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Chapter 1.

General Introduction

1-1. Fluorescence imaging

Breakthrough for understanding signal transduction, especially in complex tissues
such as those found in the central nervous system, depends on decoding the spatial
localization and temporal dynamics of intra- and extracellular signaling
biomolecules1*4. The most generally applicable and popular techniques with a high
spatial and temporal resolution are optical techniquess. Thus, fluorescent indicators
that report local concentrations of the signaling biomolecules of interest by
alternations in the amplitude or wavelength distribution of their excitation or
emission spectra, have been developed for several small biomolecules and ions® 7.
For instance, fluorescent Ca2+ indicators including Fura-2, Indo-1 and Quin-2 have
contributed to reveal intracellular dynamics of Ca2*, such as Ca?+ waves and Ca2*
oscillations, with a fluorescence microscope6. Also, fluorescent indicators have
recently been developed for other ions and small biomolecules such as Zn2+8, 9,
cyclic AMP (cAMP)lO' 11 and nitric oxide12 13, Concerning with signaling proteins,
green fluorescent protein (GFP) derived from the jellyfish Aequorea have recently been
used for labeling the signaling proteins, instead of conventional synthetic dyes such
as fluorescein and rhodamine, which have facilitated direct observation of the
signaling proteins not only in living cells but also in tissues and organs from

transgenic animals expressing fusion proteins of GFP and the signaling proteins of



interest14 15, So far, fluorescence imaging is however limited to visualize several
small biomolecules, ions and translocation of signaling proteins within cells. The
development of fluorescent indicators for pivotal small biomolecules and protein-
based signal transduction such as protein phosphorylation, acetylation,
protein—protein interaction and enzymatic activation followed by conformational

changes in signaling proteins, should be an active area of interest.
1-2. Purpose of the present study

I herein describe fluorescent indicators for cyclic GMP (cGMP), which is one of the
major second messengers including Ca2* and cAMP, and for visualizing protein
phosphorylation-based signal transduction, which is one of the most pivotal
mechanism for protein-based signaling, in living cells. Fluorescent indicators for
cGMP, named CGYs, were developed on the basis of a genetic approach. Using
CGYs, I have demonstrated that cellular accumulation of cGMP was not necessarily
in parallel with agonist concentrations, and have found an oscillating dynamics of
c¢GMP concentration in single living cells. Fluorescent indicators for observing
protein phosphorylation-based signal transduction, named FRET pair and phocuses,
were developed on the basis of synthetic and genetic approaches, respectively. In
the present study, FRET pair and phocuses were exemplified using insulin signaling
proteins, with which protein phosphorylation by insulin receptor was visualized.
The present fluorescent indicators opens a way not only for understanding the
dynamics of cGMP- and protein phosphorylation-based signal transduction in single
live cells and organisms but also for high-throughput screening16' 17 of

pharmaceuticals from thousands of candidate chemicals.
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Chapter 2.

Fluorescent indicators for cyclic GMP based on cyclic GMP-dependent

protein kinase Ia and green fluorescent proteins

2-1. Introduction

I have succeeded to fill the vacancy for cyclic GMP (cGMP) in an array of
fluorescent indicators for major second messengers, such as Ca2+,1' 2 inositol 1,4,5-
triphosphate,3 diacylglycerol,4 cAMP> © and ¢cGMP. I describe herein genetically
encoded fluorescent indicators for cGMP in single living cells.

Upon stimulating cells with various chemicals such as nitric oxide, peptide
hormones and toxins, cGMP is synthesized by catalytic conversion of GTP by soluble
and particulate guanylyl cyclases7' 8 ¢GMP acts as a signaling molecule via its
receptor proteins including cGMP-dependent protein kinases>"11, cyclic nucleotide-
gated cation channels12 and cGMP-binding phosphodiesteraseslg" 14 and regulates
various physiological processes such as relaxation of vascular smooth muscle cells,
phototransduction in retinae, epithelial electrolyte transport, bone growth and
neuronal activity. Imaging the dynamics of cGMP in the single living cells is of
interest not only to reveal the mechanism underlying the cellular and organ functions
but also to discover or screen drugs such as phosphodiesterase inhibitors1>, which
control the intracellular [cGMP)], from millions of candidate compounds. However,

conventional radioimmunoassay of cell lysates prepared from millions of cells,



exclusively used for analysis of total cGMP levels, does not meet those cell biological
and pharmaceutical requirements.

Here I describe genetically encoded fluorescent indicators for cGMP. To
construct the fluorescent indicators for cGMP, two functionally independent parts
were chosen: one part is for selective molecular recognition for cGMP and the other
for transducing the molecular recognition event to the generation or change in
fluorescence signals. As a receptor for cGMP, cGMP-dependent protein kinase Ia.
(PKG Ia) was chosen based on a previous small angle X-ray scattering study by
which ¢cGMP-induced conformational change in PKG I has been revealed10. Asa
transducer to detect the cGMP-dependent conformational change in PKG Ia, blue-
and red-shifted mutants of green fluorescent proteins (GFPs), cyan fluorescent
protein (ECFP) and yellow fluorescent protein (EYFP), were fused to N- and C-
terminal ends of PKG Ia, respectively. ECFP and EYFP serve as the donor and
acceptor fluorophores for fluorescence resonance energy transfer (FRET), of which
intensity is a function of the proximity (R) and relative angular orientation ()
between the fluorophores?-. cGMP is expected to alter these R and/or k values upon
its binding to PKG Ia located between the two fluorophores. The change in these
FRET parameters is expected to cause cGMP-dependent changes in the observed
fluorescence spectra, providing a selective and sensitive measure for intracellular
concentration of cGMP, [cGMP]. The FRET between two different color GFPs has
been demonstrated to be powerful to monitor Ca2+2 17 cyclic AMP,® and protease
activity}8 19 in the cell. It also offers the potential for improving FRET-based
fluorescent indicators replacing synthetic fluorophores such as fluorescein and

rhodamine20 with these color GFPs.



2-2. Experimental Section

2-2-1. Plasmid construction.

For constructing cDNA of CGY-FL, -A12 and -Del1-4, fragment cDNAs of ECFP, ,,,
ECFP,,;, with a C-terminal linker sequence (MDELKY), PKG Ia, PKG ;1 ;14740 PKG
Ioy,4; EYFP and EYFP with an N-terminal linker sequence (YPYDVPDYAN) were
generated by standard polymerase chain reaction to attach a Kozak sequence and
restriction site shown in Figure 2-1. Each entire cDNA encoding CGY-FL, -A12, and
-Del1-4 was subcloned at Hind III and Xho I sites of mammalian expression vector

pcDNA3.1 (+) (Invitrogen Co., Carlsbad, CA).

2-2-2. Cell culture and transfection.

CHO-K1 and HEK293 cells were cultured in Ham's F-12 medium supplemented with
10 % fetal calf serum (FCS) and in Dulbecco's modified Eagle medium supplemented
With 10 % FCS, 1 mM sodium pyruvate, and 0.1 mM non-essential amino acids,
respectively, at 37 °C in 5 % CO,. Cells were transfected with LipofectAMINE 2000
reagent (Life Technologies, Rockville, MD) in 24-well plates. During 12 to 24 hours

after the transfection, the cells were spread onto glass bottom dishes for imaging.

2-2-3. Imaging of cells.

Before imaging, the culture medium was replaced with Hank's balanced salt solution.
During 3 to 5 days after the transfection, the cells were imaged at room temperature
on a Carl Zeiss Axiovert 135 microscope with a cooled CCD camera MicroMAX
( Roper Scientific Inc, Tucson, AZ), controlled by MetaFluor (Universal Imaging, West
Chester, PA). The exposure time at 440 + 10 nm excitation was 50 ms. The
fluorescence images were obtained through 480 + 15 nm and 535 + 12.5 nm filters

with a 40x oil immersion objective (Carl Zeiss, Jena, Germany). To minimize an



unavoidable increase in cGMP buffering as a result of overexpression of the cGMP
indicators, cells expressing high concentration of the cGMP indicators were not used

for imaging as is the case of Ca?+ imaging reported previously.17



2-3. Results and Discussion

2-3-1. Design and expression of cGMP indicators, CGYs.

Mammalian PKG Ia is composed of two identical monomers. Each monomer in the
dimeric kinase contains four types of functional domains as shown in Figure 2-1.
The N-terminal dimerization domain is composed of a leucine/isoleucine zipper
motif2l: 22, In the absence of cGMP, PKG Ia displays a kinase inactive "closed"
conformation, in which its catalytic center is occupied by an autoinhibitory domain.
Upon binding of two cGMPs to the cGMP binding domains, a marked conformational
change is induced, by which the autoinhibitory domain is removed from the catalytic
center and PKG Ia is converted into a kinase active "open"” form in its conformation16-
23, However, because the overall structure of PKG Io. has not been solved by X-ray
diffraction or NMR, R and « values in the tandem fusion protein of ECFP, PKG Ia
and EYFP, termed CGY, are unpredictable both in the absence and presence of cGMP.
I have designed three constructs, CGY-FL, -A12 and -Dell, as fluorescent indicators
for cGMP as shown in Figure 2-1. CGY-FL contains a full-length PKG Ia. In
contrast, the leuciné /isoleucine zipper motifs of the dimerization domains in CGY-
A12 and in CGY-Dell are mutated (L,1,C1-47A) and deleted (A1-47), respectively, in
order to avoid intermolecular FRET, which might possibly occur by dimerization of
the indicators and complicate the fluorescence signal changes based on
intramolecular FRET modulated by cGMP.

Chinese hamster ovary (CHO-K1) cells were transfected by a standard
lipofection method with ¢cDNAs encoding respectively CGY-FL, -A12 and -Dell
inserted in mammalian expression vectors. Figure 2-2a shows fluorescence images
of the transfected cells taken by using emission filters for ECFP (480 + 15 nm) and
EYFP (535 + 12.5 nm), showing unexpected accumulation of CGY-A12 in the nucleus.
CGY-FL and CGY-Dell were excluded from the nucleus; however, in about 30 % of



CHO-K1 cells expressing CGY-Dell, fluorescence from CGY-Dell was observed also
in the nucleus (data not shown). The leucine/isoleucine zipper motif in PKG Ia may

have a role to direct its localization in the extranuclear compartment.

2-3-2. Intramolecular FRET is sensitive to cGMP-induced conformational changes
in CGYs.

To evaluate the responses of the indicators for cGMP, CHO-K1 cells expressing the
indicators were stimulated with 8-Br-cGMP, which is widely used as a membrane
permeable and phosphodiesterase-resistant analogue of cGMP. Figure 2-2b shows
pseudocolor images of ratios of 480 +15 nm to 535 + 12.5 nm emissions before (time 0
s) and at different time points after the addition of 1 mM 8-Br-cGMP. Figure 2-2c
shows time courses of the emission ratio changes for the indicators in the cytosol.
No detectable change in the emission ratio was observed for CGY-FL (Figure 2-2b, c).
Also, fluorescecne intensities for ECFP and EYFP were not affected by stimulating
with 8-Br-cGMP (data not shown). In contrast, a dose of 8-Br-cGMP produced a
significant decrease in the emission ratio for CGY-Dell-expressing cell (Figure 2-2b, c),
in which reciprocal changes in ECFP and EYFP fluorescence intensities in the cytosol
were observed as shown in Figure 2-2d. These results indicate that FRET between
ECFP and EYFP increases upon binding of 8-Br-cGMP to CGY-Dell. In the case of
CGY-A12, 8-Br-cGMP caused a change in the emission ratio as shown in Figure 2-2b
and 2c; however, the maximal change in this ratio was about one-third that for CGY-
Dell.

