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Abstract

Intracellular trafficking of G protein-coupled receptors (GPCRs) controls their
localization and degradation, which affects a cell’s ability to adapt to extracellular
stimuli. Due to the significant roles of GPCRs in living cells and tissues, the
perturbation of trafficking induces important diseases such as neurodegenerative,
psychiatric, immune disorders, cardiovascular, gastrointestinal, renal, and pulmonary
diseases, and cancer. Therefore, the analysis of the trafficking mechanism is necessary
for drug development and therapeutics. However, the conventional methods are not
sufficient for comprehensive understanding of the regulation of GPCR trafficking.

Herein, I demonstrate an optogenetic method using an optical dimerizer, cryptochrome
(CRY) and its partner protein (CIB), to analyze the trafficking mechanisms of GPCRs
and their regulatory proteins. Temporally controlling the interaction between B-arrestin
and B2-adrenergic receptor (ADRB2) reveals that the duration of the B-arrestin-ADRB2
interaction determines the trafficking pathway of ADRB2. Remarkably, the
phosphorylation of ADRB2 by G protein-coupled receptor kinases is unnecessary to
trigger clathrin-mediated endocytosis, and B-arrestin interacting with unphosphorylated
ADRB?2 fails to activate mitogen-activated protein kinase (MAPK) signaling, in contrast
to the ADRB2 agonist isoproterenol. Temporal control of B-arrestin-GPCR interactions
will enable the investigation of the unique roles of B-arrestin and the mechanism by

which it regulates B-arrestin-specific trafficking pathways of different GPCRs.
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Chapter 1

General Introduction



1-1. Cell Membrane Receptors

Cells response to various extracellular stimuli such as nutrients, cytokines, hormones,
and other chemical compounds. These biomolecules bind to proteins called “receptor”
on cell surface and inside cells'™. The receptors on the cell surface “cell membrane
receptors” mediate information of surrounding circumstance inside the cells by
producing second messengers such as cyclic AMP (cAMP), cyclic GMP, calcium ion,
inositol trisphosphate, diacylglycerol, and nitric oxide’'* (Figure 1-1). The second
messengers activate numerous downstream signal pathways. The cells also inactivate an
excessive activity of cell membrane receptors through some approaches such as
post-translational modification, sequestration, degradation, and suppression of
transcription of the receptors. The precise regulation of activation and inactivation of
the cell membrane receptors generates various patterns of the downstream signals,
which is important for integration of complicated biological events such as proliferation,

differentiation, adaption, and apoptosis in living tissues and animals!*8,
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Figure 1-1. Regulation of biological events through cell membrane receptors



1-2. G protein-coupled Receptor
G protein-coupled receptor (GPCR) belongs to the largest family of the cell membrane
receptors. More than 800 members of GPCRs are coded in human genome and
expressed in most of tissues, which means that GPCRs regulate a wide range of cellular
events sustaining ordinary lives of animals'®?. Perturbation of the GPCR systems leads
to crucial diseases such as neurodegenerative, psychiatric, immune disorders,
cardiovascular, gastrointestinal, renal, and pulmonary diseases, and cancer’**3. Thus,
the half of drug in current use targets GPCRs.
Specific ligands are necessary for activation of GPCRs. Ligand-bound GPCR

changes its conformation on the cell surface’**?

, which promotes recruitment of G
proteins to GPCRs (Figure 1-2). GPCR-bound G proteins catalyze guanin nucleotide
exchange on the o subunit of G proteins (Go))*’. Ga activates effector proteins such as
adenylyl cyclase and phospholipase, which modulates second messengers including
cAMP and Ca**. The second messengers activate protein kinases A/C, which promotes
activation of Raf proteins. The Raf proteins phosphorylate mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinase (ERK)*"*!. The
phosphorylated ERK1/2 is transported in the nucleus, and activates nuclear substrates
such as nuclear transcription factors, cytoskeletal proteins, signaling proteins and
receptors.

To desensitize the activated GPCRs, G protein-coupled receptor kinases (GRKs) are
activated by the active state of GPCR***. GRKs phosphorylate serine and threonine
residues on C-terminus of GPCRs, which increases an affinity of GPCR with a scaffold

protein, B-arrestin. B-arrestin is a scaffold protein and plays a key role of endocytosis of

membrane receptors including GPCRs and growth factor receptors*>*¢. Upon the



binding to GPCRs, B-arrestin changes its conformation*’*®, GPCR-bound B-arrestin
exposes its C-terminus to the intracellular compartment, which promotes interaction of
B-arrestin with endocytic proteins such as clathrin and AP-2*-°. GPCR-B-arrestin
complexes are recruited to clathrin-coated pits (CCPs) by clathrin adaptor proteins at the
cell surface, and they are released from the membrane by GTPase, dynamins®'.

Ligand-activated GPCRs are sequestrated from the cell surface by endocytosis.

%G protein
G protein signals !
(cCAMP, Ca2+) \

~ phosphorylation Endocytosis

. ! TranscriEtion

. DNA s

Figure 1-2. Model of regulation of GPCR on cell surface.

GPCRs activate G protein signals upon the stimulation of ligand. The G protein signals
lead to the transcription of related genes through downstream molecules such as
ERK1/2 and p90RSK. GRKs induce phosphorylation at serine and threonine residues in
the cytosolic domain of GPCRs. The phosphorylated GPCRs are endocytosed with

[-arrestin.



1-3. Intracellular Trafficking of GPCR

Endocytosed GPCRs are delivered to endosomes, and sorted to lysosomes (degradative
pathway) or cell membrane (recycling pathway)>>>’ (Figure 1-3). GPCRs in recycling
pathway activate the signal pathways again on the cell surface, while the degradation of
GPCR leads to suppression of the signaling. Therefore, it is valuable to investigate the
trafficking mechanism for understanding the regulation of GPCR signaling.

In the previous reports, the post-endocytic fate of GPCRs is largely influenced by
post-translational modifications of their cytosolic domain such as phosphorylation and
ubiquitination (Figure 1-4)>27,

Phosphorylation of GPCRs has been characterized as the crucial factor not only for
endocytosis but also for sorting of GPCRs**®, The phosphorylation at serine and
threonine residues in the cytosolic domain of GPCRs is related to the stability of the
interaction between B-arrestin and GPCRs. In other reports, GPCRs stably interacting
with B-arrestin are retained in the cytosolic compartment, whereas GPCRs that
immediately dissociate from [-arrestin are rapidly recycled back to the cell
membrane!*®!. These previous reports suggest that the stability of the GPCR-B-arrestin
interaction has a significant role on the trafficking.

Ubiquitination of GPCRs has been investigated in previous works®*®*. Ubiquitin is a
small protein (8 kDa) and covalently binds to lysine residues of various proteins. The
general functions of ubiquitination are degradation for cell cycle regulation, tumor
suppression, and signal transduction. In the trafficking pathway of GPCRs,
ubiquitination functions as a sorting signal to lysosomes®?®*. After ligand stimulation, a
GPCR-B-arrestin complex interacts with E3 ubiquitin ligases such as Ste2 and Nedd4,

which promotes ubiquitination of GPCR. Although the ubiquitin molecules are removed



6366 it is not clear what kind of factors

form the complex by deubiquitinase (USP
trigger the deubiquitination. The authors in ref. 65 and 66 proposed a model where
GPCR-B-arrestin interaction inhibits the activity of USPs. Dissociation of B-arrestin
from GPCRs promotes the activity of USP. Their model also suggests the significant
roles of the interaction of B-arrestin with GPCRs on the intracellular trafficking of
GPCRs.

These previous reports suggest a possibility that the GPCR-B-arrestin interaction is a
determinant of their trafficking. However, there is no direct evidence to prove their

significance due to a lack of an analysis method to manipulate directly the interaction

between GPCRs and B-arrestin.

Recycling
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Figure 1-3. Intracellular Trafficking of GPCR.
GPCRs are delivered to early and late endosomes after endocytosis. Some GPCRs are
recycled back to the cell membrane for reuse, the other GPCRs are sorted to lysosomes

for degradation.
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Figure 1-4. Amino acid residues at the cytosolic domains of B2-adrenergic receptor
Upon stimulation of ligands, the serine and threonine residues in the intracellular
domain (Blue) are phosphorylated by the GRKs. The lysine residues (Red) are

ubiquitinated by ubiquitin ligases for degradation.



1-4. B-Arrestin-dependent Signal Pathway in the Trafficking

In the classical model of GPCR regulation, biological functions of B-arrestin were
restricted to desensitization of activated GPCRs and initiation of intracellular trafficking.
However, the recent works for the past 15 years have provided a novel framework of
GPCR regulation by adding a new function of B-arrestin as a signal transducer (Figure
1-5). GPCR-bound B-arrestin forms a complex with MAPK/ERK®”"2, In contrast to the
G protein-dependent activation of MAPK/ERK signaling, the phosphorylated ERK1/2
in the p-arrestin-dependent manner does not translocate to nucleus. Thus, the
phosphorylated ERK1/2 activates cytosolic substrates, not nuclear substrates. The
B-arrestin-dependent activation of signaling leads to anti-apoptotic signaling’®, and
influences the dopamine-associated behaviors’®. In addition, other signaling such as Akt
and JNK signal pathways are activated by B-arrestin dependent manners’>’¢. Although
the significance of B-arrestin as a signal transducer has been suggested, there remain
basic questions; how is the signal activated through B-arrestin, what kinds of differences

exist in the signal activation among various GPCRs.
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Figure 1-5. G protein- and B-arrestin-dependent activation of MAPK/ERK
signaling

Phosphorylated ERK1/2 in G protein signaling activates the substrates in the nucleus,
whereas phosphorylated ERK1/2 in B-arrestin signaling activates the substrates in the

cytosol.



