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Abstract. Bacteriophytochrome infrared fluorescent protein (IFP) has a long emission wavelength that is appropriate
for detecting pathophysiological effects via near-infrared (NIR) based imaging. However, the brightness and photo-
stability of IFP are suboptimal, although an exogenous supply of biliverdin (BV) [Xa is able to enhance these proper-
ties. In this study, we fused a far red mPlum fluorescent protein to IFP 1.4 via a linker deoxyribonucleic acid (DNA)
sequence encoding eight amino acids. The brightness of mPlum-IFP 1.4 fusion protein at the IFP emission channel
was comparable to that of native IFP 1.4 protein when fusion protein and IFP 1.4 were excited by 543 and 633 nm
using confocal microscopy, respectively. Visualization of IFP 1.4 fluorescence by excitation of mPlum in mPlum-
IFP 1.4 fusion protein is likely to be associated with Forster resonance energy transfer (FRET). The FRET phenome-
non was also predicted by acceptor photobleaching using confocal microscopy. Furthermore, the expression of
mPlum-IFP 1.4 fusion protein could be detected in cell culture and in xenograft tumors in the absence of BV using in
vivo imaging system, although the BV was still essential for detecting native IFP 1.4. Therefore, this innovative-
fluorescent fusion protein would be useful for NIR-based imaging in vitro and in vivo. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.12.126013]
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1 Introduction

Fluorescent protein imaging is useful for the in vitro and in vivo
detection of biological events. Although transduction of fluores-
cent proteins into cultured cells can be easily visualized using
fluorescent microscopy, it is not easy to detect these proteins in
animals because the emitted fluorescence below 600 nm is usu-
ally absorbed by hemoglobin, skin melanin, body fluids, and
lipids as well as being diminished by light-scattering.'” To
enhance light penetration through deep tissues, it has been pro-
posed that the optimal wavelength of emitted light involved
should be between 650 and 900 nm.® This wavelength range
corresponds to the near-infrared (NIR) window, and it can be
approached using various different types of biomaterials, includ-
ing nanoparticles, quantum dots, organic dyes, and modified
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red-shifted fluorescent proteins.*® Among these approaches,
fluorescent proteins are ideal for optical imaging of living
cells because gene transcription and translation will not occur
in dead cells.!” In vivo imaging of living cells is important
for monitoring tumor growth kinetics as well as the effect of
a therapy on tumors.'' Use of NIR emitted fluorescent proteins
would help the analysis of cell viability or survival in deep tis-
sues, including tumors or normal organs.

Currently, infrared fluorescent protein (IFP) 1.4 and near-
infrared fluorescent protein (iRFP) are the two fluorescent pro-
teins with apparent NIR characteristics, because both of their
emission wavelengths are longer than 700 nm.'*!* The excita-
tion/emission peaks of IFP 1.4 and iRFP are 684 /708 nm and
690/713 nm, respectively. Both IFP 1.4 (DrBphP) and iRFP
(RpBphP2) belong to bacteriophytochromes. The IFP 1.4 was
modified from the bacteriophytochrome of radioresistant bacte-
rium Deinococcus radiodurans," and iRFP was modified from
the bacteriophytochrome of the photosynthetic bacterium
Rhodopseudomonas palustri.'> The optical characteristics of
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these bactriophytochromes, including excitation/emission wave-
length, photostability, and brightness can be improved by site-
directed mutagenesis and random mutagenesis.'*'® However,
it has been challenged that the photostability and effective bright-
ness of [FP 1.4 are suboptimal and exogenous addition of cofactor
biliverdin (BV) IXa is required for enhancing the fluorescent sig-
nal in vitro and in vivo.'? The BV is a metabolic product of heme
by heme-oxygenase 1 (HO-1), and is known for the pigment of
bruises under the skin, and it interacts with phytochromes cova-
lently as a chromophore in eukaryotes.'”'® Compared to IFP 1.4,
iRFP has been reported to exhibit higher brightness in mamma-
lian cells and animal tissues, and exogenous supplement of the
BV is not required.>'>!° Nevertheless, whether IFP 1.4 itself can
be modified to improve its brightness without the necessity of
additional factor is of interest to further investigate.

