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Abstract

Techniques for manipulating biological phenomena with light have been developed
greatly in recent years. However, the optical manipulation of heterotrimeric G
proteins, which cover the activation of diverse types of plasma membrane receptor to
a variety of intracellular processes, has not been achieved. In Chapter 2 of the present
study, I demonstrated an optogenetic method using photoswitchable dimerization
systems to manipulate the heterotrimeric G proteins. I succeeded in induction of two
typical second messengers: Ca®* and cAMP in mammalian cells, by the optical
manipulation of Ga,, and Ga, with multicolor. Because light has superior temporal
and spatial resolution, the development of this optical approach achieves the

regulation of the second messengers with high spatiotemporal resolution.

In Chapter 3 of this study, I developed a new system to manipulate protein of interest
(POID) in mammalian cells, which I named the affibody-based TI-DrBphP system.
This system allows for simultaneous manipulation of two POIs with single stimulus,
which is not generally practicable by existing technologies. Engineering of the
chemically activatable TEV (CA-TEV), the temperature sensitive TEV and the
photoactivatable TEV (PA-TEV), making it possible to actuate this system by
rapamycin, temperature or light stimuli. Furthermore, the case study on a key
molecule of necrosis, the MLKL protein in the TI-DrBphP system demonstrated that
cellular death signaling was switchable by rapamycin induction. The technology
provided in this study will expand the application of translocation-based approaches,
because simultaneous regulation of different POIs, which is difficult with
conventional techniques, can be simply achieved taking advantage of the affibody-

based TI-DrBphP system.
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Chapter 1: General introduction



1-1. Optogenetics

Optogenetics' is the biological technique that uses a combination of optical and
genetic method to manipulate the function of well-defined biochemical events in
specific cells or living tissues. The history of optogenetics traced back to the year
1971, Stoeckenius and Oesterhelt discovered that bacteriorhodopsin acts as an ion
pump that can be rapidly activated by visible-light photons®, and in the year 1975,
halorhodopsin was identified by Matsuno and Mukohata®. The widely known modern
optogenetics started since 2002, when channelrhodopsin was firstly reported by
Hegemann and co-workers®. A breakthrough of optogenetics occurred in the year
2005, Boyden and co-workers made cells light sensitive using only a single construct.
They described that upon introduction of a microbial opsin gene without any other
parts, chemicals or components, neurons became precisely responsive to light’.
Optogenetics grew significantly in the years after 2005, a number of additional
researches were consecutively reported and by the year of 2010, all of
bacteriorhodopsin, halorhodopsin and channelrhodopsin had been proved capable of
turning neurons on or off, rapidly and safely, in response to diverse colors of light *.
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Figure 1-1. History of optogenetics’.

Because optogenetics allows the possibility to identify particular neurons and
networks, this technique was typically used to control neurons in the early stage of

researches. For example, by using of the optogenetic actuator channerlrhodopsin, it



has been succeed to drive activation of non-excitable glial cells'.

Molecule evolution has successfully enabled optogenetics to manipulate wide range
of biochemical events'"'> ", The classic example is the use of optogenetic tool to
temporal control of signals by the photosensitive proteins utilized in various cell
signaling pathways. More specifically, Arian and co-workers described optical control
of distinct G protein-coupled receptor (GPCR) biochemical pathways in freely
moving mammals using vertebrate rhodopsin-GPCR chimeras (optoXRs)'', which
recruit pathways that are governed by distinct heterotrimeric G-protein pathways.

The latest development of photoswitch proteins also played an essential role in the
advancement of optogenetics. It further extended the optogenetics to allow light
control of various functional proteins, such as CRISPR associated protein 9 (Cas9)",
which is an RNA-guided DNA endonuclease enzyme, and Cre recombinase'’, which
is an enzyme that catalyzes recombination between two lox-P sites. Photoactivatable
activatable CRISP-Cas9'® has allowed for using light to control genome editing.
Photoactivatable Cre-loxP recombination system'’, allows for efficient DNA
recombination so as to achieve optogenetic genome engineering. These approaches
provide convenient and precise way for optogenetic manipulate diverse cellular
processes in vitro and in vivo.

Since channelrhodopsin was first used to control the activity of mammalian neurons
in 2005, a great deal of progress has been made in a short period of time. It is
undoubtedly that optogenetics will constantly contribute to various fields of scientific

researches in future.



1-2. Second messengers and heterotrimeric G proteins

Second messengers are important molecules as the intracellular signaling substance.
For example, Ca®*, one of the second messengers, supports various life activities such
as muscle contraction and inflammation. In addition, it is known that cAMP, another
second messenger controls biological processes such as lipolysis through activation of
protein kinase, and also plays a major role in memory in the brain. Complex signaling
works in the cell, one of which is signaling by G protein-coupled receptor (GPCR).
GPCR-bound G proteins catalyze guanine nucleotide exchange on the a subunit of
heterotrimeric G proteins (Ga)'*. Ga. activates effector proteins such as phospholipase
and adenylyl cyclase, which modulates the second messengers including Ca* and
cAMP. When the extracellular signaling substance binds to the G protein-coupled
receptor, the Ga. is activated". It then activates the corresponding effector protein by
approaching and interacting with it. Next, the effector protein produces second

messenger and so as to regulate the cell function (Figure 1-2).

/ G-protein a subunit \

Ga effector second messenger
Ga, Phospholipase C Beta (PIcp) increase IP;, Ca?*
Ga, Adenylate Cyclase (AC) increase cyclic AMP (cCAMP)

\ /

Figure 1-2. Typical Ga and the corresponding effector. Activation of the Ga modulates the release of

second messengers.



1-3. Conventional methods to manipulate G proteins

Chemically-inducible dimerization (CID) system: FKBP/FRB®, has been applied to

21,2

achieve precise manipulation of Ga. previously®"*. Specifically, Putyrski and Schultz
developed a method based on rapamycin-dependent system to bypass the GPCR by
direct activation of Ga, which induces downstream signaling cascades. They
demonstrated the plasma membrane recruitment of constitutively active form of Ga,,
and Go, results in the activation of their corresponding effectors. However, it was
reported that rapamycin was hardly removed from the FKBP/FRB by washing
treatment”. Despite the achievement gained through the robust protein-protein
interaction using CID system, the drawback is that it hardly reaches spatiotemporal

control because of the diffusiveness of chemical cofactor and the irreversibility of the

chemical dimerization.

