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Chapter 1 

General introduction 
 

 

1. 1.  Demands of utilization of the metabolic systems as the renewable energy 

sources  

The worldwide demand and consumption of energy continues to rise, which are 

resulted from the increasing of the human population expected to increase up to 9 billions 

by 2050.1-3 Currently, to fulfil these high energy demands of ongoing industrialization, 

economic growth and rising populations, most of the energy sources were relied on the 

fossil fuels such as carbon, natural gas and petroleum. However, these fossil fuels are 

non-renewable energy sources considered to be depletion in about 100 years. Additionally, 

vast amount of greenhouse gases produced in usage of fossil fuel, occupying around 87% 

of the global CO2 anthropogenic activities, will cause global warming.4,5 The global 

warming caused by greenhouse gases may cause the melting of glaciers and ice sheets, 

raising the sea level, which affects the ecosystem indirectly.2 To solve these worldwide 

problems, the development of energy sources and transformation systems which are 

renewable and sustainable are required. 

Metabolic systems, energy generation and transformation processes which were 

carried out in biosynthesis by living organism, are highly efficient and clean systems to 

produce the adequate molecules for their lives. Utilizing and engineering of metabolic 

systems of the living organisms for material production could shed light on the 

development of the sustainable society. Recently, a lot of effort for practical application 

of bioethanol, biogas, or biodiesel, which were synthesized from the living organisms, 

are made to utilize their efficient and clean systems as the new renewable energy 

source.1,2,6 Furthermore, biosynthesis of effective chemicals, such as microbial cellulose 

and ethylene, could also save the energy consumption at producing them to daily used 

materials.7,8  
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The metabolic pathways of living organisms have developed very sophisticated 

parallel multi-step reaction processes performed by various enzymes. To proceed these 

multi-step reactions exactly, enzyme in each step was strictly regulated in the appropriate 

time and location. To regulate such coordinated generation by appropriate enzymes, cells 

produce appropriate signaling molecules as second messengers inside cells following 

signal transduction systems. Therefore, understanding the signal transduction system is 

the key to control the metabolic reactions.  

 

1. 2.  Signal transduction systems in the living organisms 

Signal transduction were regulated by various small molecules and proteins. 

Physiological and chemical stimulation from the environmental condition such as heat, 

cold, or acidity, or intercellular molecules, such as hormone or neurotransmitter, activate 

the receptor on the surface of the transmembrane of the cells, such as G protein-coupled 

receptors, receptor tyrosine kinase, or ligand-gated ion channel. To transduce these outer 

information inside the cells, activated receptors further activate other proteins with the 

chemical reaction, such as phosphorylation of the tyrosine residues of adenylate cyclase 

or phospholipase C-b, to synthesize cAMP or decompose phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P2) into D-myo-inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and 

DAG, called as second messenger. These second messengers further propagate the signal 

to other biomolecules or proteins in the downstream, to induce various vital reactions 

finally. Some important second messengers and proteins related to signal transduction are 

introduced here. 

Inositol polyphosphates 

Inositol polyphosphates (IPs) form the largest family of second messengers, where 

over thirty kinds of IPs have been discovered. Ins(1,4,5)P3 is the first IP to be identified 

as the second messenger and most extensively characterized.9,10 Ins(1,4,5)P3 is 

synthesized with the hydrolysis of PtdIns(4,5)P2, which is catalyzed by members of the 

family of phospholipases C (PLC). Ins(1,4,5)P3 can bind to Ins(1,4,5)P3 receptors, which 

are Ca2+ channels located on intracellular organelles such as the endoplasmic reticulum 

(ER) and Golgi apparatus. Binding mediates Ca2+ release from intracellular stores, 
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resulting in Ca2+ accumulation in the cytosol and in organelles such as mitochondria and 

lysosomes (Figure 1. 1). 
Ins(1,3,4,5)P4 was synthesized by the phosphorylation of Ins(1,4,5)P3 with the 

ositol-trisphosphate3-kinases (InsP3Kinase; gene name: ITPK).11-13 Ins(1,3,4,5)P4 also 

function as the second messenger in many physiological processes, such as synaptic 

plasticity, hematopoietic cell survival, development and function, mRNA export, 

transcriptional regulation and chromatin remodelling.14-16 

 

Figure 1.1. Schematic representation of signal transduction pathway related to the 

synthesis and function of Ins(1,4,5)P3. GPCR, G protein-coupled receptor, activate the 

PLCbeta, phospholipase C-b, upon the ligand binding on the GPCR PLC beta decompose 
PIP2, phosphatidylinositol 4,5-bisphosphate, to IP3, Ins(1,4,5)P3, and DAG, 

diacylglycerol. IP3 bind to IP3R, IP3 receptor, located on the ER, endoplasmic reticulum, 

to induce Ca2+ release 

Nitric oxide 

NO is also known as the cell signaling molecule that controls diverse biological 

functions, such as cardio vascular17,18, nervous19,20 and immune systems.21 The tumor cell 

signaling22, plant physiology, such as stomatal closure, growth, and development23, and 

cellular morphology24 are also found to be controlled by cellular NO dynamics. In animal 

cells, biosynthesis of NO is primarily catalyzed by the enzyme NOS. Three NOS isoforms 

have been identified, termed on the basis of the tissue source from which they were 
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originally extracted: neuronal NOS (nNOS), inducible NOS in macrophages (iNOS), and 

endothelial NOS (eNOS).25,26 Activities of nNOS and eNOS are strictly dependent on the 

elevation of intracellular free Ca2+ and resultant binding of the Ca2+−CaM complex. 

Because of its high reactivity, NO regulates the functions of many proteins via post-

translational modifications, such as S-nitrosylation of the side-chain of cysteine19,23,27, 

such as TRPC5, or by regulating the metal ion binding of metalloproteins (Figure 1.2).28-

30  

 
Figure 1.2. (A) Nitric oxide (NO) is generated, in most cell types, from Arg and O2 by 

NO synthases (NOSs), neuronal NOS (nNOS), endothelial NOS (eNOS), or 

inducible/Ca2+-independent NOS (iNOS). (B) NO regulates the functions of many 

proteins via the S-nitrosylation of the thiol of cysteine residues of the proteins. 