Forster resonance energy transfer (FRET) is a distance-
dependent, nonradiative transfer of energy between a donor
fluorophore and an acceptor one. The excitation of the donor flu-
orophore will form an oscillating dipole that transfers energy to
the acceptor fluorophore, which then undergoes fluorescent emis-
sion.?” For instance, cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) are usually used for the detection of
molecular interactions, such as protein-protein interaction, gene
transcription regulation, and histone modification in cells by the
FRET.>'2* However, the excitation and emission wavelengths of
these two fluorescent proteins are relatively short (ex/em of the
CFP: 436/488 nm; ex/em of the YFP: 516/529 nm), so that
detection of molecular events using CFP/YFP-based FRET would
not be applicable in deep animal tissues. In this context, whether
fluorescent proteins with excitation and emission wavelengths at
NIR range can exhibit FRET associated properties are of significant
scientific interest because they may be useful for in vivo imaging.

In this study, we fused a far red mPlum fluorescent protein to
an IFP 1.4 protein with the expectation that this modification
would change the optical property of the IFP 1.4 protein.
The mPlum-IFP 1.4 fusion protein could emit IFP 1.4 fluores-
cent signals using excitation wavelength of mPlum in both cul-
tured cells and xenograft tumors without the requirement of the
exogenous supply of the BV, but native IFP 1.4 could only be
detected in the presence of the BV. Because the emission spec-
trum of the mPlum fluorescent protein closely overlaps the exci-
tation spectrum of the IFP 1.4 protein, excitation of mPlum
protein may give rise to potent FRET properties to detect fluo-
rescent emission of the IFP 1.4 in this fusion protein. Therefore,
the current results suggest that this novel fusion protein is likely
to be useful for the investigation of pathophysiological events in
vivo by NIR-based fluorescent protein imaging.

2 Materials and Methods

2.1 Plasmids and Construct the mPlum-IFP1.4 Fusion
Protein

The pcDNA3-IFP1.4-IRES-GFP construct was kindly provided
by Dr. Roger Y. Tsien, University of California, San Diego. The
pmPlum vector was purchased from Clontech Laboratories Inc.
(Clontech Laboratories Inc., Mountain View, California) and the
embedded mPlum gene was amplified from this vector using a
polymerase chain reaction (PCR). The sequence of forward
primer was 5'-GACCATGATTACGCCAAGCTTGCATGCCTG-
CAGGTCGACTC-3'. Three reversal primers containing differ-
ent lengths of linkers were used, namely 5-CCCAAGCTTG-
GCGCCGGTGGAGTG-3' (linker #1), 5'-CCCAAGCTTCTCG-
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AGCTGGCGGCGCCGGTGGAGTGG-3"  (linker #2), and
5'-CCCAAGCTTGCCTCCACACTCTCCGAGAGCGGTACAA
CACTCTCCGAGAGCGGTACAACACTCTCCGAGAGCGGTA
AGCTICTCGAGCCAGCGGCGCCGGTGGAGTGG-3' (linker
#3). The amplified mPlum fragments with different lengths of
linkers were then digested with Hind III and separately ligated
upstream of the IFP 1.4 DNA sequence in the pcDNA3-IFP1 .4-
IRES-GFP construct. The obtained construct was confirmed as
containing the appropriate mPlum-IFP 1.4 fusion fragment
with in-frame structure using DNA sequencing analysis.

2.2 Cell Culture and Transfection

SV40 large T-antigen transformed human embryonic kidney 293
cells (293T) were purchased from Bioresource Collection and
Research Center in Taiwan (BCRC, Hsinchu, Taiwan). The
cells were cultured in Dulbecco’s Modified Eagle Medium and
supplemented with 10% fetal bovine serum, 200-mM glutamine,
100 U/mL of penicillin, and 100 ug/mL of streptomycin
(Invitrogen Inc. Carlsbad, California). The culture was maintained
at 37°C in a humid incubator with 5% CO, and passaged every
two days. For DNA transfection, 1 x 10° cells were seeded into a
10 cm? plate overnight. The established mPlum-IFP 1.4 fusion
protein construct or other plasmids were then transfected into
the cells according to the manufacturer’s instructions (JetPEI™
transfection agent, Polyplus-transfection SA., Illkirch, France).

2.3 Western Blot Analysis

After transfection, protein extraction and the Western blot analy-
sis were performed as reported previously.?> The primary antibod-
ies used in this study included anti-green fluorescent protein
(GFP) antibody (GeneTex Inc., San Antonio, Texas), anti-
DsRed antibody (Clontech, Takara Bio Inc., Shiga, Japan), and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) anti-
body (Sigma-Aldrich Co., St. Louis, Missouri). The secondary
antibodies used in this study included anti-mouse and anti-rabbit
antibodies (EMD Millipore Co., Billerica, Massachusetts).

