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One of the most challenging researches in current biology and medicinal chemistry is to understand how individual
cellular molecules interact together in living cells. To visualize such molecules, genetically-encoded reporters have been
used widely. The most common reporters are ˆre‰y luciferase, renilla luciferase, green ‰uorescent protein (GFP) and its
variants with various spectral properties. In this review, novel design of split GFP and split luciferase is described. The
principle is based on reconstitution of the split-reporter fragments when they are brought together into close proximity.
The reconstitution methods are used for screening organelle-localized proteins, imaging dynamics of nuclear proteins
and mRNAs in living cells, and visualizing protease activities in living animals. These methods are generally applicable
for imaging of complex cellular processes and evaluating chemical eŠects in living cells and animals.
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INTRODUCTION

Many dynamic intracellular processes inside living
cells are governed over timescales ranging from milli-
seconds to several hours. To understand the temporal
signal processes, development of optical probes for
biomolecules, protein-protein interactions, enzyme
activities, and protein conformational changes at
molecular level is an important area of present resear-
ches. Most of our knowledge on the mechanism of
living systems has been obtained by biochemical as-
says such as Western blotting and immunostaining.
The Western blotting requires a large population of
cells, which have to be used on the lysate. Cell lysis
prior to the assay may result in alteration or loss of
information. The immunostaining used for immuno-
‰uorescence microscopic studies with chromophore-
conjugated antibodies includes a procedure of cell ˆx-
ation. The ˆxation gives spatial information but it
does not allow for dynamic studies in the same live
cells and may introduce artifacts.

Recent advances in luminescent proteins and mi-
croscope technologies have provided powerful ap-
proaches that present advantages over the traditional
bioassay. In particular, newly developed recombinant
proteins as genetically-encoded reporters are useful
tools for imaging the signaling cascades in live cells

with high temporal and spatial resolutions, thus ena-
bling the elucidation of the mechanism of living sys-
tems. In this review, we summarize basic principle of
novel design of split GFP and split luciferase based on
reconstitution of their fragments, followed by their
applications to biomolecular imaging and library
screening.

BASIC PRINCIPLES OF SPLIT- AND CYCLIC-
REPORTER RECONSTITUTION

Fluorescent proteins of GFP and its variants have
proved to be useful as general tools for detecting sub-
cellular localization of a protein, pH diŠerences,
small-molecule dynamics and protein stabilization.1,2)

In addition, bioluminescent proteins such as ˆre‰y lu-
ciferase, renilla luciferase and Gaucia luciferase are
now widely used to assess activation of promoters
which up- or down-regulate transcription of their
reporter genes.3) Herein, these ‰uorescent and bio-
luminescent proteins are simply termed as reporter
proteins.

In contrast to the conventional use of the reporter
proteins, we developed a novel principle of designing
optical probes to visualize biomolecules and their
molecular events in living cells (Fig. 1).4,5) When the
reporter protein is divided into two fragments, its
‰uorescence or bioluminescence activity is completely
lost. Next, the two fragments are connected with a
protein named intein, which has an ability to connect
its ‰anking polypeptide (Fig. 1a). If the fragments of
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Fig. 1. Principles of Split- and Cyclic-luciferase Reconstitu-
tion
(a) Reporter protein reconstitution using protein splicing of DnaE in-

teins; (b) Complementation of split fragments of a reporter protein; (c)
Reconstitution using refolding of a structurally-distorted protein.
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the fusion protein are expressed in the cells, they
generate a reconstituted reporter protein from two of
its split-reporter fragments by a protein splicing reac-
tion. A typical intein segment consists of 400500
amino acid residues.6) At both ends of the intein, con-
served amino acid residues are inserted for e‹cient
protein splicing reaction. While most inteins are com-
posed of a single polypeptide chain, DnaE proteins
from the split dnaE genes in the genome of Syn-
echocystis sp. PCC6803 are naturally split inteins.
The Ssp DnaE inteins can mediate a trans-splicing
reaction with a higher e‹ciency when fused to foreign
proteins. An important general feature of the protein
splicing is a self-catalyzed excision of the intein with-
out any exogenous cofactors or energy sources such
as ATP.