TRPC5 channel 

The transient receptor potential canonical (TRPC) channels are ubiquitously 

expressed in smooth muscle, endothelium, and brain and play important roles in a variety 

of physiological processes, including smooth muscle contraction, vascular function, 

neurotransmitter release, and neurological behavior.31-33 The TRPC subfamily members 

are Ca2+-permeable cation channels that depolarize cells and increase intracellular 

calcium levels and are potentiated by G protein-coupled receptors (GPCRs) or tyrosine 

kinase receptor-mediated activation of phospholipase C (PLC), which cleaves 

phosphatidylinositol 4,5-trisphosphate (PIP2) into diacylglycerol (DAG) that directly 

activate TRPC subfamily34 and inositol 1,4,5-trisphosphate (IP3).35 Among the seven 

mammalian TRPC members, a nonselective calcium-permeant cation channel TRPC5 is 

of considerable interest as a potential therapeutic target for progressive kidney disease, 

depression, anxiety, and other disorders.33 TRPC5 assembles into tetramers to form a 
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channel, of which S5-S6 helices and the pore region between the S5 and S6 helices 

contribute to form the pore.33,36 TRPC5 promotes Ca2+ uptake upon S-nitrosylation and/or 

disulfide bond formation of specific cysteine residues, providing the NO-sensing function 

of TRPC5 channels.37 In the proposed NO-sensing mechanism of TRPC5, two cysteines, 

Cys553 and Cys558, located at the N-terminal side of pore-forming region are selectively 

modified by NO. The free thiol group of Cys558 nucleophilically attacks S-nitrosylated 

Cys553 to form a disulfide bond that stabilizes the open state. 

 
Figure 1.3. The schematic illustration of positive feedback regulation system of Ca2+ 

uptake concerned in nitric oxide (NO) and TRPC5. In endothelial cells, NO, which was 

produced by eNOS, acivate TRPC5 with S-nitrosylation and promote the Ca2+ influx. 

 

1. 3.  Strategy to understand signal transduction systems 

To understand signal transduction, exploring the activation mechanism of proteins 

such as enzymes or channels and behavior of second messengers such as ions or small 

biomolecules are important. 

To understand the structural change of proteins upon the activation, structural 

information of proteins was revealed by using NMR spectroscopy, X-ray crystallography, 

or Cryo-EM. However, information of structural changes of many proteins was still 

unknown because these methods have limitation resulted from the difficulty of the sample 

preparation. Therefore, development of convenient method to detect structural changes 

were desired. 
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Biosensors which allow real-time imaging of signal molecules in living cells were 

necessary to explore the behavior of second messngers.38-41 Generally, biosensors consist 

of recognition module for binding targets and signal transduction module for converting 

binding event to measurable signal (Figure 1.4A). In more detail, fluorescence, 

chemiluminescence41, electrochemical39, electrical, thermal, and magnetic responses 

were utilized as the measurable signal (Figure 1.4B). Among these signals, fluorescence 

detection is the most useful method to detect signal molecules in living cells because of 

its advantage of property of high sensitivity and spatiotemporal resolution, low cost for 

use, and good tissue penetration.43-47 On the other hand, biological macromolecules such 

as nucleic acids or proteins42, synthetic receptor48-56, and aptamer56 were considered as 

the recognition module (Figure 1.4B). Especially, proteins possess high specificity and 

affinity to recognize biomolecules to strictly mediate and regulate chemical reactions in 

living cells. Therefore, proteins were superior for using as the recognition module to 

detect desirable target with high affinity and selectivity. Considering these contexts, 

fluorescent biosensors which consist of proteins as the recognition module were the most 

widely adaptable tool for detecting biomolecules in living cells. 

 

Figure 1.4. Schematic representation of biosensors. (A) In biosensors, target-binding 

events of recognition modules are converted to measurable signal of signal transduction 
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module. (B) Some elements were applicable for both transduction module and 

recognition module. 

 

1. 4.  Fluorescent biosensors using the protein recognition module 

Depending on the type of fluorescence molecule in signal transduction module, 

the protein-based fluorescent biosensors could be classified into two categories;42 1) The 

first category is the chemically-modified biosensors, of which artificial fluorescent 

molecules were used as the signal transduction module. 2) The second category is the 

auto-fluorescent protein (AFP) based biosensors, of which auto-fluorescent proteins 

(AFPs), such as green fluorescent protein (GFP) and its variants were used as the signal 

transduction module. In this section, properties of these two categories of protein-based 

biosensors are explained. 

1. 4. 1.  Chemically-modified protein-based biosensors 

In the chemically-modified protein-based biosensors, synthetic fluorescent 

molecules were modified into the receptor proteins of recognition module. The 

advantages of this kind of fluorescent biosensor are below;38,42,57 1) Synthetic fluorophore 

induce less perturbation to the functions of receptor proteins because of its relatively 

smaller size. 2) A superior characteristic of dye, not only the fluorescence changes in 

intensity and wavelength but also the microenvironmental sensitivity such as pH, polarity 

or molecular recognition, could be introduced to the receptor protein. 3) The introduction 

site of dye to the protein framework is more flexible compared to the auto-fluorescent 

protein (AFP)-based biosensors. While, in the AFP-based biosensors, the introduction 

sites of AFP are generally limited to the N- and C termini of receptor proteins, small dye 

can be introduced into the middle of loop regions or proximity to the binding pocket of 

receptor proteins. Chemically-modified biosensors generally detect the target based on 

the alteration of microenvironment of the modified fluorophore upon the target-binding 

event. Chemically-modified biosensors have been developed for maltose58, glucose59, 

ribose60, and glutamine60 by attaching environmentally sensitive fluorophores covalently 

to mutated thiols of receptor proteins. 
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Morii and coworkers have constructed novel Ins(1,4,5)P3 and Ins(1,3,4,5)P4 

biosensors by utilizing the pleckstrin homology (PH) domain of PLCd161 and 
phosphoinositides 1 (GRP1)62 as the recognition modules, respectively (Figure 1.5). 

These biosensors were constructed by introducing synthetic fluorophores into the 

proximity of the ligand-binding site of each PH domain by means of structure-based 

design. Binding of Ins(1,4,5)P3 or Ins(1,3,4,5)P4 induce the structural change of each PH 

domain, that effects a sufficient fluorescence response resulted from the changes in 

orientation of the fluorophore. This design strategy of chemically-modified biosensors is 

a powerful strategy to construct biosensors for inositol derivatives with high selectivity 

and appropriate affinity.62,70 

 

Figure 1.5. Schematic illustrations of fluorescent biosensors for (A) Ins(1,4,5)P3 and (B) 

Ins(1,3,4,5)P4.62 The fluorophore was introduced at Glu 82 (magenta), near the binding 

pocket.  

However, unlike AFP-based biosensors, synthetic fluorophores cannot be 
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introduced flexibly with the conventional genetic engineering. Consequently, other 

efficient methods to introduce synthetic fluorophores into receptor proteins are required. 

Additionally, unlike AFPs based biosensor, chemically-modified biosensors generally 

require the invasive introduction to living cells, such as electroporation63-65, 

lipofection66,67, microinjection68, and tagging cell-permeable peptide sequences69,70.  

