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Abstract

Functional production, analyses, and
applications of human taste receptors
and photoreceptors

Yeon Kyung Cha
Interdisciplinary Program in Bioengineering
The Graduate School

Seoul National University

G protein-coupled receptors (GPCRs) are the largest transmembrane protein
family, mediating the majority of cellular responses such as vision, taste, olfaction,
neurotransmitters, and hormones. Measuring the activity and function of GPCR is
critical in food, environmental, and biomedical applications. Therefore, producing
and engineering functional GPCRs are important in developing tools for GPCR
research and practical applications. Humans have five senses: sight, taste, smell,
hearing, and touch. Among the five senses, the senses of vision, taste, and smell
involve GPCR signaling. Class A GPCRs include photoreceptors and olfactory
receptors responsible for vision and smell. Class C GPCRs include taste receptors
for sweet and umami taste, often known as “palatable” taste.

In these theses, various approaches to engineer and produce human taste
receptors and visual photoreceptors were performed. For utilizing human
sweet and umami taste receptors, a primary ligand binding domain of the

receptor was mass-produced from E. coli as an alternative strategy to using a
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whole receptor, which is difficult to overexpress in E. coli. These were
analyzed independently with tryptophan fluorescence assay and combined
with conducting nanomaterials to evaluate sweet and umami taste in a practical
manner. Human photoreceptor NDs produced from E. coli and photoreceptor-
expressing virus produced from mammalian cells were analyzed to better
understand the physiological and biochemical mechanisms in human
photoreceptors and to further apply this knowledge to develop vision
restoration technologies.

First, a primary ligand-binding domain of a human sweet and umami taste
receptor, the TIR2 VFT and T1R1 VFT, were functionally produced from E.
coli as an alternative strategy to using a whole receptor. The functions were
analyzed by tryptophan fluorescence assay using the representative taste
molecule, sucrose, and MSG, respectively. Functionally refolded VFTs have
been validated for use as a biomaterial for detecting sweet and umami
substances.

Second, the ligand-binding domain of the human sweet taste receptor was
used to evaluate sweet taste substances in a practical manner. Tryptophan
fluorescence analysis, a relatively simple approach for measuring sweet taste
using TIR2 VFT of human sweet receptors, was used to assess the efficacy of
sweet taste compounds. The tryptophan assay results were expressed as
relative sweetness to provide a quick and simple way to interpret ligand
binding at the receptor level. Furthermore, a TIR2 VFT was immobilized on
the floating electrode of a CNT-FET to develop a protein-based biosensor for
the practical detection of sweet compounds.

Third, the ligand-binding domain of the human umami taste receptor was used to

evaluate umami taste substances and their synergistic effects using tryptophan



fluorescence assays. Furthermore, a TIR1 VFT was hybridized with floating
electrode-based CNT-FET and combined with a conductive polymer hydrogel. The
hydrogel-mediated CNT-FET with TIR1 VFT was anticipated to be a useful tool for
detecting umami compounds in foods, as well as a significant application in the food
sector and fundamental research.

Lastly, the photoreceptors were either produced in E. coli and mammalian
cells, and they were used in a variety of experiments and applications.
Photoreceptor NDs produced from E. coli were used for measuring the optical
properties of their potential optical applications, such as optical switching.
Photoreceptor-expressing virus produced from mammalian cells was used for
developing in vitro model of a neural circuit for the eye to the brain.

In this study, various approaches to engineering and producing human
taste receptors and visual photoreceptors were used. Various analyses and
applications using engineered human sensory receptors were also investigated
for a better understanding of human taste and vision and future food,

environmental, and biomedical applications.

Keywords: G protein-coupled receptor (GPCR), human sweet
taste receptor, human umami taste receptor, human photoreceptor,
ligand binding domain, nanobiosensor, nanodisc
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Research background and objective

Animals, including humans, can discern nutrition through the sensation
of sweet and umami tastes. Sweet and umami tastes are perceived as ‘palatable’
taste by humans through taste receptor type 1 (T1R) family. Sweet and umami
taste receptors are heterodimeric class C GPCRs in the TIR family;
TI1IR2/TIR3 is a sweet taste receptor and TIR1/T1R3 is an umami taste
receptor. Class C GPCRs are composed of three subunits: extracellular ligand-
binding domain (Venus flytrap (VFT)), cysteine-rich domain (CRD), and
transmembrane domain (TMD). TIR2 VFT and T1R1 VFT are known to play
a significant role in ligand binding. The primary step in taste recognition is the
binding of taste molecules to a taste receptor, which then activates the
receptors for subsequent reactions. Therefore, researchers have taken a keen
interest in taste receptors, not only in understanding the structure-function
relationship but also utilizing taste receptors to detect taste compounds for
food, beverage, and pharmaceutical applications.

Rod cells and cone cells are the two types of light-sensitive cells existing in the
human photoreceptor cell layer. The outer segment of the photoreceptor cells
consists of several discs, and light-sensitive photoreceptor opsins exist in the
membrane of the disc. These photoreceptors, which are rhodopsin and cone opsin,
share a similar mechanism, and in vivo, photoreceptor protein is coupled to 11-cis-
retinal, a vitamin A derivative, where it exhibits an inactive configuration. In the
presence of light, the 11-cis-retinal molecule transforms into an all-frans-retinal and
is freed from the photoreceptor. At the same time, the photoreceptor undergoes a
structural conformational change that triggers off a chain of reactions that leads to
signal transduction. There are four types of photoreceptors among these cells:

rhodopsin (Rho) in rod cells that separates light from dark, and three types of cone
14



opsins (SW, MW, LW) in cone cells that identify colors. These four photoreceptors
absorb light in various wavelengths.

GPCRs have been reported to be difficult to overexpress, solubilize and
purify due to their complex structures and strong hydrophobicity, and it is
difficult to obtain a sufficient amount of purified GPCRs for ligand binding
studies. Although the bacterial expression system is known to be more efficient
than the mammalian expression system in terms of high-level protein
production, the sweet taste receptor, which has a heterodimeric, large, and
complex structure, is difficult to be expressed.'?

Proteins reconstituted using nanodisc (ND) are highly stable, compared to other
reconstituted proteins.® In particular, ND technology is known to be suitable for
restructuring G protein-coupled receptors. The ND consists of a receptor protein, a
phospholipid bilayer, and a membrane scaffold protein (MSP), which encloses the
receptor-phospholipid complex which acts as a belt. ND technology can mimic the
structure of membrane proteins in nature.

In this chapter, four human photoreceptors were expressed and purified from E.

coli.

In summary, the objectives of this study are:

1. Production of TIR2 VFT and T1R1 VFT, a primary ligand binding
domain of human sweet and umami taste receptor, in E. coli system
and functional characterization of refolded VFTs

2. Analysis of TIR2 VFT utilizing tryptophan fluorescence assay and
development of bioelectronic tongue based on T1R2 VFT for
evaluating sweet taste

3. Analysis of TIR1 VFT utilizing tryptophan fluorescence assay and

15



development of hydrogel-mediated CNT-FET based on TIR2 VFT for
evaluating umami taste in fish extract samples

Production of human photoreceptors in both E. coli and mammalian
cells using nanodisc technology and recombinant lentiviral systems
Photoreceptor NDs and photoreceptor-expressing viruses: analysis

and applications in optical and medicinal applications

16



Chapter 2

Literature review
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2.1 G protein-coupled receptors

GPCRs are known as the largest family of transmembrane proteins. It has seven
transmembrane helices and mediates the majority of cellular responses regarding
vision, taste, olfaction, neurotransmitters, and hormones.* GPCRs, when activated
by specific stimuli, initiate a cascade of intracellular responses via interactions with
their G-protein partners, which are comprised of three subunits: Go, Gfy and
guanosine triphosphate (GTP).>®

GPCRs are classified into several groups based on sequence conservation,
functional similarity, and structural features.>”® Classes, A, B, and C are the most
commonly studied GPCRs, which are rhodopsin-like, secretin-like, and
metabotropic glutamate receptors. Although all GPCRs have structurally similar
transmembrane domains, the ligand binding sites vary significantly within the GPCR
superfamily. As a result, GPCR classification provides critical information for
developing a production strategy and estimating functional activity.’

Measuring the GPCR activity and function is critical in food, environmental
and biomedical applications. The existing functional assays require time-consuming,
labor-intensive, and high-cost fluorescence assays involving whole cells expressing
GPCRs.'"!" As a result, developing tools for functional GPCR research is critical.
Producing functioning GPCRs and integrating them with a conducting material to
develop a biosensor platform will aid in the development of high-throughput assays

for GPCR deorphanization and ligand screening.
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2.2 Sensory transduction in taste and vision

Sweet and umami tastes are perceived as ‘palatable’ taste by a human through
taste receptor type 1 (T1R) family. Sweet and umami taste receptors are
heterodimeric class C GPCRs in the TIR family; TIR2/T1R3 is a sweet taste
receptor and TIR1/T1R3 is umami taste receptor. Class C GPCRs are composed of
three subunits: extracellular ligand-binding domain (Venus flytrap (VFT)), cysteine
rich domain (CRD), and transmembrane domain (TMD).'? The T1R2 VFT provides
primary binding sites for majority of sugars and artificial sweeteners, whereas TIR1
VFT detects umami tastants and enhancers. Additionally, the TIR2 TMD enables for
G-protein coupling and TIR3 CRD is known to be involved in binding of sweet
proteins, monellin, and brazzein.'>!?

Visual photoreceptors are classified as class A GPCRs, also known as the
rhodopsin-like family, which has the most GPCR members.” Opsin is a class A
GPCR with a short N-terminal extracellular domain, a transmembrane domain, and

a short C-terminal intracellular domain. In class A GPCRs, orthosteric binding sites

are found in the transmembrane helical bundle. '

2.2.1 Taste signal transduction

The T1R2/T1R3 receptor identifies a wide range of sweet compounds,
including natural sugars, artificial sweeteners, amino acids, and proteins.'*'"'* Ga-
gustducin pathway is required for taste signal transduction. Sweet taste transduction
occurs via two additional signaling pathways involving different secondary
messengers, in addition to the G-gustducin pathway. The first involves cAMP, while

the second involves IP3. '**° Sucrose or other sugars bind to TASIR2 or TASIR3
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and recruit Gas protein, resulting in increased cAMP levels and the influx of cations
through ion channels. Then, cAMP activates protein kinase A, which causes TRC
cell depolarization, resulting in calcium ion influx and releasing neurotransmitters.
2122 Qweetener binding to the TASIR2/TAS1R3 heterodimer, on the other hand,
recruits G-gustducin proteins, which stimulate PLC2, which hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and IP3.%
IP3R3-induced Ca2+ release from ER stores activates TRPMS, resulting in action
potential and releasing neurotransmitters.

The umami taste transduction mediated by TIR1/T1R3 is similar to those for
sweet taste. »* Both, a-transducin and a-gustducin are involved in umami taste signal
transduction. Ligand binding to the TIR1/T1R3, releases GPy subunits to stimulate
PLCP2, which hydrolyzes PIP2 to DAG and IP3.** IP3 then activates IP3R3 which
results in the release of calcium ions from intracellular compartments. Calcium ions
activate TRPM5 and TRPM4 channels, leading to an influx of sodium ions,

subsequent cell membrane depolarization, and finally release of neurotransmitters.

2.2.2 Visual phototransduction

Phototransduction is the process by which a photon of light captured by a
molecule of visual pigment generates an electrical response in a photoreceptor cell.
Visual photoreceptors are members of the superfamily of GPCRs whose natural
ligand, the chromophore 11-cis retinal, is already covalently attached.”> The 11-
cis isomer acts as a powerful antagonist, and it is only when a photon of light
isomerizes the chromophore to its all-frans form, which acts as a powerful agonist,
that the visual pigment GPCR becomes active. Vision starts with the absorption of

photons, and the photon-triggered isomerization of the retinal from the 11-cis to the

20

Ak



all-trans state, followed by conformational changes in the 7TM domain of thodopsin
to accommodate the binding of G proteins, leading to the downstream signal
transduction, which is dominated by the kinetics of activation of the cGMP signaling

pathway.*®
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2.3 GPCRs produced from heterologous expression system

2.3.1 GPCRs production in prokaryotic cells

The bacterial cell system has many advantages for producing recombinant
proteins, including low cost, well-established molecular biological knowledge,
homogeneity of the produced proteins, and short generation time. Furthermore,
processes based on bacterial cell systems are easily optimized for large-scale
production.””?® Because of these advantages, numerous attempts have been made to
establish an optimal process to produce GPCRs using bacterial cell systems,
especially Escherichia coli (E£. coli). Among the different steps of the production
process, expression is the initial step, and the quantities of GPCRs produced mostly
depend on the expression level. However, it is difficult to overexpress membrane
proteins including GPCRs in bacterial cells for various reasons. The expression of
GPCRs in bacterial cell membranes is highly unpredictable, and the mechanism of
insertion into the cell membrane is not well understood.?’ It has been accepted that
eukaryotic membrane proteins are difficult to insert and express in prokaryotic cell
membranes due to their different charge distribution on the cell surface and the
mechanism of insertion.”” In addition, the limited capacity of the bacterial cell
membrane means that it cannot incorporate sufficient quantities of GPCRs. With
more recent approaches, high-level expression of GPCRs has been achieved in an
aggregated form as inclusion bodies. Expression of membrane protein in inclusion
bodies reduces the toxicity during expression and simplifies the purification method.
In this case, functional reconstitution is required after the solubilization of insoluble
fractions and purification. To optimize the process, various conditions affecting the
expression level, including the genotype of the host cell, the incubation time and

temperature, and the induction conditions, need to be examined.?!
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2.3.2 GPCRs production in eukaryotic cells