2.4 Reverse Transcription-PCR

Total ribonucleic acid (RNA) was extracted using the TRIzol
reagent (Life Technologies Inc., Carlsbad, California) according
to manufacturer’s instruction. Two ug total RNA was reversely
transcribed into cDNA by SuperScript III reverse transcriptase
(Life Technologies Inc., Carlsbad, California) with random hex-
amer. The platinum taq DNA polymerase (Life Technologies
Inc., Carlsbad, California) was used for amplifying 190 base
pair and 96 base pair of IFP1.4 and f-actin DNA fragments
by MyCycler thermo-cycler (Bio-Rad Laboratories Inc.,
Hercules, California), respectively. The primer sets used for
amplification of IFP1.4 was forward: 5'-GAATATGGGAGTG
GGCTCCTCCCTG-3, reversal: 5'-TCATTTATACAGCTCGTC
CATTCCG-3'. The primer sets used for f-actin was forward: 5'-
GGAAATCGTG CGTGACATTAAG-3', and reversal: 5'-GGCC
ATCTCTTGCTCGAAGT-3'.

2.5 Confocal Fluorescent Microscopy and FRET
Analysis

For cell imaging, 293T cells that have been transfected with
fluorescent protein expressing plasmids were fixed with 4% par-
aformaldehyde for 10 min on coverslips, rinsed, and mounted
using a mounting medium. The cell imaging was visualized and
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obtained using a laser confocal microscope containing a charge-
coupled device camera (FV1000, Olympus Corporation, Tokyo,
Japan). For the FRET analysis, images of single 293T cells were
acquired at 100x magnification by exciting at 488, 543, and
633 nm to confirm the original expression of GFP, mPlum,
and IFP1.4, respectively, prior to acceptor photobleaching.
Subsequently, the 488- and 543-nm channels were shut off and
the intensity of the 633-nm channel was switched to 100% in
order to photobleach the acceptor (IFP 1.4) in mPlum-IFP
1.4 fusion protein. Twenty-five times of pulsed light excitation
was delivered to the slide to achieve the photobleaching. Cell
images were then acquired using the 488-, 543-, and 633-nm
channels after photobleaching. The FRET properties were then
analyzed using the acceptor photobleaching method and a
Forster critical distance for common resonance energy transfer
donor-acceptor pairs in the analytical software that accompanied
the Olympus FV1000 microscope was chosen.

2.6 Animals

BALB/cAnN.Cg — Foxn1™ /CrINarl mice (N = 12 total) were
purchased from National Laboratory Animal Center and housed
in the animal maintenance room of department of biomedical
imaging and radiological sciences, National Yang-Ming
University. The animal study was approved (No. 1000616)
by Institutional Animal Care and Use Committee (IACUC)
of National Yang-Ming University, Taipei, Taiwan.

2.7 In Vivo Fluorescent Imaging

An in vivo imaging system (IVIS) 50 optical imaging system
(PerkinElmer Inc., Walthem, Massachusetts) was used for the
macroscopic detection of the fluorescent intensity of mPlum-
IFP 1.4 fusion protein in vivo. Transfected cells after trypsinization
were either aliquot in 96-well plates, or subcutaneously implanted
into nude mice. Plates were directly placed on the stage of IVIS 50
system, but those implanted animals were imaged 7 days after the
inoculation. The BV was dissolved in dimethyl sulfoxide as a 25-
mM stock solution. This solution was then added to cells or intra-
venously injected into animals after dilution.'?

2.8 Statistical Analysis

Data obtained from independent experiments were analyzed
using the Student’s t-test in order to determine whether there
were any significant differences between the control groups
and the independent experimental groups. The statistical results
were calculated using GraphPad Prism software version 3.0
(Graphpad software Inc., La Jolla, California).

