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ABSTRACT

Imaging of protein–protein and RNA–protein inter-
actions in vivo, especially in live animals, is still
challenging. Here we developed far-red mNeptune-
based bimolecular fluorescence complementation
(BiFC) and trimolecular fluorescence complementa-
tion (TriFC) systems with excitation and emission
above 600 nm in the ‘tissue optical window’ for imag-
ing of protein–protein and RNA–protein interactions
in live cells and mice. The far-red mNeptune BiFC was
first built by selecting appropriate split mNeptune
fragments, and then the mNeptune-TriFC system was
built based on the mNeptune-BiFC system. The newly
constructed mNeptune BiFC and TriFC systems were
verified as useful tools for imaging protein–protein
and mRNA–protein interactions, respectively, in live
cells and mice. We then used the new mNeptune-
TriFC system to investigate the interactions between
human polypyrimidine-tract-binding protein (PTB)
and HIV-1 mRNA elements as PTB may participate in
HIV mRNA processing in HIV activation from latency.
An interaction between PTB and the 3′long terminal
repeat region of HIV-1 mRNAs was found and imaged
in live cells and mice, implying a role for PTB in reg-
ulating HIV-1 mRNA processing. The study provides
new tools for in vivo imaging of RNA–protein and
protein–protein interactions, and adds new insight
into the mechanism of HIV-1 mRNA processing.

INTRODUCTION

RNA–protein and protein–protein interactions are funda-
mental biological processes. Molecular imaging in live sub-

jects is critical for understanding these interactions (1).
However, in vivo imaging of protein–protein interactions re-
mains a difficult task (2), and a method to image RNA–
protein interactions in live animals has not been developed
until now.

Fluorescence complementation (FC) is a valuable tool
for investigating molecular interactions in physiological en-
vironments (3,4). The FC assay relies on the reconstruc-
tion of a reporter fluorescent protein from its two di-
vided non-fluorescent fragments. Two types of FC sys-
tems have been developed: bimolecular fluorescence com-
plementation (BiFC), which is a reliable tool for studying
protein–protein interactions (5,6), and trimolecular fluores-
cence complementation (TriFC), which is used to investi-
gate RNA–protein interactions (7). BiFC and TriFC are
simple, powerful and promising tools that have been in-
corporated into several systems to visualize protein–protein
and protein–RNA interactions in live cells (8,9). However,
long-wavelength-spectrum FC systems for in vivo imaging
remain to be developed.

One of the main obstacles to molecular imaging in live
animals is the opacity of tissues to excitation light below
600 nm (10). A tissue ‘optical window’ between 600 and
1200 nm is feasible for in vivo imaging (11). Current red
BiFC systems use mRFP1-Q66T (excitation and emission
wavelengths of 549/570 nm), mCherry (587/610 nm) and
mlumin (587/621 nm) (12–14) for live cell imaging, none of
which can be excited above 600 nm. Most recently, we have
reported a red mCherry TriFC system for imaging of RNA–
protein interactions, but the system still cannot be excited
above 600 nm for in vivo imaging (15). BiFC and TriFC sys-
tems with spectra within a tissue ‘optical window’ for live-
body imaging are highly desirable.

Here, we aimed to construct long-wavelength-spectrum
FC systems for in vivo imaging of protein–protein and
RNA–protein interactions. mNeptune, a far-red monomer-
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ized Neptune variant, was used to develop the new FC sys-
tems because of its good optical properties (16). mNeptune
has an excitation peak at 600 nm and an emission peak at
650 nm, both within the tissue ‘optical window’. mNeptune
is also brighter than other red fluorescent proteins (RFPs)
(i.e. mKate and mCherry) when excited at 633 nm for in vivo
imaging.

In this study, we firstly built mNeptune BiFC systems by
selecting appropriate split mNeptune fragments. The new
mNeptune BiFC system was verified by imaging protein–
protein interactions in live cells and mice. We then built
a mNeptune-based TriFC system for monitoring mRNA–
protein interactions in live subjects. Several known protein–
RNA interactions, such as the interactions between in-
fluenza viral NS1 protein and the 5′ untranslated region
(UTR) of nucleocapsid protein (NP) messenger ribonucleic
acid (mRNA) and matrix protein (M) mRNA (17), were
used to validate the new mNeptune-based TriFC system in
live cells and live mice. Because it has been suggested that
human polypyrimidine-tract-binding protein (PTB) plays
roles in human immunodeficiency virus (HIV) activation
from latency, which may be related to HIV mRNA pro-
cessing (18,19), the interactions between HIV-1 mRNA el-
ements [i.e. 5′long terminal repeat (LTR), 3′LTR and cis-
acting repressive sequences (CRS)], and PTB was investi-
gated using the new mNeptune-based TriFC system. A di-
rect interaction between PTB and the 3′LTR region of HIV-
1 mRNAs was found and imaged in live cells and mice.

MATERIALS AND METHODS

Construction of plasmid expression vectors

The coding genes of split mNeptune fragments were in-
serted into the pMN159 and pMC160 plasmids of the
mCherry BiFC system (13) by substituting the mCherry
fragments with the mNeptune fragments to obtain the
pMN116, pMN155 and pMN169 and pMC117, pMC156
and pMC170 plasmids (see Supplementary Figure S1). To
construct the mNeptune-BiFC system, the N-terminal se-
quences encoding mNeptune, MN116 (amino acid residues
(aa) 1–116), MN155 (aa 1–155) and MN169 (aa 1–169),
were fused to the C-terminus of either enhanced green
fluorescent protein (EGFP) or bJun. The C-terminal se-
quences encoding mNeptune, MC117 (aa 117–244), MC156
(aa 156–244) and MC170 (aa 170–244), were fused to
the N-terminus of EGFP, bFos or bFos179-193 (mbFos).
The coding regions were connected by the linker sequence
GGGGSGGGGS.