Intramolecular FRET between GFPs in their double fusion protein is sensitive
to both R and k values due to their more rigidly fixed chromophores? 17, 24 than
using conventional organic ﬂuorophoress' 20, suggesting that by inserting small
linker sequences between the GFP mutants and PKG Ia,,,, the change in the

emission ratio for CGY-Dell may be improved. Several constructs containing linker

10



sequences between PKG Io,,, and GFPs were tested, three of which are
schematically shown in Figure 2-1 as CGY-Del2, -Del3 and -Del4. The initial
emission ratios and the emission ratio changes of CGY-Del2, -Del3 and -Del4 for 8-Br-
¢GMP are shown and compared with those of CGY-FL -A12 and -Dell in Figure 2-2e.
In CHO-K1 cells, CGY-Del2, -Del3 and -Del4 responded to 8-Br-cGMP; however, the
linker sequences, MDELKY to the N-terminus of PKG la,;4, and/or YPYDVPDYAN
to the C-terminus PKG Io,, , gave smaller effects by 8-Br-cGMP than expected on
both the initial emission ratios and the changes in the emission ratio. In view of the
high initial emission ratios for CGY-FL, -A12 and -Del1-4, ECFP and EYFP seem not
to be closely located in the absence of cGMP due to the large size of PKG Io, which
decreases the sensitivity of FRET efficiency for the initial difference in the R value
caused by the small linker insertion. Substantial deletion of PKG Ia. may improve
the emission ratio change of the indicator, though the responses of CGY-Del1l-4 are
already enough for the cGMP imaging.

Figure 2-2f illustrates the responses of CGY-Dell for 8-Br-cGMP and 8-Br-
cAMP in CHO-K1 cells, which were in concentration dependent manners for both
cyclic nucleotide analogues. Approximate concentrations of the cyclic nucleotide
analogues that give half maximum responses were 10 M and 104 M for 8-Br-cGMP
and 8-Br-cAMP, respectively. The cyclic nudleotide selectivity of the CGY-Dell
response thus obtained is similar to that of native and wild type PKG la activation
reported previouslyzs. By using a baculovirus-mediated large-scale expression
system, in vitro studies to evaluate the exact binding constants of CGYs for cGMP
and cAMP may be possible.25 From these results, I conclude that FRET from ECFP
to EYFP in CGY-Dels can be a selective measure for the cellular concentration of
cGMP, and the physiological concentration of cAMP does not interfere with this
c¢GMP detection.

11



2-3-3. Imaging of nitric oxide-stimulated production of cGMP.
I next examined whether the indicators thus developed respond to intracellular
c¢GMP generated upon stimulating the living cells with nitric oxide (NO). Human
embryonic kidney (HEK) 293 cells26 were transfected with cDNA of CGY-Dell. To
activate the soluble guanylyl cyclase in the cell, NOC-727, an NO-releasing
compound, was added to give its final extracellular concentration of 500 uM. NOC-
7 releases NO spontaneously in a rate controlled manner. Figure 2-3a shows time
courses of the NOC-7-induced changes in the emission ratio for CGY-Dell in HEK293
cells. A significant and fast decrease in the emission ratio was followed by a slower
increase in the ratio. The latter increase in the emission ratio disappeared by
pretreating the cells with 100 uM zaprinastzs, a selective inhibitor for cGMP-specific
phosphodiesterase, although the initial fast decrease in the emission ratio was not
affected. Pretreatment of the cells with 10 uM ODQ29, a selective inhibitor for NO-
sensitive guanylyl cyclase, completely suppressed the change in the emission ratio
elicited earlier by stimulating with the NO donor. Similar results were obtained by
using CGY-Del24 (data not shown). These results indicate that CGY-Dels
sufficiently work as the fluorescent indicators for [cGMP] in the single living cells.
Can the fluorescent indicators CGY-Dels then reversibly detect the fluctuation
of intracellular [(GMP]? As shown in Figure 2-3b and 3c, an administration of 500
uM NOC-7 to the CGY-Dell-expressing HEK293 cell caused a rapid decrease in the
emission ratio, and the subsequent recovery of the ratio to the initial level was
observed. The later increase in the emission ratio is due to the degradation of cGMP
by cGMP-specific phosphodiesterase as was pharmacologically examined using
zaprinast in Figure 2-3a. Upon a subsequent dose of 1 mM 8-Br-cGMP, a
phosphodiesterase-resistant analogue of cGMP, the recovered emission ratio was
decreased again (Figure 2-3b, ¢). By using zaprinast instead of 8-Br-cGMP, a similar

re-decrease in the recovered emission ratio was observed (Figure 2-3c). These

12



results demonstrate the reversible response of CGY-Dell to fluctuating concentration
of cGMP in the single living cells.

Figure 2-3d shows the response of CGY-Dell for different concentrations of
NO, 0.01 uM to 100 uM NOC-7, in HEK293 cells. At higher concentrations of NO, 10
uM and 100 uM NOC-7, cytosolic concentration of cGMP similarly increased
transiently and decreased nearly to the initial level. However, at lower
concentrations of NO, 1 uM and 0.1 uM NOC-7, the responses of CGY-Dell were
quite different from those at higher concentrations of NO. At 1 uM NOC-7, the rate
of cGMP accumulation was faster than that at higher concentration of NOC-7, and the
recovery rate of the emission ratio was slower, resulting in more prolonged duration
of cGMP accumulation. At 0.1 uM NOC-7, the change in cytosolic concentration of
cGMP was found not monotonous but was rather oscillation. Intracellular
regulation of the activities of guanylyl cyclase and cGMP-phosphodiesterase should
be responsible for the complex changes in [cGMP] observed in Figure 2-3d. For
example, rapid desensitization of soluble guanylyl cyclase at higher concentration of
NO30 and allosteric or PKG-mediated phosphorylation-dependent regulation of
<:GMP—phosphodiesterase15 were recently discussed. The present indicators for
cGMP are thus expected to be used for discovering and understanding the cellular
dynamics of cGMP, such as the cGMP oscillation, and for dissecting cGMP signaling

pathways by combined use with general molecular biological techniques.

13



2-4. Conclusion

Fluorescence imaging is one of the most powerful techniques available for
observation of the intracellular dynamics involving second messengers, exemplified
by fluorescent indicators for Ca2+l: 2, cAMPY © and inositol 1,4,5-triphosphate3.
However, fluorescent indicators for cGMP, one of the pivotal second messengers,
have been left undeveloped. The analysis of cGMP has therefore exclusively
depended upon conventional radioimmunoassay of cell lysates prepared from
millions of cells, causing it difficult to probe the spatial and temporal dynamics of
c¢GMP in the living cells. To overcome this limitation, I developed fluorescent
indicators for cGMP. Tandem fusion proteins of ECFP, PKG Ila,,,; and EYFP were
demonstrated to work as fluorescent indicators for ¢cGMP, in which FRET was
reversibly increased and decreased upon binding and dissociation of cGMP,
respectively (Figure 2-4).

The ¢cGMP indicators presented in this paper are genetically encoded, allowing
further improvement of the indicators by standard mutagenesis techniques. The
intracellular location of the indicator should easily be controlled by fusing with signal
sequences or with proteins of interest such as guanylyl cyclases7' 8, cyclic nucleotide-
gated cation channels12 or anchoring proteins of PKG Ia3l. Based on previous
mutagenesis studies regarding the binding domains for cyclic nucleotides?> 32,
cGMP/cAMP selectivity of the indicator may be changed, suggesting a possibility for
the development of cAMP indicators consisting of single polypeptides, not the
complex of GFPs-fused catalytic and regulatory domains of cyclic AMP-dependent
protein kinase as was previously reportedé. Kinase deficient mutants of the CGY-
Dels may be more physiological, though no toxic effects were observed on
proliferation rates of cells expressing the CGY-Dels. The present indicators for

cGMP is expected to contribute to cell-based high-throughput screening33' 34 of

14



potent and isoform-specific inhibitors for phosphodiesterases. Also, transgenic
animals expressing the indicator for ¢cGMP may enable non-destructive and
continuous monitoring of [cGMP] levels in tissues and organs of interest before and

after the administration of pharmaceuticals.
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Figure 2-1. Schematic representations of domain structures of bovine cGMP-dependent protein
kinase Ia (PKG Ia), CGY-FL, -A12 and -Del1-4. Two linker sequences are shown in the bottom.
ECFP and EYFP are Aequorea victoria GFPs with mammalian codons and the following additional
mutations: ECFP, F64L/S65T/ Y66 W /N1461/M153T/V163A/N212K, and EYFP,
$65G/V68L/ Q69K /S72A/T203Y. Kz is an abbreviation of a Kozak sequence, which allows optimal
translation initiation in mammalian cells. Two asterisks in CGY-A12 indicate the mutation of all
leucine, isoleucine and cycteine residues within 1 to 47 residues in PKG la to alanine.

20



C = 1oy 8BrcoMP d kit

E 2000 /

c

w 18 —

@ W 3 480 2 15 nm (ECFF)

= FL = L

E 4 >, W0

c =

w

= c

g s

-l £ 2

2 A12

= 8

T u 535 £ 12.5 nm (EYFP)

k-] 1500

g 14 g

El Del e

13 - e - _a 1000 . - -
[1] 200 400 800 800 1000 1200 ] 200 400 600 800 1000 1200
Time (s) Time (s)
= del 2 f

E % — 7

c 5 H
E PRRE = . <L,
3 —3— o by ! |

-~ a3 del 4 g 18 4

E E o

= c 8-Br-cGMP
(=]

% . g . v .
o 2 d
‘& A12 ®

-3 s T i f /E—IJT
E o1 5 14 o '
% ‘% A 8-Br-cGMP * b B-Br-cAMP
E FL € © BarcAMP é 4

W o9 P - & L T

< 14 15 18 17 18 19 YV @ T & =& 4 a9 @ 4

Initial Emission Ratio (480 nm / 535 nm) LogiC]