FKBP

rapamycin

Figurel-3. Chemically inducible dimerization system: FKBP/FRB. This system has been widely used

for rapamycin-inducible heterodimerization of fusion proteins.

On the other hand, optogenetic tools like optoXRs, which allow achieving high
spatiotemporal precision, have been developed for manipulation of Ga.. OptoXRs are
composed of an extracellular component derived from light sensitive rhodopsin and
an intercellular component derived from GPCR. In spite of optoXRs allowing the
optogenetic control of intracellular signal transduction, a limitation of it is that
rhodopsin gets broad absorption band. Practically, fluorescent tools (e.g. GCaMP**>
*%) used as biomarkers or biosensors are commonly required to evaluate the effect of
the optogenetic perturbation on the cell. However, optoXRs are usually incompatible

with these tools because the excitation wavelength of the fluorescent tools may

potentially perturb the function of optoXRs having broad absorption band.



1-4. Photoswitches

Photoswitches are photoswitchable dimerization proteins that sensitive to light, their
interactions can be controlled using different light stimulation. These proteins are
powerful tools that can be used to optogenetically manipulate molecular processes in
biological systems. Most light-induced protein-protein interactions are dependent on
blue light, for example, AsSLOV2”, iLID system”, CRY2-CIB1 system” and Magnet
system™. AsLOV?2 is a light-sensitive protein developed from the Light, oxygen, or
voltage (LOV) domain of Avena Sativa phototropin 1°', which is a class of
photoreceptor proteins sensitive to blue light through a noncovalently bound flavin
chromophore. Because of the large conformation change in the a-helical region (Jo)
of AsLOV2 upon blue light irradiation (Figure 1-4), it can be used to photomodulate
the affinity of peptides for binding partners, such as the SsrA peptide*, which binds to
SspB and shares sequence identity with the Ja of AsLOV2. Through the engineering
of the SsrA peptide against the AsLOV2 domain, Gurkan and his colleagues
developed the improved light-induced dimer (iLID) system. They characterized two
different photoswitches according to the different binding affinities of the
heterdimerizations, called iLID nano (makes use of wild-type SspB) and iLID micro

(makes use of SspB R73Q), respectively.
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Figure 1-4. Conformation change of Ja in AsSLOV2 upon light irradiation.

In addition, light-dependent protein-protein interaction between cryptochrome 2
(CRY2) and cryptochrome-interacting basic-helix-loop-helix protein (CIB1) was
identified by Liu and his colleagues. CIB1 interacts with CRY2 in a blue light-
specific manner. Magnet system, which is engineered from the fungal photoreceptor

Vivid™, a small light-oxygen-voltage (LOV) domain-containing protein. The original



homodimerization of Vivid was engineering to generate blue light-induced
heterodimerization between nMag and pMag through electrostatic interactions.

Except the blue light dependent photoswitches, red and far-red (near-infrared)
photoswitches have also been developed. Arabidopsis thaliana phytochrome B (PhyB)

and its binding partner, PhyB interaction factors (PIFs)****

, which is a photoswitch
engineered from photoreceptor in plants has been achieved the light-induced
heterodimerization with near-infrared light. It is noteworthy that phytochromobilin
(P$B) or phycocyanobilin (PCB), which serve as the chromophore for PhyB, should
be added to PhyB/PIF6 system to support its photosensitivity in mammalian cells.
Besides, Rhodopseudomonas palustris BphP1 (RpBphP1)* and its binding partner
PpsR2 was recently reported by the researchers in Verkhusha’s group™, which could
be used to activate cellular functions such as transcription by near-infrared light, and
to reverse these functions by red light or darkness. However, the big size and
oligomeric behavior of PpsR2 limits its application as optogenetic tools. To address
this problem, a down-sized binder of RpBphP1: Q-PASI1 has also been developed
from the same research group*'. Q-PASI is three-fold smaller than PpsR2 and lacks
oligomerization. The superiority of Q-PAS1 makes it more convenient than the
natural binding partner PpsR2.

Two different photoswitches: blue light activatable Magnet system and red light
activatable PhyB/PIF6 system were used in this study. In Magnet system, the
dimerization between nMag and pMag can be induced with blue light. In PhyB/PIF6
system, the interaction and dissociation can be reversibly controlled with red light and
far-red light (Figure 1-5). Application of these photoswitches makes it possible to

regulate various cellular processes involved in signal transduction by multi-color.

nMag
‘ Blue light PhVB. Red Light
— —

Dark PIF6 Far-red Light
pMag . A -
Binding Binding

Figure 1-5. Photoswitchable dimerization proteins. (Left) Magnet system; (Right) PhyB/PIF6 system.



1-5. Molecular evolution

Molecular evolution of the photoreceptor protein is required for the development of
photoswitches. Various kinds of methods such as phage display*’, yeast display®,
mRNA display* and ribosome display*’ were developed and applied in the field of
molecular evolution. These display techniques offer powerful discovery in protein
engineering. For example, phage display screening was used in the development of
the iLID system from the original light-inducible dimer (oLID)*, which did not have
large changes in binding affinity with blue light stimulation. In order to find
mutations throughout the Ja-helix domain which stabilize its docked state in dark.
The authors created a directed library based on the Rosetta’s pmut_scan®’ and fused
this library to the phage III coat protein and an N-terminal twin-arginine translocation
secretion sequence for display on the surface of phage*. After several rounds of
phage display selection, phages represented hottest candidates of phenotype were
collected, and their genotype were re-cloned and further analyzed by ELISA®.
Through the screening of recombined point mutants using of high-throughput phage
display technology, they succeed in improving the dynamic range of oLID to get iLID
by greatly reducing the dark state binding.