1-5. Conventional Methods to Analyze Intracellular Trafficking of GPCRs

The regulation of intracellular trafficking of GPCR has been investigated by mutant
analysis of GPCR and B-arrestin. GPCR mutants at the phosphorylation sites showed
decreases in the efficiency of endocytosis of the mutated GPCR®’. In addition, the

1°8. Furthermore,

mutants showed reduced activities of B-arrestin-dependent MAPK signa
mutation at the ubiquitination sites suppressed degradation of the GPCR mutants after
ligand stimulation’’. Additionally, a B-arrestin mutant, interacting stably with GPCRs,

induced increases in degradation of GPCRs®8

. The approach has suggested the
significant roles of the specific residues on their trafficking. The approaches are less
effective to prove the significance of the GPCR-B-arrestin interaction.

To manipulate directly the GPCR-B-arrestin interaction, chemical dimerizers
FKBP-FRB were utilized”>® (Figure 1-6). FRB-fused p-arrestin interacted with
FKBP-fused GPCRs upon the stimulation of rapamycin, which induced endocytosis of
GPCRs and activation of MAPK signaling. The results suggest that artificial interaction
of P-arrestin with GPCR can initiate trafficking. However, it was reported that
rapamycin was hardly removed from FKBP by wash treatment®!, which suggests that
the FKBP-FRB system has an issue of their reversibility. The system is applicable for
investigation of the trafficking pathway under continuous interaction of pB-arrestin with
GPCR, but is difficult to investigate the trafficking pathway after dissociation of

B-arrestin from GPCRs. To overcome the problem of reversibility, a different

dimerization system is necessary.

10
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Figure 1-6. The GPCR-f-arrestin interaction system using chemical dimerizers
Rapamycin stimulation induced the interaction of FKBP and FRB, which triggers the
interaction between GPCR and B-arrestin. GPCR-B-arrestin complexes are endocytosed

and activate the MAPK/ERK signaling.
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1-6. Photo-dimerizers for Analysis of Biological Phenomena

Optogenetics is a technology having impacts on the fields of neuroscience and
cardiology®*®’. Light stimulation enables spatiotemporal activation and perturbation of
target molecules in living cells, which leads to analysis of spatiotemporal regulation in
specific signaling. Ion channels were firstly applied as an optogenetic tool for unveiling
the regulation of neural circuits®®*°. An expanding number of optogenetic tools have
been developed for the past 10 years’'™. Photodimerizing proteins, one of many
photoreceptor derived tools, are often used to control the interactions of specific
proteins in living cells. Cryptochrome (CRY) and cryptochrome-interacting
basic-helix-loop-helix 1 (CIB) are flavin-based photoreceptors derived from
Arabidopsis thaliana®®. Upon irradiation of blue light, a flavin adenine dinucleotide
(FAD) in CRY is converted to oxidized FAD, resulting in a conformational change of
CRY. The activated CRY interacts immediately with CIB (Figure 1-7). An attractive
feature of this system is reversible interaction between CRY and CIB. The dimerization
occurs 1 second after starting light irradiation, while dissociation of CRY from CIB is
completed within 10 min in a dark condition. The property of CRY-CIB system has
been utilized for controlling biological phenomena such as metabolism, cell motility,
transcription, organelle transport, and MAPK activation in living cells® %!, The

CRY-CIB system enables us precise control the interaction of GPCR and B-arrestin.

12
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Figure 1-7. Light-induced interaction of photodimerizers

a) FAD conversion after blue light absorption. FAD is converted to oxide FAD upon
absorption of blue light. The oxide FAD induces the conformation of CRY for
interacting with CIB. b) Light-induced interaction of CRY-CIB. The interaction of CRY
and CIB occurs 1 second after light irradiation, while the CRY dissociates from CIB 10

after incubation in dark.
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1-7. Imaging-based Analysis of Protein Localization
1-7-1. Fluorescence Microscope

To observe biological phenomena in cells and tissues, many types of microscopy have
long been developed. Light microscopy has been used worldwide and provided us
valuable information about mechanisms governing cells and tissues'°>!%. One of the
most widely used light microscopy is widefield fluorescence microscopy. In the
microscopy, excitation light emitted from lasers or lamps reaches to a sample through an
objective lens (Figure 1-8). Emission light (fluorescence) from the sample is detected in
detectors such as a photomultiplier tube (PMT) and a charge coupled device (CCD).
The widefield fluorescence microscopy has an advantage for acquiring bright images
with a short exposure time, whereas it lacks at spatial resolution in z direction. A
pinhole system has produced a remarkable progress of the performance of widefield
fluorescence microscopy. The microscope with the pinhole system in fronts of lasers
and detectors (termed confocal microscopy) has an advantage in the signal-to-noise
ratio because the pinhole blocks the fluorescence from the region out of the focus,
which enables us acquiring images with high signal-to-noise ratio and high resolution

on z axis.

14
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Figure 1-8. Confocal microscopy

Excitation light from the lasers is irradiated to a sample. Emission light from the sample
is detected in a detector. The widefield microscopy has an advantage of rapid imaging
acquisition. The confocal microscopy enables us acquiring images with high resolution

due to the function of pinholes.
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1-7-2. Fluorescent Proteins and Dyes for Labeling Protein

Labeling of specific proteins and organelles is necessary for observation under light
microscopy. Immunostaining is a classical approach to label specific proteins in fixed
cells and tissues using fluorescein-conjugated antibodies. Although immunostaining is
effective for detection endogenous proteins, the method is not applicable for living cells
and tissues due to a necessity of penetration procedures for inducing antibodies inside
the cells. To overcome the issue, many fluorescence proteins such as green fluorescence

104,105 In

proteins have been utilized for analyzing the dynamics of target proteins
addition, novel protein-labeling tags termed SNAP-tag and CLIP-tag have been
developed!®® (Figure 1-9). The tags bind covalently to a wide variety of
benzylguanin-modified fluorophore, which enables that the tag-fused proteins can be
stained with a wide variety of fluorescent dyes in living cells. The dyes for
SNAP/CLIP-tag are classified into two classes; cell membrane-permeable and cell
membrane-impermeable dyes. The dyes are separately used for analysis of whole
proteins or proteins on the cell surface.

Recent studies demonstrated combinatorial usages of fluorescence imaging and
photo-dimerization systems to analyze biological phenomena such as cell motility,
formation of lamellipodia, and trafficking of organelles. However, it must be noted that
the wavelength available for fluorescence imaging is restricted by the absorption
wavelength of photo-dimerizers. In case of CRY-CIB system, FAD in CRY is activated
by 400-515 nm wavelength of lights, which means that cyan, green, yellow fluorescence
proteins and dyes are not applicable for imaging because excitation of these fluorescent

proteins activates the FAD. Thus, we need to observe target proteins using red and

near-infrared fluorescent proteins and dyes.

16
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Figure 1-9. Labeling of target proteins using fluorescent dyes for SNAP/CLIP-tag

a) Principles of protein labeling using fluorescent dyes for SNAP/CLIP-tag.
Benzylguanine/Benzylcytocine-fused  fluorescence dyes bind covalently to
SNAP/CLIP-tags in living cells. b) Labeling of SNAP-tag using cell-membrane
permeable or impermeable dyes. The permeable dyes visualize whole proteins
expressed in living cells, which is suitable for analysis of dynamics of whole proteins.
The impermeable dyes label the tags exposed to the extracellular domain, which enables

analysis of dynamics of the proteins on the cell surface.
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1-7-3. Imaging-based Analysis of Co-localization of Proteins

Local information of proteins is valuable to understand the biological processes
because localization of proteins is closely related to their functions. Observation of the
proteins under a fluorescence microscope is a routine approach in cell biology.
Numerous works have demonstrated the intracellular localization of their target proteins
using merged images of several different proteins and specific dyes. Although merged
images are effective for qualitative evaluation of the colocalization of proteins, it is hard
to understand quantitatively a degree of co-localization. To overcome the problem,
quantitative analysis methods have been developed!®!” (Figure 1-10). Persons’
colocalization efficient (PCC) and Manders’ colocalization coefficient (MCC) are
mainly used for indicating the degree of co-localization. PCC provides correlation of
fluorescent intensities in two channels. The value ranges from -1 to 1, where -1 denoting
for complete negative correlation, 0 standing for no correlation, and 1 denoting
complete positive correlation. The PCC is effective to show overall association of two
images and contained in many programs for imaging analysis. However, the PCC is not
suitable for indicating the fraction of merged proteins. In contrast, MCC is a
well-established measure for proportion of colocalized proteins. The MCC value has a
range from 0 to 1, where 0 denoting no merged region, and 1 denoting a complete match
of two images. The MCC value enables us direct comparison of the proportion of the

colocalized proteins!!%112,

18
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Figure 1-10. Quantitative analysis of colocalization of two proteins

a) Fluorescent images of lysosome-marker protein, LAMP1 (Red) and chemical dyes
for labeling lysosome (Green) in HelLa cells. b) A change of the colocalization of
membrane receptor, adrenergic receptor (Red) and B-arrestin (Green) in HEK293 cells.
The cells were stimulated with a specific ligand of the receptor (1 uM isoproterenol) for
10 min. M1: MCC value indicating the proportion of the proteins in channel 1 merged
with that in channel 2. M2: MCC value indicating the proportion of the proteins in

channel 2 merged with that in channel 1.
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1-7. Purpose of the present study

