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Abstract: Lately, scientists have explored approaches to
developing fluorescent and/or bioluminescent indicators
to pinpoint cellular processes in single living cells. These
analytical methods have become a key technology for vis-
ualizing and detecting what was otherwise unseen in live
cells. The target signaling included second messengers,

protein phosphorylations, protein—protein interactions,
and protein localizations.

Keywords: cellular signaling - FRET (fluorescence reso-
nant energy transfer) - imaging agents - optical probes -
phosphorylation

1. Introduction

Binding assays are commonly used for the analysis of bioac-
tive substances. Conventional binding assays can neither dis-
criminate agonists from antagonists nor give sufficient infor-
mation on their physiological activities. Physical methods
such as NMR spectroscopy and MS cannot provide such in-
formation either. Bioassays with intact biological tissue or
whole bodies have a unique position in analysis, because
they can target bioactive substances. However, bioassays
cannot give information at the molecular level because of
their inherent “black-box” approach.

During the past 50 years, molecular biology has developed
mostly by taking advantage of physical and chemical meth-
ods of analysis, and thereby contributed to elucidate the mo-
lecular chemistry behind cellular mechanisms. If analytical
methods for bioactive substances are based not only on
binding to receptors but also on following the known molec-
ular-level processes of signal transduction in the respective
signaling pathways, reconstructed in vitro or taken in part
in vivo, they will give the physiologically relevant selectivi-
ties of the analytes in terms of cellular mechanisms at the
molecular level. This is of prime importance for screening
and targeting pharmaceutically, toxicologically, and environ-
mentally relevant bioactive substances.
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2. Probing Cellular Signaling Pathways in
Living Cells

For nondestructive analysis of chemical processes in living
cells, organic fluorescent probe molecules have been devel-
oped for ions and small molecules such as Ca’*,'! NO™
Mg?* Bl and Zn?*.™ Furthermore, green fluorescent protein
(GFP) and its analogous proteins have been used to probe
proteins as to their structural and locational changes, upon
genetically labeling them to proteins of interest.”!

Many intracellular chemical processes and cellular-signal-
ing processes are still studied essentially by relying on de-
structive analysis involving the disruption of hundreds of
thousands of cells followed by separation, purification, and
detection of intracellular components. Therefore, methods
for direct nondestructive analysis of cellular-signaling steps
in live cells are highly required.

Intercellular-signaling substances include neurotransmit-
ters, cytokines, and hormones functioning in nervous,
immune, and endocrine systems. These substances bind
either to ion-channel, kinase, or G protein-coupled mem-
brane receptor proteins and trigger the respective down-
stream intracellular signal.

The intracellular signal can be monitored in vivo in living
cells’® by genetically encoded intracellular fluorescent and
bioluminescent probes or indicators (Figure 1). Scientists
have reported a number of such probes for visualizing cellu-
lar signaling. The probes include second messengers such as
Ca’* " cAMP/® nitric oxide (NO),” inositol 1,4,5-trisphos-
phate (IP;),'%™ cyclic guanosine 3',5'-monophosphate
(cGMP)!" and phosphatidylinositol-3,4,5-trisphosphate,™
protein  phosphorylation,'*'l  protein-protein  interac-
tions,"”! and protein localizations in organelles.’>?! Only
several representative examples are illustrated below.

These probes are of general use not only for fundamental
biological studies, but also for assay and screening of possi-
ble pharmaceutical or toxic chemicals that inhibit or facili-
tate cellular-signaling pathways.
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Figure 1. Imaging cellular signaling in single living cells. Genetically encoded fluorescent or bioluminescent
probes for each signaling process are constructed and directly expressed in target cells. Upon stimulation of
the cells with potential pharmaceuticals or possible toxic chemicals, the increase or decrease in fluorescent or
bioluminescent signals are observed, which is a measure of the extent of promotion or inhibition of cellular

signaling.