Another case is that in the development of LOV2 trap and release of protein
(LOVTRAP)*, mRNA display screening was used. LOVTRAP is an optogenetic
approach for reversible light-induced protein dissociation. The Authors generated a
mRNA-protein fusion library using a scaffold derived from the Z domain of
immunoglobulin-binding staphylococcal protein A", which contains about 5 x 10"
unique variants. When the panning against target protein LOV was finished, the
bound mRNA-protein was eluted and reverse transcription was performed to convert
the mRNA-protein into cDNA/mRNA. The enriched cDNA library was regenerated
by PCR for the next round selection. In order to find a protein only bind to the dark
state of LOV2, they intelligently took advantage of two previously reported mutants
in LOV2: mutant fixed in the dark state-C450A™ and a light state mutant-I539E™ in
the process of screening strategy. Specifically, in rounds 1-5, the selected library was
washed with washing buffer and eluted by incubating with eluting buffer, while in

rounds 6-12 the selected library was were washed with washing buffer containing



LOV2 (I539E) to minimize the enrichment of sequences that bound to the light form
of LOV2, and competitively eluted by incubating with buffer containing LOV2
(C450A). After a total 12 rounds of selection, they picked up 120 colonies for
sequencing from the enriched cDNA library, and they succeed in separating three
different Zdk variants, which binding to the target protein LOV with high affinities in
dark state but weak affinities in light state.

Each technology has its own varying drawbacks. For example the slow growth rates
of phage limit screening to one round of for several days, while in the yeast-based cell
secretion and capture technologies, secreted binding proteins are not captured until
after they have completely left the cell, leading to a potential loss of the
genotype-phenotype linkage. In this study, I performed in vitro protein evolution
using the ribosome display technology to create new proteins that can be bind to the
desired target protein. Comparing to the other display methods, a main advantage of
ribosome display is the big library size (~10"), and the diversity of the library is not
limited by the transformation efficiency of bacterial cells, but only by the number of
ribosomes and different mRNA molecules present in the test tube. Except to this, the
screening process for every round in ribosome display is faster because the in vitro
translation of cDNA library to generate protein library is quick, which is not limited
by the slow growth rates of bacterial cells.

The display technologies offer possibility to get new candidate binding partner of
target proteins. However, these methods only provide the enriched proteins as the
output, the detailed DNA sequences coupled to the enriched proteins is still not clear.
In order to efficiently analyze the DNA sequences, I considered the technology of
next-generation sequencing (NGS)***. NGS is able to provide millions of sequences
of libraries or defined selection cycles within a very short time. This allows for the
first time an unprecedented deep insight into the evolutionary processes within an

individual biopanning.



1-6. Scaffold proteins

Scaffold proteins always play important roles in molecular evolution. Because not
only they can be used to generate protein library to create new genetically encodable
binders of target proteins, but also short peptides with known affinity against a target
can be inserted into a scaffold for protein engineering. Various scaffolds, such as
nanobody™, monobody”’ and the designed ankyrin repeat proteins (DARPins)™ have

been developed to enable protein function to be regulated (Figurel-6).

(1) (2) (3)

‘ | [ (€[
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nanobody monobody DARPins
(~12-15 kDa) (~10KDa) (~14-21 kDa)

Figure 1-6. Crystal structures of different scaffold proteins.

However, the disulfide bond formation between cysteine and cysteine residues make
the nanobody unstable in reducing environment of a cell. The big size of DARPins
limits its application in different display technologies. Monobody is an attractive
scaffold protein, but the numerous randomization positions in three loops make it
relatively complicated to construct the corresponding DNA library. Owning to this
reason, monobody becomes a second choice for us. In this study, we focused on the
potential and advantages of another protein called affibody”. Affibody is a member of
the family of antibody mimetics, the original affibody protein was designed based on
the Z domain (the immunoglobulin G binding domain) of protein A. It is a useful
scaffold to create protein library used in the screening system, for the purpose to find
new binding partners of target proteins. Affibodies are small (~7 kDa) but robust
proteins that engineered to a large number of target proteins with high affinity® "%

Similar to the antibody which is composed of the constant region and the variable
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region, the structure of affibody consists of three helixes, and 13 amino acids in helix
I and helix 2 (red ‘X’ highlighted in Figure 1-7) are available to randomize without
destroying the structure. In this study, DNA library was constructed to get affibody
molecules, which containing the NNK codon in the 13 randomization positions of the
scaffold, and this library was used in ribosome display to screen binding candidates of

the target protein: DrBphP-PSM®.

Antibody Affibody

et w&
Helix 2 i_‘ :
Variable region Variable region :
Constant region Constant region
(PDB:2KZJ)
Helix 1 Helix 2 Helix 3

Affibody: MVDNKFNK [EXXXAXXEIXX| LPNLN [XXQXXAFIXSLXD| DPSQ [SANLLAEAKKLNDA| QAPK

Figure 1-7. Crystal structure and sequence information of affibody, a member of the family of antibody

mimetics. The randomization positions in affibody scaffold are highlighted in red.
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1-7. Purpose of the present study

Techniques for manipulating biological phenomena by light have been developed in
recent years. However, the light manipulation of heterotrimeric G proteins, one of the
most important proteins modulating signal molecules in mammalian cells, has not
been achieved. In order to control the heterotrimeric G proteins with light, we focused
on approaches to photoactive proteins, which called optical approaches®. Optical
approaches offer optical control of target proteins so as to manipulate their function.
The purpose of this study in Chapter 2 is to develop photoactivable heterotrimeric G
proteins. By the combination of photoswitches and the o subunit of heterotrimeric G
proteins (Ga), it is capable to manipulate the subcellular localization of Ga through
light illumination so as to optically induce the second messengers in mammalian cells.
Because light has high spatiotemporal resolution, the development of this approach
will achieve the control of the second messengers with superior spatiotemporal
resolution, offering greater convenience than the existing approaches.

Another research purpose of this study is to make progress in development of new
technology to manipulate cellular processes through protein engineering. Despite
existing biological approaches, including the optical approaches, offer precise control
of target proteins so as to regulate the biological response, they are limited because
they are merely available to control single protein of interest (POI). For example, by
the usage of two different photoswitches, it is possible to manipulate protein A with
blue light and protein B with red light, respectively. However, it is impossible to
control these two proteins simultaneously by monochromatic light. Sometimes,
integration of different POIs is indispensable to comprehensively explain complex
biological phenomena. In order to meet such demands faced in future researches, a
system that can simultaneously manipulate multiple POIs is required. In Chapter 3,
we sought to engineer a new system, named affibody-based TI-DrBphP system,
which enables the simultaneous control of two different proteins. The system can be
granted functions by fusing it to various functional proteins to achieve the goal of
directly visualizing or regulating target proteins in living cells. With the development
of this system, it will become possible to obtain insights into more complicated

biological phenomena, which could not be achieved by conventional techniques.
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Chapter 2: Optical manipulation of heterotrimeric G

proteins with multi-color
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2-1. Introduction

Heterotrimeric guanine nucleotide-binding proteins (heterotrimeric G proteins) are
made up of three different subunits: alpha (Ga), beta (Gf) and gamma (GY) subunits.
They act as molecular switches inside cells, and their main function is signal
transduction working together with G protein-coupled receptors (GPCR). When
responds to a ligand-induced conformation change of GPCR, Ga of heterotrimeric G
proteins dissociates from the Gy dimer and then activates effector proteins in
particular signal transduction pathways, evoking downstream signaling cascades.