To construct the mNeptune-TriFC system, the MN155
fragment was fused to the C-terminus of the influenza A
viral protein NS1 or the cellular protein PTB. The MC156
fragment was fused to the N-terminus of the MS2 coat pro-
tein (MCP). The MCP protein recognition site (ms2) was
inserted into pECFP-C1. The 5′UTRs of the influenza NP
and M mRNAs, the 5′ and 3′LTRs of HIV-1 mRNA and the
CRSs of HIV-1 envelope (env) mRNA were inserted into
pECFP-C1 following the ms2 sequence.

Cell culture and transfection

HeLa and 293T cells were maintained in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine
serum, 100-U/ml penicillin and 100-�g/ml streptomycin
and cultured at 37◦C in 5% CO2. The day before transfec-
tion, the cells were plated on 35-mm diameter dishes and
grown to 70–80% confluence. The cells were co-transfected
with the expression vectors indicated in each experiment us-
ing Lipofectamine 2000 reagent (Invitrogen) according to
the manufacturer’s instructions. The transfected cells were
incubated at 37◦C (5% CO2) for 5–6 h followed by 18–24 h
at 30◦C (5% CO2) until imaging.

Fluorescence microscopy and image processing and data
analysis

Cells were imaged with an inverted Delta Vision Restora-
tion Microscopy System (Applied Precision, WA, USA)
equipped with a cooled CCD camera. GFP fluorescence
was measured by excitation at 490/20 nm and emission
at 538/19 nm. Red mNeptune BiFC and TriFC signals
were measured with excitation at 640/20 nm and emis-
sion at 685/40 nm. Cyan fluorescent protein (CFP) fluo-
rescence was used as an internal control to measure the
BiFC and TriFC efficiency, with excitation at 430/20 nm
and emission at 470/20 nm. The fluorescence ratios of
mNeptune/GFP and mNeptune/CFP were quantified for
every cell expressing the corresponding proteins after sub-
traction of the background fluorescence. Background flu-
orescence was calculated as the mean intensity of areas of
the image with no cells. About 60 cells from 10 microscopic
fields for each sample were evaluated to quantify the fluo-
rescence intensity. Statistical analyses were performed using
the SPSS14.0 software (SPSS Company, IL, USA). All P-
values <0.05 were considered as statistically significant.

Fluorescence imaging of live mice

The in vivo fluorescent images were obtained using the Mae-
stro 2 in vivo imaging system (CRi, Woburn, MA, USA).
293T cells transiently expressing the BiFC or TriFC systems
were first imaged under microscope and analyzed ex vivo
(in tubes and on a 96-well black plate) with the Maestro 2
in vivo imaging system. The transfection efficiency was de-
termined as 60–70% for the two plasmids co-transfection
(BiFC) and 50–60% for the three plasmids co-transfection
(TriFC) by the number of cells with red fluorescence ver-
sus the total cell number. Then, different amounts (104, 105,
106, 107) of cells were injected subcutaneously into 5–7-
week-old BALB/c-nu mice. The mice were imaged within
5 min of implanting the cells because the cells will diffuse in
the subcutaneous layer in live mice. For fluorescence imag-
ing of mNeptune, a 576–621-nm band-pass filter was used
for excitation, and a longpass filter over 635 nm was used
for emission. For enhanced CFP (ECFP) imaging, a 435–
480-nm band-pass filter was used for excitation, and a long-
pass filter over 490 nm was used for emission. The emis-
sion light spectra of FC from the split mNeptune fragments
were recorded to identify the correct emission spectra for
mNeptune (Supplementary Figure S2). The spectral fluo-
rescence images consisting of the spectra from BiFC and
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TriFC signals and autofluorescence spectra were then elim-
inated based on their spectral patterns using Maestro 3.0
software (CRi, Woburn, MA, USA). The fluorescence in-
tensities (counts) of the regions of interest were measured
to quantify the BiFC and TriFC signals with the measured
panel of the Maestro 3.0 software. Statistical analyses for
about six mice were performed using the SPSS14.0 software
and P-values <0.05 were considered statistically significant.

mRNA quantification by quantitative reverse transcriptase-
polymerase chain reactions and mRNA stability assays

Total RNA was extracted using the EZNA Total RNA Kit
I (Omega Bio-Tek, GA, USA) according to the manufac-
turer’s instructions. Then mRNAs were reverse transcribed
with PrimeScriptTM RT reagent Kit with genomic deoxyri-
bonucleic acid (gDNA) Eraser (Takara, Dalian). mRNA
levels were quantified by real-time polymerase chain re-
action (PCR) using iTaq universal SYBR green super-
mix PCR reagent (BIO-RAD, CA, USA). Real-time PCR
was carried out with a BIO-RAD CFX Connect Real-
Time System. Analysis was performed using Bio-Rad CFX
manager 2.1 software (BIO-RAD, CA, USA). The data
were normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA. The primer sequences used for
quantitative reverse transcriptase (RT) PCR are as follows:
NP 5′UTR forward, 5′-CTGCTGCCCGACAACCA-3′;
NP 5′UTR reverse, 5′-CGATTTTGATGTCACTCAG-3′;
GAPDH forward, 5′-GAAGGTGAAGGTCGGAGTC-3′;
GAPDH reverse, 5′-GAAGATGGTGATGGGATTTC-3′.