1. 4. 2.  Auto-fluorescent protein (AFP) based biosensors 

Green fluorescent protein (GFP), which is the first auto-fluorescent proteins 

(AFPs), was isolated from jellyfish71. AFPs form their chromophore spontaneously by the 

air-oxidation after expression in organisms, that is, AFPs do not require additives to show 

fluorescence. AFPs are automatically expressed in the cells by noninvasively introducing 

the vector encoding AFPs. Therefore, AFPs were utilized for noninvasive fluorescent 

markers to monitor gene expression, protein localization, and intracellular protein 

targeting by conjugating the AFPs to target proteins.  

Furthermore, to image and detect biomolecules such as the second messengers in 

living cells, many kinds of AFP-based biosensors have recently been developed. The 

advantages of AFP-based biosensor are below;38 1) AFP-based biosensors can be 

automatically expressed in living cells by transfecting the plasmid DNA encoding them. 

This noninvasive method contributes to the low damage to the cell upon imaging. 2) 

Because AFP-based biosensors can be constantly produced based on plasmid DNA in the 

cells, dilution of biosensors resulted from a vital activity, such as cell growth and division, 

can be suppressed. This character enables long time imaging. 3) It is easy to localize 

biosensors to the specific regions within cell by introducing a certain peptide sequence 

for organelle-specific targeting signal. Therefore, AFP-based biosensors favorable for 

tracing the biomolecules functioning in various vital phenomena in the living cells.  

AFP-based biosensors are designed so that the structural changes of the receptor 

proteins associated with the ligand-binding event transduces to a significant fluorescence 

response of AFPs. AFP-based biosensors could be classified in three categories; 1) Dual 

AFP-fused fluorescent resonance energy transfer (FRET)-based biosensors (Figure 1.6A), 

2) Single AFP-based biosensors (Figure 1.6B).  
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Figure 1.6. (A) Dual AFP-fused fluorescent resonance energy transfer (FRET)-based 

biosensors. Two AFPs, CFP and YFP, were connected with the target binding protein and 

peptide linkers. A structural change of the target binding protein upon binding the target 

induced the change of the FRET efficiency between CFP and YFP. (B) Single AFP-based 

biosensors.  

FRET-based biosensors 

FRET is a energy transfer between two fluorophores. The emission spectrum of 

donor fluorophores and the excitation spectra of acceptor fluorophores need to be 

overlapped. FRET occurs when two fluorophores are in sufficient proximity (<10 nm).72 

FRET-based biosensors are constructed by conjugating a pair of AFPs with the receptor 

proteins. A dynamic structural change of receptor protein upon binding targets result in 

locating a pair of AFPs in proximal distance each other, enhancing the FRET efficiency 

of them. Various FRET-based biosensor have been developed to image intracellular 

events such as enzyme activities, such as protease74-77, kinase78,79, and phosphatase80, and 

dynamics of intracellular second messengers, such as Ca2+81,82, cAMP83, cGMP84, and 
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IP385 (Figure 1.7). 

 

Figure 1.7. Schematic illustration of the FRET-based Ca2+ biosensor, cameleons.81 They 

consist of tandem fusions of a BFP or CFP, calmodulin87, the calmodulin-binding peptide 

M1388, and an enhanced GFP or YFP. Binding of Ca2+ makes calmodulin wrap around 

the M13 domain, increasing the fluorescence resonance energy transfer (FRET) between 

the flanking GFPs. 

To realize the sufficient energy transfer efficiency, the following two factors 

should be considered. 1) Suitable FRET pairs where emission spectrum of the donor and 

the acceptor excitation spectrum of acceptor were overlapped should be chosen. Generally, 

in the AFP-based FRET biosensors, CFP and YFP mutants have been widely used as a 

donor and an acceptor, respectively.73 2) The donor and the acceptor need to be located at 

a rational distance which can drastically change the FRET efficiency before and after 

binding target.86 Therefore, to realize the sufficient change of FRET efficiency, the 

location of AFPs relative to the sensing domain need to be optimized by changing the 

linker between each protein unit. Especially, the large structural changes of the receptor 

proteins are the most important to realize drastic change of FRET efficiency. This 

requirement to the receptor protein severely limits the candidates of proteins available to 

construct FRET-based biosensors. 
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Single AFP-based biosensors 

Single AFP-based biosensors have been developed for targeting Ca2+ 89-92, 

cGMP93, H2O294,95, Zn2+ 96. Single AFP-based biosensors were constructed by conjugating 

receptor proteins into single AFP. The structural change induced at the receptor protein 

upon the reaction with target is subsequently transduced as the change in fluorescence 

emission of AFP. Generally, to construct AFP-based biosensors, dynamic structural 

change of receptor proteins upon binding target is required.  

Circulary permuated (cp) AFPs were constructed by connecting original C and N 

termini of AFPs with a short peptide linker and regenerating the new C and N termini at 

another position. In cpAFP-based biosensors, split receptor protein can be introduced near 

the AFP chromophore by generating new C and N termini near the AFP chromophore. 

Split receptor proteins are expected to show larger structural changes compared to wild 

type receptor proteins, enhancing signal response of AFP. Nakai and coworkers have 

developed Ca2+ biosensors, G-CaMP, which showed a high affinity and signal-to-noise 

ratio (Figure 1.8).89 Since G-CaMP showed the dynamic signal responses in response to 

Ca2+, this sensor have been widely used to visualize the intracellular dynamics of Ca2+ in 

living cells. However, these biosensors still required large structural change of target 

binding protein to detect as such high signal.98   

 

Figure 1.8. Crystal structures of G-CaMP in the Ca2+-free form (PDB: 3EKJ) and Ca2+-

saturated form (PDB:3EK4).98 CaM (dark green) and M13 (orange) were connected to 

new C- and N-terminal of cpGFP with peptide linker, respectively. Binding of Ca2+ makes 

calmodulin wrap around the M13 domain, transduced to the fluorescence change of the 

cpGFP. Large structural change upon the binding between CaM and M13 was required. 

Morii and coworkers developed a novel Ins(1,3,4,5)P4 biosensor by introducing a 
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designed split pleckstrin homology (PH) domain of Bruton’s tyrosine kinase (Btk) into a 

single cpGFP (Figure 1.9 A).94 Ins(1,3,4,5)P4 biosensor shows two absorption maxima 

corresponding to the protonated and deprotonated states of the GFP chromophore (Figure 

1.9B). Therefore, Ins(1,3,4,5)P4 biosensor can detect Ins(1,3,4,5)P4 with the change of 

fluorescence emission ratio when excited at each absorption maxima, and retained the 

affinity and selectivity of the original Btk-PH domain. Importantly, although Btk-PH 

domain shows subtle structural change upon binding Ins(1,3,4,5)P4, introducing the Btk-

PH domain near the cpGFP chromophore of cpGFP contribute to detect as a measurable 

fluorescence change. (Figure 1.9). 