By the plasma membrane recruitment of constitutively active form of Ga, and Ga,
using the chemically-inducible dimerization system: FKBP/FRB, it has been achieved
in directly activating Go bypass the GPCR, which induces downstream signaling
cascades. However, the limitation of this approach is it hardly reaches spatiotemporal
control because of the irreversibility and the diffusiveness of the chemical
dimerization. In addition, optogenetic tools like optoXRs, which allow achieving high
spatiotemporal precision, have also been developed for manipulation of Ga. The
limitation of optoXRs is that they are usually incompatible with other fluorescent
tools used as biomarkers or biosensors, because the excitation wavelength of these
tools may potentially perturb the function of optoXRs which having broad absorption
band. To address these problems, new optogenetic approaches to manipulate the
heterotrimeric G proteins is required.

We anticipated that the translocation of Ga (Ga, and Ga,) to the plasma membrane
by a light dependent way rather than the chemical method should also be able to
activate the effector of Ga. To achieve this purpose, we focused on approaches to
active proteins using the photoswitches: Magnet system and PhyB/PIF6 system. We
localized part A of the photoswitch to the plasma membrane by fusing it to a
membrane localization sequence: CAAX motif®, which is available to target proteins
to the endomembrane of cell (Figure 2-1). In the other side, part B of the photoswitch
is fused to the Gaexpression in the cytoplasm. Upon the light illumination, the two
parts of the photoswitch interact with each other, resulting in the translocation of Go
from cytoplasm to plasma membrane. The reaction is reversible because when

switched to another light condition, the interaction between the photoswitch can be
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blocked and the Ga,/Ga, will release from the membrane to the cytoplasm again.

Plasma Membrane
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\ 4
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\ ’

Photoswitch

Figure 2-1. Translocation of heterotrimeric G proteins to plasma membrane.

There are different classes of Ga, the application of different photoswitches: blue

light activatable Magent system and red light activatable PhyB/PIF6 system will allow

us to achieve multi-color control of different Ga (Ga, and Ga,) seperately. The

attractive characteristic of light is that it has superior temporal and spatial resolution.

The development of these optical approaches will achieve the regulation of second

messengers with high spatiotemporal resolution.
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2-2. Materials & Methods

2-2-1. DNA constructions

The humanized gene encoded variants of nMag/pMag were gifted from Dr. Kawano.
The humanized genes encoded PhyB construct harboring tandem PAS (1-908) and
100-residue N-terminal phytochrome binding domain of PIF6 were synthesized by
Eurofins Genemics (Tokyo, Japan). cDNAs encoding human Ga,, and Gao, were gifted
from Dr. Putyrski. All plasmid constructions appeared in this study were created by
standard molecular biology techniques and separately subcloned into the mammalian
expression vector pcDNA3.1. All cloning enzymes were obtained from Takara
Biomedical (Tokyo, Japan) and used according to the manufacturer’s instructions.
The constructions were confirmed by sequencing the cloned fragments. Several
mutants of protein (such as C9S and C10S mutants in Ga,,) were used in this research.
The present mutagenesis was performed with an overlap extension technique and
Multi Site-Directed Mutagenesis Kit (MBL, Nagoya, Aichi, Japan) according to the

manufacturer’s instructions.

2-2-2. Cell culture

COS-7 and HEK293 cells were cultured at 37°C under 5% CO, in Dulbecco’s
Modified Eagle Medium (DMEM; Invitrogen). HeLa cells were cultured under 5%
CO, in Minimum Essential Medium Eagle (MEM; SIGMA). Both mediums were
supplemented with 10% fetal bovine serum (GIBCO, Carlsbad, CA, USA), 100
unit/ml of penicillin and 100 pg/ml of streptomycin (GIBCO). These cells were for

translocation assay, Ca** imaging and bioluminescence assay.

2-2-3. TIRF imaging

To conduct the plasma membrane-translocation assay of the activator construct using
TIRF imaging®, COS-7 cells were plated at 1.0 x 10* cells per dish on glass-bottomed

dishes and cultured for 24 hours at 37 °C in 5% CO,. The cells were transfected with
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cDNAs encoding DsRedEx2-pMagFastl-Ga,, and nMagHighl-mKikGR-CAAX at a
1:1 ratio using X-tremeGENE 9 DNA transfection reagent (Roche Diagnostics GmbH,
Mannheim, Germany) according to manufacturer’s protocol. The total amount of
DNA was 1 pg per dish. Twenty-four hours after transfection, the medium was
replaced by the DMEM culture medium supplemented with 10% FBS. The cells were
maintained for 24 hours at 28 °C. Before imaging, the culture medium was replaced
with Hanks' Balanced Salt Solution (HBSS, Grand Island Biological Co., Grand
Island, NY, USA) containing 10 mM HEPES. Imaging was performed at room
temperature with a 100 x oil objective on the stage of an ECLIPSE Ti TIRF
microscope (Nikon, Tokyo, Japan). Fluorescence images of DsRedEx2 were taken
using an optically pumped semiconductor laser at 561 nm (Coherent, CA, USA). Blue
light illumination was conducted using an optically pumped semiconductor laser (488

nm) at | mW for 50 ms.