Another approach to reconstructing the split frag-
ments of a reporter protein is to use their complemen-
tation,711) in which inteins are not required for the
reconstitution (Fig. 1b). The rationally-split frag-
ments of a reporter protein are connected with a pair
of interacting proteins. Interaction of the fused pro-
teins leads to correct folding of the reporter protein
and recovering its luminescence activity. Such recon-
stitution strategy has been successfully used in the

reassembly of dihydrofolate reductase, b-lactamase,
ubiquitin, renilla luciferase, ˆre‰y luciferase, GFP
and its spectral variants.

E‹ciency of reconstitution largely depends on the
dissecting amino acids in the reporter proteins. In ad-
dition, split reporters have to be designed to meet the
criteria such that each fragment does not possess
‰uorescence or bioluminescence activity. Moreover,
fragments of the split reporters do not assemble nor
refold spontaneously. Several dissecting points of
GFP are found amenable to fulˆll these criteria.
Among the dissecting points, the most generally use-
ful point of dissection appears to be in a surface loop
near residues 157158, spatially near the N- and C-
termini, regardless of fusion topology. Strikingly, it
has been suggested that a wide range of lengths of
linkers, which are used for connection between inter-
acting proteins and split reporter fragments, lead to
reconstitution.12) Precise alignment of the GFP frag-
ments is not necessary to nucleate reassembly.

In addition to the split-fragments reconstitution,
an innovative design of reconstitution method,
named cyclic luciferase, has recently been developed
(Fig. 1c).13) Two fragments of DnaE inteins are
fused to neighboring N- and C-terminal ends of ˆre‰y
luciferase connected with a substrate sequence of pro-
tease. After translation into a single polypeptide, the
N- and C- terminal ends of luciferase are ligated by
protein splicing, which results in a closed circular
polypeptide chain. Because the structure of the cyclic
luciferase is distorted, the luciferase loses its bio-
luminescence activity. If the substrate sequence is
digested by a protease, the luciferase changes into an
active form and restores its activity. The usefulness of
the cyclic luciferase has been demonstrated such as a
method for quantitative sensing of caspase-3 activities
in living cells upon extracellular stimuli and for
noninvasive imaging of the time-dependent caspase-3
activities in living mice.

cDNA LIBRARY SCREENING USING SPLIT-
EGFP RECONSTITUTION BY PROTEIN

SPLICING

Localization of each protein in eukaryotic cells is
tightly bound to function. Therefore, functional as-
says and screenings intended to characterize protein
localization are very important for understanding cel-
lular function. Now the methods for identifying pro-
teins localized in the intracellular organelles largely
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Fig. 2. Principle of Methods to Identify Mitochondrial Pro-
teins

When a test protein moves into the IMS, only the upper cell line is
‰uorescent. Conversely, when a test protein moves into the mitochondrial
matrix, the lower cell line shows ‰uorescence. DnaEn, N-terminal DnaE in-
tein; DnaEc, C-terminal DnaE intein; IMS, mitochondrial intermembrane
space.
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depend on the biochemical approaches.14) Each or-
ganelle is fractionated by stepwise centrifugation,
each protein is separated from the organelle by elec-
trophoresis or liquid chromatography, and its amino
acid composition is identiˆed by mass spectrometry.
This biochemical approach is useful for systematic
identiˆcation, but it depends on the yield and purity
of the intracellular organelle. Thus, the technique can
be problematic for organelles that are di‹cult to puri-
fy.