Figure 2-2. Response of CGY-FL, -A12 and -Del1-4 for 8-Br-cGMP in CHO-K1 cells. a, Fluorescence
images of the cells expressing CGY-FL, -A12 and -Dell, taken using emission filters for ECFP (480 + 15
nm) and EYFP (535 + 12.5 nm), when excited at 440 + 10 nm. b, Pseudocolor images of ratios of 480 +
15 nm to 535 + 12.5 nm emissions before (time 0s) and at different time intervals after the addition of 1
mM 8-Br-cGMP, obtained from the CHO-K1 cells expressing CGY-FL, -A12 and -Dell. ¢, Changes in
the ratios of emissions from CGY-FL (A), -A12 (O) and -Dell (®) in the cytosol, each upon stimulating
with 8-Br-cGMP (Figure 2-2b). d, Kinetics of cytosolic fluorescence at 480 + 15 nm (ECFP, @) and 535
+ 12.5 nm (EYFP, O) from the CGY-Dell-expressing CHO-K1 cell, each upon stimulating with 8-Br-
cGMP (Figure 2-2b). e, Comparison of the initial emission ratios and the changes in the emission
ratios for CCY-FL, -A12 and -Dell-4, each upon stimulation with 8-Br-cGMP. f, Response of CGY-
Dell for different concentrations of 8-Br-cGMP (A) and 8-Br-cAMP (O) in CHO-K1 cells. CGY-Dell-
expressing cells were incubated with 8-Br-cGMP or 8-Br-cAMP for 3 to 6 hours and emission ratio in
the cytosol was measured on the fluorescence microscope. The results are the means and standard
deviations of emission ratios from five different cells. (mean +S.D.)
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Figureu 2-3. Reversible response of CGY-Del1 for fluctuating concentration of cGMP in the living
cells. a, Changes in the emission ratio for CGY-Dell in the cytosol of HEK293 cells upon stimulating
with 500 p M NOC-7 ( A: the cell is pretreated with 10 x M ODQ; O: the cell is pretreated with 100 u M
zaprinast.). b, Pseudocolor images of 480 to 535 nm emission ratios before (time 0s) and at different
time points after the addition of 500 ¢ M NOC-7. At 900 s after addition of NOC-7, 8-Br-cGMP was
added to give its final extracellular concentration of 1 mM. ¢, Changes in the emission ratios for CGY-
Dell in the cytosol of HEK293 cells upon stimulating with 500 ¢ M NOC-7. At 900 s after addition of
NOC-7, 1 mM 8-Br-cGMP (bold line) or 100 u M zaprinast (thin line) was added. d, Response of
CGY-Dell for different concentrations of NO, 0.01 uM to 100 uM NOC-7.
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Figure 2-4. Schematic diagram showing how to detect cGMP based on FRET between ECFP and
EYFP. The cylindrical B-can structure and the central chromophore of GFPs are drawn according to
the crystal structure of Aequorea victoria GFP. The precise overall structure of PKG la,,,, and the
relative orientations of the GFPs are not known; small angle X-ray scattering data have however
revealed a marked conformational change in PKG la upon cGMP binding.
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Chapter 3.

A Fluorescent Indicator for Tyrosine Phosphorylation-Based Insulin

Signaling Pathways

3-1. Introduction

Insulin signaling pathways are initiated by binding of insulin to cell-surface
insulin receptor.l' 2 The insulin receptor is a heterotetrameric transmembrane
glycoprotein, consisting of two a subunits and two B subunits linked together by
disulfide bonds. Upon binding of insulin to the extracellular a subunit, insulin
stimulates kinase activity of the insulin receptor and phosphorylates tyrosine
residues of an intracellular substrate protein, insulin receptor substrate 1 (IRS-1). The
tyrosine phosphorylation domains in IRS-1 are recognized by corresponding Src
homology 2 (SH2) domain-containing enzymes such as phosphatidylinositol 3'-kinase
(PI 3-kinase).3 The tyrosine phosphorylated IRS-1 plays key roles in on/ off switching
of the insulin signaling pathways, serving as an interface between insulin receptor
and SH2 domain-containing enzymes, which mediate insulin-induced biological
responses such as glucose uptake or cell proliferation.4

We have reported assay methods for evaluating agonist selectivity for the
insulin signaling pathways.sr 6 Agonist-induced phosphorylation of the substrate
peptide by insulin receptor was evaluated by colorimetric assay5 or by surface
plasmon resonance spectrometry® with the SH2 domain of PI 3-kinase. By these

methods, vanadium ions and troglitazone have been found to induce insulin-like
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effect without affecting kinase activity of insulin receptor and binding activity of SH2
domain of PI 3-kinase. Furthermore, it has been revealed that insulin receptor
accommodated by insulin, insulin-like growth factor I (IGF-I), or insulin-like growth
factor II (IGF-II) exhibited different kinase activities and the order was found to be
insulin > IGF-I > IGF-II, whereas the order of Kd value has been reported to be
insulin > IGF-II> IGF-19

Molecular events involved in signal transduction via protein—protein
interaction as seen in the insulin signaling pathways have been analyzed almost
exclusively by destructive methods such as immunoprecipitation, electrophoresis,
and enzymatic assay. In contrast, fluorescent indicators for inorganic ions and small
molecules such as Ca2+ /=9 and cyclic AMP10-12 have been developed, providing
non-destructive methods for monitoring their spatial and temporal dynamics in
single living cells. These fluorescent indicators have contributed to understand the
cellular mechanism involved in signal transduction via the inorganic ions and small
molecules. However, fluorescent indicators for monitoring the protein-protein
interaction-based signal transduction as seen in the insulin signaling pathways
remains undeveloped. The development of the fluorescent indicators not only for
inorganic ions and small molecules but also for the protein—protein interaction-based
signal transduction in the cell should be an active area of interest.

In this paper, a new fluorescent indicator is described for evaluating the
amount of tyrosine phosphorylated substrate on the basis of insulin signaling
proteins. The principle of the fluorescent indicator is schematically shown in Figure 3-
1. Tetramethylrhodamine is conjugated with a synthetic phosphopeptide of 12 amino
acid residues (pY939), which is derived from a tyrosine phosphorylation domain of
IRS-1 and contains phosphotyrosine residue 93913 (T-pY939). Its target, SH2N protein
containing a SH2 domain of PI 3-kinase14, is labeled with fluorescein (F-SH2N).
Upon specific binding of F-SH2N with T-pY939, fluorescein (donor) and
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tetramethylrhodamine (acceptor) are located within a few nanometers and
fluorescence resonance energy transfer (FRET)15-17 js induced between the
fluorophores due to an overlap between donor emission and acceptor excitation
spectra. FRET induced in the F-SH2N-T-pY939 complex (termed as FRET pair)
results in a change in the corresponding fluorescence spectrum. Upon injection of
unlabeled tyrosine phosphorylated Y939 substrate peptide, T-pY939 dissociates from
F-SH2N, thereby preventing energy transfer, and resulting in the subsequent change
in the fluorescence emission spectrum. This FRET pair was demonstrated to serve as
a competitive fluorescent indicator for insulin-induced tyrosine phosphorylation by

insulin receptor of substrate peptide Y939.
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3-2. Experimental Section

3-2-1. Materials.

Escherichia coli (DH5a) cells expressing SH2N, which is a fusion protein of
glutathione S-transferase and an N-terminal SH2 domain of PI 3-kinase, were kindly
provided by Drs. Wataru Ogawa and Masato Kasuga (Kobe University). Chinese
hamster ovary cells overexpressing human insulin receptor (CHO-HIR) were kindly
provided by Dr. Takashi Kadowaki (The University of Tokyo). Chemically
synthesized HPLC-purified Y939 peptide, which consists of the amino acid sequence
of SEEYMNMDLGPC (expressed by one-letter abbreviations), was purchased from
Biologica Co. (Nagoya, Japan). This Y939 peptide differs from its native amino acid
sequence in IRS-1 by addition of a cysteine on the C-terminus of the peptide.
Chemically synthesized HPLC-purified pY939 phosphopeptide, which is a synthetic
tyrosine phosphorylated peptide of Y939, was purchased from Sawady Technology
Co. (Tokyo, Japan). Fluorescein-5-isothiocyanate (FITC) and bicine were obtained
from Dojindo Laboratories (Kumamoto, Japan). Tetramethylrhodamine-5-maleimide
(TMR-MAL) was obtained from Molecular Probes Inc. (Eugene, OR). N-acetyl-D-
glucosamine was obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Other chemicals
used were all of analytical reagent grade. All aqueous solutions were prepared with

Milli-Q grade (>18.2 MQ resistance) water system (Millipore Corp., Bedford, MA).

3-2-2. Apparatus.

All fluorescence measurements were performed at 25°C, using a FP-750
spectrofluorometer (JASCO Co., Tokyo, Japan) with a quartz crystal cuvette. The pH
of all solutions was measured with a glass electrode pH meter Model COM-20 (DKK

Co., Tokyo, Japan).
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3-2-3. ' Preparation of Partially Purified Insulin Receptor.

Insulin receptor was partially purified from Chinese hamster ovary cells
overexpressing human insulin receptor (CHO-HIR cells, ca. 3 x 108 cells) as described
previously.18' 19 CHO-HIR cells was scraped into 1 mL of 50 mM Tris-HCl buffer
(pH 7.4) containing 2 % Triton X-100, 10 mM EDTA, 25 mM benzamidine, 2 mM
BAEE, and protease inhibitors (1 mg/ml pepstatin, 1 mg/ml aprotinin, 1 mg/ml
leupeptin, and 1 mM PMSF) with a cell scraper. This suspension was centrifuged
(100,000 x g, 30 min, 4°C) and a clear supernatant obtained was applied to 17 mL of a
wheat germ agglutinin (WGA)-Sepharose affinity column. After washing the column
with 50 mM Tris-HCl buffer (pH 7.4) containing 10 mM MgCl, 0.1 % Triton X-100 and,
the protease inhibitors, insulin receptor was eluted with 50 mM Tris-HCl buffer (pH
7.4) containing 300 mM N-acetyl-D-glucosamine and the protease inhibitors. Elution
of insulin receptor was assessed by both the Bradford method20 and binding assay
with 155[-insulin,21 showing no distinguishable elution pattern (data not shown). The
insulin receptor was concentrated by pressured dialysis using a Diaflo ultrafiltration
membrane PM-30 (Amicon Inc., Beverly, MA) to 2 mL and stored at -80°C. The
amount of total proteins was determined to be 3.2 mg by the Bradford method with y-
globulin as a standard.

The kinase activity of partially purified insulin receptor was assessed with [y-
32P]ATP and random copolymers of (Glu80Tyr20)  as a substrate for insulin receptor
kinase according to the method described previously.5' 22 The amount of the
phosphorylated copolymers incubated with 2.9 uM insulin was ca. 5 times larger than
that without insulin (data not shown), illustrating that the kinase-active insulin

receptor was partially purified by the present method.

3-2-4. Purification of SH2N Protein.
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SH2N protein was extracted and purified from Escherichia coli (DH50) cells
expressing SH2N as described previously.23 The transformed Escherichia coli cells
were cultured in LB-ampicillin medium (3.0 g polypepton, 1.5 g yeast extract, 3.0 g
NaCl and 6 mg ampicillin in 300 mL Milli-Q water) at 37°C. Expression of SH2N
protein was induced by addition of IPTG to give a final concentration of 0.1 mM for 8
h at 37°C. The cells were lysed in a phosphate buffer containing 1% Triton X-100 with
a tip sonicator. A clear supernatant was obtained by centrifugation at 10,000 x g for 20
min at 4°C and transferred to a glutathione-affinity column. The column was washed
with a phosphate buffer containing 0.1% Triton X-100. The adsorbed SH2N was
eluted with a phosphate buffer (pH 8.0) containing 10 mM glutathione. The eluted
SH2N was dialyzed against a phosphate buffered saline (PBS : 10 mM KH,PO,, 148
mM KCl, pH 7.4) for 2~3 days at 4°C. The dialyzed SH2N was stored at -80 °C. The
purity of SH2N was evaluated by SDS-polyacrylamide gel electrophoresis with
Coomassie Brilliant Blue staining. The purified SH2N gave a single band of 36 kDa.

