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Abstract

In this review, I summarize the development over the past several
years of fluorescent and/or bioluminescent indicators to pinpoint
cellular processes in living cells. These processes involve second
messengers, protein phosphorylations, protein-protein interactions,
protein-ligand interactions, nuclear receptor—coregulator interac-
tions, nucleocytoplasmic trafficking of functional proteins, and pro-
tein localization.
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1. PROBING CELLULAR SIGNALING PATHWAYS
IN LIVING CELLS

Organic fluorescent probe molecules have been developed for nondestructive analysis
of chemical processes in living cells, including ions and small molecules such as Ca**
(1), NO (2), Mg’* (3), and Zn>* (4). In addition, green fluorescent protein (GFP)
and its analogs have been used to probe proteins to determine their structural and
locational changes after genetically labeling them to proteins of interest (5).

Many intracellular chemical processes and cellular signaling processes are still
studied essentially by destructive analysis. Such methods disrupt hundreds of thou-
sands of cells prior to separation, purification, and detection of intracellular compo-
nents. Itis necessary, therefore, to develop methods for direct nondestructive analysis
of cellular signaling steps in live cells.

Intercellular signaling substances include neurotransmitters, which are cytokines
and hormones functioning in the nerve, immune, and endocrine systems. These
substances bind either to ion-channel-, kinase-, or G protein—coupled membrane
receptor proteins and trigger the respective downstream intracellular signaling pro-
cesses. Intracellular signaling can be monitored in vivo in living cells (6) by genetically
encoded intracellular fluorescent and bioluminescent probes or indicators. Scientists
have reported a number of these probes for visualizing cellular signaling. The probes
include second messengers such as Ca’* (7), camp (8), nitric acid (NO) (9), inositol
1,4,5-trisphosphate (IP;) (10, 11), cyclic guanosine 3’,5'-monophosphate (cGMP)
(12), and phosphatidylinositol-3,4,5-trisphosphate (13), protein phosphorylation
(14-16), protein-protein interactions (17-21), and protein localizations in organelles
(22-26). These probes are useful not only for fundamental biological studies, but also
for the assay and screening of possible pharmaceutical or toxic chemicals that inhibit
or facilitate cellular signaling pathways.

2. SECOND MESSENGERS
2.1. Nitric Oxide

Nitric oxide (NO) is a small uncharged free radical that is involved in diverse phys-
iological and pathophysiological mechanisms. NO is generated by three isoforms
(endothelial, neuronal, and inducible) of NO synthase (NOS). When generated in vas-
cular endothelial cells, NO plays a key role in vascular tone regulation. An amplifier-
coupled fluorescent indicator for NO was developed (9) to visualize physiological
nanomolar dynamics of NO in living cells (detection limit of 0.1 nM). Earlier, a
c¢GMP fluorescent indicator, cyan fluorescent protein/protein kinase G/yellow fluo-
rescent protein (known as CGY), was developed, which was combined with soluble
guanylate cyclase (sGC) for the amplified detection of NO in living cells (9). This
amplifier-coupled fluorescent indicator was named NOA-1. NOA-1 binds with single
NO molecules and generates a large number of cGMPs in single living cells. The
increased amount of cGMP in situ is detected by the cGMP fluorescence resonance
energy transfer (FRET) sensor built into NOA-1. NOA-1 unbound to cGMP does
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not emit the FRET signal. The vascular endothelial cell stably generates 1 nM of the
basal NO. This genetically encoded high-sensitivity indicator revealed that approxi-
mately 1 nM of NO, which is enough to relax blood vessels, is generated in vascular
endothelial cells even in the absence of shear stress. The nanomolar range of basal
endothelial NO thus revealed appears to be fundamental to vascular homeostasis (9)
(Figure 1).

We report a novel cell-based indicator that is able to visualize picomolar dynamics
of NO release from living cells. Cells from a pig kidney—derived cell line (PK15)
endogenously express sGC, which is a receptor protein for the selective recognition
of NO. Binding of NO by sGC causes the amplified generation of cGMP. To make
the PK15 cells into NO indicators, the cells are transfected with a plasmid vector
encoding a fluorescent indicator for cGMP, and FRET is recorded at 480 & 15 and
535 £ 12.5 nm upon excitation of the cells at 440 £+ 10 nm. The cell-based indica-
tor exhibits exceptional sensitivity (detection limit of 20 pM), selectivity, reversibility,
and reproducibility. The outstanding sensitivity of the present indicator has led us to
uncover an oscillatory release of picomolar concentrations of NO from hippocampal
neurons. We present evidence that Ca?* oscillations in hippocampal neurons underlie
the oscillatory NO release from the neurons during neurotransmission. We have also
succeeded in visualizing the extent of diffusing NO from single vascular endothelial
cells. The present cell-based indicator provides a powerful tool for uncovering pi-
comolar dynamics of NO that regulate a wide range of cell functions in biological
systems (27).