2-2-4. Live cell imaging

The 35 mm glass-bottomed dishes (AGC TECNO GLASS Co., Shizuoka, Japan)
were coated with poly-L-lysine (Sigma-Aldrich Co., Missouri, USA) at room
temperature for 60 minutes, washed twice with 2 ml Milli-Q for use. As an example,
HEK293 cells were plated at approximately 2.0 x 10" cells/dish and cultured for 24
hours at 37 °C with 5% CO,. Cells were then transfected with cDNAs encoding
nMagHigh1-mKikGR-CAAX, pMagFast1-Ga, and R-GECOLI or substitutions using
X-tremeGENE 9 DNA transfection reagent. Twenty-four hours after transfection, the
culture media were replaced with HBSS containing 10 mM HEPES. Live cell imaging
was conducted at 37 °C with a heated stage adaptor (Tokai Hit Co., Fujinomiya,
Shizuoka, Japan). Fluorescence images of mKikGR and R-GECO1 were taken using a
solid-state laser at 515 nm (Coherent) and a laser diode at 559 nm (NTT electronics,
Yokohama, Japan) respectively. Blue light illumination was completed with a Laser
diode at 473 nm.

HelLa cells were plated in 35 mm glass bottom dish (MATSUNAMI, Tokyo, Japan)
and seeded for 24 hours, achieving to approximately 70% confluence of the plate.
cDNAs encoding PhyB-FusionRed-CAAX, PIF6-Ga,, and GCaMP3 were transfected

to cells at a ratio 3:1:1 using the Lipofectamine 3000 Transfection Kit (Invitrogen,
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CA, USA) for 24 hours at 37°C. The total amount of DNA was 0.5 pg. The cells were
further incubated for 12 hours at 28°C. PCB (Frontier Scientific, Logan, UT, USA)
was added to the cells under dark condition to give a final concentration of 20 pM and
incubated another 60 minutes. Then the culture media were washed and replaced with
HBSS. Live cell imaging was conducted at 28°C with the heated stage adaptor.
Fluorescence images of FusionRed and GCaMP3 were taken using a solid-state laser
at 559 nm (NTT electronics, Yokohama, Japan) and a laser diode at 473 nm
(Olympus, Tokyo, Japan) respectively. Red light illumination was completed with a
laser diode at 635 nm (Olympus). LED array (735 nm + 20 nm, 1.5 mW/cm®) was
used as the inactivation light. To monitor the plasma membrane recruitment of
PIF6-Ga,,, mYFP (Q70K) was inserted between PIF6 and Ga,. Translocation assay
was performed under a same condition after PhyB-FusionRed-CAAX and
PIF6-mYFP-Ga,, were transfected to HeLa cells at a 9:1 ratio.

FV1200 confocal laser scanning microscope (Olympus) and 60 X oil immersion

objective were used in live cell fluorescence imaging and translocation assay.

2-2-5. Bioluminescence assay

HEK 293 cells were plated at approximately 1.0 x 10° cells/well in a 24-well plate
(AGC TECNO GLASS Co., Shizuoka, Japan), and cultured for 24 hours at 37 °C
with 5% CO,. cDNAs encoding PhyB-FusionRed-CAAX, PIF6-Ga, and the reporter
pGL4.29 [luc2P/CRE/Hygro] were transfected to cells at a ratio 3.5:0.5:1 using the
Lipofectamine 3000. The total amount of DNA was 0.5 pg/well. Then samples were
covered with foil to ensure dark conditions and kept in 37°C incubator for 12 hours,
an additional 12 hours incubation at 28°C was executed for enough protein
accumulation and better membrane localization. PCB was dissolved in DMEM and
added to the samples half an hour before illumination. We used LED light sources
(CCS Inc., Kyoto, Japan) for red (660 + 20 nm) and far-red (735 + 20 nm) light
illumination respectively. The culture medium was removed after a period of
illumination. The cells were treated with 200 pl/well passive lysis buffer (Promega,
Madison, WI, USA) for 15 minutes at room temperature. 500 pul HBSS culture
medium containing 200 uM bp-luciferin pottasium salt (Wako Pure Chemistry

Industries, Ltd., Osaka, Japan) was prepared as a substrate. Bioluminescence
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measurements were immediately performed after mixing the p-luciferin solution with

the lysed cells using a Glomax 20/20 Luminometer at room temperature (Promega).
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2-3. Results

2-3-1. Blue light-induced membrane recruitment of Go,

Magnet system consisting of nMagHighl and pMagFastl is a recently developed
dimerization system, which is based on a photoreceptor Vivid derived from
Neurospora crassa. Heterodimerization occurs between nMagHighl and pMagFastl
upon blue light illumination, while moved to darkness, the interaction dissociates
quickly. The Magnet system shows high interaction affinity and fast switch-off
kinetic, absorbs a narrow spectrum of blue light and its heterodimerization can be
induced with weak light power. These facilitative properties of the Magnet system
show the feasibility to gain precise spatiotemporal control of Ga. In utilization of the
photoswitchable Magnet system, we designed a strategy (Figure 2-2) that blue light
induces Ga, to move from the cytoplasm toward the plasma membrane, where Ga,,
activates the effector phospholipase C-beta (PLCP) and triggers the cytosolic Ca**
release. In this translocation-based approach, pMagFastl linked with Go, at the
C-termini is localized in the cytoplasm, while nMagHighl tagged with mKikGR is
anchored to the plasma membrane using a membrane localization sequence: CAAX
motif. The fluorescent protein mKikGR® can be used to monitor the expression level
of the probe and mark the cells of interest. After blue light stimulation,
heterodimerization occurs between nMagHighl and pMagFastl, and thereby induces
the translocation of pMagFastl-linked Go, from the cytoplasm to the plasma
membrane. The translocation of Ga, to the plasma membrane activates the
downstream effector PLCf3, which produces inositol 1,4 .5-triphosphate (IP3) and
diacylglycerol (DAG). Subsequently, IP3 binds to IP3 receptor (IP3R) on
endoplasmic reticulum (ER) and leads to the release of Ca** from the intracellular

store sites to the cytosol.
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Figure 2-2. Light-inducible dimerization of the Magnet system allows Ga, to translocate to the plasma
membrane and trigger cytosolic Ca®* release through the phospholipase C-beta (PLCp)-inositol

triphosphate receptor (IP;R) pathway.

