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Abstract

Phosphatidylinositol (3,4,5)- trisphosphate (PIP3) is a lipid second messenger
which mediates central cellular events such as growth, motility and development by
recruiting and activating downstream proteins. The PIP3 level in an un-stimulated cell
is balanced between its synthesis by the phosphatidylinositol 3-kinase (P13K) upon
receptor stimulation and its degradation by lipid phosphatases. Loss of such equilibrium
results in an elevation of PIP3 amount in tumorigenic cells or a suppression of PIP3
level which retards the growth of nerve cells. Although PIP3 abnormality is related to
fatal diseases, the various roles of PIP3 have not been resolved thoroughly because of
limitations of PIP3 analytical methods. Previous methods have used PIP3 antibodies,
instrumental separation, or fluorescence imaging to analyze the PIP3. However, the in
vitro immunoblotting and instrumental analysis involve cell demolishing sample
pretreatment that may decompose the PIP3. Fluorescence imaging enables the
visualization of PIP3 in living cells, however, the observation area is confined by a
microscope and a plausible quantification is caused by the instability of a fluorescent
protein. The spatiotemporal and quantitative analysis of PIP3, which is of critical
importance to unveil the precise regulative roles of PIP3, remains difficult. In this study,
we focus on the development of bioluminescent probes to analyze the relative amount
of PIP3 using split luciferase complementation, and furthermore, on the establishment
of an optical system to control the production of PIP3 on cellular membranes using light
sensitive protein-protein interaction.

In chapter 1, the background and basic concepts for this study such as PIP3,
bioluminescence analysis and light inducible protein-protein interactions are introduced.

In chapter 2, a scheme for PIP3 analysis using bioluminescent probes is proposed.

A pair of split luciferase probes was developed to quantify the production of PIP3 on



the plasma membrane. In the scheme, a full-length luciferase is dissected into N- and
C- terminal luciferase fragments and the luciferase activity is completely lost. When
the two fragments approach each other with a close proximity, they reconstitute to
recover the luciferase activity and produce the bioluminescence signal. The PIP3 probes
using split luciferase fragments took advantage of a Pleckstrin Homology domain that
specifically binds PIP3. Tandem PH domains are fused with a C-terminal luciferase
fragment, expressed in the cytosol, whereas the N-terminal luciferase fragment is
predominantly localized on the plasma membrane. In response to PIP3 production, PH
domain would be brought to the plasma membrane by the PHD-PIP3 interactions and
such interaction promotes the co-localization of two luciferase fragments. The co-
localized fragments spontaneously reconstitute to form an active luciferase producing
bioluminescence recovery. The bioluminescence signals are proportional to the
amounts of PIP3 produced on the plasma membrane. The probes were used to
bioluminescence imaging of PIP3 production and also used to establish a High
Throughput Screening (HTS) system for PIP3 related compounds. The PIP3 probes
provide important features including temporal recording of PIP3 production by
bioluminescence and analysis of relative PIP3 amount on the plasma membrane with
minimal cell toxicity. The study is based on a novel methodology of self-associative
luciferase fragment complementation that enables further analyses of other lipid
messengers with bioluminescence signals.

In chapter 3, a system for the optical control of PIP3 production is developed. PIP3
is a pivotal lipid messenger that plays various roles. Diverse functions are likely to be
resulted from spatiotemporal effects of PIP3 naturally produced on specific cellular
membranes. Therefore, we seek to establish a method to control the production of PIP3
on cell membranes at specific cellular localizations. Previously, PIP3 is synthesized
upon ligand stimulation with low spatial specificity. In this study, to overcome
limitations of the ligand stimulation by chemicals, an optogenetic system that uses light

sensitive protein-protein interactions is developed to perturb the PIP3 production



spatiotemporally. Arabidopsis cryptochrome 2 (CRY2) interacts with CIBN protein
with sub-second timescale when irradiated with blue light, whereas the CRY?2
dissociates with CIBN when the CRY2-CIBN complex is kept in the dark or irradiated
by red light. In order to control the PIP3 production, A CIBN is anchored on a
subcellular membrane, whereas a CRY?2 is fused with a constitutively active Pl 3-kinase
(acPI3K), which synthesizes PIP3, expressed in the cytosol. acPI13K would be recruited
to the membrane after light stimulation by the light-gated CRY2-CIBN interaction. As
PIP3 is synthesized on a specific cell membrane, its production is visualized by the
localization of a PH domain, which specifically binds PIP3. Fluorescent proteins are
fused with each construct to monitor the dynamics and cellular localizations of fusion
proteins. The PIP3 was reversibly produced by blue light stimulation and cell
movements were observed after the irradiation. This method clarifies a path for more
extensive study of PIP3 functions.

In chapter 4, the concluding remarks are given. We developed probes for PIP3
analysis based on luciferase fragment complementation. A novel concept of self-
associative luciferase fragment complementation is introduced for PIP3 analysis. The
PIP3 probes provide important features including temporal recording of PIP3
production by bioluminescence and analysis of relative PIP3 amounts with minimal cell
toxicity. We quantified agonist and inhibitor of PI 3-kinase that affected production of
PIP3 on the plasma membrane and validated a high throughput screening system for
PIP3 related reagents using the bioluminescent probes. We further monitored the PIP3
production by establishing an optogenetic system using light gated dimerization of
CRY2 and CIB1. In substitution of chemical stimulation, the optogenetic system
initiated PIP3 synthesis exclusively on the plasma membrane with reversibility. Efforts
have also been made to examine the movements of cells in response to the blue light
stimulation.

This study clarifies a path towards more extensive investigation of PIP3 and

potentially other membrane lipid second messengers using luciferase fragment



complementation. The optogenetic system for PIP3 production is meaningful for

studying the regulative roles of PIP3 on different cellular locations.
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1. General Introduction

1.1. Introduction of Phosphatidylinositol (3,4,5)-
Trisphosphate (PIP3)
1.1.1. General Features of PIP3

Phosphatidylinositol 3,4,5- trisphosphate, derived from phosphatidylinositol (PI),
is an amphiphilic molecule composed of a hydrophobic diacylglycerol (DAG)
imbedded in a lipid double layer and a phosphorylated inositol head group facing
toward the cytosol.! The head inositol ring of PIP3 consists of a single axial hydroxyl
group at the D2 position and five equatorial hydroxyl substituents at the other positions.
Among them the D3, D4, and D5 hydroxyl groups of the inositol ring are
phosphorylated, resulting in a high negative charge of -7 exposed to the cytosol (Figure
1-1).2

PIP3 is a pivotal messenger involved in central cellular events, such as survival,
embryonic development, motility, and vesicle transport. PIP3 is synthesized by class |
phosphatidylinositide 3-kinase (Pl 3-kinase), which is activated via receptor
phosphorylation upon outside stimuli, to add one phosphate group at the 3’ position of
phosphatidylinositol 4,5- trisphosphate (P1(4,5)P2). In response to stimulation from
growth factors, hormones, and chemoattractants, PIP3 is rapidly synthesized on the cell
membrane and spatiotemporally recruits downstream molecules to a specific lipid
membrane such as the inner leaflet of plasma membrane. Consequently, an array of
response signals such as survival, cell movement, and embryonic development are
triggered and regulated.>*® PIP3 is metabolized mainly by two lipid phosphatases that

dephosphorylate PIs on the inositol ring: The PTEN (3’-phosphatase and tensin
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Figure 1-1. Molecular Structure of PIP3. PIP3 belongs to phosphatidylinositide (PI),
of which the main structure is composed of a hydrophobic diacylglycerol (DAG)
imbedded in a lipid double layer and a phosphorylated inositol head group facing
toward the cytosol. The head inositol ring of PIP3 consists of a single axial hydroxyl
group at the D2 position and five equatorial hydroxyl substituents at the other positions.
The D3, D4, and D5 hydroxyl groups of the inositol ring are phosphorylated, resulting

in a high negative charge of -7 exposed to the cytosol.



homolog) that removes the 3’ phosphate group to form PI(4,5)P2, and the SHIP (Src
homology 2 domain-containing inositol 5-phosphatase) that degrades the 5’ phosphate
group to produce PI1(3,4)P2 (Figure 1-2). The metabolism of PIP3 or the inhibition of
PIP3 synthesis also inhibits the PIP3 downstream effects.

PIP3 and its substrate PI(4,5)P2 comprise a small fraction of cell membranes, but
they are responsible for the spatiotemporal regulation of many cellular processes.®
Compared to PIP2, PIP3 is less abundant in the cell membrane even in elevated
conditions. In un-stimulated cells, the PIP3 is normally present at approximately 0.1%
of the amount of PIP2.” In contrast, PIP3 is elevated in an early embryo, growth factor
stimulated cells, and polarized edge of chemotactic cells, with a sufficient level to
trigger the downstream effects.> 8 °

The production and degradation of PIP3 at a controllable equilibrium are essential
for maintaining the cell viability such as growth and development. On the contrary,
overall elevated PIP3 level induces continuous activation of downstream molecules,
which abnormally inhibit the signaling pathways for apoptosis and promote infinite cell
growth. Such abnormal conditions are closely related to human cancers. For example,
in many tumorigenic cells, an elevated PIP3 level is resulted from dysfunction of PTEN,
which dephosphorylates PIP3. The abnormal PIP3 amount in various human cancer
cells is also found to be caused by mutations of Pl 3-kinase regulative subunit, which
lead to a hyper activation of PIP3 synthesis. Although the PIP3 is known to be involved
in fatal diseases such as cancers and diabetes, detailed mechanisms of its regulative
roles are unclear because of limitations of current analytical methods. Spatiotemporal
analysis of PIP3 production is, therefore, of vital importance to elucidate the biological

functions and to clarify the PIP3 regulative roles to diseases.
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Figure 1-2. Major elements for the metabolism of PIP3. PIP3 is mainly synthesized
from Pl (4,5)P2, which is relatively abundant on the cell membrane, upon the
stimulations of growth factors, hormones, and chemoattractants via the activation of
phosphatidylinositide 3-kinase to add one phosphate group at 3’-position of the inositol
ring. PI3K inhibitor such as wortmannin is able to inhibit the synthesis of PIP3. PIP3 is
directly metabolized by phosphatases such as PTEN and SHIP, which remove a

phosphate group from the 3’- and 5°- position of inositol ring respectively.



1.1.2. PIP3 Binding Modular Domains

PIP3 belongs to a class of phosphatidylinositols (Pls), which is composed of seven
derivatives as signal molecules including three monophosphates, three bisphosphates,
and one trisphosphate (PIP3), with net negative charges of -3, -5, and -7, respectively.
These membrane signal molecules carry distinct messages to transduce to downstream
pathways. In eukaryotic cells, many membrane-associative proteins, including a
number of kinases involved in signal transduction pathways, have a preference to bind
with one or more Pls. The binding between associative proteins and Pls is facilitated
by a series of Pl binding modular domains. These modular domains include pleckstrin
homology (PH), FYVE (acronym of Fabl, YOTB, Vacl, and EEA1), phox homology
(PX), and protein kinase C (PKC) homology (C2) domains, many of which are used to
make recombinant proteins for PI studies.