For mRNA stability assays, cells were treated with 0.5
�g/ml of actinomycin D to stop mRNA transcription 24
h after transfection. Cells were harvested at different time
points upon actinomycin D treatment, and total RNA was
isolated with EZNA Total RNA Kit I (Omega Bio-Tek,
Norcross, GA, USA). Then, mRNAs were reverse tran-
scribed with PrimeScriptTM RT reagent Kit with gDNA
Eraser (Takara, Dalian) whereas U6 snRNA was reverse
transcribed with U6 snRNA qPCR Primer Set (RIBOBIO,
Guangzhou). mRNA levels were quantified by quantitative
real-time RT-PCRs. Values were normalized to the stable
U6 snRNA (20). The NP 5′UTR mRNA was amplified us-
ing the same primers in quantitative RT-PCR assays above
and the U6 snRNA was amplified with the primers provided
by U6 snRNA qPCR Primer Set (RIBOBIO, Guangzhou).

Immunoprecipitation experiments

For the immunoprecipitation assay, cells co-expressing the
PTB protein and HIV RNA sequences were lysed for co-
immunoprecipitation with a PTB antibody (Abcam) or with
IgG1 as a control. The co-immunoprecipitated pellet was
extracted, and a portion of it was used to detect HIV
RNAs, while the other portion was used for protein anal-
ysis. The RNA present in the immunoprecipitates was ex-
tracted as described previously (21). The isolated RNA pel-
let was resuspended in nuclease-free water and analyzed
with a One Step RT-PCR kit (Takara). For the PCR, we
used primers specific for the HIV-1 3′LTR, 5′LTR or for
the cellular housekeeping GAPDH gene. For western blot
analysis, the samples were subjected to sodium dodecyl

sulphate-polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes.
The PVDF membranes were incubated with PTB anti-
body, followed by horseradish peroxidase-conjugated rab-
bit anti-goat IgG. The signal was detected with a (3,3’-
diaminobenzidine) DAB horseradish peroxidase color de-
velopment kit (Beyotime).

RESULTS

Construction and application of the mNeptune-BiFC system

Based on the crystal structure of mNeptune (PDB Acces-
sion No. 3IP2) (16) and sequence alignments with other
RFPs (mKate and mLumin), three sites between amino
acids 116/117, 155/156 and 169/170 within the loops of the
barrel-like structure were selected to split mNeptune to de-
velop the BiFC system (Figure 1A). The schematic principle
of the BiFC system is shown in Figure 1B. Two interact-
ing proteins, A and B, are fused to N- and C-terminal frag-
ments of a fluorescent protein, respectively. When A and
B interact, the N- and C-terminal fragments are brought
close together to facilitate reconstruction of the fluores-
cent protein. The coding sequences of the split mNeptune
fragments were used to construct the plasmids pMN116,
pMC117, pMN155, pMC156, pMN169 and pMC179 for
the mNeptune-BiFC system (Supplementary Figure S1).
The coding sequence of the EGFP was inserted into these
plasmids to express N-terminal (MN)-EGFP or C-terminal
(MC)-EGFP fusion proteins. The weak dimerization of
EGFP (22) was used to test the BiFC system. EGFP also
served as a reporter to indicate the expression of the mNep-
tune fragments as an internal control to calculate the BiFC
efficiency. When the MN-EGFP and MC-EGFP pairs were
co-expressed in HeLa cells, the combination of EGFP-
MN155 and EGFP-MC156 produced bright red fluores-
cence, indicating a functional BiFC signal (Figure 1C).
Wider cell populations with low magnifications are also
shown in Supplementary Figure S3A. The combination of
MN169-EGFP and MC170-EGFP also yielded red fluo-
rescence, although the signal was weaker (Figure 1C). The
combination of EGFP-MN116 and EGFP-MC117 pro-
duced only the EGFP signal but no red fluorescence. The
transient expression of either pMN or pMC alone or their
co-expression in HeLa cells also did not result in a red
BiFC signal (Supplementary Figure S4). The relative BiFC
efficiencies of the MN and MC fragments of mNeptune
were calculated by dividing the intensity of the red fluores-
cence by the intensity of the green fluorescence upon co-
expression of MN-EGFP and MC-EGFP after subtraction
of the background fluorescence. As shown in Figure 1D,
the BiFC efficiency of the combination of the MN155 and
MC156 fragments was significantly higher than the combi-
nations of the other fragments. These results demonstrate
that mNeptune split at the 155/156 site could be used as a
new red BiFC system.

To verify the validity of the mNeptune-BiFC system we
imaged the interactions between bFos and bJun, which are
the basic region-leucine zipper domains of the transcription
regulatory proteins Fos and Jun. The bJun and bFos encod-
ing sequences were inserted into pMN155 and pMC156, re-
spectively. When bJun-MN155 and bFos-MC156 were co-
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Figure 1. Construction of the mNeptune-BiFC systems. (A) The split sites (arrows) in the loop regions of the �-barrel structure of mNeptune are indicated.
(B) The schematic principle of the BiFC system. (C) BiFC signals (mNeptune channel) were detected in HeLa cells by weak dimerization of EGFP for the
different split mNeptune fragments. Scale bar: 10 �m. (D) Quantitative analysis of the BiFC efficiency in (C) was calculated by dividing the red fluorescence
intensity by the green fluorescence intensity after subtracting the background fluorescence. (E) Images of the interactions between bJun and bFos or mbFos
based on the MN155 and MC156 fragments in the BiFC system. (F) Quantitative analysis of the BiFC signals in (E) based on the fluorescence intensity
ratio of BiFC/ECFP (red/cyan). All the quantitative analysis data are given as the mean + SD (n = 60). Statistical significance was evaluated using a
two-tailed Student’s t-test. *** indicates P < 0.01.