2.2. Phosphatidylinositol-3,4,5-Trisphosphate

Phosphatidylinositol-3,4,5-trisphosphate (PIP3) regulates diverse cellular functions,
including cell proliferation and apoptosis, and has roles in the progression of diabetes
and cancer. However, little is known about its production. Fluorescent indicators
for PIP; have been developed based on FRET (13). These novel PIP; indicators are
composed of two distinctly colored mutants of GFP and a PIP;-binding domain. The
PIP; level was observed by dual-emission ratio imaging, thereby allowing stable ob-
servation without the problem of artifacts. Furthermore, these indicators were fused
with localization sequences to direct them to the plasma membrane or endomem-
branes, allowing localized analysis of PIP; concentrations. Using these fluorescent
indicators, we analyzed the spatiotemporal regulation of the PIP; production in sin-
gle living cells. To examine PIP; dynamics, a pleckstrin homology (PH) domain from
GRP1 was used, which selectively binds PIP;, fused between cyan and yellow fluo-
rescent protein (CFP and YFP, respectively) variants through rigid «-helical linkers,
12 of which consist of repeated EAAAR sequences. Within one of the rigid linkers,
a single diglycine motif was introduced as a hinge. We then tethered the chimeric
indicator protein to the membrane by fusing it with a membrane localization se-
quence through the rigid «-helical linker. Thus, after PI(3)K activation, the PH
domain binds to PIP; and a significant conformational change of the indicator pro-
tein occurs through the flexible diglycine motif introduced into the rigid «-helical
linker. This “flip-flop-type” conformational change of the indicator protein changes
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intramolecular FRET from CFP to YFP, allowing detection of PIP; dynamics at the
membrane. We named this indicator fllip (fluorescent indicator for a lipid second
messenger that can be tailor made).

The developed fllip allows a spatiotemporal examination of PIP; production in
single living cells. After ligand stimulation, PIP; levels increased to a larger extent
at the endomembranes (i.e., the endoplasmic reticulum and the Golgi) than at the
plasma membrane. This increase was found to originate from in situ production at
the endomembranes, a process stimulated directly by receptor tyrosine kinases en-
docytosed from the plasma membrane to the endomembranes. The demonstration
of PIP; production through receptor endocytosis addresses a long-standing ques-
tion about how signaling pathways downstream of PIP; are activated at intracellular
compartments remote from the plasma membrane (13) (Figure 2).

We described fluorescent indicators for a lipid second messenger, diacylglycerol
(DAG), which allow the localized analysis of DAG dynamics at subcellular mem-
branes. We have shown that DAG concentrations increase and/or decrease at not
only the plasma membrane, but also at organelle membranes such as endomembranes
and mitochondrial outer membranes (13).

3. PROTEIN PHOSPHORYLATIONS

Protein phosphorylation by intracellular kinases plays one of the most pivotal roles
in signaling pathways within cells. The kinase proteins catalyze transfer of the phos-
phate of ATP and phosphorylation of the hydroxy groups of serines, threonines,
and/or tyrosines on the substrate proteins. Upon phosphorylation, the substrate pro-
teins undergo conformational changes caused by the negative charges of the phos-
phates, which subsequently trigger their enzymatic activation and interaction with
their respective target proteins. To reveal the biological issues related to the kinase
proteins, electrophoresis, immunocytochemistry, and in vitro kinase assay have been
used. However, these conventional methods do not provide sufficient information
about the spatial and temporal dynamics of signal transduction based on protein
phosphorylation and dephosphorylation in living cells. To overcome the limitations

Figure 1

An amplifier-coupled fluorescent indicator for visualizing nitric oxide (NO) in single living
cells. (#) Schematic representations of domain structures of soluble guanylate cyclase (sGC),
CGY, sGC-CGY, and sGC-CGY. The amino acid sequence of FLAG tag and linker (Ln) is
shown at the bottom. The heterodimer of sGC-CGY and sGC-CGY has been named NOA-1.
(b) Principle of the NO indicator NOA-1. sGC-CGY and sGC-CGY are spontaneously
associated to form a matured heterodimer, NOA-1. NOA-1 binds with NO and generates
cyclic guanosine 3’,5'-monophosphate (¢cGMP) at the rate of 3000-6000 molecules/min.
Thus, generated cGMP binds to the CGY domain in NOA-1 and causes NOA-1 to emit a
fluorescence resonance energy transfer (FRET) signal. About 99.9% of ¢cGMP molecules is
thus generated diffusely and is bound to NO-free NOA-1. As a result, even a single NO
molecule can trigger a large amount of NOA-1 to emit FRET signals. Even if sGC-CGY and
sGC-CGY exist as monomers, the monomers also emit FRET signals upon binding with
generated cGMP. Abbreviations: GFP, green fluorescent protein; PKG, protein kinase G.
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Figure 2