As a eukaryotic cell system, insect cells perform posttranslational
modifications, such as phosphorylation, fatty acid acylation, and
glycosylation, and eukaryotic recombinant proteins produced using insect
cells exhibit characteristics similar to those of their native forms.>** For the
production of GPCRs, insect cells offer correct folding in cell membranes
with certain Ga subunits.>® Along with these advantages, insect cells used as
host cell systems have shown high efficiency for the expression of GPCRs.
Several reports suggested that the expression levels of receptors were 25—600
times higher than those in mammalian cells, and the receptors exhibited the

correct function for ligand binding.?”*
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2.4 Nanobiosensors using natural receptors

Recently, nanobiosensors, which consist of biological recognition elements as a
primary transducer, and nanomaterials, such as carbon nanotube (CNT), conducting
polymer nanotube (CPNT), and graphene, as a secondary transducer for signal
amplification, have been developed. The biological recognition elements allow a
selective interaction with specific target molecules. The nanomaterials with
outstanding electrical properties have enabled the development of novel or improved
electrical sensing platforms with high sensitivity. Thus, the integration of
biomaterials and nanomaterials facilitates the high sensitivity and selectivity of
nanobiosensors. The various types of FET-based nanobiosensors using natural
receptors as recognition elements for the bioelectronic nose and bioelectronic tongue

are shown in Figure 2.1.
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Figure 2.1 Various types of FET-based nanobiosensors using natural receptors

Kwon et al., Chem. Rev. 119, 36—93 (2019)
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2.4.1 Protein-based biosensors

Natural receptor proteins are used in protein-based biosensors, which are made
up of natural receptors produced by heterologous cell systems and secondary signal
transducers. Secondary signal transducers detect the selective binding of natural
receptors with ligands. In terms of stability, reusability, mass production, and ease of
fabrication, natural receptor protein-based biosensors offer an advantage over cell-
based biosensors. The bioelectronic nose is an example of a natural receptor protein-
based biosensor. The human nose and mammalian olfactory system can discern
between scents from different substances with single-carbon-atomic resolution, due
to an olfactory that transmits signals to the brain, leading to smell identification via
brain communication. The olfactory system's primary skill is to distinguish scents,
even nonodorant gases. As a result, conventional electronic noses have been
evaluated to mimic the human olfactory system, with numerous achievements in
food, beverage, environmental monitoring, and illness diagnosis applications.
Nonetheless, significant restrictions such as precise selection and ultrasensitivity
must be overcome. An approach for immobilizing several types of olfactory and taste

receptors on sensing platforms has also been developed.

2.4.2 Nanodisc-based biosensors

Human olfactory receptors embedded in detergent micelles or NDs have been
used in nanobiosensors to reconstitute membrane receptor proteins.*”** NDs show
remarkable reconstituted stability, comparable to other reconstituted proteins.” The
ND is composed of phospholipids, which mimic the natural environment of the cell
membrane, and MSP, which encircles the hydrophobic area of the phospholipid

bilayer to ensure the receptor's stability. In the realm of nanobiosensors, the most
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promising biomaterial is ND. However, E. coli lacks posttranslational modification
processes for eukaryotic receptors, such as glycosylation and phosphorylation. E.
coli is not suited for producing receptors that require post-translational modification.
Membrane proteins reconstituted by detergents have limitations due to a lack of
native membrane environment, such as denaturing the membrane proteins and

reconstituted membrane protein stability.**

2.4.3 Nanovesicle-based biosensors

The signal pathway of nanovesicles produced from artificial cells expressing
olfactory and taste receptors is considered to be similar to that of olfactory neurons
and taste buds. “*® In HEK-293 cells expressing human olfactory receptors, the
intracellular calcium ion concentration increased in response to odorant activation.
It is assumed that the signal transduction of olfactory receptors produced in HEK-
293 cells makes use of the cells' intrinsic components. Similarly, calcium ion influx
was only observed in nanovesicles that integrated human olfactory and taste
receptors through odorant binding. Calcium ion influx occurs via signal pathway
cascade after certain ligands bind to receptors on the surface of nanovesicles, and is
transferred to electrical signals via transducers such as CNT-FET. The advantage of
utilizing nanovesicles over artificial cells is that they are more stable. This
nanovesicle-based system mimics the human sensory pathway and exhibits olfaction
and taste signal transduction, which is generated by ligand receptor contact, similar
to artificial cells. GPCR-embedded nanovesicles exhibit a high storability and are
less dependent on environmental factors. However, the limited reusability due to
irreversible calcium influx should be taken into consideration in future research for

practical nanobiosensors.*
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2.4.4 Peptide-based biosensors

Peptides as recognition elements for CN-based sensor platforms should have
various advantages over whole receptor proteins or nanovesicles, such as an easier
synthesis procedure, higher stability, and an efficient Debye length for a FET-type
transducer. Extensive structural research and computational modeling have enabled
the prediction of binding sites and the identification of peptides that mimic natural
receptor binding capabilities. Peptides derived from natural receptors have been used
as recognition elements in biosensors coupled with a variety of signal transducers.
Peptides are more suitable biomolecular structures for natural receptor-based FET
systems than whole proteins because the sensing mechanism of FETs is dependent
on the Debye length, which is the distance between the FET surface and charges on
the analyte coupled to the FET. As a result, natural receptors in smaller forms have

higher sensitivity and selectivity.**
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Chapter 3

Experimental procedures
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3.1 Gene cloning

3.1.1 Cloning of T1IR2 VFT, TIR1 VFT and photoreceptor
genes into E. coli expression vector

For cloning of TIR2 VFT or T1R1 VFT into E. coli expression vector, a
signal peptide (1-20 amino acids)-deleted TIR2 or TIR1 VFT gene was
amplified by polymerase chain reaction (PCR) with human genomic DNA as
a template. A human cDNA, pCMV6-ENTRY-hTASIR2 or hTASIR1, was
purchased from OriGene (USA). The amplified PCR product was cloned into
a pENTR cloning vector using directional TOPO cloning, and then LR
Clonase was used to clone it into pET-DEST42 expression vector (all from
Invitrogen). For purification, the TIR2 VFT or TIR1 VFT gene was cloned
into a pET-DEST 42 bacterial expression vector with the 6x His tag at the C-
terminus.

In order to clone the photoreceptor SW or Rho genes into E. coli
expression vector, the genes were amplified by a PCR using human SW and
Rho cDNA clones as templates (available for purchase from OriGene Cat. No.
RC222804, RC211328). Amplified PCR products were inserted into the
pENTR cloning vector via directional TOPO cloning and transferred to the
pET-DEST42 vector with LR Clonase (all from Invitrogen) for high-level

bacterial expression and simple purification with C-terminal 6xHis tag.

3.1.2 Cloning of photoreceptor gene into mammalian
expression vector

The photoreceptor genes in the pCMVo6-entry vector were purchased from
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OriGene (USA). These photoreceptor genes were cloned into pcDNA3 mammalian
expression vectors (Invitrogen, USA). DNA sequencing was used to confirm their

sequences (GenoTech, Korea). Additionally, Rho-EGFP and LW-DsRed in pcDNA3

vector were also constructed and confirmed by DNA sequencing.

3.1.3 Cloning of photoreceptor gene into lentiviral expression
vector

The SW or Rho genes were amplified by PCR from with human genomic DNA
as a template. The amplified Rho-tagged SW or Rho gene was inserted into the Nhel

and BamHI sites of the lentiviral vector pPCDH-CMV-MCS-T2A-RFP-EF1-Puro.

The sequence was confirmed by DNA sequencing.
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3.2 Protein production from E. coli

3.2.1 Expression and purification of TIR2 VFT, T1R1 VFT
and photoreceptors in E. coli

For production of TIR2 VFT or TIR1 VFT from E. coli, the cloned pET-
DEST42 T1R2 VFT or pET-DEST42 TIR1 VFT was transformed into E. coli
Rosetta (DE3) strain, and the transformed cell was cultured in a lysogeny broth
media with ampicillin (50 pg/mL) at 37 °C. At the optical density (ODsgo) value of
0.5, TIR2 VFT or T1R1 VFT gene expression was induced using 0.5 mM isopropyl
B-D-thiogalactoside. Cells were incubated for 4 h and were harvested by
centrifugation (7000g, 20 min, 4 °C). Cell pellet was resuspended in phosphate
buffered saline (PBS) containing 2 mM ethylenediaminetetracetic acid (EDTA, pH
8.0) and was lysed by sonication (5 s on/off, 25% amplitude, 5 min). The insoluble
fraction including the VFT was collected by centrifugation (12,000g, 30 min, 4 °C)
and was solubilized in solubilization buffer [0.1 M Tris—HCI, 20 mM sodium
dodecyl sulfate (SDS), 100 mM dithiothreitol, 1 mM EDTA, pH 8.0] at 30 °C
overnight. The solubilized sample was centrifuged (12,000g, 30 min, 30 °C) and was
collected. The sample was dialyzed in dialysis buffer [0.1 M sodium phosphate, 10
mM SDS, pH 8.0] using a MEMBRA-CEL dialysis membrane (Viskase) of 14 kDa
molecular weight cut-off (MWCO). After filtering, the dialyzed sample with a 0.45
um bottle top filter (Thermo Fisher Scientific), the sample was loaded to a 5 mL
HisTrap affinity column (GE Healthcare) equilibrated with binding buffer [0.1 M
sodium phosphate, 10 mM SDS, pH 8.0]. The column was then gradually washed
with a washing buffer [0.1 M sodium phosphate, 10 mM SDS, pH 7.0]. Finally, the
T1R2 VFT or TIR1 VFT was eluted with elution buffer [0.1 M sodium phosphate,
10 mM SDS, pH 6.0] and was stored at —80 °C for later use.

The SW or Rho were produced from E. coli similar to the previous
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production process. The purified protein was stored at -80 °C for later use and
thawed for an hour at 4 °C before use. The buffer of the purified SW and Rho
was changed to HEPES buffer I [20 mM HEPES, 100 mM NacCl, 25 mM
cholate, pH 8.0) using HiTrap™ Desalting column (GE Healthcare) for further

assembly into NDs.

3.2.2 Expression and purification of membrane scaffold
protein in E. coli

For membrane scaffold protein production, the Rosetta™ E. coli (DE3)
strain was transformed with the pMSP1E3D1 bacterial expression vector by
heat shock reaction and cultured under agitation in LB medium with
kanamycin (50 pg/mL) at 37 °C until an OD600 value of 0.5 was reached.
After induction with 0.5 mM IPTG and further culture for 4 h, the cells were
harvested by centrifugation at 4 °C (7000xg, 20 min) and resuspended in
buffer containing 20 mM Tris-HCI, 20 mM imidazole, and 0.5 M NaCl (pH
8.0). Then, they were lysed by sonication at 4 °C (30% amplitude, 5 s on/off,
5 min) and centrifuged at 4 °C (12000xg, 30 min). The supernatant containing
soluble MSP1E3D1 was filtered through a 0.45 pm bottle top filter. The
filtered sample was loaded onto a 5 ml HisTrap affinity column equilibrated
with binding buffer [20 mM Tris-HCI, 0.5 M NaCl, 20 mM imidazole, pH 8.0].
After washing the column with wash buffer [20 mM Tris-HCI, 0.5 M NaCl, 50
mM imidazole, pH 8.0], His-tagged MSP1E3D1 was purified using elution
buffer [20 mM Tris-HCI, 0.5 M NaCl, 350 mM imidazole, pH 8.0]. Buffer
exchange with HEPES buffer [ [20 mM HEPES, 100 mM NaCl, 1l mM EDTA,
20 mM cholate, pH 8.0] was performed using a HiTrap HP desalting column

(GE Healthcare) for later use of ND assembly. The purified protein was stored
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at -80 °C for later use and thawed at 4 °C for an hour before use. For additional
process to remove the His tag from His-tagged MSP1E3DI1, eluted
MSPI1E3D1 was mixed with TEV protease at a molar ratio of 1:100 at 4°C for
16 h. MSP1E3D1without His tag was collected from the flow-through of a

HisTrap™ HP column.

3.2.3 SDS-PAGE analysis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot
analysis was performed. For SDS-PAGE, protein samples were incubated with
a staining solution [Coomassie blue 0.5 g/L, acetic acid 7% (v/v), methanol
40% (v/v)] for 1 h at room temperature. The stained gel was incubated with a
destaining solution I [acetic acid 7% (v/v), methanol 40% (v/v)] for 1 h atroom
temperature and then incubated with a destaining solution II [acetic acid 7%
(v/v), methanol 5% (v/ v)] overnight at room temperature. For western blot,
protein samples were mixed with a 2x Laemmli sample buffer added with 2-
mercaptoethanol (Bio-Rad) and boiled for 5 min at 95 °C. After loading the
samples and protein markers into the gel, SDS-PAGE was performed at 80 V.
Protein bands were transferred to a nitrocellulose membrane, and the
membrane was incubated with a blocking solution [5 wt% skim milk in PBS-
T (1x PBS, 0.1 vol% Tween-20)] at room temperature for 1 h. An anti-His
mouse antibody (Santa Cruz Biotechnology) was used as a primary antibody,
and an HRP conjugated goat anti-mouse [gG antibody (Merck) was used as a
secondary antibody. For analysis of SW-expressing mammalian cells, an anti-
Rho rabbit antibody (Santa Cruz Biotechnology) was used as primary antibody,
and an anti-rabbit IgG-HRP antibody was used as a secondary antibody. After

washing the membrane several times with PBS-T, the protein band of the TIR2
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VFT was analyzed using a TOPview ECL Pico Plus Western Substrate

(Enzynomics).
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3.3 Expression of photoreceptors in mammalian cells and
construction of HEK-293 stable cell lines expressing
photoreceptors

3.3.1 Expression of photoreceptors in HEK-293 and R28 cell

HEK-293 cells were maintained in Dulbecco's Modified Eagles Medium
(DMEM) (HyClone, USA) supplemented with 1% penicillin, 1%
streptomycin (Gibco, USA) and 10% Fetal Bovine Serum (FBS) (Gibco, USA)
at 37°C under 5% CO; condition. The cells were transfected using
Lipofectamine3000 (Invitrogen, USA) following the manufacturer’s
instruction. The cells were either used for fluorescence imaging or further used
for SDS-PAGE analysis by sonication (2 s on/off, 2 min) (Sonics Vibracell,

USA).