Proteins that contain PIP3 binding modules can be recruited to interact with PIP3
after the PIP3 production on the cell membrane. The well-studied PIP3 binding module
is Pleckstrin Homology domains (PHD/PH domain), which has been identified as one
of the largest families of lipid-binding domains and has been intensively investigated.
The PH domain is evolutionally conserved with a length of approximately 120 amino
acids. It consists of one alpha helix and seven beta sheets connected with flexible loops
(Figure 1-3A). Although various PH domains share little sequence similarity, the barrel
of beta sheets creates a binding pocket with a similar conformation for the membrane-
binding region. Electrostatic feature of the PH domains is a strong dipolar electrostatic
potential, with a prominent positive lobe.’® The electrostatic potential of
phosphatidylinositols (P1) and phosphatidylserines (PS) on the lipid membrane helps to
create a negatively charged environment of the plasma membrane, which attracts the
positive lobe of the PH domain, thereby facilitating binding of the PH domain to

membrane PIs.



Figure 1-3. Structure of the GRP1 PH domain. (A) Conformation of GRP1 PH domain.
It is composed of a nine-stranded anti-parallel B barrel capped by a C-terminal a helix
on one end of the barrel. The Bil and Bi2 indicate a hairpin insertion. The Bil/Bi2 loop,
together with B1/B2 loop and B3/B4 loop, generates a specific PIP3 binding pocket.!!
(B) Model for electrostatic potential of the GRP1 PH domain. A strong dipolar
electrostatic potential exists and contours at +25 mV and -25 mV. The molecular surface
and electrostatic potential are calculated with GRASP (Graphical Representation and

Analysis of Surface Properties). Reprinted from ref 10. Copyright 2003 DiNitto et al.

In order to selectively recognize PIP3 in living cells, a PH domain needs to exhibit
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an affinity for PIP3 at least one to two orders of magnitude higher than that for PIP2,
because even in stimulated cells, the amount of PIP2 is much higher than that of PIP3.%2
In a survey of PH domains, however, most PH domains were found to bind PIP3 with
low selectivity because of the similarity between different PIs. A PH domain of general
receptor for phosphoinositides 1 (GRP1) has been identified as a PIP3 binding modular
domain with high affinity and selectivity.™® It possesses a high electrostatic potential
contours at +25 mV and -25 mV (Figure 1-3B), which contributes to the translocation
from the cytosol to the lipid membrane and the binding with PIP3. It exhibits a 650-
fold higher specificity to PIP3 than it does to PIP2.1* Therefore, the PH domain of GRP1

is ideal for PIP3 recognition in living cells.

1.1.3. Analytical Methods for PIP3

In order to reveal the complex roles of PIP3 in signaling pathways and its
relationships with human diseases, extensive PIP3 analyses have been performed.
Initially, biochemical method to measure the total cellular level of PIP3 has been
developed. This method involves the use of PIP3-specific antibodies for the analysis of
total PIP3 amount in stimulated cells.™® For the purpose of elevating the PIP3 synthesis
to a detectable PIP3 level, living cells are stimulated with PIP3 agonist before fixing
and blotting the cells with a PIP3 antibody. This method is strongly dependent on the
quality of the PIP3-specific antibody. Furthermore, the fixation procedure as well as the
membrane permeablization step using a surfactant destroys the original electrostatic
property of the cell membrane. The concomitant washing steps are also likely to
relocate membrane molecules. As a result, the PIP3 signals are visualized as clusters
inside cells distant from the plasma membrane. A surrogate assay is to evaluate PIP3
level indirectly by examining the phosphorylation level of PIP3 downstream proteins,
such as the protein kinase B (PKB).'® However, the PKB phosphorylation is possibly

7



disconnected from PIP3 level, because the PKB does not only respond to PIP3 but is
also recruited to PIP2. The lack of specificity leads to an inaccurate evaluation of the
PIP3 level !t

For an accurate evaluation of absolute PIP3 level, instrumental analyses such as
capillary zone electrophoresis, high-performance liquid chromatography, and thin layer
chromatography, coupled with isotope tags or mass spectrometry, are used to analyze
cellular PIP3.1"18 For example, Jonathan Clark et al. introduced a PIP3 quantification
methodology based on mild PIP3 phosphate methylation coupled with HPLC-MS to
analyze the cellular PIP3. The specific methylation of PIP3 discriminates PIP3 signals
with those of other fatty-acyl species. This method enables evaluation of multiple fatty-
acyl species of PIP3 in unstimulated mouse/human cells or tissues, as well as enables
the identification of PIP3 increases upon PIP3 agonist.}” Although the instrumental
quantification facilitated analyses of PIP3 amounts with high selectivity, the in-vitro
methods involve cell-demolishing membrane lipid extraction, during which the sample
pretreatment partially decomposes the PIP3. Furthermore, the accurate subcellular
localizations of PIP3 couldn’t be addressed by these in vitro methods.

To overcome the limitations caused by sample pretreatment, methods of live cell
fluorescence imaging have been developed in order to visualize the PIP3 dynamics.
Taking advantage of the PH domain of GRP1 that specificity binds PIP3, optical probes
enable the analysis of dynamic changes in a cellular PIP3 amount in real time. For
example, PH domain is genetically fused with an enhanced green fluorescent protein
(EGFP) for the PIP3 detection (Figure 1-4 (A)). After the PIP3 is produced on the
plasma membrane upon ligand stimulation, the fusion proteins translocate from cytosol
to the plasma membrane by the PIP3-PH domain interactions and therefore indicate
PIP3 production.*® In addition, a fluorescence resonance energy transfer (FRET) probe

was designed for PIP3 analysis, where the FRET ratio changes indicate the amount of



PIP3 produced on the cell membrane over time. By examining the FRET ratio,
Moritoshi Sato et al. demonstrated that the production of PIP3 on the endoplasmic
reticulum and Golgi apparatus was triggered by receptor endocytosis (Figure 1-4 (B)).?°
These fluorescent probes are attractive in real-time analysis of PIP3 in living cells;
however, the observation area that can be viewed under a fluorescence confocal
microscope is limited. Also, the toxicity introduced by the excitation light induces
reactive oxygen species (ROS) that cause cell damage, and moreover, the photo-
bleaching property of a fluorescent protein causes fluorescence fluctuation, which
makes it inadequate for long-term observations. Therefore, the fluorescence probes are
unable to perform quantitative and temporal analyses of PIP3. New method for PIP3
analysis is needed for further PIP3 study, which facilitates potential applications related
to PIP3 such as the identification of potent PIP3 agonists and inhibitors for drug

screening.
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Figure 1-4. Probes for the PIP3 analysis. (A) A fluorescent probe for PIP3 detection. A
green fluorescent protein is fused with a PH domain expressed in the cytosol. The
translocation of the fusion protein indicates the PIP3 production. (B) A FRET probe for
the analysis of PIP3. CFP and YFP are mutants of GFP, and processes desirable
fluorescence spectrum for the FRET phenomena. After a PIP3 is produced on a cell
membrane, a lipid binding domain (LBD) binds to the PIP3 to initiate a flip-flop-type

conformational change, which facilitates the efficiency of FRET from CFP to YFP.
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1.2. Introduction of Bioluminescence Analysis

Bioluminescence, which was first studied by the French pharmacologist Raphaél
Dubois, has been utilized as an analytical tool to modern scientific research.?
Bioluminescence is the production and emission of cold light by a luminous organism
for purposes such as communication. It exists in a range of species such as marine
animals, bacteria, fungi, algae, and insects. Bioluminescence, which functions in living
organisms to convey various signals, is produced by a luciferase enzyme catalyzing a
luciferase substrate to react with oxygen, sometimes with cofactors such as calcium
ions or ATP. Bioluminescence provides marked benefits over fluorescence in the
analysis of biological events, the main one being its non-invasiveness to the
physiological environment because it obviates the use of excitation light and enables
longitudinal observations.?? The absence of excitation light greatly reduces background
interference in chemical library screening and eliminates interference with auto-
fluorescent compositions of living tissues. Furthermore, the larger dynamic range of
bioluminescence compared with fluorescence is beneficial for quantitative studies,

especially for screening.?%24

1.2.1. Characteristics of Luciferase

Luciferase is a class of oxidative enzymes that catalyze a bioluminescent reaction
to produce light. Organisms regulate their light production using a variety of luciferases
and substrates in light-emitting reactions. The generation of light by a luciferase is a
multistep process. Commonly, a substrate is oxidized to electronically excited peroxide
with high-energy chemical bonds. Then, the oxidized substrate transforms from an
excited state with high energy to a ground one, during which excessive chemical energy
is efficiently transferred into light (Figure 1-5). Among the diverse bioluminescence

systems, marine luciferases use coelenterazine as a substrate, whereas insect luciferases
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use D-luciferin (benzothiazole). The bioluminescence system using insect luciferase
and D-luciferin is an optimum pair to produce low background and highly quantitative
bioluminescence signals. The D-luciferin is a highly stable luciferase substrate and it
permeates easily into cells or tissues. This feature makes insect luciferases beneficial
for non-invasive analyses of biological events.?®

Firefly luciferase is a well-known insect luciferase derived from firefly Photinus
pyralis (Amax = 552 nm), of which the structure and characteristics have been
extensively studied.?® Firefly luciferase consists of an N-terminal domain and a C-
terminal domain connected by a flexible hinge, which creates an active site between the
two domains.?’ The luciferase undergoes a conformational change, such that the N- and
C- domains come together to exclude water molecules for prevention of the ATP
hydrolyzation or to exclude the electronically excited peroxide, to enclose a substrate.?’
Through widely used for reporter proteins, firefly luciferase has a feature of pH
sensitivity, that the luciferase activity reaches optimum level only at pH 7.8. Also, the
light produced by firefly luciferase is largely absorbed by hemoglobin, which is a light
absorber widely exists in tissues. The pH dependence and the firefly luciferase spectrum,
which is close to the tissue auto-fluorescence, hinder its applications. To circumvent
these drawbacks, efforts have been made to obtain luciferases with a desirable spectrum,
an enhanced brightness and structural stability. For instance, a pH insensitive enhanced
beetle luciferase (Eluc) from the Brazilian click beetle Pyrearinus termitilluminans,
which emits green light (Amax = 538 nm) and produces over 10 fold stronger light
compared to firefly luciferase, was developed by Yoshihiro Ohmiya, et al..?> Another
example is a red-emitting luciferase named Ppy RE-TS (Amax = 610 nm), which is
mutated from the Pyrearinus termitilluminans luciferase, engineered by Branchini,
Bruce R. et al.?® The red-emitting luciferase

produces bioluminescence signals able to penetrate tissues for the bioluminescence
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Figure 1-5. The bioluminescence reaction catalyzed by a beetle luciferase. The
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production of bioluminescence is composed of two steps: Firstly, intermediates of
luciferyl-AMP are formed with the assistances of ATP and Mg?*; secondly, oxidation
of the intermediate produces excited oxyluciferin with high-energy chemical bonds.
When the exited state oxyluciferin returns to its ground state, the excessive energy is

efficiently transferred into light.
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1.2.2. Bio-analyses using Luciferase as a Reporter Gene

Whereas the fluorescence technique that use fluorescent proteins (e.g., green
fluorescent protein (GFP) and its derivatives) as probes has greatly contributed to the
progress of cell biological research, bioluminescence technique has emerged as a new
approach for analyzing cellular events. Bioluminescence system has enabled broad
applications due to its high sensitivity, ease of use, and cost effectiveness. It was widely
used as an optical reporter system to study biological processes in living cells and
organisms because of a low background in mammalian cells.?® Briefly, a Luciferase
gene is incorporated genetically into various hosts to monitor biological events such as
a gene expression or production of a biomolecule, and also to visualize a specific cell
type.®

Bioluminescence has been exploited as a powerful analytical tool for cellular
studies. The luciferase gene was first used as a reporter for monitoring promoter
activities. The observation of the transcriptional activity of a promoter is facilitated by
insertion of the promoter into a plasmid that contains cDNA of a luciferase and by
monitoring the luciferase activities over time.% 3! A typical example is the study of
circadian rhythm. A luciferase is fused with Per2 or HSE promoters to visualize a
synchronization of circadian rhythms of populated cells upon oxidative stress or heat
shock.323% Another application is the analysis of a biomolecule production using a
bioluminescence indicator. For example, the firefly luciferase activity is strongly
dependent on the concentration of ATP when concentrations of other components for
the luciferase system are relatively stable. A calcium sensitive probe using luciferase
has been developed to monitor calcium quantities inside cells.®*

Another attractive application of the bioluminescence system is the
bioluminescence imaging (BLI), which has become a widely used optical technology
for interrogating and analyzing molecular features inside cells or in model animals.