3  Results

3.1 Establishment of the NIR-based mPlum-IFP 1.4
Fusion Protein

At first, we attempted to fuse a far red fluorescent mPlum pro-
tein to IFP 1.4 by ligating the gene fragments of these two pro-
teins. Three DNA linkers (#1, #2, and #3) with different lengths
were designed based on sequence information of the 3’ end of
the mPlum gene. These linkers were separately used to amplify
mPlum gene from the pmPlum vector by combining with another
primer corresponding to 5’ end of mPlum gene (see Sec. 2). The
PCR products were then separately ligated to IFP 1.4 gene in
pcDNA3-IFP1.4-IRES-GFP plasmid. However, an mPlum-IFP
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1.4 fusion construct was only successfully obtained using linker
#2. The map of pcDNA3-mPlum-IFP1.4-IRES-GFP plasmid
harboring mPlum-IFP1.4 fusion sequence was illustrated
[Fig. 1(a)]. This plasmid was subjected to DNA sequencing
analysis using a primer that was designed from the cytomega-
lovirus promoter to demonstrate the anticipated in-frame nucleo-
tide linkage of these two proteins [Fig. 1(b)]. The encoded
amino acid sequence corresponding to the DNA sequence
encompassing the linker sequence was also presented [Fig. 1(b)].
This fusion construct also contained a GFP expressive cassette
driven by an internal ribosomal entry site (IRES) to function as
an internal control.

3.2 Comparison of Fluorescent Intensity between
IFP 1.4 and the NIR-based mPlum-IFP 1.4 Fusion
Protein

The established mPlum-IFP 1.4 fusion protein construct was
then transfected into 293T cells and visualized using a fluores-
cent microscope. The pcDNA3-IFP1.4-IRES-GFP plasmid that
expressed native IFP 1.4 and pmPlum vector that expressed
mPlum were used for comparison. Transfected cells were visu-
alized using the IFP channel of confocal microscopy at an exci-
tation wavelength of 543 or 633 nm. The results showed that the
brightness of mPlum-IFP 1.4 fusion protein was stronger than
that of IFP 1.4 at 543-nm excitation channel [Fig. 2(a), D and
H], while the brightness of both proteins were comparable at
633-nm excitation channel [Fig. 2(a), B and F]. Individually
expressed mPlum and IFP 1.4 were also examined using exci-
tation wavelengths at 543 and 633 nm for comparison with the
fusion protein, respectively [Fig. 2(a), B-D and I-K]. Minor IFP
signals were captured in mPlum expressing cells by 543- and
633-nm laser excitation, suggesting that mPlum may have par-
tially bleed through in the infrared emission channel [Fig. 2(a), I

(a) o CMV promoter

mPlum (521..1198)

IFP1.4 (1223..2185)

pUC origin
mPlum-FP1.4
8571 bp

IRES (2216..2796)

GFP (2803..3519)

(b) linker

mPlum Linker IFP 1.4

5’- CACTCCACCGGCGCCCGCCAGCTCGAGAAGCTTGCCACCATGGCTCGG-3’

HS T G AR QL E KLATMAR

Fig. 1 Design of the mPlum-infrared fluorescent protein (IFP) 1.4 fusion
gene construct. (a) A schematic representation of the mPlum-IFP 1.4
fusion construct. (b) In-frame structure of the mPlum-IFP 1.4 fusion pro-
tein demonstrated by the encoded amino acids of the fusion protein’s
sequence.
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Fig. 2 Visualization of IFP 1.4 signals from the mPlum-IFP 1.4 fusion protein exposed to the mPlum excitation channel. (a) 293T cells expressing
mPlum-IFP 1.4 (middle panel) fusion protein exhibited stronger signals than similar cells expressing IFP 1.4 (upper panel) after they were exposed
to the 543-nm laser and detected using the IFP emission channel (680 to 740 nm). Co-expressed GFP was detected by 488-nm excitation. Panel A-D:
IFP 1.4 transfected cells; panel E-H: mPlum-IFP 1,4 fusion construct transfected cells; panel I-L: mPlum transfected cells; ch: channel. (b) The Western
blot analysis for co-expressed GFP in IFP1.4 and mPlum-IFP1.4 fusion protein. Glyceraldehyde 3-phosphate dehydrogenase was used as an internal
control. (c) Semi-quantification of the brightness in [FP 1.4 or the mPlum-IFP 1.4 fusion protein normalized against GFP. ***: p < 0.005. (d) The reverse
transcription-polymerase chain reaction (RT-PCR) for comparing the mRNA level of IFP 1.4 and mPlum-IFP 1.4 genes that were transfected to cells. The

target of the RT-PCR was an IFP 1.4 DNA fragment with a 190 bp length. g-actin (96 bp) was used as an internal control.