The split GFP reconstitution strategy has overcome
this drawback. In contrast to the biochemical ap-
proach, we have developed a genetic approach with
the split-GFP reconstitution technique,15) in which
screening for mitochondrial proteins from cDNA
libraries resulted in the discovery of novel genes that
encode mitochondrial proteins. The basic strategy is
based on reconstitution of enhanced GFP (EGFP) by
protein splicing with DnaE inteins (Fig. 2). As de-
scribed above, a characteristic feature of DnaEs is of
natural splicing ability to ligate accompanying exteins
in trans. A tandem fusion protein, containing a
mitochondrial targeting signal (MTS) and C-terminal

fragments of DnaEs and EGFP, localizes in the
mitochondrial matrix in cultured mammalian cells.
cDNA libraries generated from mRNAs are genetical-
ly fused to the sequences encoding the N-terminal
fragments of EGFP and DnaEs. If test proteins ex-
pressed from the cDNA libraries contain a functional
MTS, the fusion products translocate into the
mitochondrial matrix. The N- and C-terminal frag-
ments of DnaEs are brought close enough to fold cor-
rectly, thereby initiating protein splicing to link the
EGFP fragments with a peptide bond. It is notewor-
thy that only ``mitochondria-positive'' cells yield ‰u-
orescence signals. These ‰uorescent cells are screened
and collected rapidly by a ‰uorescence-activated cell
sorter (FACS). Relevant genes are subsequently iden-
tiˆed by genetic PCR and their cDNAs are sequenced.
In this work, 30 mitochondrial proteins including 3
novel proteins were identiˆed as the mitochondrial. If
the C-terminal fragments of EGFP and DnaEs are
placed in the mitochondrial inter-membrane space
(IMS), a series of IMS-localized proteins can be iden-
tiˆed according to the same procedure. A short pep-
tide of the IMS-targeting signal was identiˆed by the
split-EGFP reconstitution methods.16)

This genetic approach to identifying mitochondrial
proteins was further extended for identifying proteins
targeted to the endoplasmic reticulum.17) In this case,
a fusion protein of the C-terminal fragments of DnaE
and EGFP is connected with an endoplasmic reticu-
lum-targeting signal (ERTS), which localizes in the
lumen of the endoplasmic reticulum. If test proteins
expressed from the cDNA library contain an ERTS,
the fusion products translocate into the endoplasmic
reticulum, in which mature EGFP is generated. Using
the same procedure as the mitochondrial case, the
‰uorescent cells including cDNAs are collected by
FACS, and relevant genes are identiˆed. In this work,
109 non-redundant proteins targeting to the endoplas-
mic reticulum were identiˆed, of which 27 proteins
were novel.

An advantage of these genetic methods over the
biochemical ones is that they do not require puriˆca-
tion of target organelles or separation of each pro-
tein. Therefore, the proteins localized in other or-
ganelles do not contaminate. Moreover, the methods
provide high-throughput identiˆcation of gene pro-
ducts that are targeted to the mitochondria or en-
doplasmic reticulum.
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DETECTION OF PROTEIN TRAFFICKING US-
ING SPLIT-LUCIFERASE RECONSTITUTION

BY PROTEIN SPLICING

Dynamics of proteins into and out of the nucleus
plays an important role in regulating gene expression
in response to extracellular signals. The movement is
regulated by posttranslational modiˆcation such as
ligand binding, phosphorylation and proteolysis. A
technique for monitoring the protein movement
across the nuclear membrane depends on the use of
immunocytochemistry or optical imaging with geneti-
cally tagged GFP or its variant. These analyses are
eŠective for imaging spatial and temporal dynamics
of proteins of interest under ‰uorescence micro-
scopes. However, image acquisition is slow and the
obtained results are qualitative rather than quantita-
tive. In addition, analyses of the protein localization
in living animals require complex assay procedures,
such as extraction of an organ and dividing it into
sliced sections, which hamper temporal and quantita-
tive analyses.