To confirm the blue light-dependent interaction between nMagHighl and pMagFastl,
we performed the cell-based translocation assay using a total internal reflection
fluorescence (TIRF) microscope. nMagHighl-mKikGR-CAAX and DsRedEx2-
pMagFast1-Ga, were coexpressed in COS-7 cells. mKikGR and DsRedEx2 were
fluorescence proteins visualizing the expression of the two constructions. nMagHighl
was targeted to the plasma membrane using the membrane localization sequence
CAAX while pMagFastl was targeted to the cytoplasm at first. We traced the
fluorescence intensity of DsRedEx2® in the plasma membrane and observed a
remarkable increase of TIRF signal directly after 488 nm (blue) laser illumination
(Figure 2-3). In order to verify the light dependency of the fluorescence change, we
introduced C71S* mutation to nMagHighl and pMagFastl, which impairs the
photoswitching dimerization of these two proteins. As expected, the C71S
substitutions generated scarcely TIRF signal change upon 488 nm light illumination.
These results demonstrate that the dimerization of nMagHighl and pMagFastl is
switched on upon blue light illumination, and this blue light-dependent dimerization
is able to induce the recruitment of cytosolic DsRedEx2-pMagFastl-Ga, to the

nMagHigh1-decorated plasma membrane.
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Figure 2-3. TIRF translocation assay. (Left) nMagHigh1-mKikGR-CAAX and DsRedEx2- pMagFast1-
Ga, were co-expressed in COS-7 cells. The fluorescence intensity was significantly increased after
blue light stimulation at 488 nm (blue bar). (Right) The Magnet system-based probe
(nMagHigh1/pMagFastl) showed a remarkable TIRF signal change upon the blue light illumination
while negative mutants with C71S substitutions (nMagHigh1-C71S/pMagFast1-C71S) showed no

significant TIRF signal change after the blue light stimulation.
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2-3-2. Blue light-induced Ca** release.

nMagHigh1-mKikGR-CAAX and pMagFastl-Ga,, were transfected to the human
embryonic kidney 293 (HEK 293) cells. As confirmed by the fluorescence of
mKikGR, nMagHighl domain was anchored to the plasma membrane (Figure 2-4).
To quantify the Ca® level induced by activated Ga,, we transfected a Ca®* indicator
R-GECO1%, which was excited at 559 nm spectrally distinct from the absorption

spectrum of the Magnet system.

0.2 nMagHigh1

Absorbance
<)
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400 450 500 550 600
Wavelength [nm]

fﬁm

Figure 2-4. (Left) Membrane localization of nMagHighl-mKikGR-CAAX; (Right) Absorption

spectrum of purified nMagHighl protein. Blue line stands for the activation light used for the
dimerization of Magnet system. Red line stands for the excitation light used for the fluorescence

imaging of R-GECOL.

Ca’ responses were transiently evoked in the cells immediately after nMagHigh1 and
pMagFastl were activated upon blue light illumination at 473 nm (Figure 2-5). This
result demonstrates that blue light-dependent membrane recruitment of
pMagFast1-Ga, induces the Ca’ release in the cells. In contrary, cells in the absence
of the light stimulation failed to detect any Ca’* response, implying the excitation
light (559 nm) for R-GECO1 did not perturb the interaction of the Magnet system as

expected from its absorption spectrum.
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Figure 2-5. Ca** responses with (left) or without (right) blue light stimulation in the Magnet system

based probe.

There was not any blue light-dependent response observed in the negative control that
cells only expressing R-GECO1 (Figure 2-6). We also did not detect any Ca”" signal
under the blue light illumination when the C71S substitutions were employed to this

approach, which well explained the light dependence of this approach.
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Figure 2-6. Negative controls of blue light-induced Ga, system. When only the Ca™ indicator
R-GECO1 was transfected to cells, no signal was evoked with (A) or without (B) blue light stimulation.
By introducing the C71S inactive mutations, Ca®* signal was not evoked with (C) or without (D) blue

light stimulation. Blue bars indicate blue light illumination at 473 nm.

Next we compared the Magnet-based approach with the corresponding Ca®*

modulating tool of optoXRs called opto-a1 AR. Live cell imaging was conducted after
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R-GECOI1 and opto-alAR were co-expressed in HEK 293 cells. Similarly, 473 nm
laser light was illuminated to the specially designated regions as the stimulation
source of opto-a.l AR. We recorded the time-lapse cytosolic fluorescence intensity of
R-GECOL1. As a result, the response of R-GECO1 was observed with or without 473
nm light illumination in opto-alAR (Figure 2-7). This experiment yields that
opto-a.1 AR is activated by the excitation light of R-GECO1 because rhodopsin covers

a broad absorption band, thereby resulting in undesired Ca** oscillations.
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Figure 2-7. Ca® responses with (left) or without (right) blue light stimulation in opto-a.1AR.

By the direct comparison between the Magnet-based approach and opto-a1AR, we
conclude that our strategy affords advantage in selectable usage of photoswitchable
dimerization systems having narrow absorption spectrums, such as the Magnet system
in this case, which indeed leads to the incorporation with R-GECO]1 rending it more
implementable for Ca® imaging.

To evaluate the repeatability of this approach, 473 nm laser light was illuminated to
the same cell scheduling 5-10 minutes interval for a total of 100 minutes and every
time Ca®* signal was captured by R-GECO1 (Figure 2-8). The blue light-dependent
oscillations show that the regulation of the membrane recruitment of Ga, and the
subsequent release of Ca™ can be repeatedly manipulated with blue light without
losing the efficiency. We further certify that the manipulation of intracellular Ca**
level is spatially photo-regulated. Upon blue light illumination, the fluorescence
intensity of R-GECOI in the specified cell was increased, indicating a higher
intracellular Ca** level upon blue light stimulation. While the fluorescence brightness
of R-GECOI1 generally remained unchanged in the other cells without exposure to

blue light, showing that the present system is suitable to space-resolved activation of

25



Ca® release. Additionally, the amplitude of calcium spikes after blue light
illumination showed comparable to that elicited by ligand-induced activation of

endogenous histamine receptor (Figure 2-9).

[+ -]
o
(=4
o
)

| | | 10.000 min 15.130 min

o
o
(=4
o
L

R-GECO1 fluorescence
intensity [A.U.]
-
[=]
(=]
o

2000 1 L‘ A )
0 - - - -
0 25 50 75 100
Time [min]

5 5 %

Figure 2-8. Ca™ imaging using the Magnet-based approach with pulsed blue light illumination.
Time-lapse fluorescence imaging showed that repeatable response of R-GECO1 was evoked upon
activation light at 473 nm. Blue bars indicate 473 nm laser illumination (upper panel). Only the
specified region (blue rectangle) illuminated with blue light at 488 nm showed Ca®" release. Scale bar

50 um (lower panel) .
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Figure 2-9. Comparison of blue light-induced Ca* response with histamine-induced Ca** response.
(A) Measurement of fluorescence intensity of R-GECO1 upon different stimulations with blue light
(B) Averaged amplitude of R-GECO1 fluorescence intensity by blue light illumination (n=10) or

histamine stimulation (n=12).
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2-3-3. Red light-induced Ca** release.

