound BV undergoes the cis-trans isomerization of the C15/C16 double bond. By contrast to natural BphPs, the light-induced transition from the
fluorescent Pr to non-fluorescent Pfr state is blocked and slowly occurs in darkness only. (f) The bimolecular fluorescence complementation (split)
reporters are based on the reconstitution of a fluorescent NIR FP molecule in response to physical interaction of a pair of the fused protein
partners. In the process of NIR FP reconstitution, BV chromophore enters the pocket of the GAF domain and may remain non-covalently bound or

may form a covalent bond with the Cys in the PAS domain.
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Table 1

Properties of near-infrared fluorescent proteins and reporters engineered from bacterial phytochromes

Fluorescent Bacterial Excitation, Extinction Quantum Molecular Brightness in Demonstrated Specific Reference
protein phytochrome nm, coefficient, yield, % weight and mammalian applications in properties
template emission, M~'cm™! oligomeric cells relative cells and animals related to
nm state to iRFP713, % ° applications
Permanently fluorescent proteins
IFP1.4 DrBphP 684, 708 92 000 7.7 (7.0)2 35 kDa, 8 (increased to Whole-body Supply of exogenous [18]
(102 000)® monomeric® 14 after 2 h imaging of BV chromophore or
incubation with liver co-expression of
25 uM BV) heme oxygenase
Wi-Phy DrBphP 700, 722 118 000 6.3 35 kDa, ND ND is required [16]
monomeric®
IFP2.0 DrBphP 690, 711 86 100 8.0 35 kDa, 8 (without Whole-body [14]
dimeric® supply of imaging of
exogenous tumors, imaging
Bv) ¢ of tissues in
~100 (with Drosophila larva
co-expressed
heme
oxygenase)
IFP1.4rev DrBphP 685, 708 131 500 8.7 35 kDa, ND ND [15]
monomeric®
iRFP670 RpBphP6 643, 670 114 000 11.1 35 kDa, 119 Multicolor Efficient binding of [13°°,17°7]
iRFP682 RpBphP2 663, 682 90 000 11.3 dimeric 105 microscopy and endogenous BV
iRFP702 RpBphP6 673, 702 93 000 8.2 61 whole-body imaging, chromophore in
iRFP713 RpBphP2 690, 713 98 000 6.3 100 photoacoustic many mammalian
iRFP720 RpBphP2 702, 720 96 000 6.0 110 tomography, cell types. No
fluorescence lifetime need for supply
imaging, tumors and of exogenous BV or
metastases in co-expression of
various tissues, heme oxygenase
stem cells,
transgenic mice
Photoactivatable fluorescent proteins
PAIRFP1 AtBphP2 690°, 717° 67 100 4.8 57 kDa, 25 (increased Whole-body Photoactivatable by [19]
dimeric to 43 after imaging with both far-red and NIR
2 h with enhanced light. Half-time of
25 uM BV) signal-to-background thermal relaxation to
ratio in dark state is ~1 h
autofluorescent
tissues
PAIRFP2 AtBphP2 692°, 719° 63 600 4.7 7 (increased Photoactivatable by

to 9 after
2 h with
25 uM BV)

both far-red and

NIR light. Half-time of
thermal relaxation to
dark state is ~4 h
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Reporter Fluorescent protein Extinction Quantum Contrast in Interacting Advantages Limitations Reference
used in design coefficient, yield, % cultured pairs tested
(excitation, nm, M~'cm ! mammalian
emission, nm) cells, fold
Reporters for protein-protein interaction
iSplit iRFP713 85 500 6.8 >20-50 (~18 in mice) E-coil and K-coil High brightness and large Irreversible [207]
(690, 713) peptides, FRB complementation contrast.
and FKBP Applicable for in vivo
proteins protein—protein interaction
studies
iRFP BiFC system ND ND ~5-6 (same in mice) bJun and bFos, Demonstrated use for drug  Irreversible. Lower BiFC [23]
HIV-1 integrase evaluation in cells. contrast than for iSplit.
and LEDGF/p75 Applicable for in vivo Brightness has not been
growth factor protein—protein interaction compared with parental
studies NIR FP
IFP PCA IFP1.4 (684, 708) 42 890 6.2 ~2 (~20-50 in yeast) Protein kinase Reversibility. Suitable for Low brightness and [21]
PKA subunits, imaging of spatiotemporal complementation contrast
SHC and GRB2, dynamics of protein— in mammalian cells.
some known protein interactions Requires supply of
PPIs in yeast exogenous BV or
overexpression of heme
oxygenase.
Fragmented IFP ND ND ND (up to 22 in bacteria) IAAL-E3 and Several fragmented Not tested in mammalian [22]

IAAL-K3 peptides,
CheA and CheY
proteins

variants developed with
different complementation
contrast in bacteria

cells. Requires supply of
exogenous BV

2 Measured in [17°°].

P Determined as effective NIR fluorescence in HeLa cells with no supply of exogenous BV and after normalization to fluorescence of co-transfected EGFP. Note that the values of brightness may vary
in different cell types due to variations in endogenous BV concentration and protein expression level.