expressed in the same cells, a strong red BiFC signal was
observed (Figure 1E) that exhibited a specific nucleoli local-
ization pattern. The images in Supplementary Figure S3B
also showed the BiFC assay of wider cell populations with
low magnification. When mbFos (a leucine zipper deleted
to eliminate the interaction between bFos and bJun) was
fused to MC156 and co-expressed with bJun-MN155, only
a very weak fluorescence signal was detected (Figure 1E).
The ECFP plasmid, pECFP-C1, was also co-transfected
into cells as an internal control during these experiments.
Statistical analysis based on the fluorescence intensity ratio

of BiFC/ECFP (red/cyan) demonstrated that the fluores-
cence of bJun-MN155 and bFos-MC156 was significantly
higher than that of bJun-MN155 and mbFos-MC156 (Fig-
ure 1F). Therefore, the newly constructed mNeptune-BiFC
system could be used to image and investigate protein–
protein interactions.
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In vivo imaging of protein–protein interactions in the
mNeptune-BiFC system

The mNeptune-BiFC system was then tested by imaging the
protein–protein interactions of bFos and bJun in live mice.
293T cells co-expressing either MN155-bJun/MC156-
bFos/ECFP or MN155-bJun/MC156-mbFos/ECFP were
analyzed in vitro using the Maestro 2 in vivo imaging sys-
tem. To quantify the fluorescence accurately, the cell sam-
ples were placed onto 96-well black plates for detection.
As shown in Figure 2A, the red BiFC fluorescence of
the cells expressing MN155-bJun/MC156-bFos was greater
than that of the cells expressing MN155-bJun/MC156-
mbFos (Figure 2A, left). The two cell lines displayed similar
CFP signals (Figure 2A, right). Statistical analysis based on
the fluorescence intensity ratio of BiFC/ECFP (red/cyan)
demonstrated that the fluorescence signal of MN155-bJun
and MC156-bFos was significantly higher than that of
MN155-bJun and MC156-mbFos (Figure 2B), in agree-
ment with the microscopy analysis.

Cells co-expressing the split proteins were injected sub-
cutaneously into mice (Figure 2C) for imaging using the
Maestro in vivo imaging system. In live mice, the BiFC sig-
nal of the interaction between MN155-bJun and MC156-
bFos was detected and imaged easily (Figure 2D, left in
the mNeptune channel). There was limited red fluorescence
in mice injected with bJun-MN155 and mbFos-MC156.
The CFP fluorescence signals were similar, confirming that
equal numbers of cells were injected at the different loca-
tions in the mouse (Figure 2D, right). Quantitative anal-
ysis of the fluorescence intensity ratio of BiFC/ECFP
(red/cyan) in mice also revealed that the fluorescence sig-
nal of MN155-bJun and MC156-bFos was statistically sig-
nificantly greater than that of MN155-bJun and MC156-
mbFos (Figure 2E). Different amounts (104, 105, 106, 107)
of 293T cells co-expressing MN155-bJun and MC156-bFos
fusion proteins were injected subcutaneously into live mice
(Figure 2F) for fluorescence imaging to test the in vivo sen-
sitivity of the new mNeptune-BiFC system. As shown in
Figure 2G, the red fluorescence signal from 105 cells co-
transfected with the BiFC constructions could be discrimi-
nated from the background with the Maestro 2 in vivo imag-
ing system. Considering that the co-transfection efficiency
was 60–70% for the two BiFC plasmids, there should be
6–7 × 104 cells with BiFC signals being imaged in the live
mouse.

Construction and application of the mNeptune-TriFC system

The split mNeptune fragments were used as the reporter
to construct a long-spectrum TriFC system in which flu-
orescence was recovered by the formation of two pairs of
protein–RNA interactions (7). As shown in Figure 3A, the
MC156 fragment was fused to the bacteriophage MS2 coat
protein (MCP) and tethered to its stem–loop RNA operator
(ms2) by an MCP–ms2 interaction. The MN155 fragment
was fused to an RNA-binding protein candidate. The ms2
sequence and the RNA sequence of interest were linked in
the backbone plasmid pECFP-C1. The mNeptune-TriFC
system (including plasmids pMN155, pMC156-MCP and
pECFP-C1-ms2) was constructed based on this design. If
the candidate RNA-binding protein interacted with the

RNA sequence of interest, the re-association of the two
mNeptune fragments would produce a red TriFC signal
(Figure 3A).

The interactions between the influenza A virus NS1 pro-
tein and the 5′UTR of the NP and M mRNAs were used
to test the newly constructed mNeptune-based TriFC sys-
tem. The NS1 coding gene and the 5′UTR of the influenza
viral NP and M mRNAs were cloned into TriFC plasmid
vectors (Supplementary Figure S1) and co-transfected into
293T cells. As expected, red TriFC fluorescence signals were
observed in the interaction assays of both NS1-NP 5′UTR
and NS1-M 5′UTR (Figure 3B). ECFP fluorescence con-
firmed that the inserted RNA sequences were expressed cor-
rectly. Images from the TriFC assay of wider cell popula-
tions with low magnification are shown in Supplementary
Figure S5. When the NS1 protein or the 5′UTR of the NP
or M mRNAs was absent, no red TriFC signal was detected
(Figure 3B). Quantitative analysis based on the fluorescence
intensity ratio of mNeptune/ECFP demonstrated that the
TriFC signal of cells co-expressing NS1 and the 5′UTR of
the NP or M mRNAs was significantly higher than that of
cells expressing NS1 but no 5′UTR of the NP or M mRNAs
(Figure 3C).