Another advantage of the present strategy over the optoXRs is that Go,, can also be
manipulated by different wavelength of light via replacing the Magnet system to other
types of dimerization system. Here I present another optogenetic approach to
manipulate Ga,, based on the red light-inducible PhyB/PIF6 system.

The PhyB/PIF6 system is sensitive to red light for binding, and shows low binding
affinity in darkness or under far-red illumination. FusionRed-tagged PhyB is anchored
to the plasma membrane by tethering to CAAX while PIF6 linked with Ga, is
targeted to the cytoplasm. After red light stimulation, the plasma membrane-anchored
PhyB binds to the Go,-linked PIF6, and thus leads to the translocation of PIF6-Ga,,
from the cytoplasm to the plasma membrane, where the Go, activates PLC and
subsequently evokes the Ca* releasing to the cytosol. When under far-red condition,
PIF6-Gaq dissociates from the plasma membrane to the cytoplasm, blocking the Ca**
release (Figure 2-10).
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Figure 2-10. Red light-inducible dimerization of the PhyB/PIF6 system allows the plasma membrane

recruitment of Ga,, and triggers cytosolic Ca™ release.

For confocal imaging of the plasma membrane translocation of the PhyB/PIF6-based
photoswitch, PhyB-FusionRed-CAAX and PIF6-mYFP-Ga,, were transfected to HeLa
cells. Upon stimulation with red light (635 nm), the calculated fluorescence intensity
of mYFP” in the cytosol was decreased, while it was increased in the plasma
membrane (Figure 2-11), suggesting the red light-induced recruitment of
PIF6-mYFP-Ga,, to the plasma membrane. Previous researches show that the

dissociation of PhyB/PIF6 interaction not only occurs under far-red illumination but
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also takes place in darkness with very likely different kinetics and it is clear that

far-red light-induced PhyB/PIF6 dissociation is much faster than the dark reversion

rate.
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Figure 2-11. Translocation of the PhyB/PIF6-based photoswitching system. (A) Expression of
PhyB-FusionRed-CAAX and PIF6-mYFP-Ga,. Scale bar, 10 uM. The fluorescence intensity of mYFP
increased in the plasma membrane upon stimulation with red light at 635 nm, demonstrating the
translocation of PIF6-mYFP-Go,, to the plasma membrane. (B) Line profiles (right panel) represent
fluorescence intensity of mYFP measured along the blue line of the PIF6-mYFP-Ga.,, image (left panel).

(C) Cytosolic fluorescence of mYFP was immediately increased after far-red illumination suggesting
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that far-red induced PhyB/PIF6 dissociation quickly. (D) There was no cytosolic fluorescence increase

in the short period time under dark condition.

I employed GCaMP3"' as the Ca* indicator and excited it at 473 nm to avoid the
interference to the PhyB/PIF6 interaction. PhyB-FusionRed-CAAX, PIF6-Go,, and
GCaMP3 were transfected to HeLa cells. It is evident that GCaMP3 was
homogeneously dispersed in the cytoplasm and the PhyB domain was anchored to the
plasma membrane (Figure 2-12). During the Ca** imaging with GCaMP3 at 473 nm,
far-red (735 nm) and red (635 nm) light was alternatively used to control the
dissociation and association of PhyB/PIF6. In accordance with the result of the
Magnet-based approach, Ca** signal could be repeatedly evoked in the cells upon red
light illumination at 635 nm. Negative controls in the absence of PhyB-FusionRed
-CAAX or PIF6-Go, did not show any red light-dependent Ca® response. These
results demonstrate that our strategy allows selective utilization of different
photoswitchable dimerization systems to manipulate the membrane recruitment of

Ga,, and light-induced Ca™ release.
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Figure 2-12. (Left) Homogeneous cellular diffusion of GCAMP3 in HeLa cell (upper panel) and the
plasma membrane localization of PhyB-FusionRed-CAAX (lower panel). (Middle) Ca** imaging of the
PhyB/PIF6-based approach with pulsed red light illumination. Time-lapse fluorescence imaging
showed that repeatable response of GCAMP3 was evoked upon activation light at 635 nm (red bars),
735 nm far-red (deep red bars) illumination was used as the inactivation light. (Right) Negative control

in the absence of PhyB-FusionRed-CAAX did not show red light-dependent response.
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2-3-4. Red light-induced cAMP increase.

Varieties of Ga appropriate different downstream effectors in the plasma membrane.
As previously mentioned, the manipulation of the Go,, leads to the release of cytosolic
Ca®. I sought to extend the strategy by the replacement of PIF6-linked Ga, to Ga,.
Ga, activates the downstream adenylyl cyclase (AC) after its localization at the
plasma membrane and catalyzes the conversion of adenosine triphosphate (ATP) to
3",5 -cyclic AMP (cAMP) and pyrophosphate” ",

I employed cAMP response element (CRE) driven secretory luciferase construct
PCRE-luc’ as a reporter to test whether light-actuated recruitment of G, to the
plasma membrane will increase the cAMP level in living cells. cAMP regulates the
transcription of the downstream luciferase gene via a conserved gene promoter
element CRE (Figure 2-13). Theoretically, a higher intracellular cAMP level leads to
a greater expression of luciferase, which can be sensitively measured by the

luminescence intensity.
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Figure 2-13. Red light-inducible dimerization of the PhyB/PIF6 system allows Go, to translocate to the

plasma membrane and trigger cAMP release owning to the activation of adenylyl cyclase (AC).

PhyB-FusionRed-CAAX, PIF6-Ga, and PCRE-luc were transfected to HEK293 cells,
and the cells were kept in a dark incubator for protein expression before exposure to
light. I measured the cAMP level by tracing the luminescence intensity of the
CRE-driven gene expression products. The luminescence intensity of samples under
the far-red light (735 nm) condition remains constant (Figure 2-14), which reveals
far-red illumination kept the intracellular cAMP in a roughly invariant level.