3-2-5. Fluorophore labeling of SH2N protein and the peptides.

Fluorescein-labeled SH2N. The purified SH2N protein was labeled with FITC as
described previously.24 After concentration of SH2N up to 10 mg/mL by pressured
ultrafiltration using a Molcut L (Nihon Millipore Ltd., Tokyo, Japan) at 4°C, the SH2N
solution was adjusted to pH 8.0 with a 400 nM bicine buffer (pH8.5). Twenty uL of a
FITC solution (35 mM in DMSO) was added to 500 uL of the SH2N solution with
gentle stirring. The mixture was applied on a Sephadex G-25 column and eluted with
PBS at 4°C. Elution of the FITC-labeled SH2N (F-SH2N) was assessed by the Bradford
method and absorptiometry at 494 nm. The F-SH2N eluted was dialyzed against PBS
for 2~3 days at 4°C and stored at -30°C.

Tetramethylrhodamine-labeled pY939 and Y939. Both pY939 and Y939 were labeled
with TMR-MAL via its maleimide group and the C-terminal thiol group of the
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peptides as described previously.25 Five hundreds ug of the lyophilized peptide was
dissolved in 100 uL of PBS. Forty uL of a TMR-MAL solution (20 mM in DMSO) was
added to the peptide solution and incubated overnight at 25°C. The labeled peptides
were purified by reverse phase HPLC performed on a 801-SC system (JASCO Co.,
Tokyo, Japan), equipped with a Kaseisorb LC ODS-300-5 column (4.6 i.d. x 250 mm
long, JASCO Co., Tokyo, Japan) and a UV detector (UV-970, JASCO Co., Tokyo,
Japan) under a linear gradient of 15 to 30 % acetonitrile containing 0.05 %
trifluoroacetic acid at a constant flow rate of 1.0 mL/min over 45 min. Elution of the
labeled peptide and the excess TMR-MAL were monitored by absorbance at 550 nm.
The purified labeled peptides (T-pY939 and T-Y939) were lyophilized, dissolved into
1 mL of PBS and stored at -30°C.

3-2-6. Fluorescence Resonance Energy Transfer Assay.

Formation of the F-SH2N-T-pY939 complex (FRET pair) was evaluated as follows:
Mixture solutions of F-SH2N and labeled peptides of both T-Y939 and T-pY939 in
PBS were prepared in microtubes at 4°C. Concentrations of both F-SH2N and the
labeled peptides were kept constant at 500 nM. The mixing ratios of T-pY939 to T-
Y939 were varied as 0 : 500, 250 : 250, and 500 : 0.

Response of the FRET pair for pY939 phosphopeptide was evaluated as
follows: Mixture solutions containing FRET pair and synthetic peptides of both Y939
and pY939 in PBS were prepared in microtubes at 4°C. 500 nM FRET pair and 500 nM
peptides were kept constant. The mixing ratios of pY939 to Y939 were varied from O :
500 to 500 : 0.

All the sample mixtures were kept in darkness at 4°C for 120 min. All the
fluorescence measurements were performed at 25 °C after keeping the sample
mixtures for 15 min at 25°C. All the samples were excited at 488 nm. Widths of both

excitation and emission slits were 5 nm and scan rate was 125 nm/min.
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3-2-7 Detection of Substrate Phosphorylation by Insulin Receptor.

Insulin-dependent phosphorylation of substrate peptide Y939 by partially purified
insulin receptor was evaluated with the FRET pair as follows: Sample solutions were
prepared in microtubes, consisting of 0.067 % Triton X-100, 72 ug of partially purified
insulin receptor preparation, 50 uM ATP, 5 mM MnCl,, 50 mM Tris-HCl (pH 7.4), and
each concentration of insulin. The mixture was incubated for 60 min at 4°C and the
kinase reaction was initiated by adding substrate peptide Y939 to give a final
concentration of 3.3 uM. The sample solutions were incubated for 120 min at 37°C
with a shaker, TOMY MIXER (Tomy Seiko Co., Tokyo, Japan). The reaction mixtures
were cooled at 4°C and the kinase reaction was terminated by chelating Mn2* with
EDTA to a final concentration of 10 mM. The FRET pair was added to each ice-cold
sample mixture to give a final concentration of 500 nM. In order to equilibrate the
FRET pair to dissociate in competition with the phosphorylated Y939 peptide, the

microtubes were incubated for 120 min at 4°C.

3-2-8. Evaluation of Fluorescence Spectral Changes.

The changes in fluorescence spectra obtained for T-pY939 (see Figure 3-2), pY939 (see
Figure 3-3), and insulin (see Figure 3-4a) were evaluated by ratios of emission
intensities at 520 nm to 580 nm, which were normalized against the emission ratios
for a mixture of 500 nM F-SH2N and 500 nM T-Y939, for 500 nM FRET pair solution,
and for the kinase solution containing 500 nM FRET pair in the absence of insulin,

respectively.
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3-3. Results and Discussion

3-3-1. Characteristics of F-SH2N, T-pY939, and T-Y939.
FITC : SH2N stoichiometries in F-SH2N were determined by absorbance
spectrometry and varied from 0.40 to 0.63 FITCs per SH2N protein, assuming
extinction coefficients of 65 x 103 M-lem1 and 26 x 103 M-lcm! for protein-bound
fluorescein at 495 nm10 and 280 nm and 37 x 103 M-lcm-1 for SH2N protein at 280 nm.
F-SH2Ns were termed as 0.40F-SH2N and 0.63F-SH2N, respectively, in which FITC :
SH2N stoichiometries were determined to be 0.40 : 1 and 0.63 : 1. Since FITC reacts
with the deprotonated amine groups of SH2N protein, only the N-terminal amine
group of SH2N protein is exclusively labeled at pH 8.0 due to its lower pKa value
than that of side chain amine groups such as that of lysine.24

TMR-MAL : peptide stoichiometries were difficult to be determined from their
absorption spectra due to large differences in extinction coefficients of TMR-MAL
and the peptides at 280 nm. The extinction coefficient of TMR-MAL is 18 x 103 M-lcm-
1, which is 15 times higher than the extinction coefficient of the peptides (1.2 x 103 M-
Ieml ) at 280 nm. Thus, the stoichiometries were estimated indirectly from the
amount of TMR-MAL used for conjugation and the amount of the purified TMR-
MAL-labeled peptide assessed by absorbance spectrometry at 550 nm and were ca.
95 % for both T-pY939 and T-Y939, showing no remarkable difference in reactivity of

pY939 and Y939 peptide. No significant difference was observed in fluorescence

spectra of T-pY939 and T-Y939 (data not shown).

3-3-2. FRET pair Formation.
Formation of a F-SH2N-T-pY939 complex (termed as FRET pair) was evaluated from
changes in fluorescence emission spectra (Figure 3-2a). A fluorescence emission

spectrum of F-SH2N in PBS showed its emission maximum at 520 nm (A in Figure 3-
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2a), indicating no significant difference in a fluorescence emission spectrum of FITC
(data not shown). A fluorescence spectrum of a mixture of F-SH2N and T-Y939 in PBS
showed a slight increase in emission at 520 nm and large increase at 580 nm as
compared with the spectrum of F-SH2N in PBS (B in Figure 3-2a). In contrast, with
increasing the concentration of phosphopeptide T-pY939, a large decrease in emission
at 520 nm and a small increase at 580 nm were observed (from B to D in Figure 3-2a).

The large increase in emission at 580 nm with T-Y939 (from A to B in Figure 3-
2a) is due to direct excitation of tetramethylrhodamine in T-Y939 upon excitation at
488 nm. Since small emission of tetramethylrhodamine in both T-Y939 and T-pY939 is
observed at 520 nm upon excitation at 488 nm, emission at 520 nm corresponds to
emission from fluorescein in F-SH2N. The T-pY939 phosphopeptide-dependent
changes in fluorescence emission spectra (from B to D in Figure 3-2a) exhibit the large
decrease in emission of the donor fluorophore (fluorescein) at 520 nm and the small
increase in emission of the acceptor fluorophore (tetramethylrhodamine) at 580 nm.
Neither inner-filter effect in the present experimental condition nor significant
difference in fluorescence properties of T-Y939 and T-pY939 like the shape and/or
intensity of their emission spectra were observed (data not shown). Thus, the spectral
changes from B to D in Figure 3-2a are results of FRET induced between fluorescein
and tetramethylrhodamine upon specific binding of F-SH2N and T-pY939
phosphopeptide. This indicates T-pY939 phosphopeptide-dependent formation of the
F-SH2N-T-pY939 complex, i.e. the FRET pair.

The observed difference in fluorescence amplitude changes at 520 nm and 580
nm was consistent with that of a fluorescent indicator reported for cyclic AMP,10
where FRET between fluorescein and tetrametylrhodamine was evaluated. The
reason why the change in fluorescence amplitude at 520 nm is larger than that at 580
nm is explained to be due to that the latter includes not only energy transfer but also

a spectral overlap between emission from fluorescein at 580 nm and that from
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tetramethylrhodamine at 580 nm. Emission from fluorescein at 580 nm decreases
when energy transfer is induced between fluorescein and tetramethylrhodamine,
though the energy transfer enhances emission from tetramethylrhodamine at 580 nm.
These opposite changes cause amplitude changes at 580 nm to be less sensitive to the
concentration of phosphopeptide T-pY939 as compared with those at 520 nm.
Emission at 520 nm relative to that at 580 nm decreased with increasing the
concentration of phosphopeptide T-pY939 (see Figure 3-2b). The emission ratio
change was found to differ between FRET pair response based on 0.40F-SH2N and
that on 0.62F-SH2N as shown in Figure 3-2b. This suggests that larger change in
emission at 520 nm relative to that at 580 nm is obtained with SH2N labeled with

smaller amount of fluorescein.

3-3-3. Response for Synthetic Phosphopeptide.

Phosphopeptide dependent response of the FRET pair was evaluated by using Y939
peptide and pY939 phosphopeptide. Y939 peptide added to 500 nM FRET pair
solution did not change the fluorescence spectrum (spectra not shown). In contrast,
with increasing the concentration of phosphopeptide pY939, a large and a very small
increase in emission intensities at 520 nm and at 580 nm, respectively, were observed
(spectra not shown). Emission at 520 nm relative to that at 580 nm increased in a
pY939 phosphopeptide dependent manner (see Figure 3-3).

In contrast to the T-pY939 phosphopeptide-dependent FRET pair formation
shown above, phosphopeptide pY939 added to the FRET pair solution induced a
large increase in emission at 520 nm and an increase in relative emission ratio at 520
nm and 580 nm, illustrating a decrease in energy transfer between fluorescein and
tetramethylrhodamine in the FRET pair in a pY939 phosphopeptide-dependent
manner. This demonstrates that the FRET pair dissociates in competition with

phosphopeptide pY939, thereby preventing energy transfer and resulting in the

34



subsequent change in the fluorescence emission spectrum. Thus, the present FRET
pair serves as a competitive fluorescent indicator for pY939 phosphopeptide.