and K]. Additionally, co-expressed GFP was only detected in
cells expressing native IFP 1.4 and mPlum-IFP 1.4 fusion pro-
tein, but not in cells expressing mPlum because the pmPlum
vector did not contain the GFP expressive cassette [Fig. 2(a),
A, E and H]. The Western blot analysis also demonstrated
that the protein levels of co-expressed GFP in IFP 1.4 and
mPlum-IFP 1.4 transfected cells were similar [Fig. 2(b)]. By
normalization of co-expressed GFP, the fluorescent intensities
of the mPlum-IFP 1.4 fusion protein was stronger than that
of IFP 1.4 in transfected cells at their optimal excitation wave-
length, namely 543 nm for fusion protein and 633 nm for IFP
1.4 protein [Fig. 2(c)]. To examine whether the different bright-
ness is possibly due to different gene expressive level, we used
the reverse transcription (RT)-PCR to determine the mRNA
expression of IFP 1.4 gene and mPlum-IFP 1.4 in transfected
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cells. The primer set was designed to amplify a 190-bp DNA
fragment from IFP 1.4 cDNA after cells were separately trans-
fected with native IFP 1.4 plasmid or mPlum-IFP 1.4 plasmid
(see Sec. 2). The result showed that no significant gene expres-
sive difference was detected between IFP 1.4 and mPlum-IFP
1.4 [Fig. 2(d)]. Whether the stronger brightness of mPlum-
IFP 1.4 fusion protein than that of IFP 1.4 is related to higher
protein level would be of interest to further investigate.

3.3 Exhibition of FRET Related Properties in the
mPlum-IFP 1.4 Fusion Protein

The excitation and emission spectra of mPlum and IFP 1.4 fluo-
rescent proteins reveal that the emission peak (648 nm) of the
mPlum donor closely overlaps the excitation peak (684 nm) of
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the IFP 1.4 acceptor [Fig. 3(a)]. This optical property obeys one
of the FRET principles between donor and acceptor fluoro-
phores.”*** Based on this fact, we investigated whether the
increased fluorescent intensity of the mPlum-IFP 1.4 fusion pro-
tein shown above was associated with a FRET phenomenon.
First, photobleaching of the IFP 1.4 acceptor showed that the
fluorescent intensity of mPlum donor in the fusion protein
was increased, and this is an important optical characteristic

@ o
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ool > 7", s .
400 500 600 700 800
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(b)  IFP1.4 (Acceptor) mPlum (Donor)

of the FRET [Fig. 3(b)]. Increase of mPlum donor fluorescent
intensity of the fusion protein after photobleaching was also
quantified, and the results were compared to cells co-transfected
with separate mPlum plasmid and IFP 1.4 plasmid [Fig. 3(c)].
According to the mathematic relationship between the FRET
efficiency (E) and distance (d) (E is inversely proportional to
the sixth power of d), we also estimated the FRET efficiency
and distance in a series of single cells [Fig. 3(d)]. The FRET
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Fig. 3 The Forster resonance energy transfer (FRET)-like properties of the mPlum-IFP 1.4 fusion protein. (a) The excitation and emission spectra of
mPlum and IFP 1.4. (b) Detection of the brightness of mPlum donor after photobleaching of IFP 1.4 acceptor in the mPlum-IFP 1.4 fusion protein using
confocal microscopy. (c) Quantification of fluorescent intensity of the mPlum donor before and after photobleaching of the acceptor in the mPlum-IFP
1.4 fusion protein and separately expressed mPlum and IFP 1.4 plasmids (mPlum + IFP). (d) Analysis of the distance between the donor and acceptor in
relation to FRET efficiency in single cells. A higher FRET efficiency corresponds to a shorter distance between donor and acceptor. The color bars were
shown on the upper-left of each picture. (e) Quantification of FRET efficiency and donor/acceptor distance in cells expressing mPlum-IFP 1.4 fusion
protein or co-transfected mPlum and IFP 1.4 constructs (mPlum+IFP). *: p < 0.05.
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efficiency of the mPlum-IFP1.4 fusion protein was calculated by
the correspondance to the B-Phycoerythrin-Cy5 pair, in which
the Forster distance (R() was designated by 7.2 nm. The FRET
efficiency and donor/acceptor distance of mPlum-IFP 1.4 fusion
protein were quantified and compared to individually expressed
mPlum and IFP 1.4 in cells [Fig. 3(e). Therefore, the current
findings suggest that excitation of mPlum using 543 nm caused
emission of IFP fluorescence in mPlum-IFP 1.4 fusion protein
[Fig. 2(a)] and is likely to be associated with potent FRET
mechanism.