 

Figure 1.9. (A) Schematic illustration of single cpAFP-based Ins(1,3,4,5)P4 biosensor.94 

Btk-PH domain was introduced near the cpGFP chromophore. Btk-PH domain shows 

subtle structural difference between unliganded (magenda, PDB: 1BTK) and 

Ins(1,3,4,5)P4-bound (blue, PDB: 1B55) state. (B) Upon binding Ins(1,3,4,5)P4, 

Ins(1,3,4,5)P4 biosensor showed the increment of the fluorescence intensity excited at 

396 nm corresponding to protonated state and decrease of the fluorescence intensity 

excited at 470 nm corresponding to deprotonated state. 
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1. 5.  Construction strategy of AFP-based biosensors 

For construction of AFP-based biosensor, the structurally well-characterized 

native proteins, which were analyzed by NMR spectroscopy, X-ray crystallography, or 

Cryo-EM, are suitable for the recognition domain.57,88,89,92,99-102 However, the information 

of the structural changes of recognition modules binding targets of interest is not always 

available because these methods consume a lot of times and labors for acquiring the 

structural information. Additionally, even when structures of proteins are well-

characterized, proteins do not always show the sufficient structural changes for being 

utilized to AFP-based biosensors. Some efforts to make the construction of AFP-based 

biosensors effectively in the case of less structural information of receptor proteins have 

been made. Circularly permutation, as described in the previous section, is one method 

for amplifying the structural change of receptor proteins. In cpAFP-based biosensors, 

receptor proteins can be divided into to two parts to introduce receptor proteins to N- and 

C-terminal of cpAFPs, respectively, as the recognition module. Introduction of the 

divided receptor proteins could cause the enhancement of the structural changes of 

recognition modules upon binding target, which induce the enhancement of the signal 

response of AFP-based biosensors. Additionally, in the single AFP-based biosensors, the 

receptor proteins could be placed in the vicinity of the residues that would critically affect 

the photochemical property of the chromophore in AFP, like Ins(1,3,4,5)P4 biosensor as 

described in the previous section, to detect the slight structural change of receptor 

proteins.94 However, in spite of these efforts, optimization processes for constructions of 

AFP-based biosensors still require the construction of large scale of library and multi-

step screening.100 To utilize the AFP-based biosensors more widely, development of a 

general construction strategy using smaller library and less step screening in the case of 

less structural information of receptor proteins are required. 

 

1. 6.  Aim of this research 

In this thesis, two new strategies related to the application of AFP-based 

biosensors for investigating the signal transduction were developed.  

Firstly, the putative structural change of TRPC5 upon reaction to NO was detected 

with utilizing the detection mechanism of AFP-based biosensors. In the proposed NO-
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sensing mechanism, TRPC5 is proposed to stabilize the open state by forming the 

disulfide bond between Cys558 and S-nitrosylated Cys553, located at the N-terminal side 

of pore-forming region. While the three-dimensional structure of TRPC5 has been 

reported by the cryo-EM analysis36, dynamic structural changes at the NO-sensing 

domain in response to NO through the S-nitrosylation and the disulfide bond formation 

remain to be investigated. In this thesis, a partial NO-sensing segment of TRPC5 

containing two cysteine residues, Cys553 and Cys558, was embedded into a near 

chromophore of AFP, termed as EGFP-TRPC5, to evaluate its structural changes in 

response to NO. Fluorescence response and the contents of the free thiol group of EGFP-

TRPC5 upon reaction to NO were evaluated to investigate. 

Secondly, a facile screening strategy for construction of the single AFP-based 

biosensors was tried to be developed. NO biosensor could be constructed with the 

optimization of a slight signal response of EGFP-TRPC5 with the disulfide bond 

formation upon reaction with NO. One of the strategies to efficiently transduce the 

structural change upon disulfide bond formation to the EGFP chromophore is deletion of 

amino acid residues of NO-sensing segment. However, even the simplest one by one 

deletion of amino acid residues from the N- and/or the C-terminal provided 47 mutants 

as the candidates of deletion mutants. Therefore, before the in vitro evaluation of 47 

mutants, a degree of structural change of each mutant was estimated as a RMSD value 

based on in silico simulation. Three NO sensor candidates obtained from a two-step 

screening, in silico screening as first screening and in vitro screening as second screening, 

were further investigated to confirm whether these candidates could work as the NO 

sensor with in vitro and in vivo measurements. 

These methods developed in this thesis with application of AFP-based biosensors 

could promote to explore the functions of the biomolecules and proteins in the signal 

transduction to utilize the bioenergy in the cells.  
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Chapter 2 

Fluorescence detection of the nitric oxide-

induced structural change at the putative 

nitric oxide sensing segment of TRPC5 

 

 

2. 1.  Introduction 

Structural changes of proteins are crucial factor for the activation of proteins 

concerned in the signal transduction. To explore the signal transduction, it is important to 

understand the structural change of proteins. Studies on the structure and function of 

TRPC5 channel provided a novel gating mechanism of the Ca2+ entry activated by 

cysteine S-nitrosylation.1,2 A nonselective calcium-permeant cation channel TRPC5 is of 

considerable interest as a potential therapeutic target for progressive kidney disease, 

depression, anxiety, and other disorders.3 TRPC5 promotes Ca2+ uptake upon S-

nitrosylation and/or disulfide bond formation of specific cysteine residues, providing the 

NO-sensing function of TRPC5 channels.1 Regulation of TRPC5 activity is highly 

specific to NO against other oxidants such as H2O2.4 In the proposed NO-sensing 

mechanism of TRPC5, two cysteines, Cys553 and Cys558, located at the N-terminal side 

of pore-forming region are selectively modified by NO. The free thiol group of Cys558 

nucleophilically attacks S-nitrosylated Cys553 to form a disulfide bond that stabilizes the 

open state. The modification of Cys553 and Cys558 would cause structural changes at 

the pore-forming region of TRPC5. While the three-dimensional structure has been 

reported by the cryo-EM analysis (Figure 2.1A)5, dynamic structural changes at the NO-

sensing domain in response to NO through the S-nitrosylation and the disulfide bond 

formation remain to be investigated.  
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An appropriate conjugation of a recognition or reaction module for a given 

molecule to a transducing module, such as an auto-fluorescent protein (AFP), couples the 

recognition/reaction event to fluorescence signal changes, as has been widely applied for 

the general design strategy of AFP-based fluorescent biosensors.6-8 In the single AFP-

based sensor, a reaction module is introduced near the chromophore of AFP. The 

conformational change induced at the reaction module upon the reaction with target 

molecule is subsequently transduced as the change in fluorescence emission of AFP.9,10 

Importantly, even subtle conformational changes of the reaction module were effectively 

transduced to measurable fluorescence changes by introducing the reactive module near 

the chromophore of AFP.11 Therefore, single AFP-based biosensors were considered to 

be suitable for obtaining the information about structural change of proteins. 