2.1 Nitric Oxide

Nitric oxide (NO) is a small uncharged free radi'cal that is
involved in diverse physiological and pathophysiological
mechanisms. NO is generated by three isoforms of NO syn-
thase (NOS): endothelial, neuronal, and inducible. When
generated in vascular endothelial cells, NO plays a key role
in vascular-tone regulation in particular. An amplifier-cou-
pled fluorescent indicator for NO was developed to visualize
the physiological nanomolar dynamics of NO in living cells
(detection limit of 0.1 nm) (Figure 2). Earlier, a cGMP fluo-
rescent indicator, CGY, was developed, which in this case is
combined with soluble guanylate cyclase (sGC) for the am-
plified detection of NO in living cells. This amplifier-coupled
fluorescent indicator was named NOA-1 and binds with a
single NO molecule to generate a large amount of cGMP in
single living cells. This boosted amount of cGMP is detected
in situ by the cGMP fluorescence resonant energy transfer
(FRET) sensor built in NOA-1. NOA-1 unbound to cGMP
does not emit FRET signals. Images of two cells expressed
with the amplifier-coupled fluorescent indicator NOA-1 for
nitric oxide are shown in Figure 3. The pseudocolor repre-
sents the cellular concentration of NO. The vascular endo-
thelial cell stably generates 1 nm of the basal NO, compared

Abstract in Japanese:
Rl EE1T, MMEERERE VRS v PRI T IRIREHRL TV 5.

ETORR, MBENLERE/ AR —T I, EST@RTO “Rak

Mol EERZDEIETD” ¥—T 7 /0P —lig>TW3.

phosphate (PIP;) regulates di-
verse cellular functions, includ-
ing cell proliferation and apop-
tosis, and plays a role in the
progression of diabetes and
However, little is

known about its production.

Fluorescent indicators for PIP;
have been developed based on FRET (Figure 4).® 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 allow-
ing stable observation without the problem of the artifacts
described above. Furthermore, these indicators were fused
with localization sequences to direct them to the plasma
membrane or endomembranes, thus allowing localized anal-
ysis of PIP; concentrations. We used these fluorescent indi-
cators to analyze the spatiotemporal regulation of PIP; pro-
duction in single living cells. To examine PIP; dynamics, a
pleckstrin homology domain (PHD) from GRP1 (general
receptor for phosphoinositides-1) was used, which selective-

cancer.
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Figure 2. An amplifier-coupled fluorescent indicator for visualizing NO in single living cells. a) Schematic rep-
resentations of the domain structures of sGCa, sGCb, CGY, sGCa-CGY and sGCb—CGY. The amino acid se-
quence of the FLAG tag and the linker (Ln) is shown at the bottom. The heterodimer of sGCa-CGY and
sGCb-CGY was named NOA-1. b) Principle of the present NO indicator, NOA-1. sGCa-CGY and sGCb-
CGY are spontaneously associated to form a matured heterodimer, that is, NOA-1. NOA-1 binds with NO

from CFP to YFP, thus allow-
ing detection of PIP; dynamics
at the membrane (Figure 4).
We named this indicator “fllip”
(fluorescent indicator for a
lipid second messenger that
can be tailor-made). The devel-
oped fllip allows the spatio-
temporal examination of PIP;
production in single living
cells. After ligand stimulation,
PIP; levels increased to a
larger extent at the endomem-
branes (that is, the endoplas-
mic reticulum and the Golgi
bodies) than at the plasma

Definitions . L.
membrane (Figure 5). This in-

crease was found to originate
from in situ production at the
endomembranes, a process
stimulated directly by receptor
tyrosine kinases produced by
endocytosis from the plasma
membrane to the endomem-
branes. The demonstration of
PIP; production through recep-
tor endocytosis addressed a
long-standing question about

how signaling pathways down-
stream of PIP; are activated at

intracellular compartments
remote from the plasma mem-
brane.

and generates cGMP at the rate of 3000-6000 moleculesmin~'. The generated cGMP binds to the CGY
domain in NOA-1 make NOA-1 emit a FRET signal. Approximately 99.9 % of cGMP molecules thus generat-
ed diffuse and bind to NO-free NOA-1. As a result, even a single NO molecule can trigger a large number of

NOA-1 to emit FRET signals. Even if sGCa-CGY and sGCb—CGY exist as monomers, the monomers also

emit FRET signals upon binding with generated cGMP."!

ly binds PIP;, fused between cyan (CFP) and yellow (YFP)
fluorescent protein variants, through rigid a-helical linkers
consisting 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-
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3. Protein
Phosphorylation

Protein phosphorylation by in-
tracellular kinases plays one of the most pivotal roles in sig-
naling pathways within cells. The kinase proteins catalyze
transfer of a phosphate group from adenosine triphosphate
(ATP) and phosphorylation of the hydroxy groups of ser-
ines, threonines, and/or tyrosines on the substrate proteins.
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Figure 3. The pseudocolor represents the cellular concentration of NO.
The vascular endothelial cell stably generates 1 nm of the basal NO, com-
pared to other cells such as CHO-KI1.