3.4 Effects of BV on Fluorescent Intensity of the
mPlum-IFP 1.4 Fusion Protein

The BV is known to increase the fluorescent intensity of IFP 1.4
in vitro and in vivo. Using the IVIS 50 system, we showed that
exogenous addition of the BV to IFP 1.4 transfected 293T cells
exhibited a dose-dependent increase in photon flux via the

(a) 293T/IFP 1.4

p

Ex: 615—665nm/ Em: 695—770nm

(b) Ex: 580-610nm /
DMSO BV

Em: 695—770nm

Cy5.5 channel (ex/em: 615 to 665 nm/695 to 770 nm)
[Fig. 4(a)]. To investigate whether the fluorescent intensity of
the mPlum-IFP 1.4 fusion protein was also enhanced by the
BV, the IVIS 50 system was again used to detect the photon
flux in fusion protein expressing 293T cells in the presence
of the BV or solvent only. Interestingly, the results showed
that at 580- to 610-nm excitation wavelengths, the mPlum-
IFP 1.4 transfected cells exhibited significant fluorescent signals
without BV, although the signals were slightly enhanced by add-
ing the BV [Fig. 4(b)]. On the contrary, the fluorescent signals of
native IFP 1.4 could not be detected using the same excitation
wavelength range with or without BV. However, the BV did sig-
nificantly enhance the fluorescent signals of native IFP 1.4 at a
615- to 665-nm excitation range, but, by way of contrast, this
did not occur with mPlum-IFP 1.4 fusion protein [Fig. 4(b)].
Quantification of the optical signals further showed that
mPlum-IFP 1.4 fusion protein could provide an apparent fluo-
rescent signal by 580- to 10-nm excitation, but that was not
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Fig. 4 Effects of biliverdin (BV) on mPlum-IFP 1.4 fusion protein. (a) A dose dependent experiment demonstrated that BV increased the brightness of IFP
1.4 expressed in 293T cells detected using the in vivo imaging system (IVIS) 50 system (ex: 580 to 610 nm; em: 695 to 770 nm). Photon flux was
quantified and compared across different concentrations of BV. **: p < 0.01 and ***: p < 0.005. (b) Comparison of the brightness of cells transfected
with IFP 1.4, mPlum, and mPlum-IFP 1.4 fusion construct and exposed to the excitation wavelength at DsRed channel (ex: 580 to 610 nm) or Cy5.5
channel (615 to 665 nm) with and without BV (25 uM). (c) Quantification of photon flux in (b). *: p <0.05.
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significantly improved by adding the BV [Fig. 4(c)]. Therefore,
exogenous addition of the BV would not be required to visualize
or enhance fluorescent emission of mPlum-IFP 1.4 fusion pro-
tein in cultured cells.

3.5 Noninvasive Imaging of mPlum-IFP 1.4 Fusion
Protein Expression in Xenograft Tumors Using
Small Animals

Next, the fluorescent imaging was used to investigate whether
the expression of mPlum-IFP 1.4 fusion protein is detectable in
vivo. The nude mice were subcutaneously implanted with
tumorigenic 293T cells transfected with the mPlum-IFP 1.4
fusion construct, or co-transfected with the IFP 1.4 and the
mPlum constructs. These mice were then subjected to the IVIS
system. The results showed that cells expressing the mPlum-IFP
1.4 fusion protein construct could be detected in implanted small
animals when excited using the DsRed (ex: 580 to 610 nm)
channel but not using the Cy5.5 (ex 615 to 665 nm) channel
[Fig. 5(a)]. Additionally, intravenous injection of the BV did
not enhance the fluorescent signals of the mPlum-IFP 1.4 fusion
protein. On the contrary, the fluorescent signals emitted from
native IFP 1.4 was only detected using the Cy5.5 channel in
the presence of the BV [Fig. 5(a)]. The fluorescent intensity
was also semi-quantified by selected regions of interests, and
no significant difference was detected in fusion proteins with
or without BV injection, compared to IFP 1.4 alone [Fig. 5(b)].
Therefore, the mPlum-IFP 1.4 fusion protein would be useful
for the in vivo fluorescent imaging without the need for an
extra injection of the BV to enhance the signals.