The difference in the emission ratio change was observed between FRET pair
response based on 0.45F-SH2N and the one based on 0.63F-SH2N as shown in Figure
3-3. This suggests that larger change in relative emission ratio of the FRET pair
response for tyrosine-phosphorylated substrate is obtained by using SH2N labeled
with smaller amount of fluorescein.

The detection limit for the tyrosine phosphorylated peptide, defined as the
concentration that gives the emission ratio of three times the standard deviation of
the background emission ratio, was evaluated. The background emission ratio
corresponds to the emission ratio of the mixture of 500 nM FRET pair and 500 nM
Y939 peptide in PBS. The detection limit thus obtained for phosphopeptide pY939
was 44 nM by using 500 nM FRET pair based on 0.45F-SH2N. In contrast, the
detection limit was 47 nM pY939 phosphopeptide by using 500 nM FRET pair based
on 0.63F-SH2N. This shows that there is no significant difference in the detection limit
for pY939 phosphopeptide between using the FRET pair based on 0.45F-SH2N and
0.63F-SH2N.

3-3-4. Detection of Substrate Phosphorylation by Insulin Receptor.

Response for substrate phosphorylation by partially purified insulin receptor was
evaluated with the FRET pair and Y939 peptide as a substrate of insulin receptor.
Figure 3-4a shows the dependence of emission ratio at 520 nm to 580 nm produced by
the FRET pair on insulin concentration. The emission ratio increased with increasing
the concentration of insulin from ca. 1.0 x 10 to 1.0 x 10 M and then it leveled off.
This illustrates insulin-dependent phosphorylation by insulin receptor of substrate
peptide pY939 and the subsequent dissociation of the FRET pair in competition with
the tyrosine-phosphorylated Y939 peptide.

35



This chemical sensing with the FRET pair was performed in the protein-rich
kinase solution, where the percentage of insulin receptor among the total
glycoproteins was ca. 0.6 %, estimated by binding assay with 125Linsulin?! and the
method of Scatchard.2® The median effective value (EDs, value) for phosphorylation
of Y939 substrate peptide was obtained to be 1.0 x 108 M. This EDs, value is
comparable with our previous result (2.2 x 108 M), based on colorimetric assay with
the Y939 peptide and anti-phosphotyrosine antibody labeled with horseradish
peroxidase for a kinase solution containing a small amount of protein, i.e. full
purified insulin receptor.5 In view of these results, it is concluded that the present
FRET pair responds to phosphorylation by insulin receptor of the substrate peptide
even in a cell-like protein-rich solution.

Response of the FRET pair for synthetic phosphopeptide pY939 in the protein-
rich kinase solution, which is useful for calibrating the amount of the tyrosine
phosphorylated Y939 peptide by insulin receptor, was compared with that in PBS
dissolving only the FRET pair, Y939 peptide and pY939 phosphopeptide. The results
obtained are shown in Figure 3-4b. The emission ratio increased with increasing the
concentration of phosphopeptide pY939 in the protein-rich kinase solution. The
observed range of the emission ratio was however narrower than that obtained in
PBS. In order to examine the effect of surfactant Triton X-100 on this narrower range
of the emission ratio observed in the protein rich-kinase solution, FRET pair response
for phosphopeptide pY939 was evaluated in a solution containing FRET pair, Y939
peptide, pY939 phosphopeptide, and equal concentration of Triton X-100 with the
protein-rich kinase solution. As shown in Figure 3-4b, Triton X-100 decreased the
range of the emission ratio to some extent, indicating that Triton X-100 used for

27

partially purifying insulin receptor and its kinase activity in vitro,*/ caused a

decrease in the FRET pair response in the protein-rich kinase solution.
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3-3-5. Comparison with the Fluorescent Substrates.

Molecular events of protein phosphorylation play key roles in the intracellular signal
transduction. In order to dissect the molecular mechanism in the cell, several
fluorescent substrates have been reported for monitoring kinase activities of protein
kinase C,28 calmodulin-dependent protein kinase 1129 and cyclic AMP-dependent
protein kinase30, They are commonly based on the following chemistries for
monitoring the kinase activities. Particular synthetic substrates of the kinase proteins
are labeled with 6-acryloyl-2-dimethylaminonaphthalene (acrylodan),3! which is
sensitive to conformational changes in peptides attached to the fluorophore.
Phosphorylation of serine residues in the fluorescent substrates changes the
surrounding nature of attached acrylodan, resulting in changes in its fluorescence
emission spectrum.

In contrast to this fluorescent substrate method, the present FRET pair consists
of phosphopeptide pY939 and its binding protein SH2N, which are labeled with
tetramethylrhodamine and fluorescein, respectively. The FRET pair dissociates in
competition with unlabeled phosphopeptide pY939, serving as a fluorescent indicator
for monitoring the tyrosine phosphorylation-based signal transduction. Since the
phosphopeptide pY939 consists of the tyrosine-phosphorylation domain of IRS-1 and
the binding domain of IRS-1 to PI 3-kinase in the cell, the present FRET pair is
expected to respond to tyrosine phosphorylation not only of synthetic substrate
peptide Y939 but also of endogenous substrate protein IRS-1 in the living cell.
Furthermore, tyrosine phosphorylation of the substrates changes the ratio of emission
intensities at two wavelengths, i.e. 520 nm and 580 nm, which may cancel out
intensity variations due to probe concentrations, optical path lengths, and excitation
intensities, and is highly advantageous for microscopic imaging.32 33 The range of

the uses of fluorescence techniques based on FRET has also started to expand into
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areas such as activation of protein kinase Cc34 and ATP hydrolysis-induced

conformational changes in myosin protein35 .
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3-4. Conclusion

A fluorescent indicator was developed using pY939 synthetic phosphopeptide
and its binding protein (SH2N), in which pY939 and SH2N are labeled with
tetramethylrodamine and fluorescein, respectively, capable of fluorescence resonance
energy transfer in the pY939-SH2N complex. This fluorescent indicator, FRET pair,
was revealed to respond to unlabeled phosphopeptide pY939 in a concentration
dependent manner and to tyrosine phosphorylation by partially purified insulin
receptor of substrate peptide Y939 in an insulin dependent manner.

Among 21 potential tyrosine phosphorylation sites within intracellular
substrate protein IRS-1, 8 tyrosine residues 460, 608, 628, 895, 939, 987, 1172, and 1222
in IRS-1 have been confirmed to be phosphorylated by insulin re(:eptor.36 The N-
terminal SH2 domain of PI 3-kinase selectively binds with the sequences containing
phosphotyrosine residues 608 and 939.36 Upon microinjection of the FRET pair in a
living cell and upon subsequent stimulation of the cell with insulin, the indicator
consisting of the N-terminal SH2 domain of PI 3-kinase is expected to respond to
phosphorylation of these tyrosine residues 608 and 939 in IRS-1. Other SH2 domains
than SH2N from PI 3-kinase may serve as selective sensory elements for respective
tyrosine phosphorylation sites in IRS-1 such as 895 and 1172, which are recognized by
SH2 domains in Grb2 and SH-PTP2, respectively.2

The results of this study suggest that the present approach may become a
general method for designing fluorescent indicators not only for tyrosine
phosphorylation-based signaling pathways but also for other protein-protein

interaction-based signal transduction in the living cell.
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Figure 3-1. Principle of the fluorescent indicator for tyrosine phosphorylated substrates.

IRS-1 ; intracellular substrate protein that is phosphorylated by insulin-activated insulin receptor,
SH2N ; fusion protein of N-terminal SH2 domain of PI 3-kinase, which is a binding unit for tyrosine
phosphorylation domain of IRS-1, and glutathione S-transferase, Y939 ; synthetic peptide
(SEEYMNMDLGPC) derived from tyrosine phosphorylation domain containing tyrosine residue 939
of intracellular substrate protein IRS-1, pY939 : synthetic phosphopeptide consisting of the same amino
acid sequence as Y939 except for the phosphorylated tyrosine residue, F in an open circle ; fluorescein-
5-isothiocyanate, T in an open circle ; tetramethylrthodamine-5-maleimide, P in an circle ;
phosphotyrosine residue.

Prior to evaluation of substrate phosphorylation by insulin receptor, the fluorescein-labeled SH2N (F-
SH2N) and tetramethylrhodamine-labeled pY939 (T-pY939) are mixed to form the F-SH2N-T-pY939
complex (FRET pair), where fluorescence resonance energy transfer (FRET) is induced between the
two fluorophores. The FRET pair injected into a kinase reaction solution or in an insulin-stimulated
living cell dissociates in competition with the tyrosine phosphorylated substrate, resulting in
disappearance of this FRET mode.
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Figure 3-2. (a) Dependence of changes in fluorescence emission spectra on the concentration of T-
pY939 phosphopeptide. The concentration of T-pY939 phosphopeptide among 500 nM peptides (T-
Y939 peptide and T-pY939 phosphopeptide) added to the F-SH2N solution was changed from 0 to 500
nM. The compositions of each sample solution in PBS were as follows: [A] 500 nM F-SH2N, [B] 500 nM
F-SH2N and 500 nM T-Y939, [C] 500 nM F-SH2N, 250 nM T-Y939 and 250 nM T-pY939, and [D] 500
nM F-SH2N and 500 nM T-pY939. (b) Dependence of relative emission ratios at 520 nm to 580 nm on
the concentration of T-pY939 phosphopeptide. The horizontal axis is expressed as the concentration of
T-pY939 phosphopeptide among 500 nM peptides (T-Y939 and T-pY939). FITC : SH2N stoichiometries
in 0.40 F-SH2N and in 0.62F-SH2N were determined to be 0.40 : 1 and 0.62 : 1, respectively, by
absorbance spectrometry. The results are the means and standard deviations of three separate

experiments (mean +S.D.).
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Figure 3-3. Dependence of relative emission ratios at 520 nm to 580 nm on the concentration of
pY939 phosphopeptide. The horizontal axis is expressed as the concentration of pY939
phosphopeptide among 500 nM peptides (Y939 and pY939). The results are the means and standard

deviations of three separate experiments (mean + S.D.).
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Figure 3-4. (a) Dependence of the concentration of tyrosine phosphorylated Y939 substrate peptide
on the concentration of human insulin. Insulin was dissolved in 50 mM Tris-HCl buffer (pH 7.4)
containing 0.067 % Triton X-100, 50 uM ATP, 5 mM MnCl,, 3.3 uM Y939 substrate peptide and, 72 ug of
partially purified insulin receptor preparation. The concentration of insulin ranged from 1 x 1011 t0 1
x 10® M. The concentration of tyrosine phosphorylated Y939 peptide was evaluated with the FRET
pair added to give a final concentration of 500 nM. The results are the means and standard deviations
of three separate experiments (mean + S.D.). (b) Responses of the FRET pair for pY939 phosphopeptide
in PBS (@), in the kinase solution shown in Figure 3-4a without insulin (O) and in 50 mM Tris buffer
(pH 7.4) containing equal concentration of Triton X-100 with the kinase solution shown in Figure 3-4a
(D). The results are the means and standard deviations of three separate experiments (mean + S.D.).
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Chapter 4.