14



Other than the quantitative measurements of bioluminescence signals, a target of a
luciferase assay in living cells can be visualized under a microscopy with relevant
spatial and temporal resolution. The strong advantage of a bioluminescence system is
that it causes minimum cell damage because the bioluminescence reaction requires no
excitation light. Therefore, the visualization of biomolecules inside a cell using
bioluminescence enables a straightforward and reliable understanding of molecular
mechanisms. In the researches of medical field, luciferase has been engineered to label
cancer cells, immune cells, etc. and the noninvasive longitudinal imaging of living

organisms is performed to observe circulation of target cells in small animals.*®

1.2.3. Split Luciferase Complementation and its Applications

Conventionally, a full-length luciferase is genetically incorporated and expressed in
cells to identify a specific cell type or to visualize a biological event in a non-
luminescent host. However, such analyses are insufficient to interrogate molecular and
biological functions spatiotemporally inside cells. In order to apply the
bioluminescence technology further for the non-invasive analysis of biomolecules, a
split-luciferase complementation strategy has been described.®® For the establishment
of the split-luciferase complementation system, a full-length luciferase is dissected to
an N-terminal fragment and a C-terminal fragment. Consequently, the enzymatic
activity is lost completely. When the fragments are brought into mutual proximity, the
complementation of luciferase fragments is initiated. Then the structure of an active
luciferase is reconstituted, and the reconstitution causes the production of
bioluminescence signals.3®

The split luciferase complementation probes have been designed as versatile
bioluminescence indicators to non-invasively visualize cellular events such as protein-
protein interaction, protein conformation change, protein translocation, and protein
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phosphorylation by either intermolecular or intramolecular fragment complementation
(Figure 1-6).%” In the intermolecular design, genes of split N- and C- luciferase
fragments are respectively fused to genes of two separate proteins. Such design
analyzes interactions and dynamics of two proteins in living cells (Figure 1-6B).3® An
interaction on the plasma membrane between GRCRs (G-protein coupled receptors)
with B-arrestin has also been examined by a pair of split luciferase probes (Figure 1-
6C).% Furthermore, split luciferase probes are used for protein translocation studies
such as a study of nuclear transport.3® On the other hand, intramolecular design has
incorporated both N- and C- terminal luciferase fragments within one fusion protein to
analyze a protein conformational change. The target protein is fused in the middle of
the construct and undergoes a conformation change to bring the N- and C- terminal
luciferase fragments into closer proximity to initiate the luciferase complementation.
This design is applicable for the analysis of protein phosphorylation (Figure 1-6D),*
which is usually accompanied by a protein conformational change. Additionally, split
luciferase complementation strategy has succeeded in other spatiotemporal studies of
pH,*t cAMP, and cGMP.#243

The split and reconstitution of a luciferase involve deactivation and recovery of a
luciferase activity. The specific site to dissect an active luciferase and the
complementation features of luciferase fragments are of crucial importance. Efforts
have been made to investigate the complementation between split luciferase fragments
from different dissection sites or different luciferases. Basically, the bioluminescence
recovery is examined by fusing genes of different luciferase fragments respectively
with genes of FKBP and FRB, and by determining the interactions between the
corresponding proteins. FKBP and FRB form a complex structure in the presence of
rapamycin. The complementation efficiency of luciferase fragments is obtained by

monitoring bioluminescence recoveries upon the rapamycin
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Figure 1-6. Split luciferase complementation probes for the analyses of cellular
biological events. (A) The classification of split luciferase probes. Intermolecular
complementation is adopted in studies of protein-protein interactions and protein
translocation, whereas intramolecular complementation is utilized in the analyses of
protein conformational changes and protein phosphorylation, etc. Probes are designed
for: (B) The bioluminescence analysis of protein-protein interactions. (C) Visualization
of ligand-receptor interaction in living cells. (D) Quantitative analysis of protein

phosphorylation.
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stimulation.** Split luciferase probes with desirable features are also rational designed
and obtained by optimizing the dissection site of a luciferase gene. For example, an
McLucl (multiple-complement luciferase fragment) has been developed from
screening of randomly mutated C-terminal fragments of Click beetle red luciferase
(CBR) by Hida et al.** Mclucl has showed remarkable capabilities to complement with
N-terminal fragments of different luciferases. The combination of Mclucl as a C-
terminal luciferase fragment and CBRN (1-415 amino acid of Click Beetle Red
luciferase) as an N-terminal fragment has a relatively high affinity and their interaction
is reversible. The maximum emission wavelength of the reconstituted luciferase is 613
nm, which is desirable for tissue penetration. The features of McLucl and CBRN make
the pair of luciferase fragments applicable to establish a PIP3 probe for the analysis of

its production by bioluminescence.

1.3. Optogenetics for the Control of Biomolecules

The basis of life consists of bio-molecular behaviors that occurred with diverse
spatial precisions and manners inside cells. Current analytical chemistry studies are not
confined with analyzing the amount and dynamics of a chemical or a biomolecule, but
are engaging in establishing novel platforms to precisely control a well-defined
biological event to analyze relevant molecular functions. The term “Optogenetics” was
first defined in 2006, when light was used to control specific populations of neurons, in
which light sensitive proteins are expressed, without affecting other neurons in the brain
at high spatiotemporal resolution.* It combines optics and genetic engineering to either
stimulate or inhibit cellular activity via light sensitive proteins. Nowadays optogenetic
methods are also widely used as a tool to tamper a range of biological events such as
protein-protein interactions,*®*"#8 motility study of living cells,*® and control of signal
transduction pathways.5%
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1.3.1. The Subcellular Localizations of PIP3

Although PIP3 is known to be tethered in the lipid double layer which is the basic
structure of all cell membranes, most previous studies of PIP3 disregarded the PIP3
production on distinct cell membranes. The main reason of this ignorance is that the
production of PIP3 is always triggered by stimulations such as growth factors,
hormones and chemoattractants outside the cells.?%°2% Upon ligand activation, the
receptors on the plasma membrane receive signals and rapidly recruit Pl 3-kinase to
initiate the PIP3 production in situ, which is generally visualized by the translocation
of PIP3-binding PH domains from the cytosol to the plasma membrane.®°0:54

The PIP3 production on either plasma membrane or endomembranes (Endoplasmic
reticulum and Golgi apparatus) has been analyzed by a fluorescence resonance energy
transfer (FRET) probe.?’ The probe proved that the PIP3 level on the endomembrane is
elevated by receptor endocytosis from the plasma membrane after its production.
Although this result demonstrates that PIP3 exists on the endomembranes, the functions
of PIP3 on separate organelle membranes are still obscure because the production of
PIP3 on the endomembranes is passively induced by chemical stimulations that lack
the spatiotemporal regularity. The investigation of PIP3 on places other than the plasma
membrane remains scarce due to the lack of analytical methods to monitor the PIP3
production.

The composition of biological membranes is highly complex and variable,
depending both on the type of cell and the organelle of interest. Lipid composition also
varies within organelles. Although sometimes cell membranes are interchangeable, the
PIP3 molecules may naturally exist in subcellular membranes such as an organelle
membrane, building up networks to spatiotemporally mediate downstream effects. In
substitution of chemical stimulation to produce PIP3 with poor spatial regularity, a

20



method to selectively perturb the produce PIP3 on distinct destination of cell membrane

is in need.

1.3.2. Light Sensitive Proteins

In order to circumvent the drawbacks of chemical stimulation for PIP3 production,
optogenetics emerged as an effective tool to manipulate subcellular production of PIP3.
The core of an optogenetic system is the light sensitive protein that responds to light
stimulation and enables the delivery of light signal to precise intracellular locations.
Optogenetic technology has been widely used in the field of neuronal science to control
neuron circuits. Previously, channelrhodopsin and halorhodopsin/ archaerhodopsins
have been reported to be capable of turning neurons on and off when neuron cells
expressing these proteins were exposed to different wavelengths of light.5%%5
Channelrhodopsin and halorhodopsin/ archaerhodopsins are light-sensitive ion-channel
proteins which initiate the ion flow through neuron cell membranes upon light
stimulation. These are extremely useful tools to perturb neuron circuits because the
light induced events are extremely fast, reversible, and also considerably safe.>®

Although the light sensitive proteins in optogenetics have gained notices from
neuroscience, the optogenetic technique has opened a broader path for the analysis and
control of biological events in living cells or organisms. The light controllable protein-
protein interactions, in particular, have enabled intelligent design to the spatiotemporal

control of biological functions.

1.3.3. Phytochrome B and Phytochrome Interaction Factor
Phytochrome B (Phy) and Phytochrome Interaction Factor (PIF) modules are two
interactive proteins that can be genetically expressed in target cells for the light

mediated regulation of diverse biological processes.>*%¢! Phytochromes are a class of
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photoreceptive signaling proteins that mediate light-sensitive processes in plant by
detecting red and near-infrared light. In Arabidopsis thaliana cells, Phytochrome B
undergoes photoisomerization after covalently binds with a tetrapyrrole chromophores
phycocyanobilin (PCB). Upon red or far red light irradiation, the Phy-PCB complex
changes its conformation to a Pr (red-absorbing) state or a Pfr (far-red-absorbing) state.
PIF only binds the red absorbing form of phytochrome complex (Phy-PCB) (Figure 1-
7).4" The interaction between Phy and PCB is rapid, reversible and the degree of
interaction is correlated with light intensity.>

The Phy-PIF optogenetic system can be designed as a light inducible signal imputer
with high spatial accuracy inside cells. It is widely used for the perturbation of protein
translocation because the system is able to produce both “on” and “off” signals in
millisecond timescale. A light-inducible targeting system in budding yeast has been
established using the optical controlled Phy-PIF interactions to target proteins to
intracellular organelles.®® An ineligible drawback of the Phy-PIF system, however, is
the requirement of concentrated exogenous chromophore of tetrapyrrole chromophore

(eg. 50 uM PCB), which needs to be laboriously purified.
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Figure 1-7. Schematic of the Phytochrome B-PIF interaction. A chromophores PCB
(phycocyanobilin) covalently binds with Arabidopsis thaliana apo-PhyB. Upon 650 nm
light irradiation, the PCB binding PhyB undergoes a comformational change from a Pr
(red-absorbing) state to a Pfr(far-red-absorbing) state. When irradiated with 750 nm
light, the PhyB-PCB complex returns to the Pr state. PIF only binds the red absorbing

form of Phy-PCB complex.