The NS1–NP 5′UTR interaction was also used to opti-
mize the experimental conditions for the new mNeptune-
TriFC system. TriFC signals of the NS1–NP 5′UTR in-
teraction in live 293T cells transfected with pNS1-MN155,
pMC156-MCP and pECFP-C1-ms2-NP 5′UTR were de-
tected at different post-transfection time points. The result
showed that the TriFC signal could be discriminated from
background at about 12 h after transfection and the signal
increased from 12–24 h after transfection (Figure 3D). The
TriFC signal plateaued at about 24 h, which should be suit-
able for signal detection. At transfection time points greater
than 24 h, the TriFC signal did not increase obviously, but
the background signal increased.

Plasmid usage and ratio was also tested for the new
mNeptune-TriFC system. For a given quantity of the MN
and MC plasmids (e.g. 40 ng or 80 ng in a 35-mm dish),
different amounts of the plasmids that produce the RNA
adapter were used to test the mNeptune-TriFC system.
As shown in Figure 3E, when 40 ng of either of the
pNS1-MN155 and pMC156-MCP plasmids was used, dif-
ferent amounts of the pECFP-C1-ms2-NP 5′UTR plas-
mids (pNS1-MN155: pMC156-MCP: pECFP-C1-ms2-NP
5′UTR of 1:1:0.1, 1:1:0.5, 1:1:1, 1:1:2, 1:1:5 and 1:1:10) were
co-transfected into about 105 293T cells for TriFC assays.
The levels of NP 5′UTR mRNA were also determined by
quantitative real-time RT-PCR in the TriFC assays with
different amounts of the pECFP-C1-ms2-NP 5′UTR plas-
mids (Figure 3F). The levels of NP 5′UTR mRNA were
normalized to the GAPDH mRNA. The results of TriFC
assays showed that when the amount of pECFP-C1-ms2-
NP 5′UTR (e.g. 20 ng) was half that of pNS1-MN155
and pMC156-MCP, a distinct TriFC signal was acquired.
The TriFC signal increased with increases in the quan-
tity of plasmid pECFP-C1-ms2-NP 5′UTR, which pro-
duces more NP 5′UTR mRNA, and peaked when pNS1-
MN155: pMC156-MCP: pECFP-C1-ms2-NP 5′UTR was
1:1:2. When plasmid pECFP-C1-ms2-NP 5′UTR was used
in higher amounts, the TriFC signal became lower and de-
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Figure 2. In vivo imaging of protein–protein interactions in the mNeptune-BiFC system. (A) The BiFC signal (mNeptune channel) and CFP signal (ECFP
channel) of 293T cell samples deposited in 96-well black plates co-expressing MN155-bJun, MC156-mbFos and ECFP, or co-expressing MN155-bJun,
MC156-mbFos and ECFP. (B) Quantitative analysis of the BiFC signals in (A) based on the fluorescence intensity ratio of mNeptune/ECFP. (C) Implan-
tation locations of the 293T cells transiently co-expressing combinations of fusion proteins as indicated. (D) Imaging of the interaction of bJun and bFos in
the mNeptune-BiFC system in live mice injected subcutaneously with cells. mNeptune BiFC signals for the interactions bJun–MN155 and bFos–MC156 or
mbFos–MC156 (mouse on the left) and ECFP signals corresponding to the interactions at the same locations (mouse on the right). (E) Quantitative analysis
of the BiFC efficiencies for the interaction of bJun and bFos or mbFos in live mice using the fluorescence intensity ratio of BiFC/ECFP (mNeptune/ECFP).
Quantitative analysis data are given as the mean + SD (n = 5). The statistical significance was evaluated using a two-tailed Student’s t-test. *** indicates
P< 0.01. (F) Implantation locations of different amounts (104, 105, 106, 107) of 293T cells co-expressing MN155-bJun and MC156-bFos. (G) mNeptune
BiFC signals for different amounts of 293T cells co-expressing MN155-bJun and MC156-bFos (mouse on the left) and ECFP signals corresponding to the
cells at the same locations (mouse on the right).
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Figure 3. Construction of the mNeptune-TriFC system. (A) Schematic illustration of the TriFC constructs. N and C (red cylinder) indicate the N-terminal
and C-terminal ends, respectively, of the mNeptune fragments; MCP: bacteriophage MS2 coat protein; RNA-BP: RNA binding protein; ms2: stem–
loop RNA operator. (B) Detection of the influenza virus NS1–NP 5′UTR and NS1–M 5′UTR interaction in live 293T cells. Cells were transfected with
plasmids expressing MCP fused to the C-terminal complementing portion of mNeptune (pMC156-MCP) and the NS1 protein fused to the N-terminal
complementing portion of mNeptune (pNS1-MN155). The reporter mRNAs contained the ms2 operator and the 5′UTR sequences of the nucleocapsid
protein (NP) or matrix protein (M) mRNAs. Scale bar: 10 �m. (C) Quantitative analysis of TriFC assays for the NP/M 5′UTR and NS1 interaction.
The statistical analysis was based on the fluorescence intensity ratio of TriFC/ECFP (mNeptune/ECFP). The data are given as the mean + SD (n = 60).
The statistical significance was evaluated using a two-tailed Student’s t-test. *** indicates significantly different from the control groups without NP/M
5′UTR, P< 0.01. (D) TriFC assay of NS1–NP 5′UTR interaction in live 293T cells transfected with pNS1-MN155, pMC156-MCP and pECFP-C1-ms2-
NP 5′UTR (positive) or pECFP-C1-ms2 (control) at different post-transfection time points. (E) TriFC assay of NS1–NP 5′UTR interaction in live 293T
cells when co-transfected with pNS1-MN155 (40 ng), pMC156-MCP (40 ng) and different amounts of pECFP-C1-ms2-NP 5′UTR. (F) The levels of NP
5′UTR mRNA were determined by quantitative real-time RT-PCR in the TriFC assays with different amounts of the pECFP-C1-ms2-NP 5′UTR plasmids
corresponding to (E). The levels of NP 5′UTR mRNA are normalized to the GAPDH mRNA. (G) mRNA stability was tested in the TriFC assay. NP
5′UTR mRNA remaining following 0, 1, 2, 3 and 4 h of 0.5 �g/ml of actinomycin D treatment were determined by quantitative real-time RT-PCR. The
values are normalized to the U6 snRNA.

creased with further increases in the redundant NP 5′UTR
mRNA.