Upon this phosphorylation, the substrate proteins are sub-
ject to conformational changes caused by the negative
charges of the phosphates which subsequently trigger their

Y. Umezawa

enzymatic activation and interaction with their respective
target proteins. Electrophoresis, immunocytochemistry, and
in vitro kinase assays have been used to investigate biologi-
cal issues related to the kinase proteins. However, these con-
ventional methods do not provide sufficient information
about the spatial and temporal dynamics of signal transduc-
tion based on protein phosphorylation and dephosphoryla-
tion in living cells.

To overcome the limitations of investigating kinase signal-
ing, genetically encoded fluorescent indicators have been
developed for visualizing protein phosphorylation in living
cells."! The principle of the present method is shown in
Figure 6. A substrate domain for a kinase protein of interest
is fused to a phosphorylation recognition domain by means
of a flexible linker sequence. The tandem fusion unit con-
sisting of the substrate domain, linker sequence, and phos-
phorylation recognition domain is sandwiched between two
fluorescent proteins of different colors, CFP and YFP, which
serve as the donor and acceptor fluorophores for FRET. As
a result of the phosphorylation of the substrate domain and
subsequent binding of the phosphorylated substrate domain
with the adjacent phosphorylation recognition domain,
FRET is induced between the two fluorescent units which

a) 440 nm 535 nm
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MLS
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Figure 4. Fluorescent indicators for PIP; in single living cells. a) Principle of fllip for visualizing PIP;. CFP and YFP, which have different colors, are mu-
tants of green fluorescence protein from Aequorea victoria with mammalian codons and additional mutation. Upon binding of PIP; with the PHD within
fllip, a flip-flop-type conformational change of fllip takes place, which changes the efficiency of FRET from CFP to YFP. b) Schematic representations of
domain structures of the present fllips. Shown at the top of each bar are the restriction sites. PHD is derived from human GRP1 (261-382) and selective-
ly binds with PIP;. PHD-R284C is a mutant PHD, in which the Arg284 is replaced with a cysteine residue so that it does not bind with PIP;. Lnl, Ln2,
and Ln3 are linkers, the amino acid sequences of which are shown at the bottom. MLS1 and MLS2 are membrane localization sequences to the plasma
membrane and the endomembranes, respectively, the amino acid sequences of which are also shown at the bottom.!"*!
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Figure 5. Response of fllip-em to PIP; at the endomembranes after
PDGF stimulation. a) Pseudocolor images of the CFP/YFP emission
ratio before (0s) and 120, 300, or 600s after addition of PDGF
(50 ngmL™"). Experiments were performed at 25°C on CHO-PDGFR
cells expressing fllip-em. b) Time course of fllip-em and fllip-pm emission
ratio after stimulation with PDGF.

causes phosphorylation-dependent changes in the fluores-
cence emission ratios of the donor and acceptor fluoro-
phores. Upon activation of the phosphatases, the phosphory-
lated substrate domain is dephosphorylated, and the FRET
signal is decreased. We named this indicator “phocus” (a
fluorescent indicator for protein phosphorylation that can
be custom-made). Not only endogenous domains such as Src
homology 2 (SH2) domains, phosphotyrosine binding (PTB)
domains, and WW domains are available as the phosphory-
lation-recognition domain within phocus, but also single-
chain antibodies (scFvs) immunized with the phosphorylated
substrate sequences of interest. Thus, the present method
has more general applicability for kinase signaling in living
cells than previously reported fluorescent indicators based
on uncontrollable conformational changes in the substrate
peptides themselves upon phosphorylation. We used suitable
substrate and phosphorylation recognition domains to devel-
op a large number of phocuses for several key protein kinas-
es, including a receptor tyrosine kinase, insulin receptor (1),
a serine/threonine protein kinase, Akt/PKB,"! and a nonre-
ceptor tyrosine kinase, c-Src. Furthermore, these phocuses
have been further tailored to visualize the local activity of
the respective protein kinases in living cells by fusing appro-
priate localization sequences/domains with each phocus."