Genetically Encoded Fluorescent Indicators for Imaging Protein

Phosphorylation in Single Living Cells

4-1. Introduction

Protein phosphorylation by intracellular kinases plays one of the most pivotal
roles in signaling pathways within cellsl. The kinase proteins catalyze transfer of
the y phosphate of ATP and phosphorylation of hydroxyl groups of serines,
threonines and/or tyrosines on the substrate proteins. Upon this phosphorylation,
the substrate proteins are subject to conformational changes due to negative charges
of the phosphates, which subsequently triggers 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. Recently, Bastiaens’ and Parker’s groups have
improved an immunofluorescence staining method to detect protein phosphorylation
in the cells and ﬁssues39. However, these conventional methods do not provide
enough information about spatial and temporal dynamics of the signal transduction
based on protein phosphorylation and dephosphorylation in living cells. In contrast
to the kinase signaling, second messenger signaling, such as Ca2+24, inositol 1,4,5-
triphosphate®, diacylglycerol®, cyclic AMP7 8 and cyclic GMP?, have been visualized

using fluorescent indicators in single living cells. The measurements based on those
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fluorescent indicators have been found to provide a high spatial and temporal
resolution enough for dissecting the single cell events of the second messengerslo.

To overcome the limitation for investigating the kinase signaling, I describe
herein genetically encoded fluorescent indicators for visualizing the protein
phosphorylation in living cells. The principle of the present method is schematically
shown in Figure 4-1. A substrate domain for a kinase protein of interest is fused
with a phosphorylation recognition domain via a flexible linker sequence. The
tandem fusion unit consisting of the substrate domain, linker sequence and
phosphorylation recognition domain, is sandwiched with two different color
fluorescent proteins, cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP), which serve as the donor and acceptor fluorophores for fluorescence resonance
energy transfer (FRET)Y 11, 12 As a result of 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 causes the phosphorylation-dependent changes in
fluorescence emission ratios of the donor and acceptor fluorophores. Upon
activation of phosphatases, the phosphorylated substrate domain is
dephosphorylated and the FRET signal is decreased. I named this indicator
"phocus” (a fluorescent indicator for protein phosphorylation that can be custom-
made). As the phosphorylation recognition domain within phocus, not only
endogenous domains such as src homology 2 (SH2) domains!3, phosphotyrosine
binding (PTB) domains!4 and WW domains!® but also single chain antibodies
(scFvs)16r 17 immunized with the phosphorylated substrate sequences of interest are
available. Thus, the present method has more general applicability for kinase
signaling in the living cell compared with previously reported fluorescent

indicators18-21 based on uncontrollable conformational changes in substrate peptides

themselves upon phosphorylation.
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4-2. Experimental Section

4-2-1. Materials.

Human insulin was purchased from Petide Institute, Inc. (Osaka, Japan). Ham's F-
12 medium, fetal calf serum, Hank's balanced salt solution and Lipofect AMINE 2000
reagent were obtained from Life Technologies (Rockville, MD). Human insulin
receptor and tyrphostin 25 were purchased from Sigma Chemical Co. (St. Louis, MO).
Anti-phosphotyrosine antibody (PY20) and anti-B-subunit of human insulin receptor
antibody were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-GFP antibody was obtained from Clontech (Palo Alto, CA). Anti-rabbit IgG
antibody labeled with Cy5 was obtained from Jacson ImmunoResearch Lab,. Inc.
(Pennsylvania, PA). Other chemicals used were all of analytical reagent grade.

4-2-2. Plasmid construction.

For constructing cDNAs of phocuses, fragment cDNAs of ECFP, EYFP, substrate
domain, phosphorylation recognition domain and PH-PTB domain from human
insulin receptor substrate-1 (IRS-1,,,,) were generated by standard polymerase chain
reaction (PCR) to attach restriction site shown in Figure 4-2. All cloning enzymes
were from Takara Biomedical (Tokyo, Japan) and were used according to the
manufacture's instructions.  All PCR fragments were sequenced with ABI310 genetic
analyzer.

The amino acid sequence of the substrate domain (Y941) is
ETGTEEYMKMDLG, which is a tyrosine-phosphorylation domain by insulin
receptox'22 within insulin receptor substrate-l1 (IRS-1). The phosphorylation
recognition domain is an N-terminal SH2 domain (SH2n) from p85 subunit (P85330.429)
of bovine phosphatidylinositol 3-kinase, which is reported to bind with the
phosphorylated substrate domain within the IRS-1 protein23. The amino acid
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sequence of the nuclear-export-signal sequence (nes) is LPPLERLTL, which is derived
from a human immunodeficiency virus-derived protein, Rev30. Each of entire
cDNA encoding phocuses was subcloned at Hind III and Xba I sites of a mammalian
expression vector, pcDNA3.1 (+) (Invitrogen Co., Carlsbad, CA). For bacterial
expression, each cDNA encoding phocus-1 and -2 was subcloned in pRSET-A
(Invitrogen Co., Carlsbad, CA).

4-2-3. Cell culture and transfection.

CHO-IR cells overexpressing human insulin receptor were cultured in Ham's F-12
medium supplemented with 10 % fetal calf serum at 37 °C in 5 % CO,. Cells were
transfected with Lipofect AMINE 2000 reagent. During 12 to 24 hours after the
transfection, the cells were spread onto glass bottom dishes, glass coverslips or plastic
culture dishes for fluorescence imaging of living cells, immunofluorescence or

western blotting analysis, respectively.

4-2-4. Immunoprecipitation and immunoblot analysis.

CHO-IR cells expressing phocus-1 and -2 were stimulated with 100 nM insulin for 20
min at 25 °C.  The cells were lysed with an ice-cold lysis buffer (50 mM Tris-HCl, pH
7.4, 100 mM NaCl, 1 mM EDTA, 0.1 % Triron X-100, 10 mM NaF, 2 mM sodium
orthovanadate, 1 mM PMSF, 10 pug/mL pepstatin, 10 pg/mL leupeptin, 10 ug/mL
aprotinin). The phocuses were immunoprecipitated from the whole cell lysates of the
CHO-IR cells with anti-GFP antibody for 2 hours at 4 °C. Protein G-Sepharose 4FF
beads were used to adsorb the immunoprecipitates and then wash four times with an
ice-cold washing buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.1 %
Triron X-100, 10 mM NaF, 2 mM sodium orthovanadate, 1 mM PMSF, 10 ug/mL
pepstatin, 10 ug/mL leupeptin, 10 ug/mL aprotinin). The samples were separated
by SDS-polyacrylamide gel electrophoresis, and electrophoretically transfered onto
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PVDF membrane. The membrane was probed with anti-phosphotyrosine antibody
(PY20, 1 : 500 dilution).

4-2-5. Imaging of cells.

After serum starvation with a serum-free medium, the culture medium was replaced
with a Hank's balanced salt solution for imaging. As described previouslyg, during
3 to 5 days after the transfection, the cells were imaged at room temperature on a Carl
Zeiss Axiovert 135 microscope with a cooled CCD camera MicroMAX (Roper
Scientific Inc, Tucson, AZ), controlled by MetaFluor (Universal Imaging, West
Chester, PA). The exposure time at 440 + 10 nm excitation was 100 ms. The
fluorescence images were obtained through 480 + 15 nm and 535 + 12.5 nm filters

with a 40x oil immersion objective (Carl Zeiss, Jena, Germany).

4-2-6. Immunofluorescence microscopy.

CHO-IR cells expressing phocus-2pp were stimulated with 100 nM insulin for 7 min
at 25 °C. The cells were fixed with 2% paraformaldehyde and were permeabilized
with a phosphate-buffered saline containing 0.2% Triton X-100 for 10 min. After 45
min of incubation with rabbit anti-B-subunit of human insulin receptor antibody (1 :
100 dilution), the cells were washed with a phosphate-buffered saline containing
0.2 % fish skin gelatin and incubated with anti-rabbit IgG antibody labeled with Cy5
(1 : 500) for 30 min. The coverslips were mounted onto the slide and observed with

a confocal laser scanning microscope (LSM 510, Carl Zeiss).
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4-3. Results and Discussion

Tyrosine kinase receptors such as insulin receptor and growth hormone
receptors function at the beginning of a number of signal transduction cascades,
whereas nonreceptor tyrosine kinases and serine/threonine kinases function
throughout signaling cascades!. In the present study, development and
applicability of phocus was exemplified using insulin signaling proteins for imaging
protein phosphorylation by insulin receptor. Phocus contains a tandem fusion unit
of a substrate domain of interest, flexible linker sequence and phosphorylation
recognition domain (Figure 4-1). As the substrate domain within phocus, a tyrosine
phosphorylation domain (Y941) derived from insulin receptor substrate-1 (IRS-1) is’
used, in which insulin receptor phosphorylates the tyrosine residue 941 in an insulin
dependent manner22, Its target, an N-terminal SH2 domain (SH2n) of p85
regulatory subunit of phosphatidylinositol 3-kinase was chosen as the
phosphorylation recognition domain?3. Figure 4-2 shows schematic representations
of phocuses tested here. The central unit sandwiched with GFPs is different
between phocus-1 and -2, where the order of the SH2n and Y941 is reversed. To
examine which central units of phocus-1 and -2 are efficiently phosphorylated by
insulin receptor, in vitro and in vivo phosphorylation assays were performed.
Phocus-2 purified from bacteria was well phosphorylated by insulin receptor in
insulin and time dependent manners as shown in Figure 4-3a, whereas the
phosphorylation rate of purified phocus-1 was slower than that of phocus-2 in vitro.
The difference in the extent of phosphorylation was observed between phocus-1 and -
2 also in vivo (Figure 4-3b). These results indicate that phocus-2 is a better substrate
than phocus-1 in vitro and in vivo. In view of the X-ray crystal structure of insulin
receptor in complex with a substrate peptide derived from IRS-124, the difference in

the phophorylation efficiency between phocus-1 and -2 may be ascribed to the
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difference in steric effect adjacent to C-terminus of Y941, due to YFP and flexible
linker for phocus-1 and -2, respectively.

To test whether the phosphorylated phocus-2 is dephosphorylated by
endogenous protein tyrosine phosphatases in living cells, CHO-IR cells expressing
phocus-2 were stimulated with 100 nM insulin, washed, cultured in serum-free
medium, and immunoblotting analysis with phosphotyrosine antibody was
performed. As shown in Figure 4-3c, phocus-2 phosphorylated by insulin receptor
was efficiently dephosphorylated in a time dependent manner in CHO-IR cells. This
indicates that intramolecular interaction of the phosphorylated Y941 with the
adjacent SH2n within phocus-2 does not block dephosphorylation of the
phosphorylated Y941 by endogenous tyrosine phosphatases. Thus, phocus-2 can
provide a reversible record of tyrosine kinase activity of insulin receptor in living
cells.