Fluorescent indicators for PtdInsP3 in single living cells. (#) Principle of fluorescent indicator
for a lipid second messenger that can be tailor made (fllip) for visualizing PtdInsP3. Cyan
fluorescent protein (CFP) and yellow fluorescent protein (YFP) are different-colored mutants
of green fluorescent protein with mammalian codons and additional mutations. After binding
of PtdInsP3 to the pleckstrin homology (PH) domain within fllip, a flip-flop-type
conformational change occurs, changing the efficiency of fluorescence resonance energy
transfer from CFP to YFP. (b) Schematic representations of domain structures within the
present fllips. The PH domain is derived from human GRP1 (amino acids 261-382) and
selectively binds to PtdInsP3. PH domain R284C is a mutant PH domain, in which Arg 284 is
replaced with cysteine, abolishing binding to PtdInsP3. Abbreviations: ER, endoplasmic
reticulum; FRET, fluorescence resonance energy transfer; Lnl, Ln2, and Ln3, linkers (the
amino-acid sequences of which are shown at bottom); MLS1 and MLS2, membrane
localization sequences for the plasma membrane and endomembranes, respectively, the
amino-acid sequences of which are shown at bottom.
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of investigating kinase signaling, genetically encoded fluorescentindicators have been
developed for visualizing protein phosphorylation in living cells (14).

Besides traditional genomic pathways of sex steroid receptors in the nucleus,
the extranuclear nongenomic pathways of these receptors have also been shown to
strongly relate to many biological consequences, including vascular protection and
cell proliferation (28-30). These nongenomic pathways are rapidly mediated through
several critical protein kinases. A nonreceptor protein tyrosine kinase, Src, is known to
be activated immediately after a steroid stimulation (31, 32). The activated Src phos-
phorylates various substrate proteins, such as Shc, that finally induce ERK-dependent
transcription (33, 34). To determine how the Src activity is nongenomically regulated
by steroid receptors in single living cells, we developed a fluorescent indicator for Src
kinase activity and named it Srcus. This indicator can monitor substrate phosphory-
lation by activated endogenous Src as a FRET response in single living cells.

Based on the fluorescence imaging with the present fluorescent indicators, we
demonstrated that E2-induced Src activation takes place in not only plasma- but
also endomembranes. This was ascribed to the existence of epidermal growth fac-
tor (EGF) and occurrence of EGF receptor— (EGFR-)involved endocytosis of es-
trogen receptor (ER) together with Src. EGFR, ER, and Src were found to form
a ternary complex upon E2 stimulation. The cell growth of breast cancer—derived
MCEF-7 cellsincreased markedly through the above EGF-involved estrogen-signaling
process. In contrast to estrogen-activated Src signaling, the male steroid hormone,
5a-dihydroxytestosterone (DHT), was found to activate Src only in the plasma mem-
brane free from the interaction of EGFR with androgen receptor (AR). The cell
growth occurred only moderately as a result. The spatial difference in Src activa-
tion between E2 and DH'T may be responsible for the different rates of MCF-7 cell
growth between E2 and DHT (39) (Figure 3).

Extracellular signal-regulated kinase (ERK) is a serine/threonine protein kinase
that regulates a wide variety of cell functions such as cell growth and differentiation.
To study the spatiotemporal dynamics of protein phosphorylation by activated ERK
in living cells, we have developed genetically encoded fluorescent indicators for ERK
(39). The presentindicators change their conformation upon protein phosphorylation
by activated ERK and then emit fluorescence signals based on FRET. We visualized
the cytosolic and nuclear activity of ERK using the present indicators. We thus found
that the activation duration of ERK is considerably different between the cytosol and
nucleusin living cells. The subcellular differences in ERK activity may be fundamental
to the regulation of cell functions by ERK (Figure 4).

Cholesterol-enriched nanodomains called lipid rafts are thought to act as a plat-
form for protein signaling in cells, but the physiologic significance of lipid rafts in
cells and tissues is still unknown (35, 36). The main point of the present work is
to show the physiologic significance of kinase activity in lipid rafts. Src family ki-
nases (SFKs) are known to be distributed throughout the cell membranes and to
regulate many biological processes (37, 38). To locate with high resolution where
SFK activation occurs in the cell membranes, we developed a genetically encoded
transmembrane fluorescent indicator for detecting the SFK activation at the cell
membranes, and named it TM-Srcus (14, 39). TM-Srcus can monitor the substrate
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Figure 3

Fluorescent indicators visualize rapid Src signaling stimulated by sex steroids. (#) Principle of
Srcus for monitoring Src activation. Cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP) are different-colored mutants of green fluorescent protein (GFP). Upon
phosphorylation of the substrate sequence within Srcus by Src, the adjacent tyrosine
phosphorylation recognition (SH2) domain binds with the phosphorylated substrate sequence,
which increases the efficiency of fluorescence resonance energy transfer between the GFP
mutants within Srcus. (b) Schematic representations of domain structures of Srcuses.
Restriction sites are also shown with the constructs. A Kozak sequence (Kz) allows optimal
translation initiation in mammalian cells. The amino acid sequence of the substrate sequence
is EEEIYGEFFE, which is preferentially phosphorylated by Src. The SH2 domain is derived
from Src-(148-248). The phosphotyrosine binding (PTB) domain is derived from
She-(46-206). The transmembrane domain is from Cbp-(1-52). In the mutant PTB F198V
domain, an amino acid residue at position 198 of Shc-(46-206) is mutated from phenylalanine
to valine. Abbreviations: FRET, fluorescence resonance energy transfer; Ln, flexible linker
sequence (GGNNGGNNGGNNGGNNGGNNGGNGNG); NES, nuclear-export-signal
sequence derived from the human immunodeficiency virus protein Rev.