(a) Ex: 580—610 nm/Em: 695—770 nm
Control DMSO BV

—
(=2
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4 Discussion

Generation of the NIR materials for noninvasive in vivo imaging
is an active research area at the moment because it is important
for detection of molecular and pathophysiological events that
occur in deep tissues of animals. Development of fluorescent
reporter genes would be important for detecting cell viability
and survival because gene expression is only found in living
cells.'” Fusion of the NIR-based fluorescent protein genes to tis-
sue specific gene promoters also allows the investigation of a
variety of biological responses stimulated by environmental
changes.

It is believed that in vivo optical imaging of deep tissue is best
performed between 650 and 900 nm, and it has been suggested
the tissue absorption coefficient is similar across all of this
range.” However, the lowest absorption coefficient in vivo
falls between 700 and 750 nm.? Therefore, it seems unnecessary
that the emission wavelength should be longer than 750 nm to
enhance the light penetration efficiency of a fluorescent protein.
The longest emission wavelengths of known fluorescent pro-
teins expressed in mammalian cells are mainly around
710 nm. Therefore, they should be ideal for the imaging of
deep tissues.'>!* However, the brightness and photostability
of NIR fluorescent proteins remains to be improved in order
to provide better optical imaging in vivo.

Site-directed mutagenesis and random mutagenesis can be
used to improve the optical properties of original bacteriophy-
tochromes, namely their brightness and photostability. However,
the experimental procedures are complex and time consuming,
and it is difficult to predict which mutation(s) will provide the
greatest improvements in NIR properties.'”'*!® Here, we
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plseciem2/sr
Color Bar

Vi = 1,498
Max = 1,605

20
% ——w/o BV
< — ith BV
£ 15 T
S<
o 9
] £ 10r
S
E
=
0 5F
wn
=
o

0
FP FP IFP1.4 IFP1.4

Ex:580—610nm/
Em:695—770nm

Ex:615—665nm/
Em:695—770nm

Fig. 5 Imaging of mPlum-IFP 1.4 fusion protein expression in a xenograft tumor model. (a) Imaging of the tumor-bearing nude mice with and without
BV individual excitation at DsRed channel or Cy5.5 channel (ex: 580 to 610 nm and 615 to 665 nm), and collected using the same Cy5.5 channel (em:
695 to 770 nm) via the IVIS 50 system. For each nude mouse, IFP 1.4 transfected 293T cells were subcutaneously implanted in the left thigh, and
mPlum-IFP 1.4 fusion protein construct transfected cells were implanted in the right thigh. Control is the nude mouse without injection of cells. The
regions of interests (ROIs) were indicated by circles. (b) Semi-quantification of the fluorescent signals by selecting ROIs in different conditions with
duplicated experiments. *: p < 0.001. FP: mPlum-IFP 1.4 fusion protein.
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constructed an in-frame fusion protein between mPlum fluores-
cent protein and IFP 1.4, and showed that significant fluores-
cence of IFP 1.4 was detectable via mPlum excitation
channel but not via Cy5.5 channel compared to IFP 1.4 expres-
sion alone. Moreover, the BV was found to be dispensable under
these conditions, and this is similar to previously reported
iRFP.!? This approach avoids complex procedures to obtain a
genetically modified fluorescent protein for NIR-based imaging
in vitro and in vivo. However, the excitation wavelength of the
fusion protein was reduced to ~590 to 610 nm, which results in
a weaker penetration ability of the excitation spectrum.
Nevertheless, this novel fusion protein should be useful for
in vivo fluorescent imaging using small animals because their
body thickness is also relatively small. Whether it can be use-
fully applied to large animals or human beings remain to be
investigated.