I next examined whether the efficiency of FRET increases after
phosphorylation of phocus-2 by insulin receptor. CHO-IR cells were transfected
with the cDNA encoding phocus-2 inserted in a mammalian expression vector.
Figure 4-4a shows a fluorescence image of a phocus-2-expressing cell taken by using
an emission filter for CFP (480 nm + 15 nm), which indicates that phocus-2 uniformly
distributes both in the cytosolic compartment and in the nucleus. To evaluate the
response of phocus-2 for its phosphorylation, CHO-IR cells expressing phocus-2 were
stimulated with 100 nM insulin. Figure 4-4b shows pseudocolor images of emission
ratios of 480 + 15 nm for CFP to 535 + 12.5 nm for YFP, when excited at 440 + 10 nm,
before and at different times after insulin stimulation. Figure 4-4c shows time
courses of the emission ratio changes in the cytosol and in the nucleus. A dose of
insulin caused a rapid and significant decrease in the cytosolic emission ratio for the
phocus-2-expressing cells, whereas the emission ratio in the nucleus did not change

significantly (Figures 4-4b and 4-4c). The insulin-induced change in emission ratio
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in the cytosol was completely suppressed when the cells were pretreated with 500 uM
tyrphostin 25, an inhibitor for insulin receptor, as shown in Figure 4-4d. As a
negative control, CHO-IR cells expressing phocus-24, in which there is a substitution
of tyrosine to alanine at the phosphoacceptor site within the substrate domain, were
stimulated with insulin, however, no significant change in the cytosolic emission ratio
was observed (Figure 4-4d). Also, phocus-2R358A gave no significant response, in
which SH2n was replaced by SH2nR358A2° to inhibit its binding with the
phosphorylated Y941 (Figure 4-4d). These results demonstrate that FRET from CFP
to YFP is increased upon tyrosine-phosphorylation of the Y941 within phocus-2 in the
cytosolic compartment and the subsequent binding of the phosphorylated Y941 with
the adjacent phosphorylation recognition domain SH2n, which allows visualization
of protein phosphorylation by insulin receptor in single living cells using phocus-2.
Why was no significant FRET signal observed in the nucleus of phocus-2-
expressing cells? Upon insulin stimulation, emission from CFP and that from YFP
showed reciprocal changes in the cytosol due to phosphorylation-dependent energy
transfer, and the emissions from CFP and YFP were followed by their continuous
increases as shown in Figure 4-4e. On the other hand, the both emissions
continuously decreased in the nucleus during the insulin stimulation. These results
show continuous translocation of phocus-2 from the nucleus to cytosol. This
insulin-dependent translocation was not observed for phocus-2A-expressing cells
(Figure 4-4f), which indicates that the translocation of phocus-2 is not ascribed to
interaction of phocus-2 with cytosolic phosphoproteins, such as IRSs, via the SH2n
within phocus-2. Thus, a rigidly packed conformation of the phosphorylated
phocus-2 is thought to be responsible for no significant FRET signal in the nucleus, by
which the phosphorylated phocus-2 might be segregated in the cytosolic

compartment without entering into the nucleus through nuclear pores. On the other
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hand, a floppy conformation of the unphosphorylated phocus-2, due to the flexible
linker sequence within phocus-2, might enable its free traffic through nuclear pores.

To eliminate phocus-2 from the nucleus, where FRET was not changed upon
insulin stimulation, phocus-2nes that have a nuclear-export-signal sequence,
LPPLERLTL, was developed No significant fluorescence was observed from the
nucleus of a phocus-2nes-expressing cell, which indicates that the fluorescent
indicator, phocus-2nes, was removed as expected from the nucleus (Figure 4-5a).
Upon stimulating cells expressing phocus-2nes with 100 nM insulin, a progressive
decrease in the cytosolic emission ratio was observed as shown in Figure 4-5a. No
significant difference was observed in the time course of the phocus-2 response and
that of the phocus-2nes response. Figure 4-5b shows the response of phocus-2nes to
differing concentrations of insulin in CHO-IR cells. The accumulation rate of
phosphorylated phocus-2nes by insulin receptor was increased in parallel with
increasing insulin concentration from 1 nM to 100 nM. At 0.1 nM insulin, no
significant accumulation of the phosphorylated phocus-2nes was observed. This
insulin dose-response for the emission ratio change of phocus-2nes was similar to that
for tyrosine phosphorylation of native IRS-1 protein in the cell, which was previously
examined by conventional autoradiography26.

Phocus-2nes is more advantageous than phocus-2 for multi-cell analysis with a
fluorescence multi-well plate reader, with which the indicator protein in the cytosol
and that in the nucleus can not be discriminated. Unphosphorylated nuclear
phocus-2 could be subject to the decreased change in the net emission ratio when
analyzed with the multi-well plate reader, whereas phocus-2nes existing only in the
extranuclear compartment is phosphorylated by insulin receptor and entirely
contribute to the net emission ratio change. Taking advantage of phocus-2nes, high-
throughput screening of anti-diabetic small molecules, such as L-783,281 that was
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discovered to directly stimulate the kinase activity of insulin receptor27' 28, should be
possible among thousands of candidate chemicals using phocus-2nes.

Signaling proteins, such as kinases, phosphatases and their substrates, are
often discretely localized in the cell and are organized to build signaling domains by
extracellular stimulil. This mechanism is thought to be a critical determinant for
efficiency and specificity of signal transmission in the cell. IRS-1, the endogenous
substrate protein for insulin receptor, contains a pleckstrin homology (PH) and a
phosphotyrosine binding (PTB) domain to its N-terminal end??. The PH and PTB
domain bind with the phosphoinositides at the membrane and with the
juxtamembrane domain of insulin receptor, which is tyrosine-phosphorylated by
insulin stimulation, respecﬁvely30. Thus, the concentration of IRS-1 is increased
around insulin receptor at the plasma membrane upon insulin stimulation, which
underlies efficient and selective phosphorylation of IRS-1 by insulin receptor31' 32,
The present fluorescent indicator, phocus-2, was fused with the PH-PTB domain
derived from the IRS-1 protein to construct phocus-2pp as shown in Figure 4-2.
Phocus-2pp was phosphorylated upon insulin stimulation in vivo as shown in Figure
4-6a, however, insulin-dependent interaction of the phosphorylated phocus-2pp was
detected neither with insulin receptor (95 kDa) nor IRS-1 (185 kDa) using the
immunoprecipitation and immunoblotting with phosphotyrosine antibody.__The
insulin stimulation triggered a significant change in CFP/YFP emission ratio in the
cytosol (Figure 4-6b). Figure 4-6c shows a comparison of the cytosolic emission ratio
change for phocus-2pp and that for phocus-2 when stimulated with 100 nM insulin.
The rate of the cytosolic emission ratio change for phocus-2pp was significantly faster
than that for phocus-2, though the both emission ratios when they reached plateaus
were not significantly different. This indicates that by introducing the endogenous
targeting domain within IRS-1, the phosphorylation rate of phocus-2pp by the

activated insulin receptor was enhanced, which gives a more physiological basis for
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imaging the localized kinase signaling in the living cells using fluorescent indicators.
Phosphorylation of phocus-2pp could be visualized also in cultured cells such as L6
cells, where insulin receptor was expressed at a lower level than that in the CHO-IR
cells (data not shown).

Also, upon insulin stimulation, dot-like structures, where phocus-2pp was
accumulated, appeared around the plasma membrane after phosphorylation of
phocus-2pp reached a plateau, and disappeared in 1000 seconds (Figure 4-6b, 460s
and 1000s, respectively). Confocal fluorescence images illustrate insulin-dependent
formation of dot-like structures containing insulin receptor and colocalization of
phocus-2pp with insulin receptor at the dot-like structures (Figure 4-6d). During the
formation of the dot-like structures, concentration of the cytosolic phocus-2pp was
decreased (Figure 4-6e, form 0 to 500 seconds), which indicates translocation of the
cytosolic phocus-2pp to the dot-like structures via the PH-PTB domain within
phocus-2pp. At the dot-like structures, the insulin-dependent change in CFP/YFP
emission ratio was found to be larger than that at the nucleus and cytosol (Figure 4-
6f). This indicates a gradient of phosphorylated phocus-2pp from the dot-like
structures to cytosol, which is probably due to difference in balance of kinase and
phosphatase activities there. When the dot-like structures were disappeared after
insulin stimulation (Figure 4-6b, 1000s), retranslocation of phocus-2pp to the cytosol
was observed (Figure 4-6e, form 500 to 1000 seconds). On the other hand, the
nuclear phocus-2pp continuously translocated to the cytosol during the insulin
stimulation (Figure 4-6e), as was observed for phocus-2 (Figure 4-4e). Although
molecular mechanisms that explain the formation and disappearance of the dot-like
structures containing insulin receptor are remained to be clarified, phocus-2pp
should contribute to reveal the biological significance of the tyrosine kinase signaling

in the characteristic dot-like structures, with high spatial and temporal resolution.

58



Compared with phocus-2pp, phocus-2 did not show any significant subcellular
localization, including the plasma membrane, upon insulin stimulation (Figure 4-4b).
From this result, it is suggested that upon insulin stimulation, SH2n within phocuses
preferentially binds via intramolecular reaction with the adjacent phosphorylated
Y941 rather than binding via intermolecular reaction with the other localized
phosphoproteins such as endogenous IRS proteins3> 34, Although physiological
effects by the expression of the indicator proteins remain to be worked out, this
intramoleccular binding of phosphorylated Y941 and SH2n domains within phocuses
may be due to normal growth of cells expressing phocuses without highly buffering

tyrosine kinase signaling in the living cells.
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4-4, Conclusion

In conclusion, I developed a method for visualizing the protein
phosphorylation-based signal transduction in the living cells, which was herein
exemplified for insulin signaling pathways. The phocuses contain one of
phosphorylation domains of IRS-1. Although the IRSs are prominent substrates of
insulin receptor, several other tyrosine kinases, such as insulin-like growth factor
receptors and JAKs, are known to phosphorylate the IRSs3®. The phocuses are thus
expected to be used also for visualizing their kinase activities. The present method
is advantageous not only for imaging the kinase signaling in single live cells with
high spatial and temporal resolution, but also for multi-cell analysis aimed at high-
throughput screening of pharmaceuticals36' 37 that regulate kinase and phosphatase
activities, though further improvements of the present phocuses will be necessary.
Thanks to the GFP mutants and genetical techniques, I could improve my earlier
approach38 using synthetic FRET fluorophores, fluorescein and rhodamine, to the
present genetically encoded indicators, with which nondestructive and continuous
monitoring of protein phosphorylation-based signaling events may be possible in
tissues and organs of interest in transgenic animals expressing the present phocuses.
For general applicability, the endogenous phosphorylation-recognition domain
within the present indicators could be replaced with single chain antibodies (scFvs)16,
17 against the phosphorylated substrate sequences of interest, and it is now under

examination.
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Phosphorylation

Flexible linker recognition domain
(GNNGGNNNGGS) (SH2, scFv etc.)
Substrate domain /
480 nm Tyr (Ser, Thr)
Phosphatase Protein Kinase