phosphorylation by activated SFKs as the decrease in the CFP/YFP emission ratio
through FRET. The total internal reflection fluorescence imaging of the SFK activa-
tion on the plasma membrane by TM-Srcus showed that SFK activation takes place in
lipid rafts.

Based on this finding, we developed a lipid raft-targeted SFK inhibitory fusion
protein (LRT-SIFP) to inhibit SFK activity in lipid rafts. The LRT-SIFP contains
the peptide inhibitor of SFK and the targeting sequence for localizing the SIFP to
lipid rafts. The significance of the subcellular locations of kinase activity has hardly
been studied by conventional inhibition methods such as small interfering RNA and
chemical or peptide inhibitors, which inhibit kinase activity in cells. The present
LRT-SIFP highlighted the importance of SFK activation in lipid rafts in the func-
tion of breast cancer cells. Although it is highly potent, the previously developed
peptide inhibitor of SFK does not affect cell functions of MCF-7 cells derived from
human breast cancer. In contrast to this conventional peptide inhibitor, the present
LRT-SIFP inhibits cell adhesion and cell cycle progression of MCF-7 and MDA-
MB231 cells. In addition, these inhibitory effects of LRT-SIFP on cell functions are
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Design of the present fluorescent indicator to visualize protein phosphorylation by
extracellular signal-related kinase (ERK), Erkus. Erkus consists of CFP, FHA2 domain,
substrate domain, yellow fluorescent protein (YFP), and D domain. Cyan fluorescent protein
(CFP) and YFP are different-colored mutants of Aequorea victoria fluorescent proteins. Upon
phosphorylation, the substrate domain binds with the FHA2 domain, resulting in the decrease
of fluorescence resonance energy transfer (FRET) efficiency from CFP to YFP.

specific for tumor cell lines. The lipid raft-specific knockdown of SFK activity would
potentially be useful for selective cancer therapy to prevent tumorigenesis and metas-
tasis of breast cancer cells (Figure 5).

4. PROTEIN-PROTEIN INTERACTIONS

Protein-protein interactions play pivotal roles in many chemical processes in living
cells, yet they have been among the most difficult aspects of molecular and cellu-
lar biology to be studied. Monitoring protein-protein interactions in living cells is
important for screening and assaying chemicals thatincrease or inhibit cellular signal-
ing processes. To promote a greater understanding of the chemical processes, several
methods have been developed for detecting protein-protein interactions. Available
information about protein-protein interactions was obtained mostly via biochemical
methods, but these methods required destructive analysis, which did not provide us
with live-cell dynamics. The yeast two-hybrid system (40, 41) and the mammalian
two-hybrid system (42, 43) use a “bait” protein fused to a DNA binding domain with
a nuclear localization signal (NLS) in order to find their “prey” protein connected
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TM-Srcus, a fluorescent indicator for detecting Src family kinase (SFK) activation in cell
membranes. The principle of TM-Srcus for visualizing SFK activation in cell membranes. On
SFK activation, a conformational change in TM-Srcus occurs as a result of the binding of a
tyrosine phosphorylation recognition (SH2) domain to a phosphorylated SFK substrate
(Y314) domain, which results in an intramolecular fluorescence resonance energy transfer
response. Abbreviation: FRET, fluorescence resonance energy transfer.

to a transcription activation domain with an NLS. The interaction between bait and
prey accumulates the transcription activation domain on a specific sequence of DNA
located upstream of a reporter gene; thus, the reporter gene expression is transac-
tivated. Although significant signals for detection are obtained with the two-hybrid
systems, they are limited in that detectable protein-protein interactions occur only
in the nucleus to transactivate the reporter gene (44-46).

The split ubiquitin system (47-49) for detecting an interaction between a mem-
brane protein and a cytosolic protein also limits the detection of interactions be-
tween cytoplasm proteins or nuclear localizing proteins. Several methods have been
reported as useful in overcoming these limitations, including the protein comple-
mentation system such as using firefly luciferase (50), and Renilla luciferase (20, 51).
We previously proposed a novel concept, a protein reconstitution system based on
protein splicing, for detecting protein-protein interactions (18, 19, 52) and protein
localization in organelles (22, 24). Although the protein complementation system
and the protein reconstitution system allow us to monitor interactions between cy-
toplasm and membrane-proximal proteins, they suffer from low-endpoint signals for
the interactions due to the much lower activity of complemented or reconstituted
split reporters compared with that of intact reporter proteins. Here we describe a
protein splicing—based reporter gene assay to monitor protein-protein interactions
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Principle for the intein-mediated reporter gene assay. DnaEn (amino acids 1-123) and DnaEc
(amino acids 1-36) are connected with modified LexA (mLexA) (amino acids 1-229) and the
transcription activation domain of a herpes simplex virus protein (VP16AD) (amino acids
411-456), respectively. Interested proteins X and Y are linked to the ends of DnaEn and
DnaFEc, respectively. Interaction between X and Y accelerates the folding of DnaEn and
DnaEc, and protein splicing results. mLexA and VP16AD are linked together by a peptide
bond to obtain a transcriptional activity.