¢ Monomeric state was shown by size exclusion chromatography only.

9 Qur size exclusion chromatography (SEC) and HelLa cell expression data. For SEC, the HiLoad 16/600 Superdex 200 column and the 10 mM Hepes buffer pH 7.4 containing 50 uM EDTA, 10%
glycerol, 150 mM NaCl, 1 mM DTT, 0.2 mM PMSF, 0.01% EP-40 and 0.2 mM benzodiazepine were used.
¢ Corresponds to a photoactivated state. BV, biliverdin. PPI, protein—protein interaction. ND, not determined.
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Figure 2
Permanently fluorescent NIR FPs
(@) Non-invasive detection  (b) Imaging of (c) Transgenic animals (d) Neuroscience applications
of deep-seated tumors transplanted stem cells Hippocampal neurons
dorsal tumor  brain tumor cardiac progenitor cells Transgenic iRFP713 mice expressing iRFP713

iRFP713 EGFP  iRFP713

Multicolor permanently fluorescent NIR FPs
(e) Two-color imaging (f) Multicolor imaging using linear unmixing

liver and tumor two tumors Epifluorescence microscopy Tumors expressing iRFPs Confocal microscopy

iRFP670
iRFP720

iRFP670 , iRFP670 , iRFP670 , , iRFP702 , iRFP670 ,
iRFP713 iRFP720 iRFP713, iRFP702 , iRFP720

Photoactivatable NIR FPs

Imaging of tumors by contrast enhancement using PAIRFP1

—
«Q
-

Non-photoactivated
Photoactivated
Difference

Bimolecular fluorescence complementation (split) reporters

(h)  Imaging of protein-protein PAS-FRB + FKBP-GAF () Imaging of protein-protein before
m
interactions in vivo interactions in vitro

FRB F?pa cAMP
z myC| n —

- rapamycin + rapamycin
Applications of NIR FPs as probes for fluorescence microscopy and whole-body imaging. (a) Whole-body imaging of a dorsal tumor obtained as a
metastasis lesion after tail vein injection of iRFP713-labeled IGR-37 melanoma cells (left), and a brain tumor derived by intracranial injection of
iRFP713-labeled U87 MG glioblastoma cells (right). Adapted from [32]. Copyright 2014 Society of Photo Optical Instrumentation Engineers. (b)
Whole-body imaging of cardiac progenitor cells labeled with either EGFP (left mouse) or iRFP713 (right mouse) transplanted to the heart after
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they can be photoactivated in a spatially selective manner
[19].

The NIR reporter iSplit enabled visualization of model
protein—protein interactions in cultured cells and living
animals (Figure 2h). Although the reporter is irreversible,
detection of infrequent repetitive binding events was
possible due to the relatively fast degradation of the
complemented iSplit complex iz vivo. The IFP PCA
split reporter is likely suboptimal for iz vivo imaging
because of the ~10-fold lower brightness than iSplit
and strong requirement of exogenous BV. Nevertheless,
its reversibility allowed the spatiotemporal localization of
several protein—protein interactions in yeast and mamma-
lian cells (Figure 21).

Near-infrared fluorescent proteins in
advanced imaging technologies

NIR FPs enable multiple 7z vive imaging modalities,
from simple techniques suitable for high throughput
workflow to advanced methods of 3D reconstruction,
sub-millimeter spatial resolution and precise data quan-
tification.

Planar fluorescence imaging is the most widely used
method for NIR FP visualization, because it is technically
simple and inexpensive (Figure 3a,b). Major limitation of
this technique is that the surface-measured fluorescence
cannot be unambiguously assigned to 3D distribution of
fluorescent objects inside the specimen.