We have developed a bioluminescent reporter for
detecting protein transport into the nucleus using
split-renilla luciferase reconstitution.18) Renilla lu-
ciferase has desirable features for a monomeric pro-
tein: small size (36 kDa), strong luminescence, and
lack of necessity of ATP. In addition, its substrate,
coelenterate luciferin (coelenterazine) rapidly pene-
trates through cell membranes, which is suitable for a
live cell assay and in vivo imaging. The luciferase is
split into N- and C-terminal fragments, and they are
connected with N- and C-terminal fragments of
DnaEs, respectively. The C-terminal fragment is per-
manently located in the nucleus, while the N-terminal
fragment connected with a test protein is in the
cytosol. If the test protein translocates into the
nucleus, the N- and C-terminal fragments of renilla
luciferase coexist in the nucleus, and full-length renil-
la luciferase is reconstituted by protein splicing. The
usefulness of the reporter is demonstrated with a
ligand-binding type of nuclear receptor, androgen
receptor (AR). Upon binding to 5a-dihydrotestoster-
one (DHT), AR translocated from the cytosol into
the nucleus. The luminescence signals were found to
increase with increasing the concentration of DHT,
being strong enough to discriminate them from back-
ground luminescence. Further extending of the split
renilla luciferase reporter was demonstrated in the

case where protein translocation is triggered by pro-
teolysis, phosphorylation and stress.1922)

The advantage of the split renilla luciferase report-
er is that the number of the cells once analyzed was
～104 cells, which was enough to precisely evaluate
the extent of AR translocation into the nucleus.
Therefore, this split reporter enabled precise and sen-
sitive detection, which is of great advantage to quan-
titatively evaluate the extent of protein nuclear trans-
port in a high-throughput manner.

IMAGING OF mRNA IN SINGLE LIVING CELLS
USING SPLIT-EGFP COMPLEMENTATION

Methods of split-reporter complementation with-
out intein have found applications as a biochemical
tool to detect and image speciˆc protein-protein in-
teractions and protein-nucleic acid interactions. In
addition to such applications, we have recently deve-
loped genetically-encoded ‰uorescent probes for
characterizing localization and dynamics of an
mRNA in single living cells.23) The basic principle is
shown in Fig. 3. Split fragments of EGFP are con-
nected with two sequence-speciˆc RNA binding
domain of human PUMILIO1 (Pumilio homology
domain; PUM-HD). PUM-HD is composed of eight
sequence repeats and recognizes a consensus se-
quence, UGUANAUA.24,25) Each repeat acts as a
molecule that speciˆcally recognizes a single RNA
base like a Watson-Crick base paring. Importantly,
speciˆcity of PUM-HD for the RNA-base sequences
can be altered by changing RNA-recognizing amino
acid residues within the repeated sequence. Upon in-
teracting RNA with the PUM-HDs, the EGFP frag-
ments are in close proximity so that they are reconstit-
uted into the native EGFP, recovering its ‰uores-
cence. The ‰uorescence signals allow for monitoring
spatial and temporal analysis of mRNA localization
in single living cells.

In the proof of principle, a mitochondrial mRNA
(mtRNA) encoding NADH dehydrogenase subunit 6
(ND6) was selected as a target for imaging. The ND6
mRNA has two sequence motifs similar to the PUM-
HD recognition sites. To match their sequences,
several amino acid mutations are inserted in the
PUM-HDs. In order to target the RNA probes into
the mitochondrial matrix, a mitochondria-targeting
signal (MTS) was connected with the amino terminus
of the probes.

Using the probes, ND6 mRNA was successfully
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Fig. 3. Detection Methods of a Target mRNA Based on
Complementation of Split EGFP Fragments

Two RNA-binding proteins of PUM-HD are engineered to recognize
speciˆc sequences on a target mRNA (mPUM1 and mPUM2). In the
presence of the target mRNA, mPUM1 and mPUM2 bind to their target se-
quences bringing together the N- and C-terminal fragments of EGFP, result-
ing in functional reconstitution of EGFP.
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visualized in single living cells. It was found that, in
the case of HeLa cells, the complement EGFP was
localized in mitochondria. In addition, several foci on
the mitochondrial DNA (mtDNA) were observed.
This result suggested that ND6 mRNA is concentrat-
ed on the mtDNA. The dynamics of ND6 mRNA was
examined by the ‰uorescence recovery after pho-
tobleaching (FRAP) technique. Movement of ND6
mRNA was found restricted but oxidative stress in-
duced the mRNA to disperse in the mitochondria and
gradually decompose. Although usefulness of the
probe has been demonstrated only in the case of ND6
mRNA, but, in the near future, the basic principle
will provide a means to study spatial and temporal dy-
namics of a variety of mRNAs in living cells.