1.3.4. Cryptochrome 2 and CIB1

Cryptochromes are photolyase-like blue-light receptor proteins that mediate
photomorphogenic development in plants and regulate light responses such as circadian
clock in plants and animals.%2%34 Cryptochrome 2 (CRY2) of the Arabidopsis thaliana
has drawn attention after the identification of CRY2-CIB1 interaction upon blue light
stimulation (A <500 nm). CIB1 is a cryptochrome-interacting bHLH (basic helix-loop-
helix) protein. It is a nuclear protein that colocalizes with CRY2 in the nucleus.
Compared to CRY2, whose biological role is relatively controversial, CIB1 receives
informations from CRY2 and promotes downstream effects by interacting with CRY2

and then regulates transcription in plant cells.®

1.3.5. Light Mediated CRY2-CIB1 Interaction
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CRY?2 has absorption peaks at 360 nm and 450 nm (blue-light area) and interacts
with CIB1 (Figure 1-8(A)). The interaction is blue-light specific for both full-length
CIB1 and N-terminal domain of CIB1 (CIBN).%® When irradiated with red light or kept
in darkness, the pair of CRY2-CIB1/CIBN would initiate the dissociation. The
mechanisms of CRY2-CIB1 interaction, however, have not yet been completely
resolved. After blue light irradiation, CRY2 changes into a photo-excited state, and
binds with CIB1. This interaction is dependent on both blue light and Flavin/pterin
chromophores. It is proposed that the photoexcitation of CRY2 is mediated by a
chromophore flavin adenine dinucleotide (FAD), which absorbs blue light and was
found non-covalently associated with CRY2. On the other hand, the fully reduced
FADH?2 absorbs little visible light. The reduction of FAD is shown in Figure 1-8(A),
which is believed to be leading to the conformational change of CRY 2.

A truncated version of CRY2, the conserved N-terminal photolyase homology
region (PHR), that binds flavin and pterin chromophores, can also interact with
CIB1/CIBN. This reaction is fast (sub-second time scale) and reversible. The advantage
of the CRY2-CIB1 interaction over the PHY-PIF interaction in optogenetic system is
the co-factor of chromophores. CRY2-CIB1 uses endogenous co-factors that commonly
existed in many cell lines. In addition, the interaction of CRY2-CIB1 can be activated
by two-photon microscopy, allowing potential use in whole organisms.

Genetic engineering of CRY2-CIBN enables to control various cellular signaling
with blue light. This module of optical control is useful for controlling a broad range of
biological phenomena. The production of PIP3 on distinct organelle membranes can be
designed by attaching one of the CRY2-CIBN proteins to a subcellular membrane and

modifying the other one with protein modules that are sufficient to produce the PIP3.

24



Activated CRY2

CRY2 phosphorylation CRY?2 activation recruits CIB1
450 nm
— D — P@
DARK /

Flavosemiquinone, semi-reduced

0]
FAD FADH, |

Flavoquinone, oxidized Flavohydroquinone, fully reduced

Figure 1-8. Schematic of the Cryptochrome 2-CIB1 interaction. (A) Light-gated
activation of CRY2-CIBL1 interaction. The CRY2 undergoes activation upon blue light
irradiation by the light dependent phosphorylation. The activated CRY2 recruits CIB1
in subsecond timescale. When returning to the dark environment, the CRY 2 returns to
its original state and dissociate the CIB1. (B) Reduction circle of the CRY2
chromophores: Flavin Adenine Dinucleotide (FAD). The oxidized form, semi-reduced
form, and the fully reduced form of FAD are shown. Oxidized FAD effectively absorbs
blue light, whereas the fully reduced FADH2 absorbs little visible wavelengths of light.

R abbreviates for the adenine dinucleotide.
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1.4. Aims of the Research in this Thesis

As is described in the previous section, the existing PIP3 analysis is based on in
vitro biochemical assays and instrumental analysis. However, in vitro assays have
drawbacks of cell-demolishing pretreatment that produces plausible quantification of
PIP3. In vivo probes using a fluorescent protein have been developed to visualize the
PIP3 production in single cell using Pleckstrin Homology domain of GRP1, which
specifically and efficiently binds PIP3 after its production. Fluorescent probes have
enabled effective PIP3 visualization in living cells; however, limitations exist in terms
of the fluorescence  observation, of which intrinsic  fluorescence
photobleaching/blinking and the complicated equipment confine further applications.

Bioluminescence has been evolved as a desirable tool over fluorescence for the non-
invasive analyses of biological events with wide applicability because of its low
background, its ease of use and the cost effectiveness. Split luciferase complementation
has enabled spatiotemporal studies that are usually difficult when using a full-length
luciferase. An active luciferase was dissected into two inactive fragments and fused
respectively with two proteins. The spatial regulation is realized by predominantly
targeting one protein at a specific area of a cell. When the target protein interacts with
each other on the designated region, the luciferase fragments reach close proximity to
reconstitute into an active luciferase and recover the bioluminescence signal. Split
luciferase complementation is an effective way to evaluate the degree of protein-protein
interactions by recovered bioluminescence signals.

Therefore, split luciferase complementation is suitable for the analysis of PIP3 on
the cell membrane. Because PIP3 is largely produced on the plasma membrane to
mediate subsequent functions upon ligand stimulations, in chapter 2, we focused on the
development of bioluminescent probes to assess the PIP3 production on the plasma
membrane by quantified bioluminescence signals. For this purpose, we designed split
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luciferase probes including PH domain of GRP1, the PIP3 binding motif, to
spatiotemporally analyze the production of PIP3 upon ligand stimulation. The scheme
of probe design is as follows: the split N-terminal luciferase fragment is predominantly
expressed on the plasma membrane by fusing with a PM targeting sequence, whereas
the C-terminal luciferase fragment is fused with tandem PH domains expressed in the
cytosol. After PIP3 production, the PH domains translocate to the plasma membrane to
bind with PIP3. Then, the co-localization of both luciferase fragments on the plasma
membrane is triggered and active luciferases are recovered by complementation of
luciferase fragments. The amount of translocated proteins is correlated to the amount
of PIP3 that produced on the plasma membrane. As a result, the degree of PIP3
production is interpreted as quantified bioluminescence signals.

Next, we investigated the PIP3 production in subcellular compartments by
controlling the PIP3 synthesis on organelle membranes using blue light. As described
before, the synthesis of PIP3 is commonly stimulated by ligands with poor spatial
regularity. However, the production of PIP3 on specific cellular membranes with high
spatial resolution is extremely difficult. PIP3 is synthesized by PI 3-kinase from a
precursor PIP2, which is much more abundant than PIP3 on the cell membranes. By
using light sensitive CRY2-CIBN interaction, we engineered an optogenetic system that
is able control the PIP3 synthesis on specific cell membranes. For this purpose, CIBN
is predominantly expressed on distinct cellular membranes by genetically fusing a
targeting sequence, whereas CRY2 is fused with constitutively active Pl 3-kinase
expressed in the cytosol. When cells expressing the two probes are irradiated with blue
light, the CRY2 will be activated to interact with CIBN. Such interaction brings the
active PI 3-kinase to cellular compartment to initiate the synthesis of PIP3 on specific
subcellular membranes. On the other hand, light stimulation can also be applied to a

more specific part of a cell to monitor localized PIP3 production.
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2. Development of Bioluminescence Probes
for the Analysis of PIP3 on the Cell
Membrane

2.1. Introduction

Phosphatidylinositol (3,4,5)- trisphosphate (PIP3) is a pivotal lipid second
messenger that mediates central cellular events. In normal conditions, the amount of
PIP3 is strictly balanced by the actions of Pl 3-kinase that synthesizes PIP3 and
phosphatases that degrade the PIP3. On the contrary, the overall elevated PIP3 level
induces continuous activation of infinite cell growth and inhibition of the signal
pathways for apoptosis. Such dysfunctions of PIP3 metabolism are found in cancer cells.
Although the PIP3 is known to be involved in fatal diseases, the detailed mechanism of
its regulative role remains unclear due to limitations of PIP3 analytical methods.

The existing in vitro methods includes analysis using PIP3-specific antibodies for
the assessment of total PIP3 amount in the cells and instrumental analysis that measures
the absolute quantity of PIP3. These methods are insufficient for evaluating PIP3 in the
actual biological context and they suffer from inaccurate measurements caused by
destructive sample pretreatment. On the other hand, live cell fluorescence imaging has
been developed to visualize the PIP3 dynamics in living cells. Such in vivo analyses of
PIP3 using fluorescent probes are able to provide valuable informations of PIP3
dynamics in single cells. However, limitation exists as the fluorescent probes are
inconvenient for the larger scale analysis, which is indispensable for further
applications, caused by the intricate equipment for microscopic observations. More

extensive analysis of PIP3 such as spatiotemporal analysis of PIP3 and quantitative
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analysis of PIP3 is required by the needs for further studying the PIP3 functions and
facilitating medical applications of PIP3. Therefore, spatiotemporal analysis of PIP3
amount is of vital importance to further elucidate the biological functions of PIP3 and
to clarify the PIP3 regulative roles to diseases.

Herein, we are developing a probe to analyze the relative amount of PIP3 molecules
on the plasma membrane using split luciferase complementation. We combine the use
of Pleckstrin Homology domain of GRP1 (general receptor for phosphoinositides 1) as
a PIP3 recognition module with the split-luciferase complementation technology. The
scheme for the bioluminescence analysis of PIP3 is shown in Figure 2-1A. In our design,
N-terminal luciferase fragment is anchored on the plasma membrane (LucN-pm),
whereas C-terminal luciferase fragment is fused with tandem PIP3 binding motifs (PP-
LucC), which localize in the cytosol. The PIP3 binding motifs, the tandem PH domains,
are used to sense PIP3 production and to bring the PP-LucC from the cytosol to the
plasma membrane, where luciferase fragment complementation is initiated by the co-
localization of LucN-pm and PP-LucC. The bioluminescence thus generated is
proportional to the relative amount of PIP3 on the plasma membrane. We also
demonstrated that the bioluminescent probes were applied to a high-throughput

screening system and bioluminescence imaging.
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Figure 2-1. (A) Schematics for the detection of membrane PIP3. An N-terminal
fragment of CBR is anchored predominantly on the plasma membrane (LucN-pm). A
C-terminal luciferase fragment (McLucl) connected with tandem PH domains (PHD)
is expressed in cytosol (PP-LucC). When PIP3 is produced on the plasma membrane,
PP-LucC migrates to the plasma membrane through the binding of PHDs to PIP3,
resulting in a reconstitution of the luciferase fragments and recovery of
bioluminescence. EGFP and mCherry are fused respectively in LucN-pm and PP-LucC
for fluorescence observation of the probe localizations. (B) Schematics for domain
structures of PIP3 probes. All text in italics refers to the genes of their corresponding
proteins. CMV and Ubc are promoters, presented in expression vectors with different
selection markers, for high-level gene expressions in mammalian cells. PHD represents
pleckstrin homology domain from GRP1. EGFP and mCherry are green and red
fluorescent proteins. CAAX is a polybasic plasma membrane localization signal of
KRas4B (KKKKKKSKTKCVIM).
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2.2. Experimental Section

2.2.1. Materials

The cDNA library of human brain, a DNA polymerase (PrimSTAR), restriction
enzymes were purchased from Takara Bio Inc. (Ohtsu, Shiga, Japan). Platelet derived
growth factor receptor type B (PDGFRB) cDNA was obtained from DNAFORM
Precision Gene Technologies (Kanagawa, Japan). Expression vectors for mammalian
cell lines pcDNA4/V5-His (B), pcDNA3.1/myc-His (B), and pUB6/V5-His (B) were
obtained from Life Technologies Inc. (Carlsbad, CA). Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F12 (DMEM/Ham’s F-12) and 0.05% trypsin-EDTA were
obtained from Wako Pure Chemical Industries Ltd. (Osaka, Japan), fetal bovine serum
(FBS), and penicillin—streptomycin were purchased from Gibco (Grand Island, N.Y.).
Lipofectamine LTX, Geneticin (G418), Zeocin, and Blasticidin S HCI were purchased
from Life Technologies Inc. D-Luciferin potassium salt was obtained from Wako Pure
Chemical Industries Ltd. Luciferase assay kit Bright-Glo Luciferase Assay System was
purchased from Promega Corp. (Madison, WI). Human recombinant PDGF bb was
obtained from R&D Systems (Emeryville, CA). Wortmannin was purchased from
Sigma Chemical Co. (St. Louis, MO). Rabbit anti-GFP antibody and rabbit anti-RFP
antibody were purchased, respectively, from Clontech (Palo Alto, CA) and Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Mouse anti-B-actin antibody was obtained from
Sigma. Anti-rabbit 1gG antibody and anti-mouse IgG antibody labeled with horseradish
peroxidase (HRP) were obtained from Jackson Immuno Research Laboratories, Inc.