Despite the significance of P-arrestin-related trafficking, the manner by which
[B-arrestin switches the trafficking pathways of GPCRs in living cells is unclear. Herein,
I demonstrate an optogenetic approach using the CRY and CIB for analyzing the
interaction of B-arrestin with GPCRs. The present method reveals that the light-induced
interaction of B-arrestin with B2-adrenergic receptor (ADRB?2) is sufficient to trigger
endocytosis of ADRB2 without ADRB2 being phosphorylated. I also clarify that the
dissociation of B-arrestin promotes the recycling of ADRB2 to the cell surface, whereas
the prolonged interaction of B-arrestin directs ADRB2 to the lysosomal pathway. These
results demonstrate the significant role of the duration of the ADRB2-B-arrestin

interaction on intracellular trafficking in living cells.
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Chapter 2
Development of an Optogenetic Method to Control

the Reversible Interaction between ADRB2 and B-Arrestin
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2-1. Introduction

The localization and degradation of membrane receptors are regulated by intracellular
trafficking. The precise regulation of the receptors is important for cells to adapt to a
wide variety of extracellular stimuli. Perturbation of the trafficking system leads to
crucial diseases®*>. Investigation of the trafficking mechanism is therefore important
for drug development and therapeutics.

B-Arrestin is a protein regulating the localization of membrane receptors such as
GPCRs, TGFR and IGFR***, Interaction of B-arrestin with the receptors is an initial
step for the intracellular trafficking of the receptors. Therefore, the manipulation of the
interaction of B-arrestin with the receptors have a potential to clarify the mechanism of
intracellular trafficking of the receptors. In the conventional methods, a
chemical-dimerizering system was utilized to manipulate the interaction between

B-arrestin and the receptors’®-®.

However, the system was not applicable for
investigation of trafficking pathway after dissociation of B-arrestin from the receptors
due to strong affinity of rapamycin to the dimerizers®'. To overcome the problem, I
develop a novel method to manipulate the reversible interaction of B-arrestin with the
receptors using the CRY-CIB system. Light irradiation induces the rapid interaction of
ADRB?2, which triggers the endocytosis of ADRB2. In addition, dark condition induces

dissociation of B-arrestin from ADRB2. I demonstrate the reversible manipulation of the

interaction of B-arrestin with ADRB2 by switching on and off the light irradiation.

22



2-2 Materials and Methods
2-2-1. Materials and cDNA Construction

SNAP-Surface Alexa Fluor 647 and anti-SNAP-tag antibodies were obtained from
New England Biolabs (USA). Isoproterenol (ISO) and Dyngo4a were purchased from
Tokyo Chemical Industry (Japan) and Abcam (USA), respectively. The SNAP-Surface
Alexa Fluor 647 and Dyngo4a were solved in DMSO. The ISO was solved in H2O. The
DNA fragments encoding SNAP-tag, ADRB2 and CIB were inserted between HindlIIl
and Xhol sites in pcDNA3.1/V5-His (B) (Thermo Fisher Scientific, USA). The genes
encoding photolyase homology region of cryptochrome 2, mCherry and B-arrestin 2
were subcloned between BamHI and Xbal sites in pcDNA4/myc-His (B) (Thermo

Fisher Scientific).

2-2-2. Cell Cultivation

HEK293 cells were cultured in Dulbecco’s Modified Eagle Medium (D-MEM, Wako
Pure Chemical Industry, Japan) containing 10% fetal bovine serum (FBS,
Sigma-Aldrich, USA) and 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific,
USA) under a 5% CO> atmosphere at 37°C. D-MEM supplemented with 10% FBS, 1%
penicillin/streptomycin, 400 pg/ml G418 (Gibco) and 100 pg/ml zeocin (Thermo Fisher
Scientific) was used for cultivating HEK293 cells stably expressing fusion proteins

(HEK2930pt and HEK293pccLip).

2-2-3. Confocal Fluorescence Microscopy
Cells were cultured on 35-mm glass-bottomed dishes. To label the SNAP-tag, 0.5 uM

SNAP-Surface Alexa Fluor 647 was added to the medium, and the cells were incubated

23



for 30 min at 37°C. After the cells were washed three times, the medium was exchanged
by 2 ml of phenol red-free D-MEM containing HEPES, pH 7.4 (Wako Pure Chemical
Industry). The cells were observed under a confocal microscope (IX-81, FV-1000D,
Olympus). The images were acquired every 1 min. CRY activation was performed
under a confocal microscope using a 20 mW 440-nm laser at 0.5% output with a scan
speed of 2.0 ps/pixel. The fluorescence intensity of Arrestincry was evaluated using the
image analysis software FV10-ASW (Olympus). The number of ADRB2cs or Mdm?2
fluorescence spots was counted using ImageJ. The diameter to detect the spots was set

at 0.5 - 5 pm.

2-2-4. Calculation of Manders’ Colocalization Coefficient
The extent of the colocalization of ADRB2cs with lysosomes was estimated using

Manders’ colocalization coefficient.

Zj Fcholoc
i Fli

where FI; is the fluorescence intensity of Alexa Fluor 647 molecules attached to

Manders’ colocalization coefficient =

ADRB2cg in the pixel i, and Flicoloe = O if the fluorescence intensity of Alexa 488,
which is attached to LAMPI1, in the pixel j is lower than a particular threshold, and
Flicoloc = F1; if the fluorescence intensity of Alexa 488 in pixel j is equal to or larger than
the threshold. The coefticient was calculated using the JACoP plug-in for Image] after
applying a threshold of fluorescent intensity to each time-lapse image!'®’. The thresholds

were automatically determined based on the JACoP program.

2-2-5. Quantification of ADRB2cis on the Cell Surface Using the ELISA Assay

HEK293 cells in 4-well plates were treated with 1.0 uM ISO or irradiated with blue
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light at 3 mW/cm? for the indicated time. After the cells were fixed with 4%
formaldehyde, they were treated with gelatin from cold-water fish skin for blocking.
SNAP-tag moieties on the cell surface were labeled with an anti-SNAP-tag antibody for
60 min at room temperature. After the cells were washed twice with PBS(+), ECL
anti-rabbit antibody linked to HRP was added to each well. The cells were incubated for
60 min at room temperature and then washed three times with PBS(+). After the
addition of 350 pl of TMB solution (Thermo Fisher Scientific) and 30 min of incubation,
350 pl of 2 M sulfuric acid was added to each well. The OD4s0 value of 100 pl of
solution was measured using a microplate reader (Bio-Rad, USA). The amount of
ADRB2cs on the cell surface was defined by (OD - OD™k) / (OD! - OD™o°k) X 100,
where OD™* and OD"*4! correspond to the OD of non-stimulated HEK293 cells and
the OD from non-stimulated HEK293., respectively. To promote recycling of
ADRB2cs in ISO-treated cells, cells were washed three times with 500 pl of acidic
buffer (150 mM NaCl and 5 mM acetic acid) and then twice with 500 ul of PBS(+) to

eliminate ISO.
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2-3. Results
2-3-1. Basic Strategy for Light-Induced Interactions between ADRB2 and
B-Arrestin

ADRB?2 is a GPCR that regulates cardiovascular and pulmonary functions''>!'* IS0, a
specific ligand of ADRB2, activates G protein-mediated signals and induces
clathrin-mediated endocytosis of ADRB2 through its interaction with B-arrestin. To
temporally control the interaction between ADRB2 and B-arrestin by external blue light,
I connected SNAP-tag-fused ADRB2 to the N-terminus of CIB (named ADRB2c); in
addition, mCherry-fused B-arrestin 2 was attached to the C-terminus of CRY (denoted
Arrestincry) (Figure 2-1a). Each domain was connected to flexible linkers composed of
glycine and serine to allow the dynamic motion of the fusion proteins. Before blue light
irradiation, ADRB2cs locates on the cell membrane, and Arrestincry distributes
throughout the cytosol (Figure 2-1b). Stimulation with blue light induces translocation
of Arrestincry to ADRB2cis on the cell membrane by the interaction between CRY and
CIB, thereby triggering endocytosis of ADRB2c-Arrestincry complexes. After
irradiation is stopped, Arrestincry is redistributed in the cytosol by the dissociation of

CRY and CIB.
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Figure 2-1. Light-based manipulation of reversible interaction between p-arrestin
and ADRB2 using photodimerizers.

a) Schematic structures of the optogenetic manipulation system for the reversible
interaction of B-arrestin with ADRB2. ADRB2cg is composed of a signal peptide (SP)
derived from SHT3A serotonin receptor that targets the protein to the cell membrane, a
SNAP-tag, p2-adrenergic receptor (ADRB2), CIB and a V5 epitope tag. Arrestincry
consists of cryptochrome (CRY), mCherry, B-arrestin2 and a myc epitope tag. b) Basic
principle of light-induced interaction of -arrestin2 with ADRB2. Before light
stimulation, ADRB2cs localizes on the cell membrane, and Arrestincry distributes
throughout the cytosol. Upon stimulation with blue light, Arrestincry interacts with
ADRB2cB, which triggers the endocytosis of the ADRB2cis-Arrestincry complex.
Under dark conditions, Arrestincry dissociates from ADRB2cs and redistributes into

the cytosol.
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2-3-2. Light-Induced Endocytosis of ADRB2cis

To determine whether light irradiation controls the interaction between ADRB2 and
B-arrestin, HEK293 cells stably expressing ADRB2cis and Arrestincry (HEK2930p1)
were irradiated with blue light under a confocal fluorescence microscope (Figure 2-2).
Arrestincry was translocated from the cytosol to the cell membrane a few min after the
start of irradiation and then moved back into the cytosol to form a dot-like structure.
ADRB2cr fluorescent spots appeared in the cytosol at 15 min, and their number
gradually increased until 30 min of irradiation. The fluorescent spots mostly colocalized

with Arrestincry.