We also tested the mRNA stability when using the
TriFC system to image mRNA–protein interactions. 293T
cells transfected with pECFP-C1-ms2-NP 5′UTR or
co-transfected with pNS1-MN155, pMC156-MCP and
pECFP-C1-ms2-NP 5′UTR were treated with actinomycin
D to stop mRNA transcription 24 h after transfection. Cells
were harvested at different time points upon actinomycin
D treatment, and mRNA levels of NP 5′UTR mRNA were
quantified by quantitative real-time RT-PCRs. Values were
normalized to the stable U6 snRNA. The results showed
that the presence of fluorescent protein fragments in the
TriFC system did not significantly affect the stability of NP
5′UTR mRNA (Figure 3G).

In vivo imaging of protein–mRNA interactions in the
mNeptune-TriFC system

The mNeptune-TriFC system was then tested for imag-
ing protein–mRNA interactions in live mice. The NS1–NP
5′UTR interaction was visualized in live mice. 293T cells
co-expressing NS1 and the NP 5′UTR mRNA in the TriFC
system were analyzed in vitro using the Maestro 2 in vivo
imaging system. As shown in Figure 4A, the red TriFC flu-
orescence of cells co-expressing NS1 and the NP 5′UTR
mRNA was greater than that of cells expressing NS1 but
no NP 5′UTR mRNA (Figure 4A, left). The CFP signals
of the cell samples were similar (Figure 4A, right). Quan-
titative analysis based on the fluorescence intensity ratio of
TriFC/ECFP (red/cyan) demonstrated that the TriFC sig-
nal of cells co-expressing NS1 and the NP 5′UTR mRNA
was significantly higher than that of cells expressing NS1
but no NP 5′UTR mRNA (Figure 4B).

The cells co-transfected with TriFC plasmids were in-
jected subcutaneously into mice (Figure 4C) and examined
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Figure 4. In vivo imaging of protein–mRNA interactions in the mNeptune-TriFC system. (A) The TriFC signal (mNeptune channel) and CFP signal
(ECFP channel) of cell samples deposited on 96-well black plates co-expressing NS1 protein and NP 5′UTR mRNA or without NP 5′UTR mRNA. (B)
Quantitative analysis of the TriFC signals in (A) based on the fluorescence intensity ratio of mNeptune/ECFP. (C) Implantation locations of the 293T
cells transiently co-transfected with combinations of plasmids as indicated. (D) Imaging of the interaction of NS1 and the 5′UTR of NP mRNAs in the
mNeptune-TriFC system in live mice injected subcutaneously with the 293T cells. mNeptune TriFC signals for the interaction of NS1 and NP 5′UTR
or without NP 5′UTR mRNA (mouse on the left) and ECFP signals corresponding to the interactions at the same locations (mouse on the right). (E)
Quantitative analysis of TriFC efficiencies for the interaction of NS1 and NP 5′UTR mRNAs in live mice based on the fluorescence intensity ratio of
TriFC/ECFP (mNeptune/ECFP). Quantitative analysis data are given as the mean + SD (n = 6). The statistical significance was evaluated using a two-
tailed Student’s t-test. *** indicates P< 0.01. (F) Implantation locations of different amounts (104, 105, 106, 107) of 293T cells co-expressing NS1 and the
NP 5′UTR mRNA in the TriFC system. (G) mNeptune TriFC signals of different amounts of 293T cells with the interaction of NS1 and NP 5′UTR in
the TriFC system (mouse on the left) and ECFP signals corresponding to the cells at the same locations (mouse on the right).
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Figure 5. Imaging the interactions between PTB and the 3′LTR and 5′LTR of HIV-1 mRNAs in live cells. (A) TriFC (mNeptune channel) and ECFP signals
of 293T cells co-expressing PTB and the 5′LTR or 3′LTR sequences of HIV mRNAs in the TriFC system. Cells were transfected with plasmids expressing
MC156-MCP and PTB-MN155 fusion proteins. The reporter mRNAs contained the ms2 operator and the 5′LTR or 3′LTR sequences of HIV mRNAs.
Scale bar: 10 �m. (B) Quantitative analysis of TriFC efficiency for the interactions between PTB and the 5′LTR or 3′LTR sequences of HIV mRNAs.
Statistical analysis was based on the fluorescence intensity ratio of TriFC/ECFP. The data are given as the mean + SD (n = 60). Statistical significance
was evaluated using a two-tailed Student’s t-test. *** indicates significantly different from the control groups without 3′LTR or 5′LTR RNA sequences,
P< 0.001. (C) Verification of the interaction between PTB and the 3′LTR of HIV-1 mRNAs. Co-immunoprecipitation (CoIP) assays were performed with
cell lysate and anti-PTB antibody or control antibody IgG1. The binding of PTB to the 3′LTR of HIV-1 mRNAs was detected by reverse transcription
(RT) followed by PCR amplification using primers specific to the 3′LTR of HIV-1 mRNAs and the housekeeping GAPDH mRNA. No amplification was
detected in the ‘No RT’ control samples. CoIP experiments also showed there is no interaction between PTB and 5′LTR of HIV-1 mRNA. Western blotting
(WB) was performed to monitor the presence of PTB in the samples used in the CoIP assays.