Conversely, the luminescence intensity of the samples under the red light (660 nm)
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condition significantly increased after the beginning of the illumination and reached a
maximum value in about 15 hours. This result indicates that red light-triggered
recruitment of Go, generates a higher intracellular cAMP level that is sufficient to
facilitate the gene expression. The incorporation of cofactor phytochromobilin (PdPB)
or phycocyanobilin (PCB) is required for the light sensitivity of PhyB”. As expected,
the luminescence intensity of samples in absence of cofactor PCB did not increase
even under red light illumination. Further analysis about the correlation between PCB
concentration and the PhyB/PIF6-induced cAMP level suggested that 50 uM is

preferable under the conditions we used.
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Figure 2-14. (Left) Time-lapse luminescence intensity of samples under red illumination at 660 nm
(red) or far-red illumination at 735 nm (far-red), with (PCB (+)) or without (PCB (-)) addition of PCB.
The increment of luminescence intensity was only observed in the samples under red illumination in
the presence of PCB. The upper table means the normalized intensity ratio changes between red PCB
(+) and far-red PCB (+). (Right) Relationship between PCB concentration and the luminescence

intensity.

Moreover, I measured the red power dependency against the luminescence intensity.
The result indicates that the cAMP level is precisely fine-tuned by varying the red
light power between 0.01 mW/cm® and 1 mW/cm’ (Figure 2-15). Finally optimization
of several parameters including PCB concentration, illumination time and light power
allowed a 14-fold bioluminescence intensity difference between the samples under
red (660 nm) and far-red (735 nm) light conditions. Besides, the samples kept in
darkness showed a similar result to those illuminated by far-red light, which is
consistent with the fact that both dark and far-red conditions make PhyB binding with

its partner PIF6 in a low affinity. As a negative control, cells without expressing
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PhyB-FusionRed-CAAX showed very faint luminescence and appeared no
appreciable difference between red and far-red conditions.
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Figure 2-15. (Left) Power dependency of the luminescence intensity under illumination at 660 nm.
(Right) Result of the bioluminescence assay after optimization of several parameters including PCB
concentration (50 pM), illumination time (14 hours) and light power (red: 0.15 mW/cm?; far-red: 1.5
mW/cm?). The inset is a partially enlarged view of Mock, which means a negative control in the

absence of PhyB-FusionRed-CAAX.

Additionally, I showed that the red light-induced cAMP increase with the
PhyB/PIF6-based Ga, system is more significant than cAMP increase stimulated by
endogenous GPCR ligands and the effect is approximately equivalent to the result
when 5 uM foskolin was tested (Figure 2-16). Based on all the calculated results, it is
proved that optical manipulation of Ga using our strategy is not merely applicable to

Ga, but also suited for Ga,.
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Figure 2-16. Comparison of different stumili-responsive cAMP level: red light, native GPCR ligands
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and forskolin. HEK 293 cells transfected with PhyB-FusionRed-CAAX, PIF6-Go, and reporter gene
(Pcge-luc), and the bioluminescence intensity was measured 12 hours after red light illumination (660
nm, 0.15 mW/cm?). While other cells were transfected with reporter only but cheated with 1 uM
isoprenaline (ISO), 100 uM adenosine and different concentration (0.5, 5, 50 uM) of forskolin (FSK).

The error bars indicate standard deviation from three individual samples.
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2-4. Discussion & Conclusion

In this study, we developed and certified a strategy that Go achieves activation via
light-controlled translocation of Go. from the cytoplasm to the plasma membrane
using photoswitchable dimerization systems. In contrast to optoXRs, this strategy
affords unique advantage in selectable usage of photoswitchable dimerization systems
having narrow absorption spectrums, thereby allowing the feasibility of
combinational application with other fluorescent tools. Additionally, this strategy is
generally applicable to different classes of Ga.. To be more specific, we demonstrated
individual approaches to manipulate Go,, and Ga, based on the Magnet system and
the PhyB/PIF6 system, and the light-dependent regulation of two second messengers:
Ca®* and cAMP.

Our strategy provides multiple selections of dimerization system to manipulate Ga in
order to meet the demands of different applications. We demonstrate that the
wavelength used in light-triggered recruitment of the Ga,, can be easily shifted from
blue (473 nm) to red (635 nm) by replacing the dimerization systems. Both two
approaches achieve temporal and repeatable regulation of cytosolic Ca** release upon
photoirradiation. These two different dimerization systems have their own features.
The Magnet system has high interaction affinity and an exogenous addition of
cofactor is not required. The PhyB/PIF6 system has fast switch-off kinetic and it
should be superior when applied to in vivo studies because of the better tissue
penetration of red light. Regardless of which approach is used, it should be emphasize
that the most remarkable characteristic for manipulation of Ga, with the Magnet
system and the PhyB/PIF6 system is the competitive advantage over the opto-a, AR.
Opto-a,,AR getting broad absorption band suffers from the perturbation by the
excitation light for Ca® indicators. The use of the Magnet system or the PhyB/PIF6
system that has narrow absorption band overcomes this fundamental difficulty. These
photoswitching systems are supposed to free up vacant spectrum that provide more
selection of fluorescent proteins for labeling. This distinct spectral property also can
be harnessed to combine with other optogenetic tools such as channelrhodpsin-2*"°.
The successful manipulation of both Go,, and Go, demonstrates that our strategy is

feasible to optically manipulate different classes of Go. Light-dependent control of
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Ca®* and cAMP has been achieved through the corresponding activation of Ga, and
Ga,. Optical regulation of these second messenger molecules provides extensive
applications to mediate biological process. Moreover, optical recruitment of other
classes of Ga as well as Ga,, and Ga, to the plasma membrane may also be applicable
by indiscriminately apply this strategy, and the property of ‘auto-activation’ upon the
plasma membrane recruitment can be shared to all other classes of Ga, because they
are generally believed to carry out signal functions at the plasma membrane.
Therefore, diversified downstream pathways presumably can be regulated so as to
mediate various patterns of signaling events in mammalian cells.

In summary, we provide a strategy to construct highly versatile approaches to
optically manipulate the Ga. Various types of Ga can be recruited to the plasma
membrane using different dimerization systems so as to reach the activation. As the
functional application of this strategy, it enables optical switchable regulation of

different second messengers in mammalian cells.
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Chapter 3: Development of an affibody-based engineered

system to switch cellular processes
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Chapter 4: General conclusion
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