4. Nuclear Receptor/Coactivator Interactions

A sensitive fluorescent indicator was designed to visualize,
in real time, the activities of the AR ligands in the physio-

Chem. Asian J. 2006, 1, 304-312
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Figure 6. Fluorescent indicators for protein phosphorylation in living
cells. a) Principle of phocus for visualizing protein phosphorylation. CFP
and YFP are different colored mutants of green fluorescent protein
(GFP) derived from Aequorea victorial with mammalian codons and ad-
ditional mutations. b) The CFP/YFP emission ratios are pseudocolor
images of the CFP/YFP emission ratios before (t=0s) and at 40, 80, 300,
and 600 s after the addition of 100 nM insulin, obtained from the CHO-
IR cells expressing phocus in which a nuclear export signal peptide is at-
tached next to YFP.!'¥!

logical environment of single living cells.'”? An androgen
promotes interactions between the androgen-receptor
ligand-binding domain (AR LBD) and a coactivator protein.
This results in an increase in FRET from CFP to YFP
(Figure 7). The indicator is capable of distinguishing ligands
of different potencies for the AR. The indicator is capable
of distinguishing ligands of different potencies for the AR.
The present assay is not intended to read out the binding af-
finity 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 than a simple
binding assay. Progesterone, glucocorticoid, and peroxisome
proliferator activated receptors (PR, GR, and PPAR, re-
spectively) also belong to the NR family and play important
roles in the mediation of the actions of drugs for contracep-
tion (by PR), inflammation (by GR), and type-2 diabetes
(by PPARY). The present strategy can be used to develop
indicators for PR, GR, and PPARY for screening and char-
acterization of their ligands. The indicators would be helpful
in the development of NR-based pharmaceutical drugs
against different diseases.
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Figure 7. An androgen promotes interaction between the androgen receptor ligand binding domain (AR
LBD) and coactivator protein. This results in an increase in the fluorescence resonance energy transfer
(FRET) from cyan fluorescent protein (CFP) to yellow fluorescent protein (YFP).

5. Nucleocytoplasmic Trafficking of Functional
Proteins

Nucleocytoplasmic trafficking of functional proteins plays a
key role in regulating gene expression in response to extra-
cellular signals. A genetically encoded bioluminescent indi-
cator was developed for monitoring the nuclear trafficking
of target proteins in vitro and in vivo.?” The principle is
based on the reconstitution of split fragments of Renilla re-
niformis (Rluc) by protein splicing with a DnaE intein. A
target cytosolic protein fused to the amino-terminal half of
Rluc is expressed in mammalian cells. If the protein translo-
cates into the nucleus, the Rluc moiety meets the carboxy-
terminal half of Rluc, which is localized in the nucleus with
a fused nuclear localization signal (NLS), and full-length
Rluc is reconstituted by protein splicing (Figure 8). The bio-
luminescence is thereby emitted with coelenterazine as the
substrate. The principle of the approach is an extension of
the method developed earlier for the identification of mito-
chondrial proteins.”

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 on GFP- or its variant-tagged approach in combi-
nation with fluorescence microscopy and computer-driven
imaging systems. The systems offer only semiquantitative in-
formation, because it is difficult to sort out and distinguish
accurately the fluorescence of GFP-tagged proteins local-
ized only in the nucleus in each cell from that left in the cy-
tosol. Furthermore, precision of the observed fluorescence
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intensities from the nucleus ob-
tained with the statistical anal-
ysis is not high, because the
number of the cells that can be
examined under a fluorescence
microscope is limited. In con-
trast, the present method
allows the determination of the
subcellular localization of AR
is by the luminescence signals
generated only when the AR is
localized in the nucleus. AR
High remaining in the cytosol does
I not induce reconstitution of
split Rluc and therefore no
background luminescence is
observed.
Polychlorinated ~ biphenyls
(PCBs) and procymidone have
Low been suspected of causing neu-
rotoxic and antiandrogenic ef-
fects, respectively, and possibly
adversely influencing the hor-
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Figure 8. When AR is bound to So-dihydrotestosterone (DHT), it trans-
locates 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 nucle-
ar localization signal. The cells containing this reconstituted Rluc allow
one to monitor nuclear translocation of AR with its luminescence by coe-
lenterazine as the substrate.*)

monal activities of the brain. We showed the usefulness of
the split Rluc reporter for monitoring AR translocation into
the nucleus in living mice by implanting the previously men-
tioned COS-7 cells at a depth of 3 mm in the mouse brain
and measuring the emitted bioluminescence with a cooled
CCD camera; we thereby investigated the distribution of
the chemicals in the brain of living mice. As expected, 2 h
after intraperitoneal injection of PCB or procymidone, both
chemicals were found to completely inhibit the DHT-stimu-
lated translocation of AR when coelenterazine was injected
intracerebrally (Figure 9). From the results, it was concluded
that PCB and procymidone can pass through the blood-
brain barrier in 2 h to reach the brain and inhibit the AR
signal transduction in the organ.*"

Chem. Asian J. 2006, 1, 304 -312
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Figure 9. Effects of inhibitors on AR translocation into the nucleus in the
mouse brain. PCB and procymidone were found to pass through the
blood-brain barrier to reach the brain and inhibit AR signal transduction
in the organ. Experiments: 1) t=0: COS-7 cells transiently cotransfected
with pcRDn-NLS and pcDRc-AR were implanted in the brain of mice.
Soon after the implantation, 100 uL of procymidone and PCB were in-
jected intraperitoneally. 2) r=1h: DHT (100 uL) was injected intraperi-
toneally. 3) r=3 h: Coelenterazine was injected intracerebrally.