(West Grove, PA).

2.2.2. Construction of Plasmids for Mammalian Cell Expression
All genes were amplified by standard polymerase chain reaction (PCR) using

PrimeSTAR DNA polymerase and customized specific primers. cDNAs of Click Beetle
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Red (CBR) luciferase and multiple-complement luciferase fragment- common C-
terminal (McLucl) were used as the template to generate LucN (1-413 amino acids of
CBR) and McLucl.! cDNAs of EGFP and mCherry were used as templates to amplify
genes coding corresponding fluorescent proteins. The cDNA of PH domain (GRP1)
was amplified from human brain cDNA library. PDGFRB gene was amplified using the
purchased cDNA as the template.

All genes were subcloned into mammalian expression vectors using specific
restriction enzyme sites. DNA coding a polybasic CAAX motif of KRas4B
(KKKKKKSKTKCVIM) was prepared by annealing oligp DNAs with the
corresponding sequence,? and ligated into an expression vector. Sequences of all
inserted genes and CAAX motif were verified using specific primers and BigDye
Terminators v3.1 cycle sequencing kit and a genetic sequencer (ABI Prism 310 Genetic
Analyzer; GE Healthcare). Fusion protein of EGFP-PHD (GRP1) (EGFP-P) was

produced to verify production of PIP3.3

2.2.3. Cell Culture and Preparation of Stable Cell Line

The Chinese hamster ovary (CHO-K1) cell line was kept in DMEM/Ham’s F-12
(high glucose) supplemented with 10% FBS, 100 unit/mL penicillin, and 100 pg/mL
streptomycin in 10 cm plastic dishes. It was incubated at 37 °C in 5% CO2 atmosphere.
Cells were subcultured into new plastic dishes every three days. Plasmids with the DNA
of fusion proteins were introduced to CHO cells using transfection reagent
Lipofectamine LTX. Briefly, 2 ug of cDNA was mixed with 5 pL of Lipofectamine LTX
reagent and was added to 200 puL Opti-MEM. The mixture was then added to cultured
cells in 3.5 cm plastic dishes 20 min after mixing. A stable cell line expressing PDGF
receptor beta type was established (CHO-PDGFR) from a single cell colony obtained

by a selective marker of Zeocine (100 pg/mL). This cell line was used in all subsequent
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experiments and screenings. The established cell line can produce PIP3 because
dimerization and phosphorylation of PDGF receptor recruits and activates Pl 3-kinase
that synthesize PIP3.* Geneticin (G418) (1.2 mg/mL) and Blasticidin (10 pg/mL) were
used for screening a cell line that respectively harbors pPP-LucC/pP-LucC

(pcDNA3.1/myc-His (B)) and pLucN-pm (pUB6/V5-His (B)).

2.2.4. Validation of the Production of PIP3 in CHO-PDGFR cell
line

2.2.4.1. Immunostaining

The CHO-PDGFR cells were seeded in a cover glass in 3.5 cm plastic dishes.
Medium was changed to a serum-free medium and incubated for 3 h. Cells were
stimulated with 50 ng/mL PDGF. Hoechst (Invitrogen) was added to stain the nucleus.
Five min after the PDGF stimulation, cells were washed with PBS(+), fixed in 4%
paraformaldehyde in PBS at RT for 10 min, permeated with 0.2% Triton X-100 for 5
min at RT, incubated with mouse anti-PIP3 antibody (IgM) (Invitrogen) for 1 h, and
stained with Alexa488 conjugated goat anti-mouse IgM (Invitrogen) for 1 h. After each
incubation, cells were washed 3 times by PBS (+) and 0.2% FSG by shaking. The cells
with or without PDGF stimulation were visualized by a laser scanning confocal
microscopy (IX81-FV1000-D; Olympus Corp., Tokyo, Japan) equipped with a 60x oil
immersion objective, and obtained images were analyzed using a software (FV10-ASW;

Olympus Corp.) (Fig. 2-2).
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Figure 2-2. Immunostaining of PIP3 with its specific antibody. CHO-PDGFR cells in
the presence and absence of 50 ng/mL PDGF were fixed with PFA, permeated with a
detergent, and then blotted by a PIP3 antibody. Alexa488 conjugated with a second
antibody was used for imaging PIP3 under a confocal microscopy. Nucleus of the cells

was stained with Hoechst before stimulation. Scale bar: 20 um.

2.2.4.2. Protein Translocation

The CHO-PDGFR cells transiently expressing EGFP-P probe were seeded in a
cover glass in 3.5 cm plastic dishes. Medium was changed to a serum-free medium
without phenol red and incubated for 2 h. Cells were observed under the fluorescence
confocal microscopy. Fluorescence images were captured before and after cells were

stimulated with 50 ng/mL PDGF by the fluorescence confocal microscopy (Fig. 2-3).
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Figure 2-3. Validation of the production of PIP3 in the CHO-PDGFR cells. The PIP3
indicator, EGFP-PHD (EGFP-P), was expressed in CHO-PDGFR cells. 30 ng/mL
PDGF was added to the cells. The translocation of EGFP-P was observed using

fluorescence confocal microscopy. Scale bar: 10 pm.

2.2.5. Evaluation of the Bioluminescent Probes for PIP3 analysis

2.2.5.1. Immunoblot Analysis

The cell lysate of PP-LucC and LucN-pm-expressing CHO-PDGFR and wild type
CHO (CHO-K1) was subjected to SDS-PAGE using 8% polyacrylamide gel. The
proteins in the gel were transferred to a nitrocellulose membrane. The membrane was
blotted with a polyclonal anti-GRP or an anti-RFP antibody, and then incubated with a
HRP conjugated anti-rabbit antibody for detection. After detection, the membrane was
stripped and then probed again by an anti-p-actin antibody with subsequent probing
with an HRP conjugated anti-mouse IgG antibody for the control imaging of B-actin.
Western blot images were captured using an image analyzer (LAS-1000 plus; Fuji Film
Co., Tokyo, Japan) with a chemiluminescence system (ECL prime; GE Healthcare,

Little Chalfont, Buckinghamshire, UK).
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2.2.5.2. Imaging of Probe Dynamics by Fluorescence Confocal

Microscopy

The dynamics of single PH domain and tandem PH domains in response to PIP3
production were compared. CHO-PDGFR cells expressing either EGFP-P or EGFP-PP
were subcultured to glass-based dishes and incubated for 2 days. The cells were then
incubated for 3 h in the serum-free medium in order to eliminate possible agonists or
inhibitors from the medium. This procedure is necessary for precise analysis of the
chemical effects on PIP3 production. Synthesis of PIP3 was induced by adding 60
ng/mL PDGF to the CHO-PDGFR cells. Fluorescence time-lapse images were captured
using the laser scanning confocal microscope. We obtained EGFP-P and EGFP-PP
translocation dynamics with intervals of 30 s for 1 h (Fig. 2-4). Cellular localizations
of LucN-pm and PP-LucC before and after PIP3 production stimulated by 20% serum

(FBS, final concentration), which activate P1 3-kinase,® were visualized (Fig. 2-5).
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Figure 2-4. Time-dependent comparison between EGFP-P and EGFP-PP translocations

upon PIP3 production. Dynamics of single PH domain and tandem PH domains were

compared using time-lapse confocal imaging under the stimulation of 60 ng/mL PDGF.

Images were taken every 30 s. The plasma membrane and cytosolic areas for each probe

were selected. The intensities of each area were obtained. Time-lapse translocations

were calculated based on fluorescence signals on the plasma membrane or in the cytosol

(EGFP-P, n=9; EGFP-PP, n=6). The fluorescence intensities were normalized through

the division by the average fluorescence of each cell at every time point.
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Figure 2-5. Identification of the probe localizations using confocal imaging. CHO-
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PDGFR cells stably expressing PP-LucC and LucN-pm were starved for 3 h before
imaging. Cells added with 20% serum were incubated for 10 min before obtaining an
image. Localizations of PP-LucC (red) and LucN-pm (green) with and without serum

are shown. Scale bar: 10 um.

2.2.5.3. Real-time Bioluminescence Assay for PIP3 in Live

Cells

CHO-PDGFR cells expressing LucN-pm and PP-LucC were cultured in 35 mm
dishes. They were then starved for 3 h in serum-free medium. D-Luciferin was added
to the medium to reach a final concentration of 5 mM. The dishes were then set on a
dish-type photon countable incubator AB-2550 Kronos (ATTO Corp., Tokyo, Japan).
Bioluminescence was measured every 1 min at 37°C with an exposure time of 10 s. For
the inhibition of PIP3 production, 21 ng/mL wortmannin was added to the cells 30 min
before the addition of a PIP3 agonist. The 20% serum was added to cells for the

activation of PIP3 production. Results are presented in Figure 2-6.
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Figure 2-6. Real-time bioluminescence analyses for PIP3 production. CHO-PDGFR
cells expressing PP-LucC and LucN-pm were pretreated with the P1 3-kinase inhibitor
21 ng/mL wortmannin and were then stimulated with 20% serum. Bioluminescence

signals were recorded every 2 min with an exposure time of 10 s.

2.2.5.4. Bioluminescence Assays in Lysed Cells

A Dual-Glo® Luciferase Assay System (Promega Corp, Madison, WI) was used to
obtain the relative luminescence unit (RLU) of reconstituted luciferase and that of an
internal control, the Renilla luciferase (RLuc). The Dual-Glo and Bright-Glo reagents
provide a lysis buffer to permeate the cell membrane and to prevent cellular proteins
from decomposition. It is known empirically that in such a mild condition with the lysis
buffer, reconstituted luciferase maintains its activity for more than 10 min.® Thus, the
reagents are useful for quantitative evaluation of bioluminescence using a 96 well plate
assay format. In all experiments, RLU of the reconstituted luciferase was divided by

that of RLuc, of which value was designated as RLU ratio. CHO-PDGFR cells
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expressing both probes were seeded in a 10 cm plastic dish, and were transfected with
0.5 ng pGL4.74 [hRIucP] Vector (Promega). The cells were then grown on a 96-well
microtiter plate for 1 day. The medium was changed into a serum-free medium 3 h prior
to the assays. Cells were pretreated with an inhibitor, 0.21 pg/mL wortmannin, for 1 h,
and then stimulated with either 50 ng/mL PDGF or 10% serum. After 25 min, 50 pL of
Dual-Glo was added to each well. Bioluminescence signals were recorded by the plate
reader with the exposure time of 5 s per well. Fifty puL of the Stop&Glo reagent was
added to each well to quench the reconstituted luciferase activity and to measure RLuc
bioluminescence. Results of RLU ratio (reconstituted luciferase/RLuc) were shown in

Figure 2-7, indicating activation and inhibition of PIP3.