in mammalian cells. Protein splicing is a posttranslational autocatalytic process in
which an intein is excised with the concomitant ligation of the flanking exteins (53—
56). An important property of the protein splicing is that the substitution of exteins
for different peptides does not interfere with the splicing process (57, 58). We chose
N- and C-terminal halves of an Ssp-DnaFE intein as the protein-splicing elements, and
modified LexA (mLexA) and a transcription activation domain of a herpes simplex
virus protein (VP16AD) as the transcription factors. The present reporter gene assay
allowed us to detect EGF-induced membrane-proximal Ras-Raf-1 interactions that
could not be detected with the previous reporter gene assay, the two-hybrids method.
In addition, the present reporter gene assay enabled us to obtain sufficient signals for
the interactions that were not identified with the firefly luciferase complementation
system (Figure 6).

We developed an approach for discriminating agonist and antagonist in a nonge-
nomic steroid-signaling pathway using an association of AR with Src. We constructed
a pair of genetically encoded indicators, where N- and C-terminal fragments of split
firefly luciferase (FLuc) were fused to AR and Src, respectively. The proteins fused
with AR and Src are localized in the cytoplasm and on the plasma membrane, re-
spectively. Upon being activated with androgen, AR undergoes an intramolecular
conformational change and binds with Src. The association causes the complemen-
tation of the split FLuc and recovery of FLuc activity. The resulting luminescence
intensities were taken as a measure of the rapid hormonal activity of steroids in the
nongenomic AR signaling (Figure 7) (24, 25, 59, 60).
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Figure 7

Schematic diagram showing the detection scheme of the single-molecule-format
bioluminescent indicator based on an intramolecular complementation strategy of split click
beetle luciferase (CBLuc) for monitoring bioactive small molecules. An agonist induces
conformational change in the ligand binding domain of a nuclear receptor (NR LBD). It
subsequently activates the association of NR LBD with the specific recognition peptide
sequence. The association triggers the recovery of the CBLuc activities by an intramolecular
complementation of split CBLuc. The recovered luciferase activities are taken as a measure of
the androgenicity of ligands. On the other hand, removal of the agonist dissociates the
complementation between NR LBD and the motif and cancels the developed CBLuc
activities. The agonist was animated with a key, whereas the split CBLuc was drawn as a
half-segmented ball. Abbreviations: CBLuc-N, N-terminal fragment of click beetle luciferase;
CBLuc-C, C-terminal fragment of click beetle luciferase; GS linker, a flexible amino acid
sequence consisting of glycines and serines.

5. PROTEIN-LIGAND INTERACTIONS

Click beetle luciferase (CBLuc) is insensitive to pH, temperature, and heavy metals,
and emits a stable, highly tissue-transparent red light with luciferin in physiologi-
cal circumstances. Thus, the luminescence signal is optimal for a bioanalytical index
reporting the magnitude of a signal transduction of interest. We validated a single-
molecule-format complementation system of split CBLuc to study signal-controlled
protein-protein (peptide) interactions (61). First, we generated 10 pairs of N- and
C-terminal fragments of CBLuc to examine whether a significant recovery of the
activity occurs through the intramolecular complementation. The ligand binding
domain of androgen receptor (AR LBD) was connected to a functional peptide
sequence through a flexible linker. The fusion protein was then sandwiched be-
tween the dissected N- and C-terminal fragments of CBLuc. Androgen induces the
association between AR LBD and a functional peptide and the subsequent com-
plementation of N- and C-terminal fragments of split CBLuc inside the single-
molecule-format probe, which restores the activities of CBLuc. Examination of the
dissection sites of CBLuc revealed that the dissection positions next to the amino acids
D412 and 1439 admit a stable recovery of CBLuc activity through an intramolecular
complementation.
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Ligand-induced conformational changes of nuclear hormone receptors (INRs) are
important initiators of various kinds of hormone signaling. However, little is known
of the bioanalytical use of the hormone-induced conformational changes of NRs.
Here, we describe a generally applicable bioluminescence assay with a genetically en-
coded bioluminescent indicator to determine androgenicity of ligands based on the
intramolecular association of the ligand-binding domain of androgen receptor (AR
LBD) with the “FQNLF” motif in the N-terminal domain of AR (AR N'TD). FLuc
was dissected into N-terminal (1-415 AA) and C-terminal (416-550 AA) fragments.
The AR LBD and FQNLF motif of AR NTD were sandwiched between the dissected
fragments of FLuc to construct a single-molecule-format bioluminescent probe. An-
drogens induce the association of AR LBD with the FQNLF motif in the NTD, and
the subsequent complementation of N- and C-terminal fragments of FLuc partially
restores the activities of FLuc. A 107> M solution of DHT induced a quick increase in
the luminescence intensities from cervical carcinoma-derived HeLa cells carrying the
genetic indicator, which reached a plateau in 9 min, whereas DHT withdrawal from
the cells by a medium change decreased the luminescence more slowly (i.e., 2 h elapsed
until luminescence returned to the background level) (61). The present luminescent
indicator was found to exhibit high agonist selectivity and reproducible recovery of
the luminescence to a repeated androgen addition and withdrawal. This is the first
contribution that cellular signaling steps can be imaged with bioluminescence using a
single-molecule-format bioluminescence probe (Simbi), in which all the components
required for signal sensing and visualization are integrated. Simbi is applicable to de-
veloping biotherapeutic agents effective to the AR signaling, and for screening adverse
chemicals that possibly influence the signal transduction of AR (17, 24, 26, 62-64).