Similar genetically encoded bioluminescent probes were
developed for illuminating protein nuclear transport induced
by phosphorylation or by proteolysis.”*! A genetically encod-
ed stress indicator was also reported for the noninvasive
imaging of endogenous corticosterone in living mice.

6. Conclusions and Perspectives

To see what was unseen in live cells, fluorescent and/or bio-
luminescent optical probes have been developed extensively
as a core technology for chemistry and biology.

1. Since NO was found to be an endothelium-derived relax-
ing factor in 1987, it is now well established that NO is a
ubiquitous messenger not only for vascular homeostasis
but also for neurotransmission and immune systems. Sev-
eral organic fluorescent indicators have already been de-
veloped for the bioimaging of NO. However, these or-
ganic dyes covalently react with NO* but not with NO
radicals in the presence of dioxygen and are therefore
not reversible sensors for NO. The organic dyes easily ac-
cumulate in subcellular membranes and emit fluores-
cence signals there in an NO-independent manner. This
membrane accumulation of the dyes substantially in-
creases background signals and interferes with the detec-
tion of physiologically low concentration of NO in living
cells. It is believed that cellular NO must be present in

Chem. Asian J. 2006, 1, 304-312
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nanomolar concentrations to be physiologically impor-
tant for exerting its action. A genetically encoded fluo-
rescent indicator for NO described in Section 2.1 reversi-
bly detects NO with high sensitivity (detection limit of
0.1 nm) and allows the visualization of the nanomolar dy-
namics of NO in single living cells.

The lipid second messenger fllips described in Section 2.2
has general applicability for other lipid second messen-
gers. Fllips have two key components, the PHD and the
MLS, which can be tailor-made. Lipid second messengers
other than PIP;, such as diacylglycerol and phosphatidyl-
inositol-3-phosphate, could be selectively detected
through the use of appropriate binding domains instead
of the PHD. Furthermore, by connecting each specific
MLS, fllips could be directed not only to the plasma
membrane and endomembranes, but also to other organ-
elle membranes, such as the nuclear inner membrane
and the outer membrane of mitochondria.

A general method was described for the visualization of
protein-phosphorylation-based signal transduction in
living cells, for example, Akt, Erk and c-Src signaling
pathways. The method may be applicable to any protein
kinases of interest by changing the substrate sequence,
phosphorylation-recognition domain, and localization
domain. The use of substrate sequences selectively phos-
phorylated by kinases of interest can rule out the possi-
bility that such tailor-made indicators are also phos-
phorylated by other kinases. The indicators should be
available for continuous monitoring of protein phosphor-
ylation in tissues and organs of interest in transgenic ani-
mals expressing the present indicators. The method is ad-
vantageous not only for imaging kinase signaling in
single living cells and tissues with high spatial and tempo-
ral resolution, but also for multicell analysis aimed at
high-throughput screening of pharmaceuticals that regu-
late kinases and phosphatases.

The phenomenon of AR LBD coactivator motif interac-
tion is of prime importance to discriminate between an-
drogen agonist and antagonist ligands. High-throughput
screening of a large number of androgenlike compounds,
including medicinal drugs and environmental and indus-
trial chemicals, is possible by using the present fluores-
cent indicator. The approach described herein can be ap-
plied to develop biosensors for other hormone receptors
such as estrogen, progesterone, thyroid, glucocorticoid,
and orphan receptors.

A method was also illustrated for the quantitative analy-
sis of the extent of AR translocation with various exo-
and endogenous chemical compounds in vitro and inhibi-
tory effects of these chemical compounds on the translo-
cation of AR in the brain of living mice by using a nonin-
vasive imaging technique. This method was exemplified
only with AR translocation. The approach could well be
applied to any protein translocating from the cytosol to
the nucleus, and a rapid screening system could then be
developed to discovering novel anticancer drugs or to
test chemicals for their adverse effects.
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