In this chapter, a structural change at the NO-sensing module of TRPC5 in 

response to the modification of cysteine residues by NO was investigated. To evaluate 

the NO-induced structural change of the NO-sensing module, a partial segment of the 

putative NO-sensing module of TRPC5 channel containing Cys553 and Cys558 residues 

was fused as a loop structure by means of structure-based design to EGFP. The resulting 

TRPC5 segment-fused EGFP, termed as EGFP-TRPC5, exerted measurable fluorescence 

emission changes in response to the NO concentration changes. The EGFP-TRPC5 

showed the expected NO-induced disulfide bond formation. The disulfide bond formation, 

not the S-nitrosylation alone, was responsible for the ratiometric fluorescence intensity 

changes during the formation of NO. These results support the proposed model of TRPC5 

activation by NO that the structural change is induced by disulfide bond formation. That 

the conformational change would be reversible in the presence and absence of NO.  

 

2. 2.  Results and discussions 

2. 2. 1.  Incorporation of the NO-sensing segment of TRPC5 to EGFP 

TRPC5 is six-transmembrane protein which contains S1-S6 helices and pore 

helices between S5 and S6 helix in the transmembrane domain (Figure 2.1A). TRPC5 

assembles into tetramers of which S5 and S6 helices of another monomer lie in the space 
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among S1-S4 helices and S5-pore-S6 helices to form a channel, of which S5-S6 helices 

and the pore region contribute to form the pore (Figure 2.1).3,5  

 
Figure 2.1. (A) A Cryo-EM structure of TRPC5 with the disulfide bond between Cys553 

and Cys558 (PDB: 6AEI). Left: A monomer structure of TRPC5. TRPC5 is six-
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transmembrane protein which contains S1-S6 helices and pore helices between S5 and 

S6 helix in the transmembrane domain. Right: homotetramer structure of TRPC5. Each 

monomer was shown in the red, blue, orange, and green, respectively. Side views, top 

view, and schematic picture on the top view were shown in the top, middle and blow. (B) 

Illustration of Cryo-EM structure of TRPC5 was shown. Each color indicate each 

monomer corresponding to each color in (A). S1-S4 helices were replaced into one circle 

for simplification. S5, S4, and pore helix were replaced into each circle. Lines indicated 

the coordinated arrangement of each helix. 

In TRPC5, two cysteine residues, Cys553 and Cys558, locating between the S5 

and S6 helices in the pore region, have been proposed as the NO reactive sites (Figure 

2.1 and 2.2A).1 Cys553 is S-nitrosylated by NO to open the pore region of TRPC5, 

followed by the attack of Cys558 to S-nitrosylated Cys553 to form a disulfide bond that 

stabilizes the open state of TRPC5 (Figure 2.2).1 The region ranging from Leu568 to 

Leu575 consists of a part of pore helix and that from Leu538 to Tyr541 locates near the 

C-terminal end of S5 helix (Figure 2.2).5 This segment Leu538 to Leu575 was adapted as 

an NO-reactive module to conjugate with EGFP (Figure 2.3B). Parent EGFP forms the 

b-barrel structure to incorporate the chromophore. The chromophore exists in the 

protonated or deprotonated form with each showing the absorption peak around 400 and 

470 nm, respectively.10-12 The equilibrium between these forms in the ground state is 

governed by hydrogen bond network that allows proton transfer between the 

chromophore and the side chains of neighboring amino acid residues. The configuration 

of Thr203 and His148 residues of EGFP against the chromophore likely shows the 

profound effect on the protonated or deprotonated state of chromophore.10,13 To 

effectively transduce the conformational change in response to NO as the fluorescence 

change, the partial segment corresponding to the NO-reactive module of TRPC5, Leu538-

Leu575, was introduced between Asn144 and Phe145 of EGFP, where a large structural 

perturbation to the chromophore was expected to effectively transduce the 

conformational change in response to NO to the fluorescence emission change (Figure 

2.3). 
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Figure 2.2. A cryo-EM structure of the TRPC5 homotetramer with the disulfide bond 

between Cys553 and Cys558 (upper, PDB ID: 6AEI) and NO-sensing mechanism of 

TRPC5.5 One monomer of the TRPC5 homotetramer is represented in orange and the 

structural segment of TRPC5 Leu538-Leu575 embedded into EGFP is represented in 

purple. As the key residues, Cys553 and Cys558 are shown in CPK representation (red) 

with a zoomed up view. In the zoomed up view, the region locating between two helices 

S5 and S6 (in orange) contribute to form the pore structure. The amino acid residues 

ranging from Leu568 to Leu575 consist of a part of pore helix and Leu538 to Tyr541 

locate near the C-terminal of S5 helix. The plausible reaction scheme of TRPC5 with NO 

is also represented (lower).1,14,15 
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Figure 2.3. (A) A structural model of EGFP-TRPC5. The segment of TRPC5, from 

Leu538 to Leu575 (purple), was embedded into EGFP (green, PDB ID: 2B3P)16 between 

Asn144 and Phe145 through linkers (blue). The chromophore of EGFP is represented by 
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ball and stick model (red). The segment of TRPC5 was introduced in the b-strand (dark 
green) locating in vicinity to the chromophore. The molecular model was constructed by 

using Discovery Studio (version 3.1, Accelrys Inc.). (B) The zoomed up view shows the 

TRPC5 segment introduced in the b-strand (dark green) located near the chromophore 
through the linker. (C) The partial segment of TRPC5 (Leu538-Leu575) was inserted 

between EGFP (upper) as indicated in the amino acid sequence (lower). Colors 

correspond to the highlighted segment in B (EGFP: green; linker: blue; a segment of 

TRPC5: purple; the cysteine residues in the TRPC5 segment: red). 