Firefly luciferase connected with a substrate sequence for caspase-3 (DEVD) is
cyclized by a DnaFE intein. When the cyclic luciferase is expressed in living cells, its
activity is greatly decreased because of a steric effect. Activated caspase-3 cleaves the
substrate sequence in the cyclic luciferase and the luciferase activity is restored. Quan-
titative sensing of time-dependent caspase-3 activity in living cells and in mice upon
the application of extracellular stimuli has been demonstrated (Figure 8) (65-71).

6. NUCLEAR RECEPTOR-COREGULATOR INTERACTIONS

A sensitive fluorescent indicator was designed to visualize, in real time, the activities
of the AR ligands in the physiological environment of single living cells (17). An an-
drogen promotes interaction between the androgen receptor ligand binding domain
(AR LBD) and coactivator protein. This results in an increase in FRET from CFP
to YFP. The indicator is capable of distinguishing ligands of different potencies for
the AR. The present assay is intended to indicate not the binding affinity of a drug,
but rather the efficacy of a drug as either an antagonist or partial agonist in vivo. The
permeability of a drug into cells and the conformational changes induced in the AR
all determine its efficacy, much more so than a simple binding assay. Progesterone,
glucocorticoid, and peroxisome proliferator-activated receptors (PR, GR, and PPAR,
respectively) also belong to the NR family and play important roles in mediating the
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Figure 8

Strategy for the detection of caspase-3 activity. Principle for monitoring the activity of
caspase-3 by using split firefly luciferase (Fluc). Abbreviation: PEST, prolinc, glutamic acid,
serine, and threonine-rich.

actions of drugs for contraception (by PR), inflammation (by GR), and type-2 diabetes
(by PPARY). Using the present strategy, indicators for PR, GR, and PPARy can be
developed for screening and characterization of their ligands. The indicators would
be helpful in the development of NR-based pharmaceutical drugs for the treatment
of different diseases (Figure 9).

Selective nuclear receptor modulators (SNRMs), which are used clinically for
the treatment of NR-related diseases, display mixed agonistic/antagonistic activity
in a tissue-selective manner depending on the cellular concentrations of coregulator
proteins, (e.g., coactivators and corepressors). The molecular details of the SNRM
function provided us with an idea for a rational method for the high-throughput
screening of SNRMs in real time in intact living cells. We have developed genetically
encoded fluorescent indicators based on the principle of ligand-induced co-activator
and/or corepressor recruitment to NR ligand-binding domain in single living cells.
We demonstrated that an SNRM induces a distinct conformational change in the
NR LBD, which differ from that induced by a full agonist or antagonist, favor-
able for the recruitment of a coactivator or corepressor protein to the NR. The
molecular details of an SNRM-binding NR and the subsequently induced confor-
mational changes are important to the understanding of SNRM action in the living
body. Our fluorescent indicators are capable of distinguishing among agonists, antag-
onists, and SNRMs, and can therefore serve as versatile molecular sensors that predict
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Figure 9

Fluorescent indicator for the ligand-induced coactivator/corepressor recruitment to the
progesterone ligand binding domain (PR LBD) in living cells. Principle of the coactivator/
corepressor-based ligand-induced/fluorescent indicator based on intramolecular fluorescence
resonance energy transfer (FRET) to visualize the ligand-dependent interaction between the
PR LBD and the steroid receptor coactivator 1 peptide/silencing mediator for retinoid and
thyroid hormone receptor. Upon ligand binding, the PR LBD and coactivator/corepressor
interact with each other. Consequently, yellow fluorescent protein (YFP) is oriented in close
proximity to cyan fluorescent protein (CFP); this results in an increase in the FRET response.
The magnitude of the FRET increase strongly depends on the relative orientation and
distance between the donor (CFP) and acceptor (YFP) fluorophore.

the pharmacological character ligands, which is important for accurate treatment of
disease (9, 72-75).