SENSING CASPASE-3 ACTIVITIES IN LIVING
MICE USING CYCLIC LUCIFERASE RECONSTI-

TUTION

One of the complicated proteolytic signaling inside

living organisms is used to decide the programmed
cell death, apoptosis. Understanding the physiologi-
cal proteolytic processes is of crucial importance in
assessing the roles of proteases in normal states and
diseases. Development of a rapid screening system to
detect the protease activities and a method to non-
invasively image the apoptosis is essential for the dis-
covery of novel compounds that can be potential ther-
apeutic chemicals. We developed a genetically-encod-
ed cyclic luciferase with general applicability for de-
tecting protease activities in living cells and
animals.13)

The principle is shown in Fig. 4. Fire‰y luciferase
folds into two compact domains; a large N-terminal
domain (Fluc-N) and a small C-terminal one
(Fluc-C).26) These domains are separated by a wide
cleft, in which there is an active center of the lu-
ciferase. The N-terminal end of ˆre‰y luciferase is
distant from the C-terminal one, but both ends of the
luciferase are located on the same side behind the ac-
tive center. On the basis of the structural information
of the luciferase, the N- and C-terminal ends are con-
nected with a substrate sequence of caspase-3,
DEVD. By doing so, the overall structure is changed
into a distorted form, which results in great attenua-
tion of the luciferase activity. In order to connect the
N-terminal end with the C-terminal one, naturally
split DnaE inteins are used. In addition, a PEST se-
quence, which is known to accelerate degradation of
the protein in 4 hours,27) was attached to the C-termi-
nal ends of the fusion construct. The PEST sequence
results in the degradation of only unspliced products,
whereas cyclic luciferase does not possess the PEST
sequence. Consequently, cyclic luciferase uniquely ac-
cumulates in the cells.

Applicability of the cyclic luciferase was demon-
strated for quantitatively detecting the caspase-3 ac-
tivities in living cells and animals. Cell-based analysis
using the cyclic luciferase allowed for precise and
quantitative measurements of caspase-3 activities, be-
cause it enabled analysis of a statistically signiˆcant
number of cells in a single assay format. The response
of cyclic luciferase upon caspase-3 activation was very
fast, which will promise high-throughput screening
and characterization of therapeutic anticancer drugs
and caspase inhibitors. Moreover, the cyclic lu-
ciferase enabled in vivo real-time imaging of caspase-
3 activities in living mice. Chemical compounds, in
many cases, are metabolized or chemically modiˆed
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Fig. 4. Strategy for the Detection of Caspase-3 Activity
(a) Principle for monitoring the activity of caspase-3 by using cyclic luciferase; (b) Schematic structures of the cDNA construct of the probe; (c) In vitro

characterization of cyclic luciferase. The probe was expressed in COS-7 cells and the cells were stimulated with staurosporine (STS) and/or an inhibitor, Z-VAD-
FMK.
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in living mice. EŠective concentrations of the chemi-
cal compounds can be estimated noninvasively by us-
ing this imaging method.

CONCLUSION

In conclusion, split-reporter reconstitution meth-
ods have been applied to advance our understanding
of many important molecular and cellular functions
in living cells and animals. Novel techniques and
related applications of the methods are constantly
being developed and reported. At the present time,
the development of the split reporter constructs is
rather semi-rational and laborious. This would be im-
proved if systematic design and high-throughput
screening of the probes were possible. Further de-
velopment of a variety of attractive applications with
the new reconstitution methods will appear in the
near future.
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