2. 2. 2.  Substitution of the cysteines in the parent EGFP 

It should be noted that parent EGFP also contains two cysteine residues, Cys49 

and Cys71, which would react with NO and to disturb the quantitation of the disulfide 

bond formation and the S-nitrosylation (Figure 2.3C). These two cysteine residues were 

mutated to non-cysteine amino acids as commonly applied in the previous reports17-19, 

Cys49 was replaced with Ser49 (C49S) and Cys71 with Ser71 (C71S)17, Met71 (C71M)18, 

or Val71 (C71V)19, respectively. The genes encoding three types of EGFP mutants 

(C49S/C71S, C49S/C71M, and C49S/C71V) appended with the structural segment of 

TRPC5 (L538-L575) and the parent EGFP with the structural segment of TRPC5 (L538-

L575) were expressed in Escherichia coli (E. coli) (Figure 2.4A and B). The solubility 

and the fluorescence emission properties of the three mutants were compared with the 

parent EGFP with TRPC5 (L538-L575) in the E. coli cell lysate (Figure 2.4B). The 

soluble and insoluble fractions of cell lysate were separated by centrifugation and were 

analyzed by SDS-PAGE (Figure 2.4B and C). The fluorescence intensity of the bands 

corresponding to EGFP derivatives on the gel were analyzed by the fluorescence imager 

(Figure 2.4C). Among them, the C49S/C71V mutant showed a comparable solubility to 

the parent EGFP with TRPC5 (L538-L575) and a higher solubility compared to other two 

mutants, C49S/C71S and C49S/C71M. The C49S/C71V mutant also retained 

fluorescence emission property similar to the parent EGFP with TRPC5 (L538-L575). 

Other mutants, C49S/C71S and C49S/C71M, showed much smaller fluorescence 

intensity and lower solubility than the parent EGFP with TRPC5 (L538-L575). Therefore, 

the C49S/C71V mutant embedded with the structural segment TRPC5 (L538-L575), 

termed as EGFP-TRPC5, was used for further evaluation (Figure 2.5). 
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Figure 2.4. (A) An illustration of the EGFP derivatives fused to TRPC5 (L538-L575). (B) A 

scheme illustrates the procedure for comparing the solubility and the fluorescence properties of 

TRPC5 (L538-L575) fused EGFP derivatives in the E. coli lysate. The E. coli expressing each 

TRPC5 (L538-L575) fused EGFP derivative was lysed, and the lysate was centrifuged to separate 

the soluble and insoluble fractions. Each fraction was analyzed by means of SDS-PAGE and the 

fluorescence intensity of each band of TRPC5 (L538-L575) fused EGFP derivatives was analyzed 

by the fluorescence imager. (C) SDS-PAGE analysis of the soluble and insoluble fractions of each 

TRPC5 (L538-L575) fused EGFP derivatives (parent EGFP, C49S/C71S, C49S/C71M and 

C49S/C71V) in the lysate. The gel image was visualized by CBB (upper) or EGFP fluorescence 

(lower). 
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Figure 2.5. Illustration and amino acid sequence of EGFP-TRPC5. The partial segment of TRPC5 

(Leu538-Leu575) was inserted into EGFP as indicated in the amino acid sequence. To prevent 

the pseudo-positive reaction to NO and perturbation of the quantitation of disulfide bond 

formation, C49 and C71 in EGFP were substituted to C49S and C71V, respectively, as indicated 

in the amino acid sequence. 

2. 2. 3.  Identification and the optical properties of EGFP-TRPC5 

Further purification of EGFP-TRPC5 was conducted as described in the 

experimental section and the major band in SDS-PAGE corresponded to the calculated 
molecular weight of EGFP-TRPC5 (33,236) with the purity over 95％ in SDS-PAGE 

(Figure 2.6 and 2.7A). The EGFP-TRPC5 was characterized by MALDI-TOF mass 

spectrometry as described in the experimental section. UV-Vis absorption spectrum of 

EGFP-TRPC5 indicated two absorption maxima around 395 nm and 490 nm (Figure 

2.7B), corresponding to the protonated and deprotonated forms of the chromophore of 

EGFP, respectively.10-12 Additionally, excitation spectrum of EGFP-TRPC5 at 509 nm 

(Figure 2.7C) showed two maxima around 395 nm (shoulder peak) and around 466 nm, 

which corresponded well to the two absorption maxima (Figure 2.7B). Emission spectra 

of EGFP- TRPC5 excited at 395 nm and 466 nm showed emission peak at 509 nm (Figure 

2.7D). 
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Figure 2.6. SDS-PAGE analysis of EGFP-TRPC5 at each purification step visualized by CBB 

(A) and fluorescence (B). M: protein marker (M.W. 6,500 -200,000), 1: soluble fraction of the E. 

coli lysate expressing EGFP-TRPC5, 2: after the His-tag affinity chromatography purification, 3: 

after the butyl column chromatography purification, 4: the stock solution in glycerol. 

 
Figure 2.7. Gel electrophoretic and spectroscopic characterization of EGFP-TRPC5. (A) 

SDS-PAGE analysis of purified EGFP-TRPC5. M: marker (M.W. 6,500 - 200,000), lane 

1: purified EGFP-TRPC5. An arrow indicates the main band with the expected molecular 

weight of 33,236. (B) UV-Vis absorption spectrum of EGFP-TRPC5. (C) Excitation 
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spectrum of EGFP-TRPC5 for the emission wavelength of 509 nm. (D) Emission spectra 

of EGFP-TRPC5 with excitation at 395 nm (blue) and 466 nm (red), respectively. 

2. 2. 4.  Fluorescence response of EGFP-TRPC5 upon the reduction of disulfide 

bond 

The content of free thiol group in purified EGFP-TRPC5 evaluated by the 

conventional DTNB (5,5’-dithio-bis-(2-nitrobenzoic acid)) method (Figure 2.8) was less 

than 10% (Table 2.1 and Figure 2.9A), which indicated that most of the cysteine residue 

in purified EGFP-TRPC5 formed disulfide bond. After its reduction with dithiothreitol 

(DTT) followed by the removal of excess DTT by size exclusion chromatography, EGFP-

TRPC5 in the reduced form contained 89% of free thiol group (Table 2.1 and Figure 

2.9B).  

 
Figure 2.8. The DTNB method for quantitation of the free thiol group. (A) Reaction 

scheme of the DTNB method. DTNB was reduced by a free thiol group and then two 

molecules of 2-nitro-5-mercaptobenzoic acid (NTB) were produced. DTNB shows an 

absorption maximum at 325 nm and NTB shows maximum at 412 nm. (B) The absorption 
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spectral change of DTNB with increasing concentrations of L-cysteine (0, 2.5, 5, 10, 25, 

and 50 µM). (C) Calibration of the DTNB method by various L-cysteine concentrations 

(2.5, 5, 10, 25, and 50 µM). The detection limit of DTNB method was evaluated as 2.5 

µM of L-cysteine in this condition.  