One member of the NR superfamily, PPAR (described above) plays an important
role in modulation of insulin sensitivity in type 2 diabetes. Ligand-dependent protein-
protein interactions between NRs and NR coactivators are critical in regulation of
transcription. To visualize the ligand-induced coactivator recruitment to PPAR in
live cells, we developed a genetically encoded fluorescent indicator in which PPAR
ligand binding domain (PPAR LBD) was connected to a steroid receptor coactivator
peptide that contains LXXLL motif (where L = leucine and X = any amino acid)
through a flexible linker. This fusion protein was inserted between CFP and YFP, the
donor and acceptor fluorophores, respectively. Monitoring real-time ligand-induced
conformational change in the PPAR LBD to interact with the coactivator allowed
screening of natural and synthetic ligands (drugs for the treatment of type 2 diabetes)
in single living cells using intramolecular FRET microscopy. The high sensitivity of
the present indicator made it possible to distinguish between strong and weak affinity
ligands for PPAR in a dose-dependent fashion immediately after adding a ligand to live
cells. The indicator can discriminate agonist from antagonist compounds efficiently
within a few minutes. The present system may be promising for the development of
PPAR-targeted drugs for type 2 diabetes and inflammation.
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7. NUCLEOCYTOPLASMIC TRAFFICKING
OF FUNCTIONAL PROTEINS

Nucleocytoplasmic trafficking of functional proteins plays a key role in regulating
gene expressions in response to extracellular signals. A genetically encoded biolu-
minescent indicator was developed for monitoring the nuclear trafficking of target
proteins in vitro and in vivo (24). The principle is based on reconstitution of split
fragments of Renilla reniformis (Rluc) by protein splicing with a DnaFE intein. A target
cytosolic protein fused to the amino-terminal half of Rluc is expressed in mam-
malian cells. If the protein translocates into the nucleus, the Rluc moiety meets the
C-terminal half of Rluc, which is localized in the nucleus with a fused NLS, and
full-length Rluc is reconstituted by protein splicing. The bioluminescence is thereby
emitted with coelenterazine as the substrate. The principle of the approach is an ex-
tension of the method developed earlier for identifying mitochondrial proteins (22)
(Figure 10).

The method of cell-based screening with the genetically encoded indicator
provided a quantitative measure of the extent of nuclear translocation of AR upon
stimulation with various chemicals. Currently, high-throughput screening tools for
protein translocation into the nucleus have mostly depended upon the GFP- (or
its variant) tagged approach in combination with the fluorescence microscopy and
computer-driven imaging system. The system offers only semiquantitative infor-
mation, as it is difficult to accurately distinguish the fluorescence of GFP-tagged
proteins localized only in the nucleus from that left in the cytosol. In addition, the
precision of the observed fluorescence intensities from the nucleus obtained with the
statistical analysis is not high because the number of cells examined under a

Cytosol Nucleus
DnaEn
DHT DnaE
Interaction "3EC protein W
DnaEn between DnaEs splicing A7
AR
Luciferase
DnaEc (luminescence)
N-Luc C-Luc
N-Luc
Nuclear C-Luc
membrane

Figure 10

‘When androgen receptor (AR) is bound to 5x-dihydrotestosterone (DHT), it translocates
into the nucleus and brings the N- and C-terminal halves of DnaEs close enough to fold
correctly, thereby initiating protein splicing to link the concomitant Rluc halves with a peptide
bond. The C-terminal half of split Rluc was located beforehand in the nucleus by a fused
nuclear localization signal. The cells containing this reconstituted Rluc allow monitoring of
nuclear translocation of AR with its luminescence using coelenterazine as the substrate.
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fluorescence microscope is limited. However, the present method enabled determi-
nation of the subcellular localization of AR by the luminescence signals generated
only when the AR localized in the nucleus. AR remaining in the cytosol did not
induce reconstitution of split Rluc and therefore no background luminescence was
observed (24).

Polychlorinated biphenyl (PCB) and procymidone have been suspected of hav-
ing neurotoxic and antiandrogenic effects, respectively, and they possibly adversely
influence hormonal activities in living animals’ brains. We demonstrated the useful-
ness of the split rLuc reporter for monitoring AR translocation into the nucleus in
living mice by implanting COS-7 cells in the mouse brain at a depth of 3 mm and
measuring emitted bioluminescence with a cooled CCD camera; we thereby investi-
gated the distribution of these chemicals in the brains of living mice. As expected, 2 h
after intraperitoneally injecting PCB or procymidone, both chemicals were found to
completely inhibit the DHT-stimulated translocation of AR, where coelenterazine
was injected intracerebrally (24).

Similar genetically encoded bioluminescent probes were developed for illumi-
nating protein nuclear transport induced by phosphorylation or proteolysis (25). A
genetically encoded stress indicator was also reported as noninvasively imaging en-
dogenous corticosterone in living mice (26) (Figure 11).