Figure 4-1. Principle of phocus for visualizing protein phosphorylation in living cells. CFP
and YFP are different color mutants of green fluroescent protein (GFP) derived from Aequorea victoria
with mammalian codons and the following additional mutations: CFP,
F64L/S65T/Y66W /N1461/M153T/V163A/N212K, and YFP, S65G/V68L/Q69K/S72A/T203Y. Upon
phosphorylation of the substrate domain within phocus by protein kinase, the adjacent
phosphorylation recognition domain binds with the phosphorylated substrate domain, which changes
the efficiency of fluorescent resonance energy transfer (FRET) between the GFP mutants within
phocus.
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Hin('i I} Sa{ | BaTH I Sacl Xba |

|
Kz[ VA ] phocus-1
CFP SH2n  Ln Y941 YFP
Hind Il Sal | BamH| Sacl Xba |
[ ! | |
Kz[ 1 ] phocus-2
CFP Y941 Ln SH2n YFP
Hind 1 Sall  BamH| Sacl Xba |
Kz[ W A ] phocus-2A
CFP Y941A'Ln SH2n YFP
Hind Il Sall  BamH| Sacl Xba |
Kz[ | WA ] phocus-2R358A
CFP Y941 Ln SH2nR358A YFP
Hind I Sall  BamH!| Sacl Xba |
Kz[ | WAL H phocus-2nes
CFP Y841 Ln SH2n YFP nes
Mind I EcoR|| Sall ~ BamH| Sacl Xba |
Kz X A ] phocus-2pp
PH-PTB CFP Y941 Ln SH2n YFP
Figure 4-2. Schematic representations of domain structures of phocuses. Shown at the top of

each bar are the restriction sites. Kz is an abbreviation of a Kozak sequence, which allows optimal
translation initiation in mammalian cells. SH2n is an N-terminal SH2 domain from p85 subunit
(p85;3.429) Of bovine phosphatidylinositol 3-kinase.  The amino acid sequence of Y941 is
ETGTEEYMKMDLG, which is a tyrosine-phosphorylation domain by insulin receptor within IRS-1.
Ln is an abbreviation of a flexible linker sequence, GNNGGNNNGGS. Nes, of which amino acid
sequence is LPPLERLTL, is an abbreviation of a nuclear-export-signal sequence derived from human

immunodeficiency virus protein, Rev.
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Figure 4-3. Phosphorylation and dephosphorylation of phocuses. (a) In vitro phosphorylation
assay. Human insulin receptor was dissolved in a kinase buffer containing 50 mM Tris-HCI (pH 7.4),
5 mM MnCl,, 50 uM ATP, 2 mM Na,;VO, and 0.1 % Triton X-100, with or without 100 nM insulin. The
kinase reaction was initiated by adding phocus-1 or -2 purified from bacteria to give a final
concentration of 5 uM. The sample solutions were incubated for 5, 20, 60 and 120 min at 37 °C. The
samples were separated by SDS-polyacrylamide gel electrophoresis, and electrophoretically
transferred onto a PVDF membrane. The membrane was probed with anti-phosphotyrosine antibody
(PY20, 1 : 500 dilution). The obtained signal was quantified using a image analyzer (LAS-1000plus,
Fujifilm). (b) In vivo phosphorylation assay. CHO-IR cells were cultured in 6-well plates and were
transfected with 2 pug of each plasmid containing phocus-1 cDNA and phocus-2 cDNA. After 48
hours, the cells were serum-starved with a serum-free medium and were stimulated with 100 nM
insulin for 20 min at 25 °C. The whole cell lysates were immunoprecipitated with anti-GFP antibody.
Protein G-Sepharose 4FF beads were used to adsorb the immunoprecipitates and then wash four times
with an ice-cold washing buffer. The samples were subjected to SDS-PAGE, and immunoblot
analysis was performed with anti-phosphotyrosine antibody (PY20) and with anti-GFP antibody. No
significant proteolysis of phocus-1 and -2 was observed in vivo. (c) After stimulation of phocus-2-
expressing CHO-IR cells with 100 nM insulin for 5 min at 25 °C, the cells were washed, incubated in
the serum-free medium at 37 °C for 10, 20 and 30 min. The whole cell lysates were
immunoprecipitated with anti-GFP antibody, and immunoblot analysis was performed with anti-
phosphotyrosine antibody (PY20) and with anti-GFP antibody.
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Figure 4-4. Fluorescence imaging of phocus-2 upon insulin stimulation. (a) A fluorescence
image of the cell expressing phocus-2, taken using an emission filter for CFP (480 + 15 nm), when
excited at 440 nm + 10 nm. (b) Pseudocolor images of emission ratios of 480 + 15 nm for CFP to 535 +
12.5 nm for YFP, when excited at 440 nm + 10 nm, before (time 0s) and at 40, 80, 300 and 600s after the
addition of 100 nM insulin at 25 °C, obtained from the CHO-IR cells expressing phocus-2. (c) Time
courses of the insulin-induced CFP/YFP emission ratio obtained from Figure 4-4b in the cytosol
(closed circle) and in the nucleus (open circle). (d) Time courses of the cytosolic emission ratio from
phocus-2 pretreated with 500 uM tyrophostin 25 (closed square), that from phocus-2A (open square)
and that from phocus-2R358A (open triangle), each when stimulated with 100 nM insulin at 25 °C.  (e)
Time courses of phocus-2 fluorescence at 480 + 15 nm (nucleus; open triangle, cytosol; open circle) and
535 + 12.5 (nucleus; closed triangle, cytosol; closed circle), each upon stimulating with 100 nM insulin
at 25 °C.  (f) Time courses of phocus-2A fluorescence at 480 + 15 nm (nucleus; open triangle, cytosol;
open circle) and 535 + 12.5 (nucleus; closed triangle, cytosol; closed circle), each upon stimulating with
100 nM insulin at 25 °C. These results are from a typical experiment out of at least five independent

trials.
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Figure 4-5. Fluorescence imaging of phocus-2nes upon insulin stimulation. (a) Pseudocolor
images of the CFP/YFP emission ratios before (time 0s) and at 40, 80, 300 and 600s after the addition of
100 nM insulin, obtained from the CHO-IR cells expressing phocus-2nes. Phocus-2nes was excluded
from the nucleus of CHO-IR cells due to the nuclear exporting signal sequence (nes) within phocus-
2nes. (b) Response of phocus-2nes to differing concentrations of insulin in CHO-IR cells at 25 °C.
These results are from a typical experiment out of at least five independent trials.
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Figure 4-6. Fluorescence imaging of phocus-2pp upon insulin stimulation. (a) In vivo

phosphorylation assay. CHO-IR cells expressing phocus-2pp were serum-starved with a serum-free
medium and were stimulated with 100 nM insulin for 20 min at 25 °C. The whole cell lysates were
immunoprecipitated with anti-GFP antibody, and immunoblot analysis was performed with anti-
phosphotyrosine antibody (PY20) and with anti-GFP antibody. (b) Fluorescence images at 535 + 12.5
nm for YFP and pseudocolor images of emission ratios of 480 + 15 nm for CFP to 535 + 12.5 nm for YFP,
when excited at 440 nm + 10 nm, before (time 0s) and at 60, 460 and 1000s after the addition of 100 nM
insulin at 25 °C, obtained from the CHO-IR cells expressing phocus-2pp. Insulin-induced localization
of phocus-2pp at the plasma membrane is indicated by white arrows in the image at 460s. (c) Time
course of the cytosolic emission ratio for phocus-2pp (open circle) was compared with that for phocus-
2 (closed circle), each when stimulated with 100 nM insulin at 25 °C. (d) Subcellular localization of
phocus-2pp and insulin receptor (white arrow heads), when stimulated with 100 nM insulin for 7 min
at 25 °C.  After insulin stimulation, cells on the glass coverslips were fixed and stained with rabbit
antibody against B-subunit of insulin receptor (IRB). The cells were further stained with anti-rabbit
IgG antibody labeled with Cy5. The coverslips were mounted onto the slide and observed with a
confocal laser scanning microscope (LSM 510, Carl Zeiss) at 488 nm and 633 nm excitation for phocus-
2pp and IR (Cy5), respectively. (e) Time courses of phocus-2pp fluorescence at 480 + 15 nm
(nucleus; open triangle, cytosol; open circle) and 535 + 12.5 (nucleus; closed triangle, cytosol; closed
circle), each upon stimulating with 100 nM insulin at 25 °C. (f) A comparison of the changes in
CFP/YFP emission ratio in the nucleus, cytosol and dot-like structures of CHO-IR cells expressing
phocus-2pp, after 460 seconds of insulin stimulation. The results are the means and standard
deviations of three separate.
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Chapter 5.

General Conclusion

To visualize molecular events for cGMP- and protein phosphorylation-based
signaling in living cells, I developed novel fluorescent indicators and discussed their
applicability for fluorescence imaging and for high-throughput screening of
pharmaceuticals from thousands of candidate chemicals. All of the indicators thus
developed depended upon analyte-induced alternations in fluorescence resonance
energy transfer (FRET) between two different color fluorophores. Fluorescence ratio
imaging of FRET, with which fluorescence intensity variations due to indicator
concentrations, optical path lengths and excitation intensities were canceled out,
caused stable measurements of the molecular events within single live cells.

Using fluorescent indicators for cGMP, CGYs, I have demonstrated that nitric
oxide (NO)-induced cellular accumulation of cGMP was not necessarily in parallel
with NO concentration, and have found an oscillating dynamics of cGMP
concentration in single living cells.

Fluorescent indicators for protein phosphorylation-based signal transduction,
FRET pair and phocuses, were exemplified using insulin signaling proteins, with
which protein phosphorylation by insulin receptor was visualized. For general
applicability, the endogenous phosphorylation-recognition domain within the
present indicators could be replaced with single chain antibodies (scFvs)L 2 against

the phosphorylated substrate sequences of interest. Not only protein
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phosphorylation but also other mechanism for signal transduction, such as protein

acetylation3' 4 is our next target for improving the present fluorescent indicator.

Further perspective

Although not included in this thesis, I have found that FRET is powerful not only for
developing the fluorescent indicators for second messengers and protein-
phosphorylation but also for visualizing protein functional dynamics coupled with
the translocation of signaling proteins. Concerning with protein-based signaling,
green fluorescent protein (GFP) have been extensively used for labeling the signaling
proteins including protein kinases to visualize the fusion proteins of GFP and the
signaling proteins of interest> ©. For instance, on the basis of this approach, protein
kinase C (PKC) was found to translocate to the plasma membrane in response to
agonist stimulation and the following cellular accumulation of second messengers
such as Ca2*, diacylglycerol and phosphatidylinositol-3,4,5-triphosphate” 2.
However, it has been unclear where PKC is activated and where the activated PKC
goes within living cells. To overcome this limitation, I labeled PKC with two
different color GFPs, as donor and acceptor for FRET, to both ends of PKC. Using
this fusion protein, I could visualize an agonist-induced conformational change in
PKC, which is a measure for PKC activation, together with its subcellular localization.
This exemplifies that the FRET approach for signaling protein, not conventional
approach using only one fluorophore such as GFP, enables to add functional
information, i.e. activation of the signaling protein based on its conformational
change, to spatial information within cells. Fluorescence imaging with the
"molecular spies” thus created should contribute to understand the spatial and

temporal dynamics of signal transduction within cells, tissues and organs.
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