Irradiation (min)

0 2 15 30 Magnified

ADRB2,

Arrestin gy

Figure 2-2. Light-induced endocytosis of ADRB2cis.
Image of ADRB2cs and Arrestincry fluorescence in HEK293 cells irradiated with
blue light for 0, 2, 15 and 30 min under a confocal microscope (a), and an image of

these cells pretreated with 30 uM Dyngo4a for 30 min and then irradiated by blue light
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for 0, 2, 15 and 30 min (b). Red, ADRB2ciB; green, Arrestincry. Scale bar, 20 pm.

In a control experiment, a fusion protein comprising SNAP-tag and ADRB2 without
CIB was expressed in HEK293 cells. The localization of Arrestincry was unchanged
upon stimulation with blue light due to the lack of the CIB protein (Figure 2-3a).
Furthermore, fluorescent spots in the HEK293 cells expressing Arrestincry and cell
membrane-anchored CIB (Myr-Venus-CIB) were not observed during irradiation,
despite Arrestincry being translocated to the cell membrane. To analyze the results
quantitatively, I counted the number of spots containing ADRB2cm, ADRB2, and
Myr-Venus-CIB in the obtained images (Figure 2-3b). A significant increase in the
number of spots was observed after light irradiation in case of ADRB2¢s. In contrast,
the number of spots containing ADRB2 or Myr-Venus-CIB did not change after light
stimulation. The results indicate that recruitment of -arrestin to ADRB2 is necessary
for appearance of the spots. In addition, the cells expressing Myr-Venus-CIB and
Arrestincry were irradiated for 120 min (Figure 3-3c¢). The number of spots containing

Myr-Venus-CIB did not increase under the prolonged irradiation.
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Figure 2-3 | Light-induced endocytosis in the transfected HEK293 cells.

a) Images of fluorescence from HEK293 cells transfected with ¢cDNAs encoding
ADRB2c and Arrestincry (left), SNAP-ADRB2 (ADRB2) and Arrestincry (middle),
or membrane-anchored CIB (Myr-Venus-CIB) and Arrestincry (right). The cells were
irradiated with blue light for 30 min under a confocal microscope. Red, ADRB2cg(left),
ADRB2 (middle), Myr-Venus-CIB (right); green, Arrestincry. Bar shows 10 pum. b)

Temporal changes of the numbers of spots containing the fusion proteins per cell. The
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number of spots in HEK293 cells expressing Arrestincry and ADRB2cs, ADRB2, or
Myr-Venus-CIB were counted. Bar: mean + s.e.m. (n = 8, 10, 11 cells, respectively).
Statistical analysis was performed with paired Student’s t-test (Two tailed). *P < 0.05 (P
= 0.016). c¢) Temporal changes in the number of spots containing Myr-Venus-CIB

during 120 min irradiation. (n =5 cells)

I next examined the endocytosis of ADRB2cs after ADRB2cis-Atrestincry interaction.
ADRB?2 is endocytosed with B-arrestin in a clathrin-mediated manner®®. Segregation of
clathrin-coated pits from the cell membrane is regulated by dynamin GTPases. To show
that the fluorescent spots resulted from clathrin-mediated endocytosis, I pretreated the
HEK293,,¢ cells with a dynamin inhibitor, Dyngo4a. The fluorescent spots did not
appear in the presence of Dyngo4a after the stimulation by light (Figure 2-4a, b). To
quantitate this inhibitory effect, I quantified the number of ADRB2cm fluorescent spots
and the colocalization of Arrestincry with ADRB2c using the quantitative parameter
Manders’ colocalization coefficient, which is proportional to the total amount of
fluorescence intensity from Arrestincry in the pixels where it colocalizes with
ADRB2cs (Figure 2-4¢). The number of spots increased with increased irradiation time
in the absence of Dyngo4a. In contrast, light irradiation did not induce an increase in the
number of spots in the presence of Dyngo4a although the colocalization of Arrestincry
with ADRB2ciB was induced. Considering these results, I concluded that the
endocytosis of ADRB2cig was triggered by light-induced interaction of B-arrestin with
ADRB2, and the observed ADRB2cis fluorescent spots were ADRB2cig-containing

vesicles produced by clathrin-mediated endocytosis.
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Figure 2-4. Inhibitory effect of Dynamin inhibitor to light-induced endocytosis

a) Image of ADRB2cis and Arrestincry fluorescence in HEK293,,¢ cells irradiated with
blue light for 30 min. The cells were pretreated with 30 uM Dyngo4a for 30 min Red,
ADRB2c; green, Arrestincry. Scale bar, 20 um. Time courses of b) the number of
ADRB2¢s fluorescence spots and c) the colocalization of Arrestincry with ADRB2cis
in HEK293,: cells as a function of blue light irradiation and 30 uM Dingo4a treatment.
The number of spots per cell was calculated by normalizing total number of
fluorescence spots in each imaging with the number of nucleus stained using Hoechst
33342. The final concentration of DMSO was 0.1%. Blue: light irradiated and no Dyngo
4a; red: irradiated and Dyngo 4a present; black: non-irradiated and no Dyngo 4a; gray:

non-irradiated and Dyngo 4a present. Bar: mean + s.e.m. (n = 4 from four individual
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experiments). Statistical significance was determined using a two-way ANOVA (v.s.
Light + Dyngo 4a). * P values < 0.05 (12 min; P = 0.047, 18 min; P = 0.018), **P
values < 0.01 (24 min; P = 0.0021, 30 min; P =0.0013).

I further investigated the time dependency of the light-induced endocytosis of
ADRB2cs. After HEK293,,: cells were stimulated with blue light for different
durations, the amount of ADRB2cs on the cell surface was quantified using an ELISA”
(Figure 2-5a). The amount of ADRB2cis on the cell surface decreased with increasing
irradiation time. I also examined the light intensity dependence of endocytosis (Figure
2-5b). Endocytosis was promoted by increased light intensity and plateaued at 3
mW/cm?. The amount of ADRB2cis endocytosed by 3 mW/cm? light was more than
that induced by 0.01 uM ISO and less than that induced by 0.1 and 1.0 uM ISO. These
results demonstrate that the endocytosis of ADRB2¢s can be controlled by modulating

light intensity and irradiation time.
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Figure 2-5. Characterization of light-induced endocytosis of ADRB2cis.
a) Time courses of ADRB2cis on the cell surface of HEK293, cells stimulated with
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light at an intensity of 3 mW/cm? (filled circles) and 1.0 uM ISO (open circles) for the
indicated times. After the cells were fixated, the amount of ADRB2cms on the cell
surface was quantified using an ELISA. b) Light intensity dependency of endocytosis of
ADRB2cig in HEK293 cells stimulated with blue light at various intensities or with
0.01, 0.1 and 1.0 uM ISO for 60 min. The amount of endocytosed ADRB2cz was

quantified using an ELISA. Bar: mean £ s.e.m. (n = 8 from two individual experiments).

2-3-3. Reversibility of the Interaction between ADRB2 and B-Arrestin

To show the reversibility of the light-induced interaction between ADRB2c and
Arrestincry, | irradiated the HEK293,, cells with blue light for 30 min and then
incubated them in the dark. After Arrestincry colocalized with ADRB2cis, Arrestincry
redistributed uniformly in the cytosol under dark conditions (Figure 2-6a). The
fluorescence intensity of Arrestincry in the cytosol decreased 1 min after irradiation was
started and then recovered to the basal level 10 min after irradiation ceased (Figure
2-6b). The colocalization coefficient of Arrestincry with ADRB2cs decreased after

stopping irradiation (Figure 2-6¢). The results confirm that Arrestincry dissociated from

ADRB2¢3 in the dark.
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Figure 2-6. Induction of the recycling pathway in the dark after light irradiation.

a) Images of Arrestincry and ADRB2cs fluorescence in HEK293,, cells stimulated
with blue light for 30 min and then incubated for 10 and 20 min (total of 40 and 50 min
observation, respectively) without blue light irradiation. Red, ADRB2cs; green,
Arrestincry. Scale bar, 20 pm. b) Time courses of the fluorescence intensity of cytosolic
Arrestincry in each cell. The cells were stimulated with blue light for 15 min (pale blue),
30 min (deep blue), and 60 min (black) and then incubated in the dark. Each time course
was normalized to the fluorescence intensity at 0 min. Bars: mean + s.e.m (n = 9 from
three individual experiments). ¢) Time courses in the colocalization of ArrestinCRY
with ADRB2CIB after stopping irradiation. The cells were stimulated with blue light for
15 min (pale blue), 30 min (deep blue), and 60 min (black) and then incubated in the
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dark. Bars: mean + s.e.m (n = 3 from three individual experiments).