3.3.2 Lentiviral production and transduction of primary
neuronal cells expressing photoreceptors

Approximately 2.2 x 10° HEK 293FT cells were cultured in 100 mm
dishes of Dulbecco’s modified Eagle medium (DMEM) (Biowest, France)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin, G418 (500
ng/ml) and GlutaMAX™ (Gibco, US) at 37°C under 5% CO». For production
of virus stocks, 3 pg of lentiviral construct pPCDH-CMV-Rho tag-SW-RFP-
EF1-Puro or pCDH-CMV-Rho tag-Rho-RFP-EF1-Puro was transiently
cotransfected with packaging plasmids 2.7 pg of pLP/VSVG, 4.5 pug of pLP1,
and 1.8 pg of pLP2 into HEK 293FT cells using Lipofectamine 3000 reagent
(Invitrogen, US). After 24-48 hours, the supernatant that contained the virus
was harvested. Each vector was diluted in fully neurobasal medium and placed

on SpheroFilm. After incubating for 24 hours, the medium with vector was
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fully washed out with fresh medium.

3.3.3 Construction of HEK-293 stable cell lines expressing
photoreceptors

HEK-293 cells were seeded to be 70% confluent the following day and
cultured in complete medium at 37°C with 5% CO;. The medium was replaced
with fresh complete medium containing 5 pg/mL polybrene for increase in
transduction efficiency. The produced lentivirus stock was added with an
appropriate amount to obtain desired MOI and incubated at 37°C with 5% CO..
The medium was replaced with fresh complete medium containing puromycin
for antibiotic selection. After replacing fresh puromycin-containing medium
every 3 days, the puromycin-resistant colonies were obtained. The cells
expressing SW or Rho contain red fluorescence protein, RFP. Therefore, the

cells expressing RFP were sorted using fluorescence-activated cell sorting

(FACS).

3.3.4 Calcium imaging analysis

Photoreceptor gene-transfected cells were incubated with 5 pM fluo-4
AM (Molecular Probes, USA), 2.5 mM probenecid, and 10 pM 11-cis-retinal
(Santa Cruz Biotechnology, USA) in Ringer's solution [140 mM NaCl, 1 mM
MgCl,, 1.8 mM CaCl,, 5 mM KCI, 5 mM glucose, 10 mM HEPES (pH 7.4)]
at 37°C for an hour. The cells were washed three times using Ringer's solution
and further incubated in Ringer’s solution for 30 min to completely de-esterify

AM esters and remove nonspecific binding. The cells were imaged with a
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fluorescence microscope and the intracellular Ca®" intensity were measured at
the emission wavelength of 525 nm, upon excitation wavelength of 480 nm.

All experiments were performed in the dark.

37



3.4 Functional reconstitution

3.4.1 Refolding of TIR2 VFT and T1R1 VFT

The purified TIR2 VFT or TIR1 VFT was diluted to a concentration of 0.5
mg/mL and dialyzed in HEPES buffer I 20 mM HEPES, 10 mM SDS, 0.5 mM EDTA,
pH 8.0] with a MEMBRA-CEL dialysis membrane (Viskase) of 14 kDa MWCO at
room temperature. The dialysis buffer was then changed to HEPES buffer 11 [20 mM
HEPES, 5 mM SDS, 0.5 mM EDTA, pH 7.5] at room temperature. Then, the buffer
was replaced by HEPES buffer III [20 mM HEPES, 3 mM SDS, 0.5 mM EDTA, pH
7.5] at room temperature. 10 mM methyl-B-cyclodextrin was added to the dialyzed
protein sample and stirred at 4°C overnight. The mixed sample was dialyzed in

refolding buffer [20 mM HEPES, 1 mM EDTA, and 150 mM NaCl, pH 7.5] at 4°C.

3.4.2 Assembly of photoreceptor NDs

The lipid material was prepared by mixing 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC) and I-palmitoyl-2-
oleoylphosphatidylglycerol (POPG) (Avanti Polar Lipids) in a ratio of 3:2. The
residual chloroform solvent in the lipid solution was removed by using
nitrogen gas and then placing the sample in a vacuum desiccator overnight.
The dried lipid film was then solubilized in cholate buffer (20 mM HEPES,
100 mM NaCl, 1 mM EDTA, 100 mM cholate, pH 8.0) under agitation. To
reconstitute the SW- and Rho-NDs, respectively, the photoreceptor:MSP:lipid
molar ratio was set at 0.1:1:75. The final concentrations of the mixture were
10 uM photoreceptor, 100 uM MSP1E3D1, 7.5 M lipids. The lipids, purified
SW or Rho proteins and MSP were added in order, and the mixture was
incubated for 2 h at 4°C. Bio-Beads (Bio-Rad), nonpolar polystyrene
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adsorbents, were added to the mixture to absorb the detergent and incubated at
4°C overnight. After removing the Bio-Beads, the mixture was loaded onto an
S200 size-exclusion column (Superdex 200 Increase 10/300 GL, GE
Healthcare) equilibrated with HEPES II buffer (20 mM HEPES-NaOH, 100
mM NaCl, 1 mM EDTA, pH 8.0) to remove unbound proteins. Five hundred
microliters of sample were injected at a flow rate of 0.5 mL/min. The ND

fractions were collected and stored at 4°C.

3.4.3 Tryptophan fluorescence quenching assay

The ligand binding function of the functionally reconstituted protein was
analyzed by a tryptophan fluorescence quenching assay using an LS 55
Luminescence spectrometer (PerkinElmer). The concentration of TIR1-VFT
used for tryoptophan fluorescence quenching assay was 7.5 uM. The intrinsic
tryptophan fluorescence of the protein was measured with excitation at 290
nm and emission at 350 nm. The relative fluorescence intensity was calculated
with the formula AF/Fo (%) = [(Fo — F)/Fo] x 100. Fy and F refer to the
fluorescence intensity of the receptor before and after the treatment of ligand

molecules, respectively.

3.4.4 Dynamic light scattering and scan electron microscopy
imaging

The size of the photoreceptor NDs was analyzed by a DLS
spectrophotometer (DLS-7000). Field-emission scanning electronic

microscopy (AURIGA, Carl Zeiss) was used to analyze the size and

morphology of photoreceptor NDs.
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3.5 Fabrication of ligand binding domain of human taste
receptors immobilized on CNT-FET sensors

3.5.1 T1R2 VFT immobilization on CNT-FET

A CNT-FET device was incubated in an N-acetyl-L-cysteine solution (0.5 M in
distilled water) for 12 h at room temperature. The chip was gently rinsed with
distilled water. The device was incubated with a mixture of EDC (20 mM in MES
buffer) and NHS (40 mM in MES buffer) for 30 min. The chip was gently rinsed
with HEPES buffer. Then, 1 uL. of TIR2 VFT in a HEPES solution was dropped on
the channel region of the sensor. The sensor was incubated for 2 h at room
temperature. The prepared chip was stored at 4°C. The chip was washed to remove

unbound protein before each measurement.

3.5.2 T1R1 VFT immobilization on CNT-FET and formation
of hydrogel layers on T1R1 VFT-based sensors

A CNT-FET device was incubated in an N-acetyl-lI-cysteine solution (0.5 M in
distilled water) for 12 h at a room temperature, and the chip was gently rinsed with
distilled water. Then, the chip was incubated with a mixture of EDC (20 mM in MES
buffer) and NHS (40 mM in MES buffer) for 30 min and gently rinsed with a HEPES
buffer. Afterward, it was incubated with 1 L of TIR1-VFT in a HEPES solution for
2 h at a room temperature and gently rinsed with HEPES buffer to remove unbound
protein. The concentration of TIR1-VFT used for immobilization on CNT-FET

device was 60.4 uM.

The PAAm hydrogel was prepared according to a previously-reported method.

Briefly, AAm monomer powder (2.17 M) and 0.06 wt% N, N-
41



methylenebisacrylamide (MBAA) (with respect to the AAm) as a cross-linker were
dissolved in deionized water to obtain an aqueous solution. Then, LiCl (4 M) and
0.16 wt% ammonium persulfate (APS) as an initiator were added into the aqueous
solution. After sonicating and degassing the mixture in a vacuum chamber, 0.25

wt% N, N, N’, N'-tetramethylethy-lenediamine (TEMED) with respect to the AAm

was further added as an accelerator. Finally, 0.2 uL of hydrogel solution was
dropped on the channel region, and the chip was placed at a room temperature for
30 min so that a hydrogel layer was formed on the chip surface. The prepared chip

was stored at 4°C for a future usage.
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3.6 Fabrication of PDMS and photoreceptor ND-filled
waveguides

3.6.1 Refractive index measurement of photoreceptor NDs

The refractive index of the photoreceptor NDs was determined using a liquid
refractometer. Seven wavelengths in the visible light region from 500 to 800 nm
separated by intervals of 50 nm were utilized for effective experiments; this range
spans from blue to near infrared emissions for matching with photoreceptor’s
spectral sensitivity according to human vision and avoiding overlap among spectra.
These beams were filtered from the white light of a supercontinuum source (SuperK
Compact, NKT Photoniks) using monochromatic filters (FMiSM, IISM) with an
average FWHM of approximately 3 nm and a relative standard deviation of
approximately 4%.

Using the displacement ¢ of the beam and the incident angle 6 to the cuvette
surface, we can calculate the refractive index of the liquid in the cuvette with

equation (2).

cos6 ?
n=n,sino 1+[ } 2)

sin@—-A/d

where 7, is the air refractive index, d is the path length of the cuvette, and 4 =
0- J, is the displacement of the Gaussian peaks between the liquid-filled cuvette and
the empty cuvette. The peak locations were obtained by Gaussian fitting of the
measured data using ‘OriginPro 9.0” program, which were detected from the knife
edge system as usual beam shape measuring method. With different incident angles
(0) from 10 to 40°, we measured the displacements and determined the refractive

index by averaging all the results.
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3.6.2 Fabrication of photoreceptor ND-filled PDMS-based
waveguides and analysis of beam profile intensity

A waveguide was fabricated using polydimethylsiloxane (PDMS) (silicone
elastomer kit, Sylgard 184 A/B, Dow Corning) based mold structured constructed by
3D printer (Creality 3D CR-10S Pro, Creality). The PDMS solution was cured in the
mold overnight after reducing bubbles in a vacuum desiccator. The most favorable
structure with a width:gap ratio of 1:2 in the PDMS grooves was chosen. The surface
for the focusing beam was constructed to be flat and perpendicular to the beam-
propagation axis, and the opposite surface for the emitting beam had a round shape,
which reduced the bias refraction. After filling the empty space of “width” in the
PDMS grooves with 200 pl of the liquid dispersion of NDs, we observed the
refracted beam on the screen located 10 cm from the output surface. Images were
captured by a digital camera (V40 ThinQ, LG) to investigate the beam profile spreads
on the screen. The images were analyzed by using MATLAB and color-coded based
on #ff0000 for red. With the screen in the same position, we also measured the beam
intensity by utilizing a power meter (PM100D, Thorlabs) as a photodetector to

observe the intensity variation over time.
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Chapter 4

Production of ligand binding domain
of human sweet and umami taste
receptors
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4.1 Introduction

Animals, including human, can discern nutrition through sensation of
sweet and umami tastes. Sweet and umami tastes are perceived as ‘palatable’
taste by human through the taste receptor type 1 (T1R) family. Sweet and
umami taste receptors are heterodimeric class C GPCRs in the T1R family;
T1R2/T1R3 is sweet taste receptor and TIR1/T1R3 is umami taste receptor.
Class C GPCRs are composed of three subunits: extracellular ligand-binding
domain (Venus flytrap (VFT)), cysteine rich domain (CRD), and
transmembrane domain (TMD). TIR2 VFT and T1R1 VFT are known to play
a significant role in ligand binding. The primary step in taste recognition is the
binding of taste molecules to a taste receptor, which then activates the
receptors for subsequent reactions. Therefore, researcher have taken a keen
interest in taste receptors, not only in understanding the structure-function
relationship, but also utilizing taste receptors to detect taste compounds for
food, beverage and pharmaceutical applications.

GPCRs have been reported to be difficult to overexpress, solubilize and
purify due to their complex structures and strong hydrophobicity, and it is
difficult to obtain sufficient amount of purified GPCRs for ligand binding
studies. Although the bacterial expression system is known to be more efficient
than the mammalian expression system in terms of high-level protein
production, the sweet taste receptor, which has a heterodimeric, large and
complex structure, is difficult to be expressed.'?

In this chapter, the TIR2 VFT and T1R1 VFT, a primary ligand-binding
domain of a human sweet and umami taste receptor, were produced from E.
coli as an alternative strategy to using a whole receptor. The VFT and T1R1

VFT, which have been purified and functionally refolded, can be used to detect
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tastants in a relatively simple way using tryptophan fluorescence assay, and
furthermore, and they can also be combined with nanomaterials to develop

bioelectronics tongues.