N
(=)

RLU ratio
> o

0.5

Wort. - - + - +
PDGF - + + - -
serum - - - + +

Figure 2-7. Activation and inhibition of the production of PIP3. The cells expressing
PP-LucC, LucN-pm and RLuc were pretreated with the Pl 3-kinase inhibitor of
wortmannin (0.21 pg/mL) and stimulated with 10% serum. Twenty five min after serum
addition, cells were subjected to the dual luciferase assay. The RLU ratios (reconstituted
luciferase/RLuc) were obtained and normalized against the RLU ratios of control cells

(n=3).
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2.2.5.5. Investigation of Probe Reversibility

CHO-PDGFR cells expressing both probes were seeded on a 96-well microtiter
plate. The medium was changed to a serum-free medium 3 h before assays. A Bright-
Glo™ Luciferase Assay System (Promega) was used to loosen the cell membrane
structure and to provide the D-luciferin. Briefly, 50 ng/mL PDGF was added
sequentially every 1 h into different wells and incubated for 30 min. The depletion of
PDGF was performed by washing and exchanging the medium into a serum-free type.
The activation and washing steps of different wells set varied incubation times from 0
- 6 h after the PDGF depletion. Next, a second stimulation of PDGF was performed
every 1 h to different wells that have already been depleted of PDGF for 6 h. The
medium was again washed and replaced by a new one without PDGF, and incubated
for O - 4 h. Finally, 50 uL Bright-Glo was added to obtain the bioluminescence using a
96-well microplate reader (TriStar LB941; Berthold Technologies GmbH and Co. KG,

Germany). Results of the assays for reversibility are shown in Figure 2-8.
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Figure 2-8. Reversibility of the bioluminescent probes upon repeated stimulation and

depletion of PDGF. CHO-PDGFR cells expressing both probes were prepared in a 96-
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well microtiter plate. The cells were activated with 50 ng/mL PDGF for 30 min, and
then inactivated by depletion of PDGF through the exchanging of medium. A second
stimulation by 50 ng/mL PDGF and its depletion was performed under the same
condition as the first trial. Bioluminescence was recorded using a plate reader with the
exposure time of 5 s/well, and RLU ratios (reconstituted luciferase/Rluc) are shown

(n=3).

2.2.6. Bioluminescence Assays of PIP3 Production
2.2.6.1. Comparison between Bioluminescence Intensities in

Live Cell and Lysed Cell Assays

CHO-PDGFR cells stably expressing PP-LucC and LucN-pm were seeded in a 96-
well microtiter plate and were allowed for growth for 48 h. For the live cell assays, the
medium was replaced by a serum-free medium and the cells were incubated for 1.5 h.
The medium was then changed into a medium which contains 5 mM D-luciferin and
incubated for 1.5 h. PDGF (100 ng/mL) was added for 25 min. The bioluminescence
signals were directly obtained. For the lysis assays, medium was changed to the serum-
free medium and incubated for 3 h. PDGF (100 ng/mL) was added for 25 min.
Bioluminescence signals were produced by mixing 50 uL Bright-Glo reagent into all
wells and signals were obtained after 5 min incubation. (Exposure time for all

measurement: 1 s, n=3)

2.2.6.2. Quantitative Analyses for the Effects of PIP3 Agonist

and Inhibitor

For the quantitative analysis of an agonist for PIP3 production, cells expressing
both probes and Rluc were prepared 1 day before the assay in a 96-well microtiter plate.

The medium was changed to a serum-free medium 3 h before assays. Different
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concentrations of PDGF (0.01, 0.1, 1, 10, 50, and 200 ng/mL.) were added to investigate
dose-dependent bioluminescence signals induced by agonist effects of PIP3 production.
After 25 min incubation, 50 uL Dual-Glo was added to obtain the RLU of reconstituted
luciferase using the plate reader. Then, the RLU of Rluc was acquired by addition of 50
uL Stop&Glo. The RLU ratio (reconstituted luciferase/Rluc) of each well was
calculated. For the quantitative analysis of inhibitors, cells expressing both probes were
pretreated with a P1 3-kinase inhibitor, wortmannin, with different concentrations from
4.3 pg/mL to 0.43 pg/mL. After 1 h, the cells were stimulated with either 50 ng/mL
PDGF or 10% serum, and incubated for 25 min. RLU values of reconstituted luciferase
and Rluc were obtained sequentially by the dual assay system. The quantitative

activation and inhibitory effects are shown in Figure 2-9.

2.2.6.3. Time-dependent Bioluminescence Signals with the

Lysis Buffer

CHO-PDGFR cells expressing PP-LucC and LucN-pm were prepared in a 96-well
microtiter plate and allowed growth for 48 h. Cells were then incubated in the serum-
free medium for 3 h. Different concentrations of PDGF were added into each well.
Twenty five minutes later, 50 uL Bright-Glo was added. After the cells were exposed
to the Bright-Glo buffer for 5, 10, 15, 20, 30 and 40 min, bioluminescence signals were
obtained by a plate reader (exposure time: 1 s). The signals of each duration time for
the Bright-Glo incubation were analyzed and ECso values were acquired by the curve
fitting. A time-dependent curve for the decay of bioluminescence was also obtained

within 50 minutes (n=18).
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Figure 2-9. Analyses of PIP3 production induced by agonists and an inhibitor. (A)
Concentration-dependent induction of PIP3 by an agonist, PDGF. PDGF was added to
CHO-PDGFR cells expressing PP-LucC, LucN-pm and RLuc to final concentrations
0f0.01, 0.1, 1, 10, 50, and 200 ng/mL. The bioluminescence signals of the reconstituted
luciferase and RLuc were obtained thereafter. The RLU ratios were normalized against
those of 0.01 ng/mL PDGF stimulated cells (n=3). (B) Concentration-dependent
inhibition of PIP3 by an inhibitor against PDGF activation. Cells were pretreated with
different concentrations of wortmannin for 1 h, and were subsequently stimulated with
50 ng/mL PDGF. The signals of reconstituted luciferase and RLuc were obtained 25
min after addition of PDGF. The RLU ratios were calculated and normalized against
the RLU ratios of wortmannin (4.3 pg/mL) treated cells (n=3). (C) Concentration
dependent bioluminescence reduction by wortmannin against serum activation. Cells
pretreated with different wortmannin concentrations in (B) were stimulated with 10%
serum for 25 min. Signals of reconstituted luciferase and RLuc were recorded and the
RLU ratios were calculated. The values were normalized against that of wortmannin
(4.3 pg/mL) treated cells (n=3).
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2.2.7. Validation of a High-throughput Screening System

CHO-PDGFR cells that stably expressing both PP-LucC and LucN-pm were
prepared in a 96-well microtiter plate 48 h before assay with an initial cell density of
20,000-40,000 cells/well. Medium was changed to serum and phenol-red free
DMEM/F-12 7 h before assays. For validation of HTS of PIP3 agonist, 10% serum was
added to the middle wells as positive control, whereas the same volume of DMEM/F-
12 was added to the flanking 16 wells as negative control. Thirty minutes after
stimulation, 40 uL Bright-Glo was mixed in each well. Then bioluminescence signals
were recorded using a 96-well microplate reader with an exposure time of 0.1 s/well.
For validation of HTS of PIP3 inhibitor, 86 ng/mL wortmannin was added to the middle
wells of plate for inhibitor pretreatment as positive control, whereas the same volume
of DMEM/F-12 as that of wortmannin was added to pretreat the flanking wells as
negative control. We added 10% serum to all wells. Thirty minutes after stimulation,
40 uL Bright-Glo was mixed in each well and bioluminescence signals were acquired.
The background signal was measured before the assay and subtracted from the final
data. Based on bioluminescence signals in an entire plate, several parameters for HTS
were evaluated. Implications and formulae related to the parameters are shown as
follows.

Av100% represents the average value for positive control wells. Av0% denotes the
average value for negative control wells. CV stands for the coefficient of variation. S/B
stands for the signal/background ratio.

S/B = Av100%/Avos

The Z’ factor indicates the quality of a high-throughput screening assay.’

(3% 8Dygq, + 3% 8Dy, )

Z' factor =1—
|AV100% - AV0%|

The assay was repeated twice to ensure reproducibility.
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2.2.8. Visualization of PIP3 Production by a Bioluminescence

Microscopy

CHO-PDGEFR cells expressing LucN-pm and PP-LucC were starved in serum-free
medium for 3 h before imaging. D-Luciferin was added to be 5 mM and was pre-
incubated for 1 h. The cells were stimulated by addition of 10% serum.
Bioluminescence images were recorded using an upright bioluminescence microscope
(BX61; Olympus Corp.) with a 20x water dipping objective (0.40 NA). We used only
an emission long-pass filter, which allows through light above 420 nm, covering
bioluminescence signals from most types of luciferases. Digital images were obtained
using a cooled (set at —80°C) electron-multiplying charge-coupled device (EM-CCD)
camera (ImagEM-1K; Hamamatsu Photonics KK, Japan). The filters and camera
control were adjusted automatically using software (MetaMorph; Universal Imaging
Corp., Downingtown, PA). Images were taken with an exposure time of 10 min for

bioluminescence and 300 ms for differential interference contrast images (Fig. 2-10).
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Figure 2-10. Visualization of PIP3 production in living cells using a bioluminescence
microscopy. CHO-PDGFR Cells that expressed PP-LucC and LucN-pm were incubated
in serum-free medium for 3 h and then stimulated with 10% serum. One hour before
imaging, D-luciferin was added to the medium to reach a final concentration of 5 mM.
(A) Bioluminescence and differential interference contrast (DIC) images acquired after
addition of the serum. The exposure times for luminescence and DIC images were 10
min and 300 ms, respectively. The montage figures show time-lapse images indicating
an increase in PIP3 by serum activation. The two DIC images below show images
before and after stimulation. Scale bar: 200 um. (B) Quantified bioluminescence from
the time-lapse images. Several areas were selected in the images to evaluate average

RLU (n=7).
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2.3. Results and Discussion
2.3.1. Schematics for the PIP3 Detection and Design of Fusion

Proteins

The schematics for PIP3 analysis and fusion protein structures are shown in Figure
2-1(A) and 2-1(B), respectively. The PIP3 probes using split luciferase fragments was
composed of a pair of protein modules. One is an N-terminal luciferase fragment (1—
415 amino acids of a click beetle luciferase red mutant, CBR), of which C-terminal end
is fused with an enhanced green fluorescent protein (EGFP), named LucN-pm. The
LucN-pm is located on the plasma membrane by fusing at the C-terminus of the fusion
protein with a CAAX motif, which is a polybasic plasma membrane localization signal
(KKKKKKSKTKCVIM) of KRas4B.? The other is a C-terminal luciferase fragment
(McLuc1)?! fused with a red fluorescent protein (mCherry) and tandem PH domains,
designated as PP-LucC. Based on the scheme of PIP3 analysis, the LucN-pm is
localized predominantly on the plasma membrane, whereas the PP-LucC is in cytosol.
When PIP3 is generated on the plasma membrane, PP-LucC migrates to the plasma
membrane, on which luciferase fragments are reconstituted to an active form by co-
localization of PP-LucC and LucN-pm. Therefore, the change in bioluminescence
signals is proportional to the amount of PP-LucC on the plasma membrane. The
bioluminescence intensity indicates relative amounts of synthesized PIP3 on the plasma
membrane in response to the external stimuli. Although it is difficult to measure the
absolute PIP3 amount with the present system, the PIP3 probes enable to analyze

quantitatively the chemicals that activate or inhibit the PIP3 production.