with the Maestro 2 in vivo imaging system. In live mice, the
TriFC signal of the interaction between NS1 and the NP
5′UTR mRNAs was detected and imaged as shown in Fig-
ure 4D (left). When the NP mRNAs were absent, only a
very low red fluorescence was detected in the mice. The CFP
signals of the cells were similar, indicating that equal num-
bers of cells were injected at the different locations in the
mouse (Figure 4D, right). Quantitative analysis of the flu-
orescence intensity ratio of TriFC/ECFP (red/cyan) in the
mice demonstrated that the red TriFC fluorescence signal
was statistically higher than in the control in which the NP
5′UTR mRNA was absent (Figure 4E). Different amounts

(104, 105, 106, 107) of 293T cells co-expressing NS1 and the
NP 5′UTR mRNA in the TriFC system were also injected
subcutaneously into live mice (Figure 4F) for fluorescence
imaging to test the in vivo sensitivity of the new TriFC sys-
tem. As shown in Figure 4G, the red fluorescence signal
from 106 cells co-transfected with the TriFC constructions
could be visualized with the Maestro 2 in vivo imaging sys-
tem. Considering that the co-transfection efficiency was 50–
60% for the three TriFC plasmids, there should be 5–6 × 105

cells with TriFC signals being imaged in the live mouse.
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Figure 6. In vivo imaging of the interaction between PTB and the 3′LTR of HIV-1 mRNAs in the TriFC system. (A) TriFC signal (mNeptune channel)
and CFP signal (ECFP channel) of cell samples on 96-well black plates co-expressing PTB and the 3′LTR of HIV-1 mRNAs or without 3′LTR of HIV-1
mRNAs. (B) Quantitative analysis of the TriFC signals in (A) based on the fluorescence intensity ratio of mNeptune/ECFP. (C) Implantation locations of
the 293T cells transiently co-transfected with combinations of plasmids as indicated. (D) Imaging of the interaction between PTB and the 3′LTR of HIV-1
mRNAs in the mNeptune-TriFC system in live mice injected subcutaneously with the 293T cells. mNeptune TriFC signals for the interaction of PTB and
the 3′LTR of HIV-1 mRNAs or without 3′LTR (mouse on the left) and ECFP signals corresponding to the interactions at the same locations (mouse on
the right). (E) Quantitative analysis of TriFC efficiencies for the interaction of PTB and the 3′LTR of HIV-1 mRNAs in live mice based on the fluorescence
intensity ratio of TriFC/ECFP (mNeptune/ECFP). Quantitative analysis data are given as the mean + SD (n = 4). Statistical significance was evaluated
using a two-tailed Student’s t-test. *** indicates P< 0.01.

Imaging of the interactions between PTB and the 3′LTR of
HIV mRNAs using the mNeptune-TriFC system

The mNeptune-TriFC system was next used to study un-
known protein–mRNA interactions in live cells. Interac-
tions between PTB and the HIV-1 mRNAs were tested
using the mNeptune-TriFC system. The 3′LTR (untrans-
lated region) and 5′LTR of HIV-1 mRNAs exist in all syn-
thesized viral mRNAs and play important roles in viral
mRNA processing. We assessed the interactions of PTB
with the 3′3′LTR and 5′LTR of HIV-1 mRNAs. In the
TriFC system, cells co-expressing PTB and the 3′LTR of
HIV-1 mRNAs displayed a strong red TriFC signal, while
cells co-expressing PTB and the 5′LTR of HIV-1 mRNAs
did not produce a red TriFC signal (Figure 5A). The imag-
ing and quantification (Figure 5B) demonstrated that PTB
associates with the 3′LTR but not the 5′LTR of HIV-1
mRNA. We used co-immunoprecipitation experiments to
verify the interaction between PTB and the 3′LTR of HIV-1

mRNA (Figure 5C). Co-immunoprecipitation experiments
also showed there is no interaction between PTB and 5′LTR
of HIV-1 mRNA. The known interaction between PTB and
the CRS region of HIV-1 env mRNA (16) was also imaged
in live cells using the mNeptune-TriFC system (Supplemen-
tary Figure S6).

In vivo imaging of interactions between PTB and the 3′LTR
of HIV mRNAs

The interaction between PTB and the 3′LTR of HIV-1
mRNA was imaged in live mice using the mNeptune-TriFC
system. 293T cells co-expressing PTB and the 3′LTR of
HIV-1 mRNA in the TriFC system were analyzed in vitro us-
ing the Maestro in vivo imaging system. As shown in Figure
6A, the red TriFC fluorescence of cells co-expressing PTB
and the 3′LTR of HIV-1 mRNA was greater than that of
cells expressing PTB but not the 3′LTR of HIV-1 mRNA
(Figure 6A, left). The CFP signals of the cells were similar
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(Figure 6A, right). Quantitative analysis based on the fluo-
rescence intensity ratio of TriFC/ECFP (red/cyan) demon-
strated that the TriFC signal of cells co-expressing PTB and
the 3′LTR of HIV-1 mRNA was significantly higher than
that of cells expressing PTB but no 3′LTR of HIV-1 mRNA
(Figure 6B).