2-4. Discussion

I developed an optical method to manipulate the reversible interaction between
ADRB2 and -arrestin using the CRY-CIB system. Controlling the interaction of
GPCRs with B-arrestin using the CRY-CIB system has several advantages. Previous
methods to control the interaction of GPCRs with B-arrestin were based on a chemical
approach”®. Chemical dimerizers (FKBP-FRB) were used to control the interaction of
B-arrestin with vasopressin receptors or chemokine receptors. Rapamycin treatment
induced the interaction of FKBP-fused receptor and FRB-fused B-arrestin, which
promoted endocytosis of the receptors. However, it is difficult to eliminate rapamycin
by simple washing procedures due to its high affinity for FKBP3!, suggesting that the
chemical approach is not suitable for the temporal manipulation of these interactions.
Unlike to the chemical dimerizers, the CRY-CIB system is a robust tool to temporally
control the reversible interaction of B-arrestin with membrane receptors. Furthermore, I
examined the characterization of light induced endocytosis, which suggests that the
amount of endocytosis is controllable by modulating the time of irradiation and the
intensity of light.

I demonstrated that the artificial interaction of B-arrestin to ADRB2 is sufficient to
trigger their endocytosis. Furthermore, there are potential applications of the present
method for investigation of dynamics of GPCR and their regulatory proteins on the cell
surface. The present method has a potential to control the oligomeric state of the GPCRs.

GPCRs form dimers and oligomers upon stimulation of their ligands, which is important
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for recruitment of their regulatory proteins on cell surface!!'>. Based on the fact that the

116 ADRB2cip and Arrestincry also form

light-activated CRY and CIB forms oligomers
oligomers upon light stimulation. Light control of the oligomeric state of
ligand-stimulated GPCRs will be a useful approach to investigate the oligomerization of
GPCRs affecting their regulatory proteins on the cell surface. Furthermore, a previous
study suggested the possibility of the endocytosis of G proteins with some GPCRs!!7,
whereas another study on single molecule imaging reported that G protein-ADRB2
complexes did not colocalize with clathrin-coated pits!'®. Thus, it is not clear whether
the interaction of G protein with GPCRs affects their endocytosis. The present system
may be applicable to clarify the impact of G proteins on the receptor internalization by

comparing the dynamics of endocytosis between ligand-activated GPCRs interacting

with G proteins and light-stimulated GPCRs without G proteins.
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2-5. Conclusion

I developed a novel method to manipulate the interaction of B-arrestin with ADRB2
using the CRY-CIB system. The ADRB2cs and Arrestincry were localized on cell
surface and in cytosol, respectively. The light stimulation induced the rapid interaction
of Arrestincry with ADRB2ciB, which triggers the endocytosis of ADRB2cis.
Furthermore, the endocytosis of ADRB2cs was controllable by modulating the light
intensity and the irradiation time. I also demonstrated that dissociation of Arrestincry
from ADRB2c was promoted in the dark condition. These results suggest that the
present method is useful for controlling the reversible interaction between B-arrestin and
ADRB2, and applicable for triggering endocytosis of ADRB2. The present method will
enable us analyzing the dynamics of GPCRs and their regulatory proteins on the cell

surface.
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Chapter 3
Analysis of Intracellular Trafficking of ADRB2 Regulated by

B-Arrestin
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3-1. Introduction

Previous studies has suggested that GPCRs that stably interact with B-arrestin are
retained in the cytosolic compartment, whereas GPCRs that immediately dissociate
from B-arrestin are rapidly recycled back to the cell membrane®>>’. These results
suggest a significant role for B-arrestin in the intracellular trafficking of GPCRs. In
addition, GPCR-bound B-arrestin functions as a signal transducer of mitogen-activated
protein kinases (MAPKs) and the Ser-Thr kinase Akt in the trafficking pathway®’72.
Although the significance of B-arrestin-related trafficking has been suggested, the
manner by which B-arrestin switches the trafficking pathways of GPCRs in living cells
is still unclear.

Herein, 1 utilized the optical method to analyze the mechanism of intracellular
trafficking of ADRB2. I clarify that the dissociation of B-arrestin promotes the recycling
of ADRB2 to the plasma membrane, whereas prolonged interaction of B-arrestin with
ADRB?2 directs ADRB2 to the lysosomal pathway. Furthermore, the signal induction
during the trafficking was investigated. These results demonstrate the significant role of
the duration of the [B-arrestin-ADRB2 interaction in sorting between intracellular

trafficking pathways in living cells.
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3-2. Materials and Methods
3-2-1. Materials

CLIP-Cell TMR STAR and anti-SNAP-tag antibodies were obtained from New
England Biolabs (USA). Anti-Rab5, anti-Rab7, anti-LAMP1, anti-ERK1/2 and
anti-phosphorylated ERK1/2 antibodies were obtained from Cell Signaling Technology
(USA). Anti-B2-adrenergic receptor (ADRB2) and anti-phosphorylated ADRB2

antibodies were purchased from Santa Cruz Biotechnology (USA).

3-2-2. Immunostaining of Early Endosomes, Late Endosomes and Lysosomes
HEK293,, cells were cultured on 35-mm glass-bottomed dishes. ADRB2cz was
labeled with SNAP-Surface Alexa Fluor 647 for 30 min and then washed three times
with D-MEM. The cells were cultured in D-MEM and stimulated with blue light at an
intensity of 3 mW/cm? using an LED device (TH-211x200BL, Creating Customer
Satisfaction, Japan) for the indicated times. The cells were fixed using 4%
formaldehyde and then permeabilized with 0.2% Triton X-100. To avoid the
non-specific adsorption of antibodies, the cells were treated with 0.2% gelatin from
cold-water fish skin (Sigma-Aldrich) for 1 h at room temperature. Rab5, Rab7 and
LAMPI1 were labeled with the corresponding antibodies in PBS(+) overnight at 4°C.
After the cells were washed three times with PBS(+), they were stained with Alexa
Fluor 488-conjugated goat anti-Rabbit IgG Secondary Antibody (Thermo Fisher
Scientific) for 1 h at room temperature. The cells were washed three times with PBS(+)

and then observed under a confocal microscope.
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3-2-3. Detection of Ubiquitinated ADRB2cis Using Immunoprecipitation

HEK293,, cells that had been cultured on a 4-well plate were stimulated with 3
mM/cm? blue light using the LED device or 1.0 uM ISO for the indicated time. The
cells were harvested using 200 pl of lysis buffer (50 mM HEPES (pH 7.5), 0.5% NP-40,
250 mM NaCl, 2 mM EDTA, 10% glycerol, | mM sodium orthovanadate, 1 mM
sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin and
MG-132 proteasome inhibitor). Anti-V5 antibody (Life Technologies) was added to
each lysate, which was then gently shaken at 4°C for 1 h. After protein G Sepharose
(GE Healthcare, USA) was added, the lysate was shaken at 4°C for 1 h. The precipitate
was washed three times with 1 ml of lysis buffer and dissolved in 100 pl of sample
buffer (125 mM Tris, pH 6.8, 10% glycerol, 4% SDS, 0.006% bromophenol blue and
10% mercaptoethanol). The samples were heated at 65°C for 10 min and then subjected
to SDS-PAGE using 10% acrylamide gels. The proteins were transferred onto
nitrocellulose membranes (Bio-Rad, USA). To block the non-specific binding of
antibodies, the membrane was treated with 1% skim milk in Tris-buffered saline for 1 h.
ADRB?2 and ubiquitin were blotted using their corresponding antibodies. The blotted
bands were detected using an image analyzer (ImageQuant LAS-4000, GE Healthcare),

and the intensity of each band was measured with an ImageQuant TL software.

3-2-4. Statistical Analysis
Statistical significance was determined using unpaired Student’s t-tests (two-tailed) and
Bonferroni post-hoc test. Differences with P values < 0.05 were considered statistically

significant.
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3-3. Results
3-3-1. Localization of ADRB2cis after Light-Induced Endocytosis

Most GPCRs are transported to an endocytic pathway after internalization. To confirm
that ADRB2cs is transported to endosomes after light-induced endocytosis, I
immunostained early and late endosomes using antibodies specific to the endosome
marker proteins Rab5 and Rab7, respectively (Figure 3-1a,b). The internalized
ADRB2cg was partially localized in Rab5- or Rab7-positive vesicles after 30 min of
irradiation. The residual ADRB2cs did not colocalize with the endosomes, indicative of
sorting to other endosomes or lysosomes. Based on these results, I concluded that part

of the ADRB2c; is transported to endosomes after light-induced endocytosis.
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Figure 3-1. Observation of ADRB2cis and endosome marker proteins after light
stimulation.

a) Images of ADRB2cis and endosome marker protein fluorescence in HEK293 cells
before and after blue light illumination at an intensity of 3 mW/cm? for 30 min. After
the cells were fixed, Rab5 or Rab7 was immunostained with its specific antibody. Red,
ADRB2cis; green, Rab5 or Rab7. Bar represents 10 pm. b) Quantification of
colocalization of ADRB2cis with Rab5 and Rab7. Bars: mean + s.e.m, (n = 3).
Statistical analysis was performed with unpaired t-test (two tailed), *P < 0.05 (P =
0.018), **P < 0.01(P = 0.00039).
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3-3-2. Induction of the Recycling of ADRB2cis in Dark Conditions

To demonstrate the recycling of ADRB2cs to the cell surface after the dissociation of
Arrestincry, I quantified the amount of ADRB2cis on the cell surface using an ELISA
after stopping irradiation. The HEK293 cells were stimulated with blue light for 60
min and then incubated in the dark. The amount of ADRB2¢cs on the cell surface
decreased to 75% after light stimulation and recovered to 80% after 60 min of
incubation in the dark (Figure 3-2, left). This result indicates that the recycling of the
ADRB2cg was triggered by the dissociation of B-arrestin from ADRB2 in the dark.
Furthermore, in HEK293,, cells stimulated with ISO, the amount of ADRB2cis on the
cell surface recovered from 63 to 77% after ISO was eliminated (Figure 3-2, right) The
temporal changes in recycling after light irradiation ceased were similar to those in
recycling when ISO was eliminated, demonstrating that temporal control of the
dissociation between B-arrestin and ADRB2 is useful for investigating the intracellular

dynamics of ADRB2 and regulatory proteins in the recycling pathway.
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Figure 3-2. Temporal changes in the colocalization of Arrestincry with ADRB2
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after stopping irradiation.