4.2 Expression and purification of ligand binding domain of
human sweet and umami taste receptors in E. coli system

The ligand binding domain of human sweet and umami taste receptors,
T1R2 VFT and T1R1 VFT, were expressed and purified from E. coli. Figure
4.1 shows the SDS-PAGE gel staining and western blot analysis of the purified
T1R2 VFT and T1R1 VFT. The elution peak of FPLC elution profile and SDS-
PAGE gel staining and western blot analysis in the steps of after cell lysis,
solubilization, and purification are shown in Figure 4.2. The gel staining and
western blot analysis showed bands at 54 kDa for TIR2 VFT and 53 kDa for
T1R1 VFT, which corresponds to the molecular weight calculated by the
online ExPA Sy bioinformatics tool. These results indicate that both TIR2 VFT
and T1R1 VFT were successfully overexpressed and purified. It is well known
that expressing a full class C GPCRs, such as a human sweet taste receptor, is
difficult, and that even expressed GPCR frequently demonstrate poor
functionality due to their large size and complex heterodimeric structure. VFTs
of human sweet and umami taste receptors, have been identified to have the
desired functionality for primary ligand binding and initiating receptor

responses.>*’
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Figure 4.1 SDS-PAGE analysis of purified (a) TIR2 VFT and (b) T1R1 VFT from E.
coli

1.0-
= 0.8
3
s
0.6
8
H
£ 0.
5
2
202
0.0+ T v J
0 10 20 30
Elution volume (ml)
b After After After After After After
sonication solubilization dialysis sonication solubilization dialysis
KkDa P s P s P s F E KDa P s P s P s F

- amenf

88 838
7L

»
]

r

Figure 4.2 Purification of TIR2 VFT expressed in E. coli

(a) Fast protein liquid chromatography (FPLC) elution profile of TIR2 VFT. (b)
SDS-PAGE analysis of TIR2 VFT after cell lysis, solubilization, and purification. P:

pellet after centrifugation; S: supernatant after centrifugation; F: filtrate; E: eluent.
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4.3 Functional characterization of ligand binding domain of
human sweet and umami taste receptors

The ligand binding functionality of the refolded TIR2 VFT and TIR1 VFT were
examined using a tryptophan fluorescence quenching assay. Tryptophan residues in
proteins exhibit intrinsic fluorescence at emission wavelengths around 350 nm. As
ligands bind to the receptor protein, conformational changes occur and can reduce
the fluorescence intensity.*** The sweet substances bind to TIR2 VFT, while the
umami compounds bind to TIR1 VFT, causing conformational changes in the
receptor and fluorescence quenching of tryptophan residues. As shown in Figure 4.3,
sucrose was used as the representative sweet tastant to evaluate the ligand-receptor
binding functionality. The change in relative fluorescence intensity increased with
increasing sucrose concentration. As sucrose concentration increased, the change of
relative fluorescence intensity also increased. This result shows the T1IR2 VFT
responds to sucrose in a dose-dependent manner, implying that the receptor was
functionally refolded.

For functionality test of TIR1 VFT, MSG was used as the representative umami
taste compound(Figure 4.4). The relative fluorescence intensity increased as MSG
concentrations increased. The results showed that the TIR1-VFT responds to umami

substances, therefore it was properly refolded and retained its original functionality.
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Figure 4.3 Functionality test of TIR2 VFT to sucrose using tryptophan fluorescence
quenching assay
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Figure 4.4 Functional assay of TIR1 VFT to MSG using tryptophan fluorescence
quenching assay
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4.4 Conclusions

In this study, the TIR2 VFT and T1R1 VFT, a primary ligand-binding
domain of a human sweet and umami taste receptor, were successfully
produced from E. coli as an alternative strategy to using a whole receptor.
T1R2 VFT and T1R1 VFT, purified from E. coli, was evaluated with western
blot analysis and SDS-PAGE gel staining, indicating a high yield and high
purity. TIR2 VFT and TIR1 VFT purified samples were refolded to regain
their original function. The functions were assessed using a tryptophan
fluorescence assay, and both TIR2 VFT and T1R1 VFT responded to their
representative tastants, sucrose and MSG. Both demonstrated a dose-
dependent response, implying that the receptor has been functionally refolded
and is ready to be used as biomaterials for detecting sweet and umami

substances.
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Chapter 5

Ligand binding domain

of human sweet taste receptor:

Analyses and applications
to measure sweet taste
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5.1 Introduction

Recognizing sweet substances is critical for the human and animal
survival in terms of managing caloric intake and contributing to dietary
choices.”™*" The sweetness sensation is derived from carbohydrates, which is
the primary energy source in the human diet. However, an excessive
carbohydrate intake is considered a serious issue in modern society, which can
lead to chronic diseases such as obesity, diabetes, hypertension, and metabolic
syndrome.’*>* As a result of the rising demand for calorie-free sweeteners,
research and development of calorie-free sweeteners and sweetness
modulators is gaining prominence. As a result, it is important to evaluate the
sweet substances in food for various fields such as healthcare, food, and
pharmaceutical industries.

Various methods for detecting and evaluating sweet substances have been
developed. Human sensory evaluation is the most commonly used method,
however, there are several limitations, such as a slow test speed and individual
variation in taste sensitivity.”> Accordingly, there is a growing interest in taste,
and various methods for objectively evaluating sweet substances have been

56,57

developed over time. High-performance liquid chromatography, Sensors

% and surface

using lipid polymer membrane,” electrochemical methods,
plasmon resonance spectroscopy are examples of such methods.® Although
these techniques were successful in detecting sweet substances analytically,
they featured low selectivity and could not reproduce versatile natural aspects
of the human taste system, such as the synergistic effect between sweeteners. !

In recent years, bioelectronic tongues have been developed to combine
the benefits and overcome the limitations of human sensory evaluation and

conventional measurement methods. Nanovesicle-based***°
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protein-based®***

artificial taste sensors are the examples. Nanovesicle-based
bioelectronic tongues, in particular, could mimic the natural environment in
cells and allowed to use a full functional membrane receptor. However, it
remains difficult due to the complicated production and low protein expression
yield using mammalian cells. On the other hand, receptor protein-based
bioelectronic tongues can facilitate high-level production of proteins using
bacterial expression and hold superior advantages in stability and reusability.*
Furthermore, the detection limit of receptor-based devices was lower detection
limit than that of nanovesicle-based devices, which had a detection limit of a
micromolar level.***® Bioelectronic tongues are constantly developing, and
further advancements should focus on the practical application and
development of commercial devices. Therefore, receptor protein as
biorecognition elements for bioelectronics tongue can be more practical
choices than other biomaterials, such as nanovesicles, tissues, cells, and
enzymes.

Sweet taste can be objectively evaluated and standardized by mimicking
biological taste sensation.®® The primary step in taste recognition is the binding
of taste molecules to a taste receptor, which then activates the receptors for
subsequent reaction. In particular, TIR2 VFT of human sweet taste receptor
are known to play a significant role in ligand binding. Different strategies of
overexpress and produce subunits of taste receptors have been focused on
investigating the structure-function relationship of taste receptors. Due to the
large and complex structure, a sweet taste receptor, which is a class C GPCR,
is difficult to express in bacterial systems. Therefore, utilizing TIR2 VFT as a
biomaterial for detecting sweet substances can benefit the evaluation and

standardization of sweet taste. TIR2 VFT can be used to detect sweet taste in
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arelatively simple way using tryptophan fluorescence assay, and furthermore,
they can also be combined with nanomaterials to develop bioelectronics
tongues .

In this chapter, the TIR2 VFT produced from E. coli was used for analysis
and practical application to evaluate sweet taste. The taste ligand efficacy of
TI1R2 VFT to various sweet taste ligands was measured using tryptophan
fluorescence quenching assay. Moreover, TIR2 VFT was immobilized on the
floating electrodes of a carbon nanotube field-effect transistor (CNT-FET).
Sweet substances and real beverage samples were tested using the TIR2 VFT-

functionalized bioelectronic tongue.

5.2 Taste ligand efficacy analysis in ligand binding domain of
human sweet taste receptor using a tryptophan
fluorescence assay

The dose-dependent response of TIR2 VFT to various sweet tastants were
examined using a tryptophan fluorescence quenching assay. The sweet substances
bind to TIR2 VFT, causing conformational changes in the receptor and fluorescence
quenching of tryptophan residues. As shown in Figure 5.1, the change of relative
fluorescence intensity increased along with the sweetener concentration. Dose-
reponse curves were fitted using the Hill equation for sigmoidal curves to allow for
a more accurate comparison of ligand efficacy among different sweeteners. Relative
sweetness, also known as sweet potency, is a term used to describe the sweetness of
different sweeteners in sensory evaluation. It also serves as a quick indicator of the
sweetener concentration needed to achieve an equivalent sweetness intensity to the
standard sucrose concentrations. A sweetener could be regarded as "more potent"

than sucrose if its sweetness potency is greater than 1, which means that a lower
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concentration of the sweetener is needed to produce the equivalent sweetness
intensity at a certain sucrose concentration.®**” Given that relative sweetness can be
defined as a ratio of sucrose concentration to that of a sweetener at equivalent
sweetness intensities, the relative sweetness from tryptophan assay was calculated

using the formula equation (1):

Concentration of sucrose

Measured relative sweetness= . . , —
Concentration of sweetener at equivalent relative fluorescence intensity to sucrose

(1)

where measured relative sweetness is calculated using the sucrose and
sweetener concentrations converted and expressed in % w/v as used in sensory
evaluation. As shown in Figure 5.1, the horizontal dashed line was plotted to indicate
the equivalent relative fluorescence intensities of sweeteners to 10~ M sucrose. The
sucrose concentration was set to 10-3 M because the difference in concentration of
sweeteners at equivalent relative fluorescence intensity to sucrose was greatest at
this concentration. Since the relative fluorescence intensity at 10° M was not
obtained, glucose was not included in the comparison to sucrose. Table 5.1 shows
the concentration of sweetener at equivalent relative fluorescence intensities to
sucrose in molar concentration (M) and weight per volume percent (% w/v). 3.42E-
02% w/v sucrose and each sweetener concentration at equi (% w/v) were inserted
into the equation (1), and the relative sweetness of each sweetener was calculated.
The relative sweetness as measured by the tryptophan fluorescence assay could
provide a quick and simple way to interpret ligand binding at the receptor level.
Moreover, the measured relative sweetness showed a similar result to a human
perception, where other sweeteners are perceived as ‘more potent’ than sucrose.

Figure 5.2 shows the tryptophan fluorescence quenching assay results using
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various taste molecules. The 1 uM addition of sucrose, fructose, glucose, aspartame,
and saccharin changed fluorescence intensities by 12—15%. On the other hand,
relative fluorescence intensity changes were less than 3% when sodium cyclamate
(cyclamate, artificial sweetener), cellobiose (tasteless disaccharide), monosodium
glutamate (MSG, umami tastant), and denatonium benzoate (denatonium, bitter
tastant) were introduced. No significant fluorescence change was detected by using
cyclamate which is an artificial sweetener known to interact with the TMD of
T1R3." The results indicate that the produced TIR2 VFT can selectively recognize

sweet substances among various taste molecules.'”'®
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Figure 5.1 Dose-dependent responses of TIR2 VFT to various sweet taste molecules
using tryptophan fluorescence quenching assay

The horizontal dashed line indicates the equivalent relative fluorescence intensities
of sweeteners to 10 M sucrose.

Measured

Sweetener Concentration of sweetener at equi (M) Concentration of sweetener at equi (%wv) relative sweetness

Sucralose 6.27E-08 2.49E-06 1.37E+04
Acesulfame-K 7.93E-07 1.60E-05 2.14E+03
Neotame 1.58E-06 6.00E-05 5.71E+02
Fructose 1.62E-05 2.91E-04 1.18E+02
Saccharin 7.31E-05 1.34E-03 2.56E+01
Stevioside 1.09E-04 8.81E-03 3.89E+00
Aspartame 1.00E-03 2.94E-02 1.16E+00
Sucrose 1.00E-03 3.42E-02 1.00E+00

Table 5.1 Comparison of sweetener concentrations at equivalent fluorescence intensities
to sucrose and their measured relative sweetness using tryptophan fluorescence assay

Concentration of sweetener at equi: concentration of sweetener at equivalent
fluorescence intensity to 10° M sucrose using tryptophan fluorescence assay
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Figure 5.2 Selective responses of TIR2 VFT to sweet taste molecule using tryptophan
fluorescence quenching assay

Data are expressed as means =+ standard deviation (n = 5).
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5.3 Fabrication and characterization of T1IR2 VFT-based
CNT-FET

The schematic diagram of a floating electrode-based bioelectronic tongue
using the TIR2 VFT is shown in Figure 5.3. In this study, TIR2 VFT was used
as a recognition bioelement to develop a practical biosensor for detecting
sweet taste. TIR2 VFT was selectively immobilized on floating electrodes of
the CNT-FET via an amide bond using cysteine linker.

Figure 5.4a depicts a scanning electron microscopy (FE-SEM) image of
the TIR2 VFT-immobilized CNT-FET. Between the source and drain
electrodes, floating electrodes and a CNT channel were constructed. In the
enlarged image of Figure S5.4a, the bright region is the T1R2 VFT-
immobilized gold floating electrodes, and the dark region is the CNT channel.