Unlike planar imaging, a tomography technique can
retrieve 3D imaging data. In fluorescence molecular
tomography (FMT), a wide-field illumination is replaced
with sequential scans of focal light sources [43,44].
Through imaging of multiple source-detector pairs and

application of a model of light propagation in the tissue, a
3D image can be reconstructed. Current platforms for
planar imaging can also perform fluorescence diffuse
tomography by acquiring several images with scanning
excitation source in a trans-illumination mode with sub-
sequent reconstruction (Figure 3c,d). Although less pre-
cise than specialized systems, diffuse tomography
allowed 3D localization of a tumor and a liver labeled
with distinct iRFPs [13°°].

For better spatial resolution, an acquisition of multiple
2D projections is required. This can be achieved by using
either the multiple source-detector pairs, a scanning
excitation source or a rotary gantry-based system [31°]
(Figure 3e). Furthermore, a combination of fluorescence
tomography with anatomical imaging modalities, such as a
magnetic resonance imaging (MRI) and an X-ray com-
puted tomography (XC'T), provides additional informa-
tion. Anatomical data obtained in XC'T' can be used for
more precise image reconstitution by accounting for
tissue interfaces and for absorption and scattering prop-
erties within each tissue type. Using iRFP713, tomo-
graphic imaging of an orthotopic prostate cancer was
demonstrated (Figure 3f). The fluorescence signal has
been co-registered with a positron emission tomography
(PET) and XCT [31°]. Moreover, a brain glioma tumor
expressing iIRFP713 was reconstructed using a hybrid
FMT-XCT imaging (Figure 3g) [45°].

Measurement of parameters other than fluorescence in-
tensity, such as fluorescence lifetime or absorption,
provides additional data for image reconstruction. Fluo-
rescence lifetime imaging using time-domain (TD)
detection allows signal separation from tissue autofluores-
cence on the basis of the characteristic fluorescence life-
times. The TD setup requires ~10~"'=107'" s pulses for

(Figure 2 Legend Continued) myocardial infarction. The fluorescence images are overlaid with the X-ray images Adapted from [37]. Copyright
2014 (available under a Creative Commons Attribution license). (c) Advanced NIR FPs are non-cytotoxic and well expressed in all tissues. The
image shows newborn iRFP713-transgenic mice and wild-type non-fluorescent littermates. Adapted from [38°]. Copyright 2014 by the Japanese
Association for Laboratory Animal Science. (d) Microscopy image showing that iRFP713 is ubiquitously expressed in the primary culture of mouse
hippocampal neurons infected with iRFP713-encoded lentivirus. (e) Two-color image of a mammary gland tumor derived from iRFP670-labeled
MTLnN3 cells and a liver expressing iRFP713 after infection with iRFP713-encoding adenovirus (left mouse). Two-color image of two MTLn3 tumors,
one expressing iRFP670 and another iRFP720 (right mouse). Two-color epifluorescence microscopy of Hela cells transiently co-expressing
iRFP670 and iRFP720 targeted to nucleus and mitochondria. The fluorescence signals in all images are presented in pseudocolors. Adapted from
[13°°]. (f) Multicolor in vivo imaging of five types of MTLn3-derived tumors expressing different iRFPs in mice (left). The 19 images in different
spectral channels were obtained and used for linear spectral unmixing. Multicolor imaging of MTLn3 cells expressing iRFP670, iRFP682, iRFP702
and iRFP720 obtained using confocal microscopy with spectral detection and subsequent linear unmixing (right). The fluorescence signals in all
images are presented in pseudocolors. Adapted from [13°°]. (g) Photoactivatable NIR FPs allow to increase imaging sensitivity. The contrast
enhancement is achieved by acquiring two images: before (left) and after (middle) photoactivation. By subtracting the former image from the latter
one the contribution from autofluorescence is largely decreased (right). The tumors were derived from PAIRFP1-expressing MTLn3 cells. Adapted
from [19]. (h) Schematics of the rapamycin induced interaction of FKBP and FRB proteins studied with iSplit reporter (left). Without rapamycin,
non-interacting fusion proteins do not cause complementation of a NIR FP. After addition of rapamycin, FKBP and FRB interact with each other
and bring the fused PAS and GAF domains in a close proximity required for reconstitution of NIR fluorescence. GAFm denotes a mutated version
of the GAF domain from iRFP713 optimized for the complementation in the iSplit reporter. In vivo imaging of rapamycin-induced protein—protein
interaction in MTIn3-based tumor co-expressing PAS-FRB and FKBP-GAFm fusion proteins (right). Adapted from [20°]. (i) Schematics of cAMP-
induced dissociation of two protein kinase A (PKA) subunits studied with IFP PCA reporter (left). Initially reconstituted IFP PCA is fluorescent,
because the PAS and GAF domains are fused to interacting catalytic subunit a and regulatory subunit 1I8. Signaling from B,-adrenergic receptor
induces an increase in cAMP concentration and dissociation of two subunits of PKA, which can be detected by a decrease in NIR fluorescence.
Microscopy images of U20S cells co-expressing two constructs are shown before and after activation of B,-adrenergic receptor causing cAMP
increase (right). Adapted from [21], with permission from Nature Publishing Group.
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Figure 3
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Current Opinion in Chemical Biology