FLAG rLuc-N DnaEn NLS

Plasmid (A) T |

DnaEc rLuc-C Androgen receptor

Plasmid 8) [ [

DHT (-) DHT (+) DHT (+) DHT (+)
+ procymidone + PCB

Figure 11

Effects of inhibitors on androgen receptor (AR) translocation into the nucleus in the mouse
brain. Polychlorinated biphenyl (PCB) and procymidone were found to have an ability to pass
through the blood-brain barrier, to reach the brain, and to inhibit the AR signal transduction
in the organ.
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8. PROTEIN LOCALIZATIONS

Smac/DIABLO is an intermembrane space— (IMS-)localized protein that is con-
served in mammals (76, 77). The Smac/DIABLO protein derived from Mus musculus
is synthesized as a precursor molecule of 237 amino acids; the N-terminal 53 residue
serves as the mitochondrial targeting sequence, which is removed by the inner mem-
brane peptidase complex after import (78). Thus, the mature Smac/DIABLO protein
has 184 amino acids, and the four residues of the N terminus are Ala-Val-Pro-Ile.
These four N-terminal residues play an indispensable role in Smac/DIABLO func-
tion: They promote apoptosis by eliminating the inhibitory effect of the inhibitor
of apoptosis protein (IAP) through physical interaction (79-81). A point mutation in
the four residues leads to a loss of interaction with IAP and a concomitant loss of the
Smac/DIABLO function. The structural and functional aspects of Smac/DIABLO
have been extensively investigated, but how the protein targets into the mitochondrial
IMS remains unknown. To identify the amino acids or domains of Smac/DIABLO
that are important for targeting into the IMS, we have developed a high-throughput
screening system that enables discrimination between the proteins in the IMS and
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Enhanced green fluorescent protein (EGFP) reconstitution by protein splicing in
submitochondrial compartments. When a test protein is localized in the mitochondrial matrix
(left) or in the intermembrane space (IMS) (right), N- and C-terminal DnaE are brought close
together, and EGFP is formed by protein splicing in the respective compartments.
BNLIMEmito cells permanently express a fusion composed of C-terminal fragments of DnaE
and EGFP in the mitochondrial matrix (/eff), and BNL1MEims cells express the same fusion
in the IMS (right). The colored three-dimensional structures represent DnaEn and DnaEc,
and the gray structures represent N- and C-terminal fragments of EGFP, respectively. The
attached strand represents a test protein.
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those in the mitochondrial matrix or cytosol. Using this system, we identified from
Smac/DIABLO mutant libraries the amino acids necessary for the localization of the
IMS. Further, we showed that amino acid residues 54-57 (Ala-Val-Pro-Ile), which are
crucial for the apoptotic function, are also important for the IMS localization. We
found that N-terminal amino acid residues 10-57 (RSVCSLFRYRQRFPVLAN-
SKKRCFSELIKPWHKTVLETGFGMTLCAVPI) are the minimal sequence that
functions as the IMS-targeting signal. We demonstrated that this IMS-targeting sig-
nalisable to deliver different probe proteins and intrabodies into the IMS (Figure 12).

We developed genetically encoded RNA probes for characterizing localization and
dynamics of mitochondrial RNA (mtRNA) in single living cells. The probes consist
of two RNA-binding domains of PUMILIO1, each connected with split fragments
of a fluorescent protein capable of reconstituting upon binding to a target RNA. We

a
PUM-HD mutant 1 PUM-HD mutant 2
(mPUM1) (mPUM2)
Reconstituted EGFP
(fluorescence)

mtRNA sequences for binding of PUM-HD mutants

ND6 mRNA (186-210): 5'- AAUGAUGGUU GUCUU UGGAUAUA CU-3'
mPUM1 mPUM2

ND1 mRNA (540-551): 5'-CU UGGCCAUA AU-3'
mPUM2

Figure 13

Detection of a target mRNA based on complementation of split enhanced green fluorescent
protein (EGFP) fragments. (#) Schematic of the basic strategy for detecting target mRINAs.
Two RNA-binding domains of pumilio (PUM)-HD are engineered to recognize specific
sequences on a target mMRINA (mPUM1-RNA and mPUM2-RNA). In the presence of the
target mRINA, mPUMI1 and mPUM?2 bind to their target sequences, bringing together the N-
and C-terminal fragments of EGFP. This results in functional reconstitution of the fluorescent
protein. (b) Sequences of mitochondrial RNA (mtRNA) that are recognized by PUM-HD
mutants.
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designed the probes to specifically recognize a 16-base sequence of mtRINA-encoding
nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit 6 (ND6) and to
be targeted into the mitochondrial matrix, which allowed real-time imaging of ND6
mtRNA localization in living cells. We showed that ND6 mtRNA is localized within
mitochondria and is concentrated particularly on mitochondrial DNA. Movement of
the ND6 mtRNA is restricted, but oxidative stress induces the mtRNA to disperse
in the mitochondria and gradually decompose. These probes provide a means of
studying spatial and temporal mtRNA dynamics in intracellular compartments in
living mammalian cells (82) (Figure 13).
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