Cells that were co-transfected with the TriFC plasmids
were injected subcutaneously into mice (Figure 6C) for
imaging with the Maestro 2 in vivo imaging system. As
shown in Figure 6D, the interaction between PTB and the
3′LTR of HIV-1 mRNA yielded a red TriFC signal in live
mice and when the 3′LTR of HIV-1 mRNA was absent, lit-
tle red fluorescence was detected. The CFP signals of the
cells were similar, confirming that equal numbers of cells
were injected at different locations in the mouse (Figure 6D,
right). Statistical analysis demonstrated that the red TriFC
fluorescence of PTB and the 3′LTR of HIV-1 mRNA was
significantly greater than the fluorescence in the absence of
the 3′LTR of HIV-1 mRNA (Figure 6E).

DISCUSSION

In vivo imaging could help elucidate physiological and
pathological mechanisms and contribute to drug evalua-
tion. Several methods based on luciferase have been devel-
oped for imaging protein–protein interactions (23–26) in
live subjects. However, no methods based on fluorescent
proteins or, more importantly, methods to image RNA–
protein interactions in live animals are currently available.
In this study, the far-red mNeptune-TriFC system (600
nm/650 nm) was developed as a tool for in vivo imaging
of RNA–protein interactions. To our knowledge, this is
the first report of RNA–protein interactions being visu-
alized successfully in live mice. The mNeptune-BiFC sys-
tem also provided a new fluorescent protein-based system
for in vivo imaging of protein–protein interactions. These
FC systems with excitation and emission in the ‘tissue op-
tical window’ are suitable for in vivo imaging. Because of
the good optical properties of mNeptune and the superi-
ority of protein-fragment complementation techniques, the
mNeptune-BiFC and TriFC systems could become very
useful and powerful tools to study protein–protein and
RNA–protein interactions in live subjects. These new FC
systems are also an addition to the tool set for evaluating
novel drugs to inhibit RNA–protein and protein–protein
interactions. In our experiments, the mNeptune-BiFC and
TriFC signals could be observed in live mice without elimi-
nating the autofluorescence signals of the mice (Supplemen-
tary Figure S7). The ECFP signals, on the other hand, could
be detected by the Maestro 2 in vivo imaging system only af-
ter eliminating the autofluorescence spectra.

The new mNeptune TriFC system was used to investigate
interactions between the cellular protein PTB and HIV-1
mRNA elements including 5′LTR, 3′LTR and CRS. The
interaction between PTB and the 3′LTR of HIV-1 mR-
NAs was found in the mNeptune TriFC system. PTB is
a multifunctional RNA chaperone that mediates mRNA
transportation, splicing and translation. PTB contributes
to the activation of latent HIV-1 viruses in resting CD4+ T
cells from patients on (highly active antiretroviral therapy)
HAART (19), although further studies of the mechanism

are needed. PTB was reported to bind to the CRS region
of HIV-1 env mRNA (also see Supplementary Figure S6),
suggesting that PTB may play a role in regulating the pro-
cessing of CRS-containing RNAs (18). However, whether
and how PTB regulates the processing of HIV-1 mRNAs
without the CRS sequence (i.e. multi-spliced short HIV-1
mRNAs) remains unclear. Multi-spliced short HIV-1 mR-
NAs have been found in the nucleus of resting CD4+ T
cells, including the mRNAs of the important viral proteins
Tat and Rev. Overexpression of PTB in resting CD4+ T
cells induces cytoplasmic accumulation of HIV-1 mRNAs
and virus production (19). The 3′LTR exists in all HIV-1
mRNAs and contains a polyadenylation signal (AATAAA)
and polyadenylation addition sites critical for viral RNA
synthesis (27). The interaction of PTB and the 3′LTR of
HIV-1 mRNAs could function as a bridge for PTB and vi-
ral mRNA processing (including multi-spliced HIV-1 mR-
NAs), which is related to the HIV activation from latency.

In conclusion, we have constructed new far-red BiFC and
TriFC systems with excitation and emission within the ‘tis-
sue optical window’ and shown that they are good tools for
in vivo imaging of protein–protein and mRNA–protein in-
teractions. The new TriFC system was used to demonstrate
the interaction of PTB protein and the 3′LTR of HIV-1
mRNA, which implies a role for PTB in regulating HIV-1
mRNA processing.
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Langel,U. and Eberwine,J. (2006) Immunoprecipitation of
mRNA-protein complexes. Nat. Protoc., 1, 577–580.

22. Shaner,N.C., Steinbach,P.A. and Tsien,R.Y. (2005) A guide to
choosing fluorescent proteins. Nat. Methods, 2, 905–909.

23. De,A. and Gambhir,S.S. (2005) Noninvasive imaging of
protein-protein interactions from live cells and living subjects using
bioluminescence resonance energy transfer. FASEB J., 19, 2017–2019.

24. De,A., Loening,A.M. and Gambhir,S.S. (2007) An improved
bioluminescence resonance energy transfer strategy for imaging
intracellular events in single cells and living subjects. Cancer Res., 67,
7175–7183.

25. De,A., Ray,P., Loening,A.M. and Gambhir,S.S. (2009) BRET3: a
red-shifted bioluminescence resonance energy transfer (BRET)-based
integrated platform for imaging protein-protein interactions from
single live cells and living animals. FASEB J., 23, 2702–2709.

26. Dragulescu-Andrasi,A., Chan,C.T., De,A., Massoud,T.F. and
Gambhir,S.S. (2011) Bioluminescence resonance energy transfer
(BRET) imaging of protein-protein interactions within deep tissues of
living subjects. Proc. Natl. Acad. Sci. U.S.A., 108, 12060–12065.

27. Freed,E.O. and Martin,M.A. (2007) HIVs and their replication. In:
Knipe DM and Howley PM (eds). Fields Virology. Lippincott
Williams & Wilkins, Philadelphia, PA, pp. 2107–2136.