AFM topography images of floating electrodes before and after
functionalization of the TIR2 VFT are shown in Figure 5.4b. The TIR2 VFT-
immobilized gold electrode had several spots, while the bare electrode had a
pristine surface. The spots are estimated to be 12.6+ 8.1 nm in size, which
corresponds to the size of the TIR2 VFT in previous literature.®® The results
show that the TIR2 VFT was successfully immobilized on the surface of the
device. “Such a high sensitivity can be attributed to the small size of TIR2
VFT receptor parts used in our device. Presumably, as small VFT domains can
exist within the Debye length from the sensor surface, any electrical changes
induced by the binding of sweet substances to the TIR2 VFT can more easily

affect the conductance of the underlying CNT channels.”
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T1R2 VFT

Figure 5.3 Schematic illustrations of a bioelectronic tongue based on T1IR2 VFT for
sweet taste detection
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Figure 5.4 FE-SEM and AFM images with height profiles of TIR2 VFT immobilized on
floating electrode of a CNT-FET
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5.4 Detection of sweet tastants using TIR2 VFT-based CNT-
FET

The conductance of the underlying CNT channel changes when sweet
compounds bind to the TIR2 VFT on the floating electrode, enabling for real-time
detection of sweet substances. As shown in Figure 5.5a, the real-time response of
TIR2 VFT-immobilized device to various sucrose concentrations was examined.
The source-drain current of a sensor was monitored in real time while target sucrose
solutions were added. Throughout the experiments, a constant bias voltage of 0.1 V
was maintained. When sucrose solutions were introduced into our sensor, the current
decreased immediately. After some time, the current level was stabilized at a constant
value. Notably, the sensor began to respond to the addition of 0.1 fM sucrose
concentration. This detection limit implies the present device shows ~107 times
higher sensitivity compared to previously reported sensors, including bioelectronic
nose based on a whole receptor. ***** Since the small size of TIR2 VFT can exist
within the Debye length from the electrode surface, any electrical changes caused by
the binding of sweet substances to the TIR2 VFT can more easily affect the
conductance of the underlying CNT channels. Therefore, the small size of TIR2 VFT

is most likely to explain the sensor’s high sensitivity.

Sweet substance binding can trigger conformational changes in the TIR2 VFT
on the sensor's floating electrode and enable charge redistribution in the protein.
Such charge redistribution in the TIR2 VFT modifies the work function (¢M) of
floating electrodes, which alters the Schottky barrier height ($SB) between the CNT
channel and the floating electrode.”””" The increased Schottky barrier acts as an

enhanced potential barrier to hole carriers, causing the CNT channel current to
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decrease. As a result, sweet substance binding to the TIR2 VFT induces a current

change in the device, enabling real-time detection of sweet compounds.

Normalized signals of the devices to various concentration of sucrose and
saccharin solutions are shown in Figure 5.5b. The sensing measurements for three
devices were carried out to obtain mean values and error bars. The normalized
signals were generated by normalizing the current changes in relation to their
maximum values. The response curves were further analyzed by using the Hill
equation.***' The normalized signal N of a device can be written by the Hill equation

like

Cn
= n
Kg+C™

)

where C, n, and Kd are the concentration of sweet tastants, a Hill’s coefficient,
and a dissociation constant for tastants binding to TIR2 VFT, respectively. As a result,
the dissociation constants of sucrose and saccharin to the TIR2 VFT were calculated
to be 2.05 x 10" M (7.02 x 10 g/L) and 6.88 x 1072 M (1.26 x 107 g/L),
respectively. The dissociation constant of saccharin was three times lower than that
of sucrose. Although in cell-based measurements, the efficacy of saccharin was
substantially higher than that of sucrose.”” Herein, the direct binding of sweet taste
molecules and receptors was measured without the need of cellular signaling
pathway. As a result, may differ from that measured by cellular tests. Although
T1R2/T1R3 receptor exclusively transduces sweet taste, specific amino acid residues
in the TIR2 VFT cleft areas that bind to different sweet substances may vary.”’*
Furthermore, caloric and noncaloric sweeteners are observed to have distinct

signaling pathways in taste bud cells.”’® In this study, the TIR2 VFT-based device

could directly measure the conformational change of the TIR2 VFT, whereas
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previous cell-based assays required complex signaling processes in the cells to obtain

the signals.

Figure 5.6 shows the real-time response of the device to various taste molecules.
A constant bias voltage of 0.1 V was maintained throughout the measurements. 1 pM
solutions of cellobiose and MSG and 1 nM solution of sucrose were introduced to
the sensor. Cellobiose is known as a tasteless sugar, whereas MSG is a representative
umami taste substance. The addition of cellobiose and MSG solutions at relatively
high concentration resulted in negligible conductance changes, whereas 1 nM
sucrose solution resulted in a significant decrease in the conductance of the device.
The highly selective response of the sensor can be explained by the highly selective
binding of TIR2 VFT to sweet ligands.'”””-”® The results show that the TIR2 VFT-
based bioelectronics tongue could distinguish sweet substances from other non-

sweet tastants with high selectivity similar to human tongue.
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5.5 Measurements of real beverage samples using TIR2 VFT-
based CNT-FET

The T1R2 VFT-based bioelectronic tongue was tested with commercial
beverage samples to prove its value in real sample analysis. Commercial juice and
tea were tested using the device. In Figure 5.7a, the device showed

dose-dependent response to diluted apple juice. Commercial apple juice was
serially diluted in a HEPES buffer solution, which contains various natural sweet
compounds such as sucrose, glucose, and fructose at a total concentration of ~100
mg/mL. To obtain the normalized signals, the measured sensor signals were
normalized with regard to their maximum values. The device began to respond at a
diluted concentration of 107" (v/v), and the responses were saturated at around 10~
(v/v). The ECsy value the device to apple juice was calculated by fitting the data
using the Hill equation. The ECsy value was estimated to be 1.00 x 10™'° (v/v). Using
the known saccharide concentrations in apple juice, the measured EC50 value by
volume ratio may be converted to a mass concentration of 1.00 x 10—8 g/L, which is
comparable to the responses of the device to sucrose in Figure 5.5. These results
demonstrate the device can detect a trace amount of sweet substances in apple juice
and can be used to evaluate commercial beverages for practical application.

Figure 5.7b shows the normalized responses of our device to chamomile tea
with varying sugar concentrations. Herein, 100 mg/mL of sucrose was mixed with
chamomile tea. The sucrose-added chamomile tea was serially diluted to generate
solutions of varying concentrations and then added to the device. The sensing signals
increased as the concentration of chamomile tea increased. The TIR2 VFT-based
sensor could detect sucrose in chamomile tea, according to the results. The ECsg
value for sucrose in chamomile tea, 1.89 x 10~® g/L, was obtained using Hill equation

and is comparable to the values in a buffer solution and apple juice.
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Furthermore, the enhancing effect of chamomile tea on the TIR2 VFT activity
was observed by comparing the responses to chamomile tea, sucrose solution, and
sucrose-added chamomile tea (Figure 5.8). Chamomile tea was diluted in a HEPES
buffer solution at a ratio of 1:1000. Sucrose solution was prepared in a HEPES buffer
solution at a concentration of 0.3 mM. Sucrose-added chamomile tea was made by
concentrating sucrose in diluted chamomile tea to 0.3 mM. In Figure 5.8a, |AG/G|
represent absolute values of the relative conductance change, whereas Go and AG
represent the device conductance before the addition of target solutions and the
conductance change after the addition of target solutions, respectively. Chamomile
tea had negligible effect on relative conductance, while a sucrose solution caused a
5.9% change. Sucrose-added chamomile tea, on the other hand, caused a much larger
change of 21% in the device than a sucrose solution. These results suggest that
chamomile tea greatly enhanced the sensor responses to sucrose. Similar results were
obtained by tryptophan fluorescence assays shown in Figure 5.8b. Sucrose-added
chamomile tea resulted in a much larger change in relative fluorescence intensity
than chamomile tea or sucrose solution alone. Further identification of specific
compounds in chamomile that enhance sweet sensation is required and is being
investigated. Chamomile tea, on the other hand, is known to contain a variety of
components such as amino acids, minerals, and polyphenols, which may influence
the perception of sweetness.” For example, previous reports have shown that some
amino acids in tea can enhance the sweet taste.*® The real beverage sample test results
indicates the TIR2 VFT-based sensor can be utilized to evaluate the sweet substances

1n various environments.
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Figure 5.8 Relative conductance change of the device and tryptophan fluorescence of
T1R2 VFT by the addition of sucrose with or without chamomile tea.

(a) Relative conductance change of the device (b) Relative tryptophan fluorescence

intensity of TIR2 VFT by the addition of sucrose with or without chamomile tea.
This result demonstrates the enhancement of sweet taste by chamomile tea.
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5.6 Conclusions

The ligand-binding domain of the human sweet taste receptor was produced
from E. coli, and various analyses and applications involving it were investigated.
The efficacy of sweet taste substances was practically evaluated using tryptophan
fluorescence analysis, which is a relatively simple method for evaluating sweet taste
using ligand-binding domains of human sweet receptors. The sweet taste ligand
efficacy analysis using a tryptophan assay could demonstrate the human-like
selective responses of TIR2 VFT to sweet tastants. In particular, the relative
sweetness as measured by the tryptophan fluorescence assay could provide a quick
and simple way to interpret ligand binding at the receptor level. Although the tested
sweetener concentration was below the human threshold, the measured relative
sweetness showed a result similar to a human perception, where other sweeteners are
perceived as ‘more potent’ than sucrose.

A T1R2 VFT was immobilized on the floating-electrode of a CNT-FET to
develop an ultrasensitive bioelectronic tongue device for detecting sweet compounds.
The device could detect sweet tastants down to 0.1 fM with high sensitivity and
selectivity. The sensor could detect sweet compounds in commercial beverages such
as apple juice and chamomile tea. The TIR2 VFT-based CNT-FET has the potential
to be a powerful tool for the detection of sweet substances, as well as having a

substantial application in the food sector and fundamental investigation.
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Chapter 6

Ligand binding domain
of human umami taste receptor:
Analyses and applications

to measure umami taste
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6.1 Introduction

Umami taste, commonly known as a pleasant savory flavor, influences food
preference and acceptance in human. It also exhibits a taste-enhancing synergism
between two umami tasting chemicals, L-glutamate and 5’-ribonucleotides.®’
Umami taste satisfies the human's desire in foods, however excessive consumption
of umami substances can lead to health concerns such as metabolic syndrome,
obesity, and numbness.*? Therefore, the demand for investigation of healthy umami
taste seasoning has prompted the research in development of rapid and sensitive tools
for the detection of umami tastants. Sensory evaluation methods, mass spectrometry,
and electronic tongues are commonly utilized methods for detecting umami

compounds.®

Although sensory evaluation involves human perception, the
procedure takes time and the outcomes can be subjective for each individual. Mass
spectrometry and electronic tongues, are precise in quantifying umami components
however, they have drawbacks such as complicated procedures and limited
selectivity.®'#

The binding of taste molecules to a taste receptor, which activates the receptors
for further reaction, is the first step in taste perception. TIR1 VFT of human umami
taste receptor are known to play a significant role in ligand binding. Since the whole
heterodimeric umami receptors with their large and complex structures are difficult
to produce in bacterial systems, producing and using TIR1 VFT is an alternative.
Theuse of TIR1 VFT as a biomaterial for detecting umami substances can contribute
to the objectively evaluate and standardize umami taste. TIR1 VFT can be relatively
simple and practical approach to detect umami taste with tryptophan fluorescence

assay, or further combination with nanomaterials to produce bioelectronics tongues.

Several previous studies have used TIR1 VFT for biosensor applications T1R1
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VFT-based FET was first developed for the detection of umami substances in real-
time.*> TIR1 VFT-hybridized devices were developed to improve device
performance and stability utilizing the small size of the VFT.¥ Umami
electrochemical biosensor of T1R1 VFT-immobilized AuNPs@ZIF-8/Ti3C2 MXene
was developed for highly sensitive detection of umami compounds.** However, most
sensors simply immobilize receptors on the surface of an electrode without any
protective membrane, which can easily result in non-specific adsorption of
macromolecules and misleading signals in practical sample detection. Furthermore,
keeping such receptors stable on the surface of a nanostructure is difficult in vitro
environment. After integration with sensors, receptors may lose their reactivity,
resulting in a short sensor lifetime.

A polyacrylamide (PAAm) conducting hydrogel has been widely applied in
sensors, electronic skins, and wearable devices for its good biocompatibility and fast
electron transfer capability.***’ The PAAm holds a high permeability, and a
hydrophilic property due to the three-dimensional network structure.® In particular,
it has been used to effectively immobilize biomolecules while maintaining their
reactivity.*® The hydrogel is also anti-fouling and can prevent non-specific
adsorption of non-target molecules on the surface of a sensor.”” Furthermore, to the
best of our knowledge, a high-performance bioelectronic tongue integrating
hydrogels with umami receptors for sensitive monitoring of umami substances has
not been demonstrated.

In this study, the TIR1 VFT produced from E. coli was used for analysis and
practical application to evaluate umami taste. The taste ligand efficacy of TIR1 VFT
to investigate umami taste ligands and their synergistic effects was measured using
tryptophan fluorescence quenching assay. Moreover, hydrogel-based bionic

electronic tongue was developed for the highly sensitive detection of umami
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substances in fish extract samples. TIR1 VFT was selectively immobilized on the
floating electrode of a CNT-FET using a cysteine linker. Then, a protective
membrane layer was formed by physically adhering a PAAm conducting hydrogel
film to the surface of a CNT channel region. Umami substances and fish extract

samples were tested using the hydrogel-based bioelectronic tongue.
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6.2 Taste ligand efficacy analysis in ligand binding domain of
human umami taste receptor using a tryptophan
fluorescence assay

The functionality of prepared TIR1 VFT for MSG and IMP was evaluated using
a tryptophan fluorescence quenching assay (Figure 6.1). Tryptophan residues in a
protein exhibited intrinsic fluorescence at emission wavelengths around 350 nm.
After adding various concentrations of umami solutions to TIR1 VFT solutions, data
of fluorescence intensity changes were normalized by the original fluorescence
intensity to estimate the relative fluorescence intensity AF/Fo. The binding of ligands
to receptors led to the conformational changes of the receptors, which could quench
the fluorescence intensity.”' In this work, the binding of umami substances to TIR1
VFT induced conformational changes in the protein, which resulted in fluorescence
quenching of the tryptophan residues. As the concentrations of MSG and IMP
increased, the relative fluorescence intensity also increased. The results indicated
that the TIR1 VFT was refolded while maintaining its functionality.