2.3.2. Validation of the Production of PIP3 in CHO-PDGFR Cell
Line
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In order to validate the ability of CHO-PDGFR cells to produce PIP3,
immunostaining of PIP3 in vitro and translocation assay of PH domain in living cells
was performed. The PIP3 immunostaining used a PIP3 antibody is shown in Figure 2-
2. However, this result does not show clearly the localization of PIP3. This may be
because PIP3 was washed away by the treatment of a Triton X-100 detergent, and the
antibody binds non-specifically to other cellular components. On the other hand,
translocation of PH domain probe in living cells is shown in Figure 2-3. In this
experiment, translocation of EGFP-P upon PI1P3 production in living cells was observed
under a confocal microscopy. After PIP3 production stimulated by addition of PDGF,
EGFP-P translocated clearly from cytosol to the plasma membrane. This result, in

accordance of previous report, indicates the synthesis of PIP3 on plasma membrane.®

2.3.3. Characterization of the PIP3 Probes

For the promotion of effective complementation of luciferase fragments, tandem
PH domains were used to enhance the stability of the PIP3 targeting probe to the PIP3.
Based on structural information of a PIP3 binding protein of p421P4 (Ins(1,3,4,5)P4/
PIP3-binding protein), which contains tandem PH domains,® we inferred that the
increment of PH domain numbers can enhance the PIP3 targeting efficiency. To
examine the effect of tandem PH domains on its affinity, we compared dynamics of
EGFP-PP with EGFP-P upon the same stimulation by analyzing time-lapse
fluorescence images (Fig. 2-4). The two probes were expressed individually in CHO-
PDGFR cells. Both probes were expressed uniformly in cytosol before stimulation.
After the addition of PDGF (60 ng/mL), the increment of fluorescence on the plasma
membrane together with the decreasing of fluorescence in cytosol were observed in
both probes, demonstrating translocations of probes from the cytosol to the plasma

membrane. Importantly, the probes exhibited different characteristics upon PIP3
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generation. In the case of single PH domain (EGFP-P), probes targeted to the PIP3 and
reached their highest efficiency 5 min after stimulation followed by marked dissociation
from plasma membrane. In contrast, tandem PH domains (EGFP-PP) targeted PIP3
rapidly and then dissociated slowly from the plasma membrane. Based on this result,
we conclude that tandem PH domains provide stable binding to the membrane PIP3.
Such stability facilitates complementation between the split luciferase fragments.
According to the scheme for PIP3 detection, discrete localizations of PP-LucC and
LucN-pm are of critical importance. We next investigated the probe localization by
fluorescence imaging using a confocal microscope. Cells expressing both probes were
stimulated by 20% serum, which induces P1P3 synthesis by activating the Pl 3-kinase.®
The probe localizations were traced with red and green fluorescent proteins, which are
respectively connected with PP-LucC and LucN-pm. Before addition of serum, PP-
LucC was localized in cytosol, whereas LucN-pm was exclusively on the plasma
membrane. In contrast, PP-LucC migrated to the plasma membrane in response to
serum stimulation, indicating that probe co-localization occurred after PIP3 production

(Fig. 2-5).

2.3.4. Bioluminescence Analysis of PIP3 Production

To investigate whether the probes are useful for the analysis of PIP3 production in
living cells, we performed time-lapse analysis of bioluminescence by photon counting.
CHO-PDGEFR cells stably expressing PP-LucC and LucN-pm were generated. Then the
expressions and sizes of the two fusion proteins were confirmed by Western blot
analysis (Fig. 2-11). The cells were stimulated with either serum or DMEM/F-12 as a
control. In addition, the effect of Pl 3-kinase inhibitor, wortmannin, on PIP3 production
was investigated.® The D-luciferin substrate was added before addition of the reagents.

Then bioluminescence was recorded every 1 min. Bioluminescence signals of the cells
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stimulated by serum increased significantly (Fig. 2-6). However, the population of the
cells that pretreated with wortmannin show little response to the serum and the
bioluminescence intensity remains low. Cells added with DMEM/F-12 show basal
amount of PIP3. The time course of the bioluminescence signal is almost identical to
that of fluorescence signal of EGFP-PP accumulated to the plasma membrane (Fig. 2-
4), indicating that the recovery of bioluminescence is triggered by the PP-LucC

translocation.

CHO- CHO-
PDGFR K1
LucN-pm
PP-LucC —— 100 kDa
Anti-GFP s
— 75 kDa
Anti-RFP
— 50 kDa

ANti-B-ACtiN e =

Figure 2-11. Western blot analysis of the probe expression. CHO-PDGFR cells
expressing PP-LucC and LucN-pm were blotted respectively with anti-RFP and anti-

GFP antibodies. The size range for the two probes is also shown.

To analyze the bioluminescence intensities of the spontaneously reconstituted
luciferase generated from the PIP3 probes, dual bioluminescence assay using 96-well
microtiter plates was performed. We examined the effects of PIP3 agonists and an
inhibitor on the bioluminescence. CHO-PDGFR cells expressing the probes and RLuc
were cultured in a 96-well microtiter plate and were pretreated with 0.21 pg/mL
wortmannin or DMEM/F-12 for 1 h. The cells were stimulated with 10% serum or 50

ng/mL PDGF. After the stimulation, 50 uL Dual-Glo was added to each well for the
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analysis of PIP3 production, followed by the measurement of RLuc bioluminescence.
The cells stimulated by serum/PDGF generated a clearly enhanced bioluminescence
compared to the control cells without addition of wortmannin or serum (Fig. 2-7). In
contrast, the wortmannin pretreated cells show a suppressed bioluminescence signal.
The results show that synthesis and inhibition of PIP3 are evaluated by bioluminescence
signals from the PIP3 probes.

We next analyzed bioluminescence intensities of the lysed cells stimulated with
PDGF, and compared the absolute bioluminescence signals with those of the live cells.
The absolute intensity of bioluminescence from the lysed cells is preferably higher than
that from the live cells shown in Figure 2-12.

In addition, we investigated the bioluminescence probe reversibility by the
repeated stimulation and depletion of PDGF. To remove the PDGF, the buffer including
PDGF was replaced by the medium without PDGF. The relative bioluminescence
intensity of RLU ratio reached almost basal level 2 h after removal of PDGF, and the
ratio again increased and decreased according to the addition and depletion of PDGF
(Fig. 2-8).

These results demonstrate that the bioluminescent probes are useful to investigate

the production and inhibition of membrane PIP3 in living cells.
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Figure 2-12. Comparison between bioluminescence intensities of live cells and lysed
cells. CHO-PDGFR cells stably expressing PP-LucC, and LucN-pm were seeded in a
96-well microtiter plate. The cells were stimulated with PDGF (100 ng/mL) for 25 min.
(A) D-luciferin (5 mM) was added to the live cells and the bioluminescence signals
were acquired directly. (B) The bioluminescence signals were obtained by mixing 50

uL Bright-Glo into each well for 5 min. (Exposure time for all measurement: 1 s, n=3)

2.3.5. Quantitative Analyses for PIP3 Activation and Inhibitory
Effects of PIP3 Stimulants

Next, we investigated a dose-dependent effect of PDGF on the PIP3 production by
the dual bioluminescence assays. Cells expressing the probes and RLuc were prepared
on a 96-well microtiter plate. The cells were stimulated with PDGF in final
concentrations of 0.01, 0.1, 1, 10, 50, and 200 ng/mL. Bioluminescence of the
reconstituted luciferase and RLuc was measured by addition of the respective reagents.
The obtained RLU ratios fit with a dose dependent curve for the PDGF concentration
(Fig. 2-9A). The concentration for 50% of maximal effect (ECso) for PDGF to generate

PIP3 was estimated as 3.8 ng/mL. To examine an effect of the cell lysis reagent on ECso
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values, we investigated time-dependent dissociation of the luciferase fragments with
different exposure times of lysis buffer. The buffer was added in each well and
incubated from 5 to 40 min. There was almost no variation of the resulting ECso values
within 20 min (Fig. 2-13). This indicates that the reagent used in the assay, although
leads to the dissociation of luciferase fragments and a gradual decay of bioluminescence
signal, does not affect significantly to the evaluation of ECso values. These results
suggest that the bioluminescence probes are able to monitor the relative amount of PIP3
on the plasma membrane produced by stimulation of the PIP3

Next, a dose-dependent effect of PIP3 inhibitor on PIP3 production was examined
using the same dual bioluminescence assays as that was used to examine the effect of
PDGF. The cells expressing both probes and RLuc were preapred and were pretreated
with different concentrations of wortmannin ranging from 4.3 pg/mL to 0.42 pg/mL.
After 1 h pretreatment, agonist of 50 ng/mL PDGF or 10% serum was then added to all
wells. The RLU ratios show the relative amount of PIP3 generated by PDGF or serum
against wortmannin inhibition (Figs. 2-9B, 2-9C). In both cases of the PIP3 generated
by the stimulants, bioluminescence signals show dose-dependent inhibitory effects of
wortmannin. The ECso of wortmannin against PDGF was evaluated as 8.8 ng/mL,
whereas ECso of wortmannin against serum was 6.1 ng/mL. A possible explanation to
the lower ECso value of wortmannin against serum is that 10% serum contains lower
amount of growth factor compared to the 50 ng/mL PDGF. Therefore, stimulation
effects of serum are more likely to be inhibited by wortmannin. This result demonstrates
that the PIP3 probes are able to analyze the PIP3 inhibitory effect in a quantitative
manner. The robust assessment of PIP3 inhibition is beneficial for the screening of PIP3

inhibitors for anti-cancer drug development.
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Figure 2-13. Time-dependent bioluminescence decay using the Bright-Glo lysis buffer.
CHO-PDGFR cells expressing PP-LucC and LucN-pm were prepared in a 96-well
microtiter plate. Different concentrations of PDGF were added into each well. After the
PDGEF stimulation, cells were incubated with the 50 uL Bright-Glo buffer with different
durations (Exposure time, 1 s). (A) Dose-dependent curves of bioluminescence
intensities with incubation times from 5 min to 40 min of the Bright-Glo lysis buffer.
Obtained ECso values are shown. (B) Time-dependent exponential decay of
bioluminescence signals indicating the dissociation of luciferase fragments within 50
minutes.

61



2.3.6. Application to a HTS System

The aberrant amount of PIP3 has fatal impacts on living organisms. Reagents that
affect PIP3 amount may become valid candidates for the drug development. Our PIP3
probes are able to analyze the relative PIP3 amount in a cell population. Therefore, a
promising application is to identify chemicals that control PIP3 production with a HTS
system. To demonstrate the applicability of the probes for the HTS, we validated an
assay system with the probes on 96-well microtiter plates. Cells expressing the PIP3
probes were subjected to bioluminescence assays using a 96-well microtiter plate reader.
We used the flanking wells of a plate on both sides as negative controls and the
remainder of the wells as positive controls. The cells in each well were activated using
10% serum as an agonist. Inhibition assays were conducted using 86 ng/mL
wortmannin as an inhibitor. Bioluminescence signals of entire microtiter plates upon
stimulation with the agonist or upon stimulation of agonist against inhibitor
pretreatment are presented in Figure 2-14. Based on the heat maps of agonist screening
(Fig. 2-15A), we calculated the average bioluminescence intensities of activation and
negative control wells. An intensity distribution map was also obtained (Fig. 2-14A),
from which Z’ factor of 0.65 was estimated. The result demonstrates that the probes are
applicable for effective HTS of PIP3 agonist. In addition, the heat map of PIP3
inhibition assays (Fig. 2-15B), the average bioluminescence intensities of inhibition
and negative control wells and signal distribution map were obtained (Fig. 2-14B). The
7’ factor of the inhibition assay is 0.73, which indicates separation of inhibitory and
non-inhibitory effects. Such separation validates the applicability of the PIP3 probes

for high throughput screening of PIP3 inhibitor.