 
Figure 2.9. Absorption spectra of the DTNB reaction mixtures to quantitate the free thiol 

content of EGFP-TRPC5 (A) before or (B) after reduction with DTT (red line: EGFP-

TRPC5 with DTNB; blue line: EGFP-TRPC5 without DTNB). To determine the 

absorption of 2-Nitro-5-mercaptobenzoic acid at 412 nm, the absorption of EGFP-TRPC5 

itself was subtracted from that of EGFP-TRPC5 treated with DTNB at 412 nm. 

Table 2.1. Change of the free thiol content upon disulfide bond cleavage 

Conditions Free thiol contents 

Without DTT < 10% 

With 1 mM DTT 89% 
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The fluorescence emission change upon disulfide bond cleavage was analyzed by 

comparing the fluorescence spectra of EGFP-TRPC5 before and after the reduction with 

DTT. When excited at 395 nm, a measurable decrease in the emission intensity at 509 nm 

was observed for the reduced form of EGFP-TRPC5 as compared to that in the oxidized 

form (Figure 2.10A). The emission intensity at 509 nm slightly decreased for the reduced 

form of EGFP-TRPC5 when excited at 466 nm. The ratio for the emission intensity at 

509 nm by excitation at 395 nm and 466 nm decreased from 0.248 to 0.230 upon the 

reduction of disulfide bond (Figure 2.10B). These results indicated that the conformation 

at the structural segment of TRPC5 was changed upon reduction of the disulfide bond 

cleavage. Further, the conformational change at the structural segment of TRPC5 could 

be quantitated as the ratiometric fluorescence response of EGFP. 

 
Figure 2.10. Reduction of the disulfide bond of EGFP-TRPC5 corresponding to the 

reverse process of NO-induced reaction with the cysteine residues. (A) Fluorescence 

spectra of EGFP-TRPC5 (left: excited at 395 nm, right: excited at 466 nm) in the oxidized 

form (blue) and reduced form (red). (B) Changes in the emission intensity ratio of 

fluorescence emission spectra of EGFP-TRPC5 (509 nm) excited at 395 nm versus at 466 

nm for the oxidized (–DTT) and the reduced (+DTT) forms. The emission intensity ratios 
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(Ratio (395/466)) were calculated by dividing fluorescence intensity at 509 nm when 

excitated at 395 nm by fluorescence intensity at 509 nm when excitated at 466 nm. 

2. 2. 5. Fluorescence responses of EGFP-TRPC5 to NO 

In order to evaluate the response of TRPC5 segment to NO, EGFP-TRPC5 was 

treated with DTT, then purified by size exclusion chromatography. The free thiol content 

of reduced EGFP-TRPC5 was determined to be 93% by the DTNB method (Table 2.2). 

The reduced EGFP-TRPC5 was reacted with 1-Hydroxy-2-oxo-3-(N-methyl-3-

aminopropyl)-3-methyl-1-triazene (NOC7) as the NO donor20, which releases two NO 

with a half-life of 2.4 min in the reaction condition (Figure 2.11). The emission intensity 

ratio of the reduced EGFP-TRPC5 was lower than that of the non-reduced form (Figure 

2.13). In the presence of NOC7 (500 µM), the ratio of fluorescence emission intensity for 

reduced EGFP-TRPC5 increased (Figure 2.13, line in red) from 0.183 to 0.188 to the 

value of non-reduced EGFP-TRPC5 (Figure 2.13, line in black) within 30 min. On the 

other hand, the ratio did not change significantly (within ± 0.001) in the absence of NOC7 

(Figure 2.13, line in blue) at least for 30 min. The fluorescence emission of EGFP-TRPC5 

responded to NO in the ratiometric manner to the opposite direction compared to the 

ratiometric change during the disulfide bond cleavage by DTT (Figure 2.10). The increase 

in the emission ratio of EGFP-TRPC5 in response to NO likely resulted from the 

formation of disulfide bond. The relationship between the disulfide bond formation and 

the increase in the emission ratio of EGFP-TRPC5 by NO was evaluated by quantitating 

the free thiol content in EGFP-TRPC5 after the reaction with NOC7. The free thiol 

content was drastically decreased from 93% to 17% after the reaction with NO (500 µM 

NOC7) (Table 2.2). 
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Table 2.2. Contents of free thiol group upon reduction with DTT and reaction with NO 

Conditions Free thiol contents 

Without DTT < 10% 

With 1 mM DTT 93 ± 9% 

With 500 µM NOC7 17 ± 4% 

With 5 mM ascorbic acid 20 ± 4% 

 

Figure 2.11. (A) Reaction scheme of NOC7. Two molecules of NO are released from one 

molecule of NOC7 in the presence of proton. (B) The absorption spectral change of NOC7 
in a buffer containing 100 mM phosphate (pH 7.0), 500 mM NaCl, 0.005％ Tween 20. 

(C) The time course change of absorbance at 250 nm in (B). The plots were fitted to a 

first-order kinetics. The half-life of NOC7 under the condition was determined as 2.4 min. 
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Figure 2.12. Time course change for the fluorescence emission intensity of EGFP-

TRPC5 in the presence of NO. The fluorescence intensity at 535 nm excited at (A) 400 

nm or (B) 485 nm, respectively. EGFP-TRPC5 in the reduced form (red and blue) and 

oxidized form (black) were treated with NOC7 (red and black). Reactions were started 

with the addition of NOC7 between 8-9 min. Only a solution (0.01 M NaOH) was added 

to EGFP-TRPC5 (blue). The emission intensity ratio was shown in Figure 2.11.  

 
Figure 2.13. Time course changes for the emission intensity ratio of EGFP-TRPC5 in the 

presence of NO. EGFP-TRPC5 in the reduced form (line in red and line in blue) and 

oxidized form (line in black) were treated with (line in red and line in black) or without 

(line in blue) NOC7 (500 µM). Reactions were started with addition of NOC7 or a 

solution (0.01 M NaOH) between 8-9 min. Spikes in the ratio value were observed upon 

addition of NOC7. The emission intensity ratios (Ratio (400/485)) were calculated by 

dividing fluorescence intensity at 535 nm when excitated at 400 nm by fluorescence 

intensity at 535 nm when excitated at 485 nm. 
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To confirm the reaction pathway for the formation of disulfide bond by NO, the 

following experiment was conducted. Both the disulfide bond and the S-nitrosylated thiol 

group, the intermediate of disulfide bond formation by NO, show negative response to 

DTNB. The S-nitrosylated thiol group was selectively reduced in the presence of disulfide 

bond by the gentle reaction with ascorbic acid.21 After the ascorbic acid treatment, NOC7-

treated EGFP-TRPC5 contained 20% of free thiol residue, which was similar to that 

observed before the ascorbic acid treatment (17%) (Table 2.2). The result strongly 

indicated that little or no S-nitrosylated thiol group existed in EGFP-TRPC5 after the 

reaction with NOC7. EGFP-TRPC5 reacted with NO to form the S-nitrosylated thiol 

group, which instantly formed a disulfide bond in the segment (Leu538 to Leu575) of 