Figure 6.2 shows the tryptophan fluorescence quenching assay results toward
various tastants. The changes of relative fluorescence intensity reached almost 6 %
when umami tastants of MSG and IMP were introduced. However, the relative
fluorescence intensity changes were less than 2.3 % by the addition of non-umami
tastants such as sodium chloride (NaCl, salty tastant), quinine (bitter tastant), citric
acid (sour tastant), and sucrose (sweet tastant). The results indicated that the prepared
TIR1 VFT protein could discriminate umami substances from other non-umami

tastants.

74

i
S— |



> 1.0

2

.g | -~ MSG

% 0.5— - |MP

N o IMP W/ 1 nM MSG
- |

z

o

Z 0.0

1 I I 1 1 I 1
10-° 10 107 10€ 105 104 10-3
Concentration (M)

Figure 6.1 Dose-dependent responses of TIR1 VFT to umami taste molecules and their
synergistic effects using tryptophan fluorescence quenching assay
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fluorescence quenching assay
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6.3 Fabrication of hydrogel-mediated CNT-FET using T1R1
VFT

Figure 6.3 shows the schematic diagram of a hydrogel-based bioelectronic
tongue using the T1R1-VFT. The scanning electron microscopy image of the channel
region in the CNT-FET is shown in Figure 6.1a. Briefly, a CNT channel region was
patterned on a SiO, substrate using conventional photolithography, and a CNT
solution was dropped on the channel region of the patterned substrate for selective
adsorption. Then, source, drain, and floating electrodes were fabricated via
photolithography and thermal evaporation methods. Afterward, the floating
electrodes of the device were functionalized with cysteine linkers, and a recognition
element, TIR1 VFT, was selectively immobilized on the floating electrodes of the
CNT-FET via amide bonds. Finally, a hydrogel solution was dropped on the surface
of the channel region. The formed hydrogel layer could provide a stable hydrophilic
environment to maintain the activity of receptors. Current-voltage (I-V) curves show
prepared hydrogel-based bioelectronic tongue had good electrical characteristics
after introducing T1R1 VFT and hydrogels (Figure 6.4). Umami substances
comprised of rather small molecules in the sample solution could spread into a
hydrogel film and bind to the TIR1-VFT on the floating electrodes of the CNT-FET.
The binding of umami substances to the TIR1 VFT resulted in conductance change
of the underlying CNT channel, which allowed sensitive detection of umami
substances in real time.®> However, the hydrogel film blocked the relatively large
molecules such as proteins and cells from the surface of CNT-FET, minimizing a
possible contamination due to non-specific adsorption on the sensor surface.
Therefore, the hydrogel-based bioelectronic tongue was expected to have a high
sensitivity and a stability over a long term period for the detection of umami

substances.
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6.4 Real-time and selective responses to umami tastants

Figure 6.5 depicts the real-time response of a hydrogel-based bioelectronic
tongue to IMP solution with different concentrations. The source-drain current of a
sensor was monitored in real-time after the introduction of umami solutions to the
sensor. A constant bias voltage of 0.1 V was maintained during the measurements.
Note that, when a series of solutions were introduced sequentially from low to high
concentrations, the current immediately increased and then was stabilized to a fixed
value. Importantly, the sensor began to show a response to the addition of a 1 fM
MSG and IMP solution. These results indicate a 10 times lower detection limit
compared with previous sensors based on TIR1 VFT.****% Such a high sensitivity
can be attributed partly to the hydrogel coating which could have enhanced the
stability and reliability of our sensors. Note that previous sensors for umami tastants
usually exhibited a saturated sensor signal at a much lower concentration, which
limits the range of detection and cannot truly mimic a human taste sensation (Table
6.1). Our sensors could detect IMP and MSG over a wide range of concentrations
covering human umami taste thresholds. These results show that our sensor had a
high sensitivity and a wide detection range for umami substances detection.

Figure 6.6 shows the real-time response of a sensor to various taste substances.
The source-drain current was measured while 1 M of non-umami tastants and 1 nM
of umami tastants were sequentially added to the sensor. Note that there were
negligible current changes caused by non-umami tastants with a relatively high
concentration, while the current changes significantly increased by the introduction
of MSG and IMP solutions. Such a selective response of our sensors can be
contributed to the high binding capacity of TIR1 VFT for umami tastants.®® The

result indicated that the bioelectronic tongue could discriminate umami tastants from
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other tastants with high selectivity.

79



a
MSG 1oum’ "iM 904 IMP
907 100 l
iy 1nM
=y l t 3 604
£ 60- < L t100 mm
é o 1fM | t1mm
O 30- 1uM QO 304 t10 um
d 1 10nM 100 nM
01 3 1pm 100PM 04
10 fM - : . .
400 800 1200 1600 300 600 900 1200
Time (s) Time/s

Figure 6.5 Real-time response of a hydrogel-based bioelectronic tongue using the T1R1
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6.5 Measurements of fish extract samples using hydrogel-
mediated CNT-FET using T1R1 VFT

Figure 6.7 depicts the fluorescence quenching response of the receptors to
different concentrations of fish samples. As the diluted concentrations of fish
samples increased, the fluorescence quenching signal increased. These results
demonstrated the ability of the receptors to specifically bind umami compounds in
fish samples.

To test the applicability of the hydrogel-based bioelectronic tongue in real

samples, it was utilized to evaluate the umami intensity in fish samples (

Figure 6.8).

Figure 6.8a shows the normalized dose-dependent responses of the sensor to
diluted fish samples. Detailed procedures for preparing fish samples are presented in
the Materials and method. In brief, 0.5 g/L of fish samples were prepared in HEPES
buffer solutions, filtered by ultrafiltration membranes, and diluted to different
concentrations in 10-fold volume ratios for sensing measurements. IMP and MSG,
the two most dominant umami substances in fish samples, were present at a total
concentration of approximately 2x10° M. The conductance changes of the sensor
were measured while adding various concentrations of diluted fish samples to the
sensor. The normalized signals were obtained with respect to their maximum values.
The sensor began to show a response from the diluted concentration of 10™¢ (v/v),
and the responses were saturated at around 107 (v/v). The results indicated that the
selective binding of the TIR1 VFT and umami substances in fish samples induced
responses in our senor. The ECsy value of the sensor was calculated by fitting the

data using the Hill equation. The volume concentration corresponding to the EC50
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value was estimated to be 4.2 x 10" (v/v). Using the estimated IMP and MSG
concentrations in the fish samples, the measured ECso value by a volume ratio can
be converted into a molar concentration of 8.2 x 10"* M, which is lower than that of
MSG and IMP. Presumably, it is due to the synergistic effect of multiple umami
substances in fish samples. These results showed that our sensor can detect a trace
amount of umami substances in complex environments such as fish samples and can

be used for the evaluation of real samples.

Figure 6.8b shows the normalized signals of the sensor to fish samples after
different periods of fermentation. Raw fish fillets were stored at 4 °C in a refrigerator
for 7 days. Fish samples were prepared every day and diluted at 1: 106 in a HEPES
buffer solution for use. Sensor responses to fish samples were quantified using the
absolute values of the relative conductance change |AG/GO|, where GO and AG
represent the sensor conductance before the introduction of fish samples and the
conductance change after the addition of fish samples, respectively. In the early stage
of fish storage, the sensor signals increased slowly, indicating the increase of umami
substances in the fish sample. However, after 4 days of the storage, the signals began
to decrease significantly. Presumably, after the death of a fish, the ATP in the fish
tissue was continuously metabolized and degraded to produce umami substances
such as IMP.” At the same time, proteins in the fish were degraded by the action of
endogenous enzymes, producing umami amino acids such as glutamic acid.
Eventually, the umami taste of fish reached its highest level within 4 days, which can
be the best period for a fish consumption. As the storage period extended the 4 days,
the IMP in the fish was expected to be broken down into hypoxanthine by

inosinoidase enzyme, and the umami amino acids were consumed by the multiplying
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microorganisms as reported previously.”**> Therefore, the umami tastes declined
sharply due to spoilage and deterioration of the fish sample. It is noteworthy that our
results were in good agreement with previous works about the changes of umami
substances in fish under refrigeration.’® These results clearly show that our sensors
were suitable to assess the umami intensity in real samples such as a fish fermented

in refrigeration conditions.
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Figure 6.7 Dose-dependent response of the TIR1 VFT to fish extract samples using
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Figure 6.8 Responses of TIR1 VFT-based bioelectronics tongue FET to fish extract
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(a) Responses of the sensor to various concentrations of umami substances in fish
samples (b) Relative conductance changes of the sensor by the addition of fish
samples during storage (0-7 days)
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6.6 Conclusions

The ligand-binding domain of the human umami taste receptor was produced
from E. coli, and various analyses and applications involving it were investigated.
The efficacy of umami taste substances and their synergistic effects were evaluated
using tryptophan fluorescence analysis, which provided a relatively simple way to
evaluate umami taste using ligand-binding domains of human umami receptors. The
umami taste ligand efficacy analysis using a tryptophan assay could demonstrate the
human-like responses.

A high-performance bioelectronic tongue was successfully developed by
combining a conductive polymer hydrogel with a floating electrode-based CNT-FET
hybridized with receptors. The receptors fused in the hydrogel-mediated
nanostructures had a great affinity with umami substances in the defined FET
microenvironment, which enabled a highly sensitive and selective detection of
umami substances down to 1 fM. Moreover, the device achieved a wide dynamic
range of 10"° ~ 10" for umami detection, which covers the human taste threshold.
Also, the sensor could evaluate umami intensities in fish samples. For the detection
of large molecules such as peptides, the microstructure of a hydrogel can be
controlled by adjusting the ratio of the hydrogel monomers to crosslinkers or adding
inactive pore agents. This strategy could be used in other electronic devices to
enhance the performance and application of the sensor under physiological

conditions.
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Chapter 7

Production and functional
reconstitution
of human photoreceptors
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7.1 Introduction

Rod cells and cone cells are the two types of light-sensitive cells existing in the
human photoreceptor layer. There are four types of photoreceptors among these cells:
rhodopsin (Rho) in rod cells that separates light from dark, and three cone opsins
(SW, MW, LW) in cone cells that identify colors. The four photoreceptors absorb
light in various wavelengths. The outer segment of the photoreceptor consists of
several discs, and light-sensitive opsin exists in the membrane of the disc. Cone opsin
and rhodopsin share a similar mechanism, and in vivo, opsin is coupled to 11-cis-
retinal, a vitamin A derivative, where it exhibits an inactive configuration. In the
presence of light, the 11-cis-retinal molecule transforms into an all-trans-retinal and
is freed from opsin. At the same time, Opsin undergoes a structural conformational
change that triggers off a chain of reactions that leads to signal transduction.

Proteins reconstituted using ND are highly stable, compared to other
reconstituted proteins.® In particular, ND technology is known to be suitable for
restructuring GPCRs. The ND consists of a receptor protein, a phospholipid bilayer,
and MSP, which encloses the receptor-phospholipid complex which acts as a belt.
ND technology can mimic the structure of membrane proteins in nature.

In this chapter, four human photoreceptors were expressed and purified from E.
coli. Using NDs, the purified photoreceptors were reconstituted, and the physical
properties were measured to ensure that the photoreceptors were assembled properly.
Moreover, human photoreceptors were expressed and produced in mammalian cells
to further confirm their functional signaling. In particular, photoreceptor-expressing
viruses were produced using recombinant lentivirus system. Both photoreceptors
were produced from E. coli and mammalian cell and will be applied to investigate a
novel photosensitive biological system with spectral sensitivity as well as vision

restoration.
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7.2 Expression and purification of photoreceptors in E. coli
system

Human photoreceptors were expressed as in an insoluble form in E. coli. As a
result, SDS sulfactant was used to solubilize the insoluble protein prior to
purification. Using the 6x His-tag gene was included in the C-terminal polycloning
site of the pET-DEST42 vector into which the human photoreceptor gene was
inserted, column purification was performed using fast protein liquid
chromatography (FPLC). The photoreceptor proteins were successfully purified as
shown in Figure 7.1. Purified photoreceptors were confirmed by SDS-PAGE
analysis (Figure 7.1a). The expected band size of at 38.7 kDa for Rho, 40.4 kDa for
LW, 39 kDa for SW, and 40.4 kDa for MW was observed, which correlates to the
molecular weight estimated by the online ExPASy bioinformatics tool. Moreover,
the FPLC results show a single sharp peak (Figure 7.1b). The results indicate the

photoreceptors were successfully expressed and purified from E. coli.
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Figure 7.1 Expression and purification of human photoreceptors
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7.3 Structural and functional characterization of
photoreceptor NDs

Since the purified photoreceptor has a linear structure in a solubilized state, it
requires reconstitution to its original folded structure to its original folded structure
to function biologically. Human photoreceptors, phospholipid, and MSP1E3Dl,
which are three components of the ND, were mixed using ND technology, and the
surfactant was removed using Bio-Bead.

MSP, one of the ND components, was produced from E. coli, and confirmed
using SDS-PAGE analysis (Figure 7.2). MSP with His-tag indicates the MSP
produced using pMSP1E3DI1 bacterial expression vector containing 6x His-tag.
MSP indicates the MSP produced and His-tag cleaved with further process. His-
tagged MSP had a band of 32.7 kDa, while MSP had a lower band of 30 kDa.