Detection of NIR FPs using different in vivo imaging techniques. (a) Schematics of planar fluorescence imaging setup that involves wide-field
excitation and detection of emission light from a specimen. (b) Visualization of metastasis in mice as an example of planar fluorescence imaging.
The metastasis in lymphatic channels (indicated by arrows) originate from a mammary gland tumor (covered) formed after implantation of
iRFP713-labeled MDA-MB-231 cells. (Courtesy of E.M. Sevick-Muraca, University of Texas, TX). (c) Schematics of fluorescence diffuse
tomography setup. The scanning light source in transillumination mode allows to obtain a series of 2D images used for reconstruction. (d) 3D two-
color visualization of a tumor derived from iRFP670-labeled MTLn3 cells and a liver expressing iRFP713. Adapted from [13°°]. (e) Schematics of a
fluorescence tomography combined with X-ray computed tomography (XCT). Acquisition of multiple 2D projections is possible by using either
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detection of fluorescence decay (Figure 3h). The rejection
of tissue autofluorescence substantially increases the de-
tection sensitivity. This approach allowed visualization of
~5 x 10* iRFP720-labeled cancer cells in mouse lungs
[46°]. Tomographic implementation of fluorescence life-
time detection, such as asymptotic fluorescence lifetime
tomography-XC'T imaging, uses anatomical information
obtained in XCT for better reconstruction. Using fluores-
cence lifetime tomography, the 3D distribution of
iRFP720-labeled cells in deep-seated organs, such as lungs
and brain, was demonstrated (Figure 3i) [46°].

The main reason for a limited spatial resolution of NIR
fluorescence imaging is the tissue light scattering. Photo-
acoustic tomography allows a submillimeter resolution
at depths of several millimeters inside tissue [47]. In
photoacoustic imaging, a specimen is illuminated with
~10°-10" Hz pulsed laser. The thermoelastically in-
duced ultrasonic waves resulted from light absorption
by spatially localized chromophores are detected
(Figure 3j). The higher spatial resolution results from
much lower scattering of ultrasonic waves in tissue. In
addition to labeled cells, photoacoustic tomography
allows detection of endogenous absorbing biomolecules,
such as hemoglobin in blood. The usage of NIR FPs of
the iRFP series as efficient photoacoustic probes was
demonstrated in several studies [45°,48°,49,50] including
photoacoustic tomography of mammary gland tumor with
surrounding blood vessels (Figure 3k) [48°].

Several in vivo imaging modalities were recently com-
pared side by side [45°]. The deep-seated glioma tumor
was detected using the planar epi-illumination and trans-
illumination setups, a hybrid FMT-XCT system and a
photoacoustic tomography, such as multispectral optoa-
coustic tomography (MSO'T’). The expressed iRFP713
allowed to visualize the tumor using all methods, howev-
er, with different resolution. Planar fluorescence imaging
provided the lowest resolution that largely depended on
the depth of the tumor, FMT-XCT resulted in ~1 mm

resolution and MSO'T achieved ~0.1 mm resolution with
the comparable sensitivity (Figure 11) [45°].

Conclusions

NIR FPs engineered from bacterial phytochromes have a
great potential as the genetically encoded probes for non-
invasive /7 vivo imaging in biological and pre-clinical
studies. Molecular engineering of future brighter NIR
FPs, which do not require exogenous supply of BV
chromophore, together with the ongoing developments
in optical imaging technologies will advance basic and
translational studies utilizing small animals. Furthermore,
a design of truly monomeric NIR FPs, which effectively
and specifically incorporate intracellular BV, should allow
tagging of protein molecules for visualization of their
behavior at the tissue and whole-body levels. Important-
ly, multicolor monomeric NIR FPs fused to specific
protein domains will be utilized as reporters and biosen-
sors of biological processes i vivo.
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