Recovery of ADRB2¢s on the cell surface after stopping irradiation. HEK293, cells
were stimulated with blue light (Ieft) or 1.0 uM isoproterenol (right) for 60 min. The
cells were then incubated at 37°C in the dark for the indicated times. The amount of
ADRB2cs on the cell surface was quantified using an ELISA. Bars: mean + s.e.m (n =
12 from three individual experiments). The statistical analysis was performed with
Bonferroni post-hoc test (0 min v.s. 30 or 60 min) *P values < 0.05 (P = 0.024), **P
values < 0.01 (Light; P = 1.9x1073, ISO; P = 8.2x107 (30 min), 6.6x1077 (60 min)).

3-3-3. Sorting ADRB2cis into the Lysosome Pathway after Prolonged Light
Irradiation

I next investigated the effects of a prolonged interaction of Arrestincry with ADRB2cs
on the sorting of ADRB2¢cs. HEK293, cells were irradiated with blue light for 120
min. Lysosomes were immunostained with an antibody specific to the lysosome marker
protein LAMP1 (Figure 3-3a). Sustained light irradiation for 120 min resulted in the
disappearance of the ADRB2ci from the cell membrane; instead, ADRB2ci
predominantly localized in lysosomes. Furthermore, I examined the colocalization of
ADRRB2cs with lysosomes (Figure 3-3b). The Manders’ coefficient increased with
increased irradiation time, indicating that the prolonged interaction of Arrestincry with
ADRB2cis drives ADRB2ciB to lysosomes. I also examined the ubiquitination of
ADRB2cis, which is a crucial signal that sorts GPCRs to lysosomes®. Furthermore,
ADRB2cs was highly ubiquitinated when the irradiation time was increased to 120 min
(Figure 3-3c,d). These results demonstrate that prolonged interaction of B-arrestin with

ADRB?2, stimulated by blue light, promotes the sorting of ADRB2cg to lysosomes.
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Figure 3-3. Lysosome sorting of ADRB2cis after prolonged irradiation.

a) Images of ADRB2cis and lysosome marker LAMP1 fluorescence in HEK293: cells
before and after blue light irradiation for 120 min. The white arrowheads indicate the
colocalization of ADRB2c and LAMP1. Red, ADRB2¢B; green, LAMPI1. Bar, 20 pm.
b) Temporal changes in the colocalization of ADRB2cs with lysosomes in HEK293 ¢
cells stimulated with blue light for the indicated time or with ISO for 120 min. Data are
shown as the mean + s.e.m (n= 9 from two independent experiments) The statistical
analysis was performed unpaired Student’s t-test (two-tailed). **P < 0.01 (P =2.0x107).
c) IP-Western blotting analysis for the detection of ubiquitinated ADRB2cs. HEK2930pt
cells were stimulated with blue light for the indicated time or with 1.0 uM ISO for 120

min. ADRB2¢cis was immunoprecipitated using an anti-V5-tag antibody. Ubiquitin,
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ADRB2 and B-actin were blotted with antibodies specific to them. d) The quantified
temporal changes in ubiquitinated ADRB2cis were calculated as the ratio of
ubiquitinated ADRB2cis to total ADRB2cis quantities, which were determined in the
Western blot analysis. The ratio values were normalized to their value at 0 min. Bars:
mean + s.e.m. (n = 9 from three independent experiments). The statistical analysis was

performed unpaired Student’s t-test (two-tailed). **P < 0.01 (P =1.1x107%).

3-3-4. Monitoring a Protein that Regulates ADRB2-B-arrestin Complexes

Some regulatory proteins are recruited to ADRB2-B-arrestin complexes; monitoring
these regulatory proteins is important to determine their dynamics and functions in
trafficking pathways. Mdm2 is a protein that regulates the endocytosis of ADRB2%3.
Although recent studies suggested that Mdm2 has several important roles in the
regulation of other membrane receptors, such as the induction of endocytosis of opioid
receptors and the activation of a signaling pathway regulated by an IGFR, the dynamics
for Mdm2 recruitment to these receptors is unclear''*!?°. To monitor the intracellular
dynamics of Mdm2, I established a cell line that stably expresses ADRB2ci and
Arrestincry, but I replaced mCherry with a CLIP tag (HEK293opicLip). HEK293opicLip
cells were transfected with a ¢cDNA coding mCherry-fused Mdm2 and were then
stimulated with blue light under a confocal microscope (Figure 3-4a). Before
stimulation, most Mdm2 localized in the nucleus, and the residual Mdm?2 distributed
throughout the cytosol. Several fluorescent spots of Mdm?2 were observed in the cytosol
after 15 min of light irradiation, and they colocalized with the ADRB2cs-containing
vesicles. This result suggests that the cytosolic Mdm?2 is recruited to the light-induced
ADRB2-B-arrestin complexes. The colocalization of Mdm?2 with ADRB2cig-containing

vesicles was sustained during continuous irradiation (Figure 3-4a upper). In contrast,
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the Mdm?2 dissociated from ADRB2cis 10 min after irradiation ceased (Figure 3-4a
lower). I counted the number of Mdm2-recruiting vesicles in the cytosol (Figure 3-4b).
The number of Mdm2-recruiting vesicles increased with increasing irradiation time but
decreased with increasing incubation in the dark. These results indicate that the
interaction of P-arrestin with ADRB2 promotes the recruitment of Mdm2 to the
ADRB2-B-arrestin complex and that the interaction of Mdm2 with the ADRB2cs

complex continues until Arrestincry dissociates from ADRB2¢ig.
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Figure 3-4. Observation of the dynamics of Mdm2 and ADRB2cis.
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a) Time-lapse images of Mdm2 and ADRB2cs in HEK293pcLip cells. Cells expressing
mCherry-fused Mdm2 were stimulated with blue light for 60 min (upper) or for 30 min
followed by an additional 30 min in the dark (lower). Red, ADRB2cm; green,
mCherry-fused Mdm2. Arrowheads, nuclei. Bar, 10 um. b) Temporal changes in the
number of Mdm2-recruiting vesicles per cell. The filled square shows the number of
vesicles in cells irradiated for 60 min. The opened square shows the number of the
vesicles in cells irradiated for 30 min and then incubated in dark for 30 min. Error bars:

mean £ s.e.m. (n = 14 cells from three individual experiments).
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3-3-5. Examination of the Ability of Arrestincry to Desensitize ISO-activated
ADRB2ciB

Desensitization of ligand-activated GPCRs is one of the important functions of
B-arrestin. To examine whether light-induced recruitment of Arrestincry desensitizes the
ISO-activated ADRB2cig, I investigated cAMP production after ISO stimulation under
blue light irradiation using cAMP biosensor (Figure 3-5). The light irradiation did not
affect luminescence intensity changes, suggesting that light-induced recruitment of

Arrestincry does not promote desensitization of ADRB2¢s.
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Figure 3-5. Investigation of the ability of Arrestincry to desensitize ISO-activated
ADRB2cis.

Temporal changes in the luminescence intensity from GloSensor upon stimulation of
ISO under light irradiation. The HEK293., cells expressing the GloSensor were
pretreated with 30 uM Dyngo4a and exposed to 1.0 uM ISO in the presence or absence
of light irradiation. The luminescent intensity from the GloSensor was measured at
every 3 mins. Blue light irradiation was performed for 1 min during an interval of each
measurement. The luminescence intensities at each time point were normalized against
those at 0 min. Filled circle; the irradiated cells, open circle; non-irradiated cells. Bars:

mean =+ s.e.m, (n = 7 from two individual experiments).