One of the primary conditions for the FRET is that the emis-
sion spectrum of the donor must overlap the excitation spectrum
of the acceptor.”® Among NIR-related fluorescent proteins, the
mPlum fluorescent protein (ex/em: 590/648 nm) and IFP 1.4
(ex/em: 684 /708 nm) pair appropriately matches this require-
ment. Indeed, we were able to show that the fusion protein
exhibited a FRET phenotype in transfected cells after photo-
bleaching of IFP 1.4 acceptor, which led to increase of fluores-
cent intensity of mPlum donor [Fig. 3(b)]. However, after
acceptor photobleaching using 25 times of pulsed light excita-
tion (633 nm), weak fluorescent signals of IFP 1.4 remained
detectable, suggesting that the acceptor photobleaching was
incomplete. Actually, the optimal wavelength for completely
photobleaching the acceptor of fusion protein should be
~684 nm, but this laser device for confocal microscopy was
not available in our area. Moreover, because cells were appa-
rently shrinking and dead when they were exposed to over 25
times of pulsed light excitation (data not shown), we could only
collect the data of 25 times of excitation, and that might cause a
substantial error in estimating the FRET efficiency.?” Because of
these limitations, whether the FRET is the primary mechanism
to render the mPlum-IFP 1.4 fusion protein displaying stronger
fluorescence than native IFP 1.4 using mPlum excitation wave-
length remains to be investigated. However, the occurrence of
the FRET may be still theoretically possible because the exci-
tation wavelength of mPlum donor is closely overlapped with
the emission wavelength of IFP 1.4 acceptor.?®

Our current data showed that the fluorescent signals of
mPlum-IFP 1.4 fusion protein are brighter than that of native
IFP 1.4 after excitation via the mPlum excitation channel
(580 to 610 nm) in vitro and in vivo. Interestingly, no fluorescent
signal can be detected with the fusion protein with or without
BV after excitation via the Cy5.5 channel (615 to 665 nm) using
the IVIS system. On the contrary, expression of IFP 1.4 alone
could be detected by adding BV [Fig. 4(b)]. It is completely
unknown why the BV was unable to enhance the fluorescence
of IFP 1.4 portion of mPlum-IFP 1.4 fusion protein. Because the
three-dimensional structure of mPlum-IFP 1.4 fusion protein
has not been analyzed, it is anticipated that the changes of opti-
cal characteristics of mPlum and IFP 1.4 in this fusion protein
can be better understood when the structure is resolved. We also
did not exclude that fluorescent signals collected at Cy5.5 chan-
nel were partially from thebmPlum portion of the fusion protein
because part of the mPlum emission spectrum overlaps with the
major IFP 1.4 emission spectrum over 700 nm [Fig. 3(a)].
Additionally, the excitation energy is used for detection of
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IFP 1.4 signal of mPlum-IFP 1.4 fusion protein may be higher
than that used for detection of native IFP 1.4 because of the
shorter wavelength.

We have not demonstrated that the protein levels are the same
in cells expressing either IFP 1.4 or mPlum-IFP 1.4 because no
anti-IFP 1.4 antibody is available currently. This concern is
important to confirm that increased brightness of mPlum-IFP
1.4 fusion protein detected in confocal microscopy is not simply
caused by higher protein level compared to IFP 1.4 alone. A flag
or 6x histidine tag can be attached to the fluorescent proteins
and detected by anti-flag or anti-6X histidine antibody for com-
parison in the future.

At present, the known FRET donor/acceptor pair with the
longest wavelengths is Cy3 (em: 566 nm) and Cy5 (ex:
649 nm).28 Therefore, the fluorescent interaction between
mPlum and IFP 1.4 at NIR range is very interesting as it will
allow an exploration of whether the FRET would authentically
occur at long wavelengths. Further investigations are required to
confirm that the FRET would occur at extremely long
wavelength.

5 Conclusion

The current data demonstrated that the fluorescent intensity of
mPlum-fused IFP 1.4 is comparable to native IFP 1.4 under their
own optimal excitation conditions. The fluorescent signals from
theb mPlum-IFP 1.4 fusion protein could be detected between
580- and 610-nm excitation using the IVIS system without the
exogenous supply of BV, but the BV is required for detection of
native IFP 1.4 in vitro and in vivo. Although the excitation wave-
length of mPlum-IFP 1.4 fusion protein is slightly shorter than
that of native IFP 1.4, it seems that the brightness of both pro-
teins is comparable. Use of mPlum-IFP 1.4 for in vivo imaging
may be more convenient and less complex than IFP 1.4 because
the step of BV injection can be omitted. Additionally, although
FRET may be potentially involved in visualization of IFP 1.4
fluorescence via excitation of mPlum in this fusion protein,
the underlying mechanisms remain to be addressed. To the
best of our knowledge, this is the first report showing that
mPlum-IFP 1.4 fusion protein could be detected in vitro and
in vivo for NIR-based optical imaging. This novel construct
would be ideal for imaging the pathophysiology in deeper tis-
sues of small animals and preclinical studies.
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