2.3.7. Imaging of PIP3 Production using a Bioluminescence
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Microscope

A salient benefit of bioluminescence assay is its ability to elucidate biological
events in living cells with minimal damage to the cells. We performed live cell
bioluminescence imaging with the PIP3 probes to visualize the production of PIP3. D-
Luciferin was added to the culture medium before observations. The bioluminescence
and differential interference contrast (DIC) images were acquired, respectively, with
exposure times of 10 min and 300 ms (Fig. 2-10). Cells expressing the PIP3 probes
were stimulated by 10% serum. When we compared images before and after
stimulations, marked enhancement of bioluminescence was observed. This result
suggests that the PIP3 production in living cells was visualized using bioluminescent

probes.
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Figure 2-14. Validation of a high-throughput screening system for PIP3-regulation-
compound. Cells stably expressing LucN-pm and PP-LucC were subcultured into a 96-
well microtiter plate. The middle 80 wells of the plate were used for positive controls
and the flanking 16 wells were for negative controls. The bioluminescence signals of
all wells after stimulation are shown as a distribution map and average intensities. (A)
Validation of the PIP3 agonist HTS system. Positive control wells (activation) were
stimulated with 10% serum, whereas negative control wells (control) were added with
DMEMY/F-12. The estimated Z’ factor is 0.65. (B) Validation of PIP3 inhibitor HTS
system. Positive control wells (inhibition) were pretreated with 86 ng/mL wortmannin
and negative control wells (control) were pretreated with DMEM/F-12. All wells were

then activated by 10% serum. The Z’ factor for the inhibitor screening system is 0.73.
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Figure 2-15. Heat maps for the validation of HTS. Cells stably expressing LUcN-pm
and PP-LucC were subcultured into a 96-well microtiter plate and were subjected to
evaluation for drug screening by comparing positive and negative controls. The RLU
of all wells after stimulation are shown as a heat map. Green denotes negative control
wells, whereas yellow and red stand for positive control wells. The average intensity
(Av), coefficient of variation (CV), signal to background ratio (S/B), and Z’ factor were
calculated. (A) \Validation of PIP3 agonist HTS by serum: Av(+)=995.30,
CV(+)=2.50%, Av(-)=644.73, CV(-)=2.51%, S/B=1.54, and Z’ factor=0.65. (B)
Validation of PIP3 inhibitor HTS by wortmannin: Av(+)=269.59, CV(+)=3.81%,
Av(-)=480.58, CV(-)=1.80%, S/B=0.56, and Z’ factor=0.73.
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2.4. Discussion

In this study, a pair of bioluminescent probes for PIP3 analysis based on luciferase
fragment complementation was developed. The existing in-vitro and in-vivo methods
exhibit bottle-neck problems in the analysis of relative PIP3 amounts because of the
fast dynamic property of PIP3 and the presence of its analogues. We successfully
overcame these issues by combining the use of PH domain as a PIP3 recognition
module with the split-luciferase complementation technology. In addition, the detection
scheme of self-associative fragment complementation is novel; co-localization of the
LucN-pm and PP-LucC enables complementation of the luciferase fragments into an
active form. In previous methods, fragments of split luciferase were brought into
proximity by two mechanisms: One is intramolecular complementation, which is
triggered by a conformational change of a protein. The other is intermolecular
complementation, which occurs from protein—protein interactions. In both cases,
enforced interaction between split fragments is a prerequisite for bioluminescence
recovery. Our PIP3 probes are designed conceptually to use an increase in local
concentration of probes on the plasma membrane, causing self-complementation of
luciferase fragments on plasma membrane after the production of PIP3 (Fig. 2-1). For
sensitive analysis, we demonstrated that tandem PH domains enhance its interaction
with PIP3, resulting in the recovery of higher bioluminescence. Moreover, two
important features are necessary for the luciferase complementation: i) co-localization
of complementary fragments with an appropriate orientation and ii) moderate affinity
between the two fragments. Co-localization of PP-LucC and LucN-pm is confirmed by
the fluorescence images (Fig. 2-5) and the right orientation of luciferase fragments is
facilitated by flexible linker in the fusion protein. The latter feature of moderate affinity
between CBRN and McLucl has been demonstrated in a previous report.! This novel

self-association scheme broadens the application of luciferase fragment
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complementation into different kinds of lipids and signaling molecules.

We demonstrated that the designed probes enabled the evaluation of the PIP3
production with bioluminescence signals. Studies using bioluminescent probes have
been reported for the analysis of second messengers such as cCAMP, %! calcium,'? and
IP3.13 These second messengers are water-soluble molecules dispersed in the cytoplasm.
Such molecules are analyzed based on their downstream effector proteins. Their
conformational changes are converted into bioluminescence signals that reflect the
relative concentrations of the signal molecule. In contrast, a bottle-neck impeded the
analysis of PIP3 on the plasma membrane. The PH domain undergoes no
conformational change upon binding with PIP3.24 We therefore approached bridging
the methodological gap, and analyzed the relative PIP3 amount using a self-associative
luciferase fragment complementation. The relative PIP3 amount is indicated by
absolute photon counting of complemented luciferase from the cell population. We
interpreted the effect of PIP3 production and inhibition with a quantitative
bioluminescence signal. Furthermore, the concentration dependence of the agonist and
inhibitor for PIP3 production was analyzed using these probes.

We applied the designed probes to the establishment of a HTS system for PIP3
agonists and antagonists. An excessive amount of PIP3 is involved in tumorigenic
signaling pathways. Depletion of PIP3 contributes to developmental failure and retards
nerve cell growth.'>% Fluorescent proteins have their limitations on the screening
project because, in the presence of excitation light, the intrinsic fluorescence of library
chemicals is prone to producing false positive results. In addition, previous PIP3
analyses using fluorescence-based technology exhibit major shortcomings of cell
damage produced by the laser that is used for fluorescent protein excitation. In
comparison to fluorescence technology, bioluminescence is advantageous for drug
screening because bioluminescence exhibits little interference with fluorescence of
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library chemicals. This method compensates for the shortcomings of the toxicity of
laser light. The established cell line in the present study showed dynamic changes of
bioluminescence signals because the cell produced sufficient amounts of PIP3 on the
plasma membrane upon extracellular stimulation. This cellular property is necessary
for the development of a screening system. In fact, we have obtained Z’ factors higher
than 0.5, which indicates a valid screening system,” in both PIP3 agonist and inhibitor
screening evaluations using the probes (Fig. 2-15). Such a system is suitable for

systematic and automated HTS of PIP3 control compounds as primary screening.

2.5.  Conclusion

In conclusion, we developed probes for PIP3 analysis based on luciferase fragment
complementation. Then we introduced the novel concept of self-associative luciferase
fragment complementation for PIP3 analysis. The PIP3 probes provide important
features including temporal recording of PIP3 production by bioluminescence and
analysis of relative PIP3 amounts with minimal cell toxicity. We quantified agonist and
inhibitor of Pl 3-kinase that affected production of PIP3 on the plasma membrane. This
approach clarifies a path to more extensive investigation of membrane lipid second
messenger using luciferase fragment complementation. Other Pls that play distinctive
roles in cells can as well be analyzed by replacing PIP3 targeting PH domain (GRP1)
with other PI targeting motifs. Systematic analysis of Pls in different cell organelles
will be undertaken to investigate the diverse functions of Pls to reveal complex lipid

signaling networks in the future.
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4.General Conclusion

In this thesis, developments of novel methods for the analysis of PIP3 are
established. PIP3 is an important molecule that mediates diverse cellular functions.
Current analytical methods for PIP3 studies are insufficient to further analyze the detail
of PIP3 signaling and amounts. The previous in vitro methods suffer from sample
pretreatment and fluorescence in vivo imaging fails to spatiotemporally analyze the
PIP3 amount. To solve these problems and limitations, bioluminescent probes were
developed for the analyses of relative PIP3 amounts on the plasma membrane. The
monitoring of PIP3 production on the plasma membrane by light regulation was also
demonstrated.

In Chapter 2, a bioluminescent probe for PIP3 detection using split luciferase
complementation was demonstrated. In this probe, an N-terminal fragment of a
luciferase is predominantly localized on the plasma membrane, whereas a C-terminal
fragment of a luciferase fused with a PH domain from GRP1, which specifically targets
the PIP3, is expressed in the cytosol. A novel mechanism of self-associative luciferase
complementation is introduced by our split luciferase probes, which are on the basis of
an increase in the local concentration of both probes as a driving force for luciferase-
fragment complementation. After the production of PIP3, the co-localization of N- and
C-terminal luciferases on the plasma membrane cause self-associative
complementation of the luciferase fragments on plasma membrane. Using this probe,
we successfully conveyed PIP3 levels to quantitative bioluminescence signals and
quantified the relative PIP3 amounts produced by specific agonists. We have also
applied the probe to a high-throughput screening platform. Unlike fluorescence
technologies, little interference existed between screening compounds with the

luciferase signals. A false positive compound may lead to laborious work from cell
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experiments to animal model experiments. The low background of bioluminescence
assays is a strong advantage of the luciferase system compared to the fluorescence
technologies, therefore, the PIP3 probes are strong tools for the drug discovery. By
testing the cellular bioluminescence, it is possible to screen for a candidate that
enhances or inhibits PIP3 production with high efficiency, and a series of evaluations
for the drug effects can be performed. In addition, PIP3 molecules have been, for the
first time, visualized by bioluminescence in living cells using a bioluminescence
microscopy.

In Chapter 3 of this study, an optogenetic system using the light gated Arabidopsis
a cryptochrome 2 (CRY2) and CIBL1 interaction was established for the control of PIP3
synthesis. Upon light irradiation, spatiotemporal regulation of the PIP3 synthesis was
achieved in live cells. The established optical system enables the light gated PIP3
generation in a subcellular level. The fast and reversible interaction of CRY2 and CIB1
facilitates the manipulation of PIP3 production in living cells by blue light. Directional
cell movements were also induced towards or oppose other cells. This approach will be
applicable for further investigation of PIP3 functions in a subcellular level.

In summary, this study introduced two analytical methods for PIP3: the detection
of PIP3 by a bioluminescent probe and the control of PIP3 production using optogenetic
control. The bioluminescent probes developed in this study enable detection of PIP3 by
bioluminescence with spatiotemporal precision; this method involves the introduction
of a conceptually-novel mechanism for luciferase fragment complementation, and
provides a platform for PIP3 related compound screening which is able to promote the
advancement of drug development. By using a targeting motif of another membrane
signal molecule, this detection mechanism is easily adopted to analyze other
biomolecules on the cell membrane by replacing the PIP3 targeting motif to a PIP2
targeting one. The optical control of PIP3 production is a strong tool to analyze PIP3
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functions because it breakthroughs the bottle-neck of conventional chemical
stimulations and enables spatiotemporal control of PIP3 synthesis. It enables accurate
monitoring of PIP3 only on the plasma membrane, which is extremely difficult by
conventional methods. In the future, further investigation of PIP3 production on
endomembrane is an attractive direction. The concept of controlling lipid messengers
can also be adapted to control other signaling molecules that are produced on the cell
membrane. In conclusion, these studies have not only established methods to detect or
control one biomolecule, the methodology is widely applicable to other biomolecules,
enabling to broaden scientific understanding of membrane signaling molecules, as well

as opening a clear path towards practical investigation of signaling related applications.
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