51



3-3-6. Investigation of ADRB2cis Activity during Light Stimulation

To confirm the activity state of ADRB2cs during the light stimulation, HEK293
cells were transfected with cDNA coding a GFP-fused nanobody (Nb80), which binds
only to the active state of ADRB2 interacting to G proteins'?!. The cells were stimulated
with light or ISO for 30 min under a confocal microscope. The GFP-Nb80 colocalized
with ADRB2cs-containing endosomes after ISO stimulation, indicating that ADRB2cis
has an ability to activate the downstream signaling upon stimulation of ISO stimulation
(Figure 3-6a). In contrast, the colocalization of GFP-Nb80 with ADRB2cis was not
observed after light stimulation. To demonstrate the results quantitatively, I quantified
the number of spots containing GFP-Nb80 and the colocalization of GFP-Nb80 with
ADRB2cis. The spots containing GFP-Nb80 were not observed 30 min after light
irradiation, although ISO stimulation induced increases in the number of spots (Figure
3-6b). The Manders’ colocalization coefficient did not change after light stimulation,
but increased after ISO stimulation (Figure 3-6c). These results suggest that
endocytosed ADRB2cg by light stimulation does not form an active state required for G

protein signaling.
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Figure 3-6. Examination of a state of ADRB2cis during Light Irradiation.

The HEK293, cells expressing GFP-fused Nb80 were stimulated with light or 1.0 pM
ISO. Temporal changes of a) fluorescent imaging of GFP-Nb80 and ADRB2cs, b)
number of particles containing GFP-Nb80 per cell, ¢) Manders’ colocalization
coefficient of Nb80 with ADRB2cs in the HEK293 cells stimulated with light or ISO.
Scale bar shows 20 um. Error bars: mean + s.e.m, (n = 11 cells). L; Light, I; ISO.
Statistical analysis was performed with Bonferroni post-hoc, **P < 0.01 (P = 8.8x107)

*P<0.05(P=0.018),n.s. P>0.05 (b; P=0.68, c; P=10.48).
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3-3-7. Investigating the Ability of Arrestincry to Induce Phosphorylation of
ERK1/2

[B-Arrestin, after interacting with ADRB2, functions as a scaffold for the activation of
MAPK signaling’?>. Ligand stimulation induces phosphorylation of ADRB2 via G
protein-coupled receptor kinases. Phosphorylation of ADRB2 increases the affinity of
ADRB2 for B-arrestin and changes the conformation of B-arrestin to form a complex
with signaling molecules such as MAPK/ERK kinase (MEK) and ERK1/2, which is
then phosphorylated through the interaction with B-arrestin®®. To examine whether
Arrestincry induces phosphorylation of ERK1/2 after the light-induced interaction of
Arrestincry with ADRB2cB, HEK293,,: cells were irradiated with blue light for 60 min.
The phosphorylated ERK1/2 level was evaluated with its specific antibody (Figure
3-7a). ISO stimulation increased the amount of phosphorylated ERK1/2, whereas the
phosphorylated ERK1/2 level decreased after light stimulation. To clarify the reason
why light stimulation failed to increase the phosphorylated ERK1/2 level, I investigated
phosphorylated ADRB2 (Figure 3-7b). The phosphorylation of ADRB2¢s was not
detected after light irradiation. Considering that the phosphorylation of ADRB2 triggers
a conformational change in B-arrestin that enables the recruitment of ERK1/2 and MEK
to B-arrestin’?, I concluded that Arrestincry does not recruit ERK1/2 or MEK to the

Arrestincry-ADRB2cis complex due to the lack of ADRB2 phosphorylation.
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Figure 3-7. Detection of Phosphorylated ADRB2ciz and ERK1/2 after Light
Irradiation.

Western blotting analysis for the detection of phosphorylated a) ERK1/2 and b)
ADRB2cg after stimulation with blue light (3 mW/cm?) or 1.0 pM ISO. HEK293
cells were starved in D-MEM containing 0.1% FBS for 12 h before the stimulation.
Phosphorylation of ERK1/2 is quantified by the ratio of phosphorylated ERK1/2 to total
ERK1/2 quantities, which were determined from the Western blots. The ratios were
normalized by the values at 0 min. Blue: light irradiated; red: ISO stimulated; black:
non-irradiated. Bar: mean + s.e.m (n=8 from two individual experiments). Statistical
analysis was performed by Bonferroni post-hoc test (non-irradiated v.s. light-irradiated
or ISO-stimulated): **P values < 0.01 (Light: P = 1.8x107* (15 min), 7.4x107 (30 min);
ISO: P =5.6x107 (15 min), 3.1x1073 (30 min)), n.s. P> 0.05 (a; Light: 0.28, ISO: 0.16).
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3-3-8. Applicability of the Light Activation System to Other Membrane Receptors
To investigate the applicability of the present system to other membrane receptors, I
replaced ADRB2 with different GPCRs such as the neurotensin receptor, muscarinic
acetylcholine receptor M3, corticotropin releasing-factor receptor, and vasopressin 2
receptor. All the GPCRs that were investigated in this study localized on the cell surface
before irradiation with blue light. Light stimulation induced translocation of Arrestincry
to the cell surface and endocytosis of the GPCRs (Figure 3-8a). Furthermore, I applied
the method to a non-GPCR receptor, transforming growth factor 3 receptor (TGF3R).
TGEF3R localized on the cell surface before light stimulation, whereas light stimulation
led to the endocytosis of TGF3R, indicating that endocytosis of TGF3R is controllable
by the recruitment of B-arrestin to TGF3R. These results demonstrate that the present
method is widely applicable to inducing the endocytosis of membrane receptors in
living cells. A previous report demonstrated that ERK1/2 phosphorylation was promoted
by chemical dimerizer-induced interaction of B-arrestin with V2R, implying different
regulations of MAPK activation between ADRB2 and V2R. To examine the difference,
I quantified phosphorylated ERK1/2 after light-induced interaction of Arretincry with
V2Rc. In contrast to the case of ADRB2, the light-induced interaction of B-arrestin
with V2R promoted phosphorylation of ERK1/2 30 min after light irradiation (Figure
3-8b). The results suggest that B-arrestin regulates ERK1/2 phosphorylation in different

manners depending on the GPCRs
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Figure 3-8. Applicability of other membrane receptors.
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a) Images of CIB-fused receptor and Arrestincry fluorescence in HEK293 cells
stimulated with blue light. HEK293 cells were transfected with ¢cDNA encoding
Arrestincry and CIB-fused membrane receptors. Neurotensin receptor, NTR; muscarinic
acetylcholine receptor M3, M3 mAChR; corticotropin releasing-factor receptor, CRHR,;
vasopressin 2 receptor, V2R; and transforming growth factor 3 receptor, TGF3R. b)
Temporal changes of ERKI1/2 phosphorylation after light-induced interaction of
Arrestincry with V2Rcis. HEK293 cells expressing Arrestincry and V2Rci were
starved in D-MEM containing 0.1% FBS for 12 h. The cells were stimulated with blue
light (3 mW/cm?) or 1.0 pM vasopressin (AVP). Phosphorylation of ERK1/2 was
quantified by the ratio of phosphorylated ERK1/2 to the total ERK1/2 quantities. The
ratios were normalized by the values at 0 min. Blue: light irradiated; red: AVP
stimulated; black: non-irradiated. Bar: mean + s.em (n = 8 from two individual
experiments). Statistical analysis was performed by Bonferroni post-hoc test
(non-irradiated v.s. light-irradiated or AVP-stimulated): *P values < 0.05 (Light: P =,
0.024 (30 min); AVP: P=0.020 (15 min), 0.024 (30 min)), n.s. P> 0.05 (Light: 0.82).
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3-4. Discussion

I utilized the optical method for the analysis of intracellular trafficking of ADRB2
regulated by B-arrestin. I clarified the significance of the interaction of B-arrestin in the
intracellular trafficking of ADRB2 using the CRY-CIB system. The ADRB2 on the cell
surface was recovered after B-arrestin dissociated from ADRB2 in the dark, indicating
that the recycling pathway was triggered by the dissociation of B-arrestin from ADRB?2.
Furthermore, ubiquitination and lysosome sorting were accelerated by prolonged
irradiation. These results indicate that the duration of B-arrestin interaction with ADRB2

determines whether ADRB2 takes the lysosomal pathway (Figure 3-9).
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Figure 3-9. Trafficking regulation of ADRB2 revealed by photo-dimerizers

In addition, I monitored Mdm2 binding to and dissociating from
ADRB2cs-Arrestincry complexes using light irradiation. I clarified the dynamics of
ADRB2 and its regulatory proteins in the trafficking pathways. Light-induced

manipulation of the interaction of B-arrestin with ADRB2 consequently clarified the
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regulation of the intracellular trafficking of ADRB2. The present system will be a robust
tool for investigating the dynamics of a wide variety of GPCRs and their regulatory
proteins in trafficking pathways.

Furthermore, 1 examined other functions of [B-arrestin such as desensitization and
signaling. Light-induced interaction of [-arrestin with ADRB2 did not promote
degradation of cAMP or activation of MAPK. The results indicate that the present
method is applicable to controlling the trafficking of ADRB2 without inducing the
desensitization or signaling, which is beneficial for investigation of mechanisms of the
B-arrestin-mediated trafficking of ADRB2 in living cells and animals.

I induced prolonged interactions of B-arrestin with ADRB2 using light irradiation.
GPCRs are divided into two classes (class A and class B) depending on their affinity
with B-arrestin®. ADRB2 is a class A GPCR, which interacts with B-arrestin for a short
period after stimulation by their ligands. I artificially prolonged the interaction of
B-arrestin with ADRB2 using light stimulation. The sustained interaction led to greater
ubiquitination and lysosome sorting of ADRB2 than stimulation with ISO, suggesting
that the duration of the interaction between ADRB2 and B-arrestin determines the
amount of ubiquitination and lysosome sorting. In addition, I demonstrated the
light-induced endocytosis of 4 different types of GPCRs and a TGF3R. The
light-endocytosed GPCRs are possibly transported in different kinetics because the
trafficking is largely influenced by the amino acid residues in the C-terminus®. The
investigation of the differences provides us valuable information about the significant
roles of C-terminus of GPCRs in kinetics regulation of their trafficking without effects
of other complicated factors such as ligand affinity to GPCRs and G protein signaling.