Photoreceptors were mixed with phospholipids and MSP for reconstitution. The
photoreceptor NDs were obtained from the mixed ND solution through size
exclusion chromatography (SEC) (Figure 7.3b). The composition of the four
photoreceptors in the NDs was confirmed using SDS-PAGE analysis (Figure 7.3a).
Rho, LW, SW, and MW bands were observed at approximately 40 kDa, and the
MSPI1E3DI1 band was observed at approximately 30 kDa.

The size distribution and homogeneity of the photoreceptor NDs were analyzed
using DLS. The average diameters of Rho, LW, SW, and MW NDs were 15.9 nm,
18.4 nm, 15 nm, and 11.7 nm respectively (Figure 7.4). In addition, the FE-SEM
images clearly showed that the shape of the photoreceptor Rho and SW NDs had a
discoidal disc shape (Figure 7.5). These results indicate that the NDs were

successfully assembled into homogeneous discoidal shapes of proper size.
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7.4 Expression and production of human photoreceptors in
mammalian cell

To confirm the expression in mammalian cells, photoreceptors were expressed
in HEK-293 and R28 cells. R28 retinal precursor cells is a cells derived from 6-day-
old rats, which are commonly used in retinal cell research. Rho-GFP and LW-DsRED
were expressed in both HEK293 and R28 cells (Figure 7.6). The fluorescence of the
fusion protein, GFP and DsRed, was observed in the location of the cell. Although
R28 showed a lower gene expression efficiency compared to photoreceptor-
expressing HEK-293 cells. These results indicate photoreceptors can be successfully
expressed in retinal precursor cells, R28 cells, and the commonly used HEK-293
cells.

Rho and SW were cloned into lentiviral vectors, which can efficiently deliver
the gene of interest and increase the efficiency of expression. The lentiviral cloning
map of photoreceptors inserted into the lentiviral vector is shown in Figure 7.7a.
Rho and SW were successfully cloned to the lentiviral vector and confirmed using
electrophoresis analysis (Figure 7.7b). The photoreceptor-expressing virus was
generated and used to construct HEK-293 and R28 stable cell lines expressing
photoreceptors as well as transduce primary neuronal cells expressing
photoreceptors for further research. In Figure 7.8, fluorescence activated cell sorting
(FACS) was performed to sort the cells expressing photoreceptors using the fusion
fluorescence protein, RFP. The red-boxed area was sorted and cultured to generate a
cell line that stably expressed photoreceptors. The constructed HEK-293 and R28
stable cell line expressing photoreceptors were confirmed using fluorescent imaging
(Figure 7.9). Red fluorescence was visible in photoreceptor-expressing cells but not

in control cells with no expression.
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7.5 Conclusions

Herein, photoreceptors were expressed and purified in both E. coli and
mammalian cells for further analysis and applications. Using the E. coli expression
system, all four photoreceptors were produced and reconstituted into NDs. The size
and morphology of the photoreceptor NDs were confirmed. This photoreceptor NDs
can be a useful tool to better understand the physiological and biochemical
mechanisms that occur in human visual receptors. Furthermore, it is expected to
contribute to the development of technologies to supplement or replace damaged

retinas, such as artificial retinas, based on the understanding.
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Chapter 8

Human photoreceptors: Analyses
and applications
to measure optical properties
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8.1 Introduction

The retina is a nerve tissue that lines the inside of the eye. When light enters the
human eye, the photoreceptor layer of the retina absorbs it, converts it into a
bioelectric signal, and transmits it via the optic nerve to the cerebrum's visual cortex.
Once damaged, the retina of mammals, including humans, cannot regenerate, and no
treatment method, including drugs or surgery, is currently available. Retinal
pigmentosa (retinis pigmentosa, RP) and degenerative macular degeneration (age-
related macular degeneration, AMD) are two diseases caused by damage to the
retina's photoreceptor layer. These diseases have a significant negative impact on
quality of life, affecting 30% of the total visually impaired population. These
diseases have a significant impact on the quality of life of individuals, as well as the
social and economic costs of protecting and supporting them on a national scale, as
work force is lost due to visual impairment. As a result, a technology that can
supplement or replace the lost function of the retina, such as the development of an
artificial retina, is required. The first step should be to understand the physiological
and biochemical mechanisms that occur in actual human visual receptors. Therefore,
the analysis and application of artificial photoreceptors could aid understanding and
enable one step forward in the development of vision restoration technology.

In this study, photoreceptors produced from E. coli and mammalian cells were
used to analyze the photo-sensitive function and optical properties. SW and Rho NDs
was used to examine the optical features and a novel optical waveguide with
refractive index modulation of artificial photoreceptor NDs was designed for all-
optical switching and signal processing applications as well as medical applications
including, as reported, vision restoration cure-studies using other NDs.”7-%8
Using the human photoreceptors produced from mammalian cells, the retinal-

binding function was analyzed and a SW and Rho-expressing neural spheroid was
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generated to play the role of an eye via lentivirus transduction. These photosensitive
spheroids were used in two types of devices: those with intact dissociated neurons
and those with intact neural spheroids. In the micro-devices, the photosensitive
spheroids connected with neural networks on cell body and axons. Signal
transmission to adjacent neural networks was measured using a photosensitive

spheroid stimulated by photo-stimulation.
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8.2Analyses and applications to measure optical properties
using photoreceptors produced in E. coli

8.2.1 Functional characterization of photoreceptor NDs using
tryptophan fluorescence assay

Figure 8.1 shows the structural and functional transformation of the Rho, LW,
and SW NDs as a result of their interaction with the 11-cis-retinal molecule. Empty
NDs without receptors were used as a negative control, and the change in tryptophan
fluorescence intensity was measured after the addition of 10 uM<] 11-cis-retinal.
The relative fluorescence intensity was calculated with the formula AF/Fo (%) = [(Fo
— F)/Fo] x 100. Fo and F refer to the fluorescence intensity of the receptor before and
after the treatment of ligand molecules, respectively. The Rho, LW, and SW NDs all
demonstrated significant differences in fluorescence intensity when compared to
empty NDs. As a result, it is assumed that the photoreceptor NDs, when bound with
the 11-cis-retinal, caused a conformational change. These findings demonstrate that
the produced photoreceptor NDs have functionality by interacting with 11-cis-retinal,
which is required for light signal transduction. When the light of various wavelengths
absorbed by the photoreceptor is given in a state where the photoreceptor ND and
11-cis-retinal are combined in an additional experiment, the 11-cis-retinal structure

changes to an all-trans form.
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8.2.2 Refractive index measurement of photoreceptor NDs

As one of the main optical characteristics for beam propagation in materials,
the refractive indices were investigated by a refractometer designed by Nemoto,” as
described in Figure 8.2 with the equation for calculating the refractive index from
beam shift and incident angle. Using white light from a supercontinuum source,
which emitted collimated beam like a laser without isotropic emission, we made
several filtered beams with specific wavelengths (Figure 8.2a and 8.2b). SW- and
Rho-NDs showed different refractive index characteristics, as shown in Figure 8.2.
Upon exposure to beam wavelengths in the visible range, the SW-NDs exhibit a
stable refractive index of approximately 1.334, whereas the Rho-NDs refractive
indices fluctuate between 1.281 and 1.348 (Figure 8.2¢). The refractive index of the
modeled cone photoreceptors was estimated before to range from 1.340 to 1.394

100 these estimations match our SW-ND

based on a method using reflected light;
results well. The variations in refractive index could come from differences in light
absorption according to the spectral characteristics of seven different wavelength
beams (Figure 8.2b).

To examine the response of retinal addition and photoactivation, the variation
of the refractive indices is described in Figure 8.2d-f. The optical setup was designed
based on the samples’ spectral sensitivity; the LED lights emitting at 410 and 490
nm for the stimulation were chosen on the basis the sensitive wavelengths of SW-
and Rho-NDs, as studied in previous work,'”" and a 635 nm wavelength red laser
was used to avoid interferences from reactions in samples (Figure 8.2d). According
to the refractive index, the beam refracted through several interfaces when

transmitting from the cuvette to the sample. The refracted angles are illustrated in

Figure 8.2e; the refraction angle is determined under Snell’s law at the interfaces
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between different materials. Because all waveguiding experiments are performed
with the incident beam under 95 mW, photothermal damage does not exist because
incident beam is barely absorbed by transparent liquid.

The refractive indices of both SW- and Rho-NDs were lowered by adding 11-
cis-retinal but then increased at the end of the experiment (Figure 8.2f). First,
benzene-based solvent for retinal, which has an ny of over 1.7, could assisted in
increasing the refractive index of the sample solution when blended with the NDs in
HEPES buffer. After evaporation of 1% (v/v) benzene solvent with a very small
quantity related to the whole medium, the samples showed steady results, even
though benzene has an unstable evaporation rate.'">'”® Photoactivation and
photobleaching could lead to variations in no of the mixed sample solution after
retinal addition. The combination of the change in protein structure with retinal
binding to photoreceptors and producing all-trans-retinal results in an increase in
refractive indices.'*'* For the origin of refractive index change, several effects were
inspected by solvents, that is, biological reactions for sample in solution. With a high
refractive index of benzene, the total refractive index was governed by the
conformational change of the photoreceptors in the NDs, which was triggered by
phototransduction with 11-cis-retinal. Furthermore, the solvent plays an important
role in determining the refractive index of samples with solvent accessibility, which
affects the protein’s folding and retinal molecule stability (Figure 8.2f and 8,2h)."
Benzene amplified the refractive-index modulation to be over 1.7, which is relatively
higher than that of HEPES buffer with just 0.0005. In previous works, the change in
the refractive index of approximately 0.2 for a tungsten oxide and hydrogen
composite, HxWO3, was used for gas sensing via chemical reaction, and mechanical
strain was applied to polystyrene silver nanocrescents implanted in PDMS to

modulate the refractive index.'” The variation in the refractive index of our samples
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was over (.18, which is sufficient for use in a new optical device as a waveguide-
based optical switch. This outstanding phenomenon involving the change of
refractive indices was utilized later with the waveguiding experiment for beam

propagation control, Figure 8.3 and Figure 8.4.
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Figure 8.2 Refractive index measurement of photoreceptor NDs
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8.2.3 Fabrication of PDMS and photoreceptor ND-filled
waveguides

To apply the variable refractive indices of our photoreceptor NDs, we designed
simple waveguide as an optical device with our ND samples and a PDMS structure,
which was chosen because of its suitable optical properties, chemical stability for
liquid sample, and facile fabrication.'” The photosensitive ND-based waveguide
with flexible structure would be applied to various fields including wearable devices
as a novel optical material, whereas the usual optical metamaterials with brittle
elements such as silicon, Ag, and Au are hardly employed for a flexible device. Using
a mold made by 3D printing, the PDMS formed grooves and a guide pattern. By the
total reflection of light, which indicates the reflection of most of the light at a specific
surface and is governed by the relation of refractive indices between the surrounding
materials, the incident beam from 635 nm laser was guided through the PDMS-based
waveguide as shown in Figure 8.3. The most important factor is that the refractive
index of PDMS, 1.43, is in between the refractive indices of our samples. Therefore,
according to the refractive index, beam propagation, and waveguiding can be
expected, as shown in the schematic of Figure 8.3. The relationship among the
refractive indices of samples and their conditions determines the beam refraction
from light that is highly focused by an objective lens making various incident angles.
At the interface, the empty groove and PDMS can reflect most of the light and satisfy
the total reflection condition with specific incident angle because the refractive index
of PDMS is larger than that of the sample solution. Since the refractive indices of
the ND sample varied, the profile of the beam propagation according to the
difference in refractive index at the interface was also changed by adding retinal light

and photoactivation by light stimulation.

109



/1 Light stimulation
Screen 410 nm
-~ Focused Spreading
A \\‘\\\ SW stimulation
I:fg .5: Filling samples E ) N \
g IR o
7

1

E PDMS-based -

Objective lens Rho stimulation

\

635-nm Laser

Figure 8.3 Schematic diagram of PDMS and photoreceptor ND filled waveguides

“O : e ehy



8.2.4 Waveguiding of photoreceptor NDs using PDMS and
photoreceptor ND-filled waveguide

To examine the waveguide characteristics as an optical application of
photoreceptor-embedded NDs (photo-NDs) with the tunable refractive index, we
monitored the light profile projected on screen and the intensity of the guided beam
(Figure 8.4). Several conditions with the combination of sample types, SW- and
Rho-NDs, and stimuli of purple and bluish-green LEDs determine the target
wavelength for use in optical switching and signal processing. Generally, under all
the conditions beam broadening was observed from the whole profile and row-
sectional view (Figure 8.4a-d). At the center of the screen, the distribution of
collimated light by the waveguide was observed, and then the beam intensity in the
detecting area gradually decreased as the beam spread. After retinal addition and
photoactivation, the photo-ND-filled waveguide provided a wider beam profile as
shown in Figure 8.4a-d. These graphs as a row-sectional view exhibit the beam-
propagation change by photoactivation effect. Since the incident beam was focused
before encountering the waveguide, it has to be highly spread in all directions
without any confinement system. Our PDMS-based waveguide led the light to
transmit into a narrow gap according to the total reflection with the relation of
refractive indices at the interface between PDMS and the empty space containing air.
If the relation of refractive indices is reversed by filling and activating our photo-
NDs for optical modulation, the incident beam could be spread, losing confinement
character. As the refractive index of the photoactivated SW-NDs by 410 nm stimulus
approached that of PDMS (n(PDMS) ~ n(SW-NDs)), the beam profile was enlarged
and changed slightly with a broad peak by mixing of guided- and transmitted-light
under weak total reflection at interface. For Rho-NDs, the incident beam propagated

through adjacent waveguides, and two divided beams were clearly projected on the
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image screen because the refractive index of the photoactivated Rho-ND by 490 nm
stimulus was relatively larger than that of PDMS (n(PDMS) < n(Rho-NDs)) as
reversed confinement condition (Figure 8.4d). Also, nonphotoactivated samples
without proper wavelength stimuli such as SW-NDs under 490 nm LED light and
Rho-NDs under 410 nm light provided minor or no expansion in beam profiles as
the maintaining higher refractive index of PDMS compared to both photo-NDs
(Figure 8.4b and 8,4c¢).