I examined the significance of the phosphorylation of ADRB?2 in trafficking and signal
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induction by artificially manipulating the interaction of B-arrestin with ADRB2. The
direct manipulation of interactions between specific proteins has been a robust approach
for analyzing the significance of protein-protein interactions in complicated intracellular
networks’!. The ligands of ADRB2 activate G proteins via ADRB2 on the cell surface,
and the G protein signaling leads to phosphorylation of ADRB2, which increases the
affinity of ADRB2 for B-arrestin. The interaction of B-arrestin with ADRB2 on the cell
surface induces the endocytosis of ADRB2. I artificially induced the interaction between
ADRB2 and B-arrestin via the CRY-CIB system without phosphorylating ADRB2.
Light stimulation triggered the endocytosis of ADRB2c¢mp, indicating that
phosphorylation of ADRB2 is not necessary to initiate the recruitment of endocytic
proteins such as clathrin and Mdm2 to ADRB2-B-arrestin complexes. However, the
maximum induction level of the endocytosis of ADRB2cm after light stimulation was
lower than that induced by 0.1 and 1.0 uM ISO. The result implies that phosphorylation
of ADRB2 is required for the efficient endocytosis of ADRB2 from the plasma
membrane. I also evaluated the induction level of MAPK signaling after light irradiation.
The level of phosphorylated ERK1/2 unexpectedly decreased after light irradiation.
Although the reason for the phosphorylation decrease after light stimulation is not clear,
the result indicates that other factors increase the amount of phosphorylated ERK1/2.
For example, phosphorylated ADRB2 facilitates [-arrestin adopting a specific
conformation to form an ADRB2-B-arrestin-MEK-ERK1/2 complex'??. It was
speculated that the lack of increase in phosphorylated ERK1/2 after light stimulation
was due to the lack of phosphorylated ADRB2. To confirm the conformation of
B-arrestin, several FRET- and BRET-based indicators were reported'?* '**, However,

these indicators contain bioluminescent, fluorescent proteins or chemical dyes, of which
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absorption and emission wavelength overlap with absorption wavelength of CRY,
suggesting a possibility to hamper a precise detection of the conformation of B-arrestin.
To overcome the issue, a use of FRET indicator with another absorption and emission
wavelength such as mKate and iRFP will be needed. Combination of a novel indicators
and the present system will provide powerful approaches for investigation of the
relevance between conformation of [-arrestin and intracellular trafficking on cell
surface and endosomes. In addition, several studies have demonstrated that the
rapamycin-induced interaction of B-arrestin with vasopressin receptors or chemokine
receptors promotes the phosphorylation of ERK1/27%%. Light-induced interaction of
B-arrestin with V2R also activated the phosphorylation of ERK1/2. The result using
ADRB?2 is completely different from the results of the reports and our result, suggesting
that the activation of MAPK signaling depends on the type of GPCR. I consequently
suggested that the light-induced interaction of B-arrestin with ADRB?2 is not sufficient
for the activation of MAPK signaling, which is a significant clue to understanding the
mechanisms of activation of B-arrestin-mediated signals.

I developed the photoinducible GPCR-B-arrestin interaction systems, and utilized
them for investigation of the significant roles of B-arrestin on the endocytosis and
intracellular trafficking of GPCRs. In addition, there are other potential applications of
the present methods. Previous studies demonstrated importance of GPCR conformations
for activation and inactivation of downstream signaling'*!* However, it is not well
investigated whether the conformational state of GPCRs influences on their intracellular
trafficking. The trafficking of GPCRs in a specific conformation may be possibly
investigated using the present system together with antagonists or inverse agonists that

induce specific GPCR conformations. This approach will clarify significant roles of
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conformational states of GPCRs on intracellular trafficking. Furthermore, this approach
is useful for the manipulation of trafficking of orphan GPCRs, whose ligands are
undetermined. Recent studies have demonstrated that the trafficking of an orphan GPCR
contributes to the pathology of Alzheimer disease'?>!26. However, knowing its specific
ligands is required for further analysis of the pathological process. The present method
will be useful for the analysis of such orphan GPCRs, without requiring their specific
ligands, because the trafficking of GPCRs is controllable by external light. The present
method can potentially determine the effects of trafficking a wide variety of membrane

receptors on important diseases.

3-5. Conclusion

I examined the significance of the ADRB2-B-arrestin interaction on intracellular
trafficking of ADRB2 using the developed method. Temporal manipulation of the
interaction between B-arrestin and ADRB2 using this optogenetic system revealed the
B-arrestin-mediated regulation of the intracellular trafficking of ADRB2. The
dissociation of B-arrestin from ADRB2 under dark conditions triggered the recycling of
the endocytosed ADRB2 to the cell surface, whereas the prolonged interaction of
B-arrestin with ADRB2 promoted the sorting of ADRB2 to lysosomes. The duration of
the reversible interaction of p-arrestin with ADRB2 therefore determines the
intracellular trafficking of ADRB2. In addition, the recruitment of the regulatory protein
Mdm?2 to ADRB2-B-arrestin complexes was driven by light induction of the interaction
between B-arrestin and ADRB2. Our method will be effective for investigating the
dynamics of GPCRs and their regulatory proteins in trafficking pathways. Furthermore,

MAPK signaling was not activated through the light-induced interaction of B-arrestin
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with ADRB2; this behavior may be due to the light-induced interaction not causing a
conformational change in B-arrestin that results in recruitment of MEK and ERK1/2. I
consequently showed that the artificial induction of interactions between membrane
receptors and their regulatory proteins via an optogenetic tool is a useful approach for
investigating the intracellular trafficking of membrane receptors. Light-induced
internalization of membrane receptors on cell surfaces and the manipulation of
intracellular trafficking will be beneficial to unveiling significant roles of membrane
receptors in living tissues and will also be useful for investigating the pathological

processes of important diseases.

64



Chapter 4

General Conclusion
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GPCRs are responsible for wide varieties of biological events in most of tissues
including a brain and a heart. Due to their significance in living animals, the regulation
of GPCR activities has been an attractive target in many fields of research. The
significance is proved by the fact that almost the half of drugs in current use target
GPCRs. The recent studies have demonstrated the importance roles of the intracellular
trafficking on the GPCR signaling. However, comprehensive understanding of the
intracellular trafficking has not been completed.

In the chapter 2, I developed a novel method to induce the interaction of f-arrestin
with ADRB2. In the conventional approaches for analyzing the trafficking mechanisms,
amino acid mutations were induced in GPCRs and B-arrestin. The mutation modulated
the properties of GPCR and B-arrestin, resulting in the modulation of their trafficking
and the duration of the GPCR-B-arrestin interaction. Although the mutagenetic approach
suggested the significance of the specific amino acid residues in GPCR and B-arrestin, it
1s difficult to confirm whether the interaction between B-arrestin and GPCR contributes
directly on the trafficking. The chemical dimerizers were also utilized for artificial
induction of the interaction of B-arrestin with GPCRs. However, the chemical
dimerizers are not suitable for inducing dissociation of B-arrestin from GPCRs due to
the strong affinity of rapamycin to chemical dimerizers. To overcome the problems of
conventional approaches, I utilized photo-dimerizers CRY and CIB. Light irradiation
induced the interaction of ADRBcis and Arrestincry, which triggered endocytosis of
ADRB2cs. I demonstrated that Arrestincry dissociated from ADRB2cis under dark
condition. These results suggest that the optical method is suitable for reversible control
of the interaction between ADRB2 and B-arrestin.

In the chapter 3, I utilized the optical method for investigation of the trafficking
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mechanism of ADRB2. The dissociation of B-arrestin from ADRB2 induced recycling
of ADRB2 to the cell membrane, while the prolonged interaction of B-arrestin with
ADRB?2 promoted the recruitment of ADRB2 to lysosomes. Taken together, I concluded
that the duration of the interaction of ADRB2 and B-arrestin decides the intracellular
trafficking of ADRB2. Furthermore, I demonstrated that the light induced interaction
did not trigger the remaining functions of P-arrestin (desensitization of activated
ADRB?2 and activation of MAPK signaling), which suggests that we can investigate the
trafficking regulation without considering the other functions that closely related to each
other. Furthermore, the present methods have a potential to offer further analysis of the
intracellular trafficking of GPCRs. Although GPCR signaling is affected by
conformational and oligomeric states of GPCRs, it is not clear how the specific states of
GPCRs affect the intracellular trafficking. The present methods enable us investigating
significance of specific states of GPCRs in the trafficking.

I developed optical methods to analyze the regulation of intracellular trafficking of
GPCRs using photodimerizers. Temporal regulation of the interaction of GPCR and
[B-arrestin reveals the intracellular regulation of GPCR through B-arrestin. The methods
are widely applicable for the investigation of trafficking of membrane receptors and
proteins. Temporal control of B-arrestin-receptor interactions will enable the
investigation of the unique roles of B-arrestin and the mechanism by which it regulates

B-arrestin-specific trafficking pathways of different membrane receptors.
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