The refractive index changes due to photoactivation gave rise to fluctuations in
the projected beam shape and intensity on the screen, which was assigned as the full
width at half maximum (FWHM) divided by the maximum intensity (FWHM/Max)
parameter. As represented in Figure 8.4e, FWHM/Max values were extracted and
compared from the images under the different LED wavelengths and for two types
of samples. These results were used to investigate the spectral sensitivity and the
phase change of the samples. After retinal addition, the SW- and Rho-ND solutions
reacted considerably by pump lights at wavelengths of 410 and 490 nm, respectively;
the reactions were manifested by expanding the beam width. In the reversed cases,
the differences in the response of the stimulating lights at wavelengths of 490 and
410 nm for the SW- and Rho-NDs were small. Accordingly, the FWHM/Max of SW-
NDs, with high sensitivity to 410 nm LED light, underwent large changes, and Rho-
NDs clearly reacted to 490 nm LED light after photoactivation. This waveguiding
modulation resulted in a decline in beam intensity over a specific area on the
photodetector. To carefully investigate the duration of the decline, the beam intensity
was detected during photoactivation (Figure 8.4f). After retinal addition and
photoactivation, all samples initially showed a drastic decrease in intensity and

slowly returned to their original position over approximately 10 min.
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8.3 Analyses and applications to measure optical properties
using photoreceptors produced in mammalian cell

8.3.1 Functionality analysis of photoreceptors using calcium
assay

For the channel activation test, all four photoreceptors were used. In the
presence of 11-cis-retinal, fluorescence signals were recorded from cells expressing
all four photoreceptors. However, no significant changes in fluorescence signal were
found in control cells with receptor expression, as well as in cells expressing
photoreceptors in the absence of 11-cis-retinal. The intensity of green fluorescence
was observed in cells expressing all four photoreceptors, indicating that 11-cis-
retinal binding and photoactivation resulted in intracellular signal transduction and

calcium 1on influx.
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Figure 8.5 shows the calcium flux assays of HEK-293 cells expressing
photoreceptors. For the channel activation test, all four photoreceptors were used. In
the presence of 11-cis-retinal, fluorescence signals were recorded from cells
expressing all four photoreceptors. However, no significant changes in fluorescence
signal were found in control cells with receptor expression, as well as in cells
expressing photoreceptors in the absence of 11-cis-retinal. The intensity of green
fluorescence was observed in cells expressing all four photoreceptors, indicating that
11-cis-retinal binding and photoactivation resulted in intracellular signal

transduction and calcium ion influx.
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8.3.2 In vitro neural circuit using photoreceptor-expressing
neural spheroid

We developed an in vitro model of the eye-to-brain circuit integrated with
human photoreceptors, such as rhodopsin and opsin. By the photo-stimulation of
photoreceptors with specific spectral sensitivity to each type, the retina generates a
signal. Through the optic nerve, these signals are transmitted to the brain. In this
study, we have demonstrated the features of the visual system, including the
generation of signals by photoreceptors, the transmission of signals by axons, and
the reception of signals by cortical neurons. This system has two key characteristics;
(1) recapitulation of the reaction in a visual system by photo-stimulation through the
convergence of artificial human photoreceptors and in vitro neural circuit and (ii)
discrimination of colors based on selective responses to specific wavelengths of light,
bluish-purple for short-wavelength and green for middle-wavelength.

To construct the in vitro model of the eye-to-brain circuit as shown in Figure
8.6a, we first loaded primary rat embryo cortical neurons into a spherofilm, an array-
type frame for mass production of spheroids. After one week of culture, neurons in
the spherofilm formed uniform neurospheroids. After neurospheroids were formed,
viral vectors containing human Rho or SW DNA were administered. In
neurospheroids, human photoreceptors, such as Rho or SW, were expressed.

The eye-to-brain model in the dumbbell shaped device has two big circle area
for two spheroids at the end of edge, and those are connected by the narrow gap in
the middle. (Figure 8.6a) The calcium ion response for light stimulation on the eye-
to-brain model was obtained with the relatively high spike firing rate and low spike
intensity, comparing to other measurements. In the immunofluorescent staining
images, the axon reached the neurospheroid located on the opposite side. (Figure

8.6b) It is expected that the photospheroid signal was transmitted to the intact
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neurospheroid after photostimulation. Under the 410 nm wavelength
photostimulation, the SW spheroid was stimulated and transmitted to the intact
neurospheroid, which captured by the calcium assay fluorescence images. (Figure

8.6¢)
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8.4 Conclusions

Although smell and taste require multiple receptor types to recognize a single
ligand, only four types of photoreceptors are required to identify the broad spectrum
of visible light in vision. Therefore, photoreceptors can be attractive biomaterial for
various potential application.

For photoreceptor NDs, not only it can be utilized to target small molecules
such as retinal molecules as in the case of many other GPCR NDs but also can
recognize the optical properties targeting light. Rho and SW NDs demonstrated
exceptional spectrum-dependent sensitivity with human-like characteristics. Several
optical measurements revealed exceptional optical characteristics with a refractive
index variation greater than 0.18 from the Rho-ND, which is sufficient for optical
devices.."” A light signal was detected as a biological sensory system using an
optical property of photo-NDs that allows optical modulation with nanobiomaterial.

Using the virus particles expressing photoreceptors, Rho and SW, an in vitro
model of the eye-to-brain circuit was developed to transmit signals only in response
to light of specific wavelengths. Photosensitive spheroids were successfully mass-
produced and transported into a neural circuit in vitro without viral contamination.
Additionally, photospheroids spontaneously developed axons to the outside, and
these axons were connected to intact neurons and neurospheroids. Through these
connections, signals generated by the photo-stimulation were transmitted from
Photospheroids to the neural network. Based on these results, we suggest that an in
vitro eye-to-brain model expressing human photoreceptors could provide a potential
platform for screening drugs for the treatment of blindness. Furthermore, various
types of photospheroids may also be applied to a visual system capable of

recognizing input images beyond simple color perception of light.
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Chapter 9

Overall discussion
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Overall discussion and further suggestions

Measuring the GPCR activity and function is critical in food, environmental,
and biomedical applications. Therefore, developing tools for functional GPCR
research is critical. GPCR is known to be difficult to express in heterologous cell
systems. Therefore, producing and engineering functional GPCRs is critical for
developing tools for GPCR research and practical applications in areas such as food,
the environment, and biomedicine.

In these theses, the various approach to engineering and producing human taste
receptors and visual photoreceptors were performed. For utilizing human sweet and
umami taste receptors, a primary ligand-binding domain of the receptor was mass-
produced from E. coli as an alternative strategy to using a whole receptor, which is
difficult to overexpress in E. coli. These were analyzed independently with
tryptophan fluorescence assay and combined with conducting nanomaterials to
evaluate sweet and umami taste in a practical manner. Human photoreceptors NDs
produced from E. coli and photoreceptor-expressing virus produced from
mammalian cells were used to for expected for analysis to better understand the
physiological and biochemical mechanisms in human photoreceptors and apply this
knowledge to the development of technologies to treat or restore vision.

In chapter 4, a primary ligand-binding domain of a human sweet and umami
taste receptor, the TIR2 VFT and T1R1 VFT, were successfully produced from E.
coli as an alternative strategy to using a whole receptor. The purified TIR2 VFT and
TIR1 VFT were successfully expressed and purified with high yield and purity. To
restore their original function, the purified samples were refolded. The functions
were tested using a tryptophan fluorescence assay, and both TIR2 VFT and T1R1
VFT responded to their representative tastants, sucrose and MSG, in a dose-

dependent manner. These findings suggest that the receptor has been functionally
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refolded and is ready for use as a biomaterial for detecting sweet and umami
substances.

In chapter 5, the ligand-binding domain of the human sweet taste receptor was
used to evaluate sweet taste substances in a practical manner. Tryptophan
fluorescence analysis, a relatively simple approach for measuring sweet taste using
T1R2 VFT of human sweet receptors, was used to assess the efficacy of sweet taste
compounds. The results of the tryptophan assay could show that TIR2 VFT has
human-like selective responses to sweet tastants. In particular, the results of
tryptophan analysis expressed as relative sweetness could provide a quick and simple
way to interpret ligand binding at the receptor level. Although the tested sweetener
concentration was below the human threshold, the measured relative sweetness
showed a result similar to a human perception, where other sweeteners are perceived
as ‘more potent’ than sucrose. Furthermore, a TIR2 VFT was immobilized on the
floating-electrode of a CNT-FET to develop a practical protein-based biosensor for
detecting sweet compounds. The device could detect sweet tastants down toa 0.1 fM
with high sensitivity and selectivity. The sensor could detect sweet compounds in
commercial beverages such as apple juice and chamomile tea. The TIR2 VFT-based
CNT-FET has the potential to be a powerful tool for the detection of sweet substances,
as well as having a substantial application in the food sector and fundamental
investigation.

In chapter 6, the ligand-binding domain of the human umami taste receptor was
used to evaluate umami taste substances and their synergistic effects using
tryptophan fluorescence assays. The umami taste ligand efficacy analysis using a
tryptophan assay could show human-like responses, indicating synergistic effects
between umami tastants. Furthermore, a TIR1 VFT was hybridized with floating

electrode-based CNT-FET and a combined with a conductive polymer hydrogel. The
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receptors fused in the hydrogel-mediated nanostructures had a great affinity with
umami substances in the defined FET microenvironment, which enabled a highly
sensitive and selective detection of umami substances down to 1 fM. Moreover, the
device achieved a wide dynamic range of 107"° ~ 10" for umami detection, which
covers the human taste threshold. Also, the sensor could evaluate umami intensities
in fish extract samples. This hydrogel-mediated CNT-FET with TIR1 VFT can be a
practical tool for the detection of umami compounds in foods, as well as having a
substantial application in the food sector and fundamental investigation.

In chapter 7, photoreceptors were expressed and purified in both E. coli and
mammalian cells for further analysis and applications. Using the E. coli expression
system, all four photoreceptors were produced and reconstituted into NDs. The size
and morphology of the photoreceptor NDs were confirmed. These photoreceptor
NDs can be a useful tool to better understand the physiological and biochemical
mechanisms that occur in human visual receptors. Furthermore, it is expected to
contribute to the development of technologies to supplement or replace damaged
retinas, such as artificial retinas, based on the understanding.

In chapter 8, photoreceptors can be attractive biomaterial for various potential
application, because only four types of photoreceptors are required to identify the
broad spectrum of visible light in vision. For photoreceptor NDs, not only it can be
utilized to target small molecules such as retinal molecules as in the case of many
other GPCR NDs but also can recognize the optical properties targeting light. Several
optical measurements using Rho and SW NDs revealed exceptional optical
characteristics with a refractive index variation greater than 0.18, which is sufficient
for optical devices..'” Additionally, we achieved outstanding light modulation in
PDMS waveguide using a considerable refractive-index variation of photoreceptor

NDs with photoactivation. The results suggest that photosensitive NDs, which can

124



exhibit remarkable refractive index modulation capabilities and construct a retina-
mimicking platform, are potential resources for all-optical switching and signal
processing applications as well as medical applications. Furthermore, using the virus
particles expressing photoreceptors, Rho and SW, an in vitro model of the eye-to-
brain circuit was developed to transmit signals only in response to light of specific
wavelengths. Photosensitive spheroids were successfully mass-produced and
transported into a neural circuit in vitro. Additionally, photospheroids spontaneously
developed axons to the outside, and these axons were connected to intact neurons
and neurospheroids. Through these connections, signals generated by the photo-
stimulation were transmitted from photospheroids to neural network. Based on these
results, we suggest that an in vitro eye-to-brain model expressing human
photoreceptors could provide a potential platform for screening drugs for the
treatment of blindness. Furthermore, various types of photospheroids may also be
applied to a visual system capable of recognizing input images beyond simple color
perception of light.

In this thesis, various approaches were used to engineer and produce human
taste receptors and human photoreceptors, as well as various analyses and
applications based on them. A ligand binding domain of human sweet and umami
taste receptors were produced and combined with conducting nanomaterials to
develop a practical and ultrasensitive bioelectronics tongue. These protein-based
biosensors can be applied in practical manner due to their mass production of
proteins from E. coli, high stability and reusability and facile storage of fabricated
biosensor. However, some limitations should be addressed to improve the
bioelectronics tongue for practical and commercial use. To develop a stable and
reproducible biosensor for practical use, the quality of the conducting nanomaterials

should be reproducible, and a method to quantitatively immobilize the same amount
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of protein should be established.

The photoreceptors were either produced in E. coli and mammalian cells, and
they were used in a variety of experiments and applications involving
photoactivation. Photoactivation of photoreceptors was observed using various
analyses in the presence of the 11-cis-retinal molecule, which is required for
photoreceptor activation. However, the change from 11-cis-retinal to all-trans-retinal
in the response to light is an irreversible response. The photoreceptor in the human
body converts all-frans-retinal back to 11-cis-retinal with the help of a specific
enzyme called retinol dehydrogenase. However, the regeneration process does not
occur naturally in artificially produced human photoreceptors. Therefore, the
regeneration of retinal molecules using an appropriate enzyme should be established

for future photoreceptor applications in biomedicine, such as vision restoration.
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