TRPC5. Therefore, the observed increase in the emission ratio is dominantly caused by 

the disulfide bond formation by Cys553 and Cys558. The disulfide bond formation by 

Cys553 and Cys558 causes the local structural change in the segment of TRPC5 that 

transduced to the N-terminal Leu538 and the C-terminal Leu575. Even in the absence of 

NOC7, the free thiol content of reduced EGFP-TRPC5 decreased from 93 to 49% after 

30 min incubation possibly due to the air oxidation, which associated with a gradual 

decrease in the ratio of fluorescence emission of EGFP (Figure 2,13, line in blue) as the 

sum of increment of the ratio due to the air oxidation and decrement of the ratio due to 

the photo-bleaching (Figure 2.13, line in black). The air oxidation induced less amount 

of disulfide bond formation than the one with NOC7. These results indicated that 

conformational change of the structural segment of TRPC5 was induced by the disulfide 

bond formation in response to NO, and supported the notion that the open state of TRPC5 

channel is stabilized by the disulfide bond formation. 

2. 2. 6. Possible structural changes of TRPC5 upon the reaction with NO 

Results in the section 2.2.4 and 2.2.5 supported the proposed model of TRPC5 

activation that the gating was triggered by the structural change upon disulfide bond 

formation.1 Although the degree to which TRPC5 changes its structure in response to NO 

is unknown, the observed modulation of EGFP emission indicates that the TRPC5 derived 

segment Leu538 to Leu575 in the loop configuration effectively perturbed the local 

structure proximal to the EGFP chromophore. Therefore, the structural change upon the 

cysteine modification transduced at least to Leu538 and Leu575 of TRPC5, extending 
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more than 15 amino acid residues away from the disulfide bond. The N-terminal of the 

structural segment (Leu538 to Leu541) resides in the S5 helix and the C-terminal (Leu568 

to Leu575) locates in the part of pore helix of TRPC5 (Figure 2.14). It is likely that the 

structural changes induced upon the disulfide bond formation and reduction transduces 

to these helices. The reaction with NO induced a gradual increase in the ratio of 

fluorescence emission of EGFP-TRPC5 with drastic decrease in the free thiol content, 

while little or no S-nitrosylated group was detected in NO-treated EGFP-TRPC5. The 

fluorescence emission change of EGFP-TRPC5 is likely the outcome of the disulfide 

bond formation between Cys553 and Cys558, though a transient structural change could 

be induced by the seemingly short-lived S-nitrosylated group. The NO-induced disulfide 

bond formation between Cys553 and Cys558 would reasonably stabilize the structural 

change at the N-terminal side of pore-forming region of TRPC5. Changes in the ratios of 

emission intensity of EGFP upon the disulfide bond formation and reduction were the 

reversible process (Figure 2.10 and 2.13). These results are parallel with the finding that 

the gating of TRPC5 for Ca2+ uptake is reversible upon the reaction to NO and to the 

reducing condition 

 

Figure 2.14. (A) Cryo-EM of TRPC5 homotetramer around the transmembrane. NO-

sensing domain and two cysteines were represented in red and CPK representation in 

yellow, respectively. Two cysteines were located near but outside of the membrane. pore 

helix and S5 helix were embedded inside the transmembrane. (B) Amino acid sequence 
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of NO-sensing domain. The N-terminal of the structural segment (Leu538 to Leu541) 

resides in the S5 helix and the C-terminal (Leu568 to Leu575) locates in the part of pore 

helix of TRPC5. 

2. 2. 7. Fluorescence responses of EGFP-TRPC5 in response to H2O2 

TRPC5 expressed in human embryonic kidney (HEK) cells responded to 10 µM 

S-Nitroso-N-acetyl-DL-penicillamine (SNAP) as the NO donor, while at least 100 µM 

H2O2 was required to activate TRPC513, indicating that wild type TRPC5 specifically 

reacted with NO. Modulation of pKa and nucleophilicity of the target thiol by the 

interaction with hydrophilic residues in the hydrophobic environment was suggested9,21, 

however, a question of whether the specificity of TRPC5 to NO is originated from the 

inherent character of amino acid residues near the cysteine or from the hydrophobic 

membrane surrounding TRPC5 has not been addressed yet. 

Oxidant selectivity for the reaction of the TRPC5 structural segment containing 

the two cysteine residues was next evaluated by reacting with H2O2 (Figure 2.15A). In 

these experiments, the initial free thiol content of the sample was determined to be 76% 

by the DTNB method (Table 2.3). Upon incubation of the reduced EGFP-TRPC5 with 

H2O2 (100 µM), the emission ratio of EGFP-TRPC5 also increased (Figure 2.15A, line 

in red). The free thiol content after the incubation with H2O2 was determined to be less 

than 11% (Table 2.3). Additionally, the emission intensity change of EGFP-TRPC5 in 

response to H2O2 (100 µM) was faster than that to the same concentration of NOC7 (100 

µM) (Figure 2.15). These results indicated that the disulfide bond formation at the TRPC5 

segment (Leu538 to Leu575) embedded in EGFP showed no preferential reactivity to NO 

over H2O2. 
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Table 2.3. Contents of free thiol group upon reduction with DTT and reaction with H2O2 

Conditions Free thiol contents 

Without DTT < 11% 

With 1 mM DTT 76 ± 4% 

With 100 µM H2O2 < 11% 

 
Figure 2.15. Time course changes for the emission intensity ratio of EGFP-TRPC5 in 

response to (A) H2O2 (100 µM H2O2) and (B) NO (100 µM NOC7). EGFP-TRPC5 in the 

reduced form (line in red and line in blue) and oxidized form (line in black) were treated 

with (line in red and line in black) or without (line in blue) H2O2 (A) or NO (B), 

respectively. Reactions were started with addition of (A) H2O2 (100 µM) or a buffer and 

(B) NOC7 (100 µM) or a solution (0.01 M NaOH) between 8-10 min, respectively. The 

emission intensity ratios (Ratio (400/485)) were calculated by dividing fluorescence 

intensity at 535 nm when excitated at 400 nm by fluorescence intensity at 535 nm when 

excitated at 485 nm. 

The structural segment of TRPC5 (Leu538 to Leu575) by itself is insufficient to 

show the specific reactivity to NO as observed for wild type TRPC5. Difference in the 

NO releasing rate between NOC7 and SNAP, which was used in the previous study13, 

cannot account for the lack of NO selectivity because NOC7 has faster NO releasing rate 

than SNAP, that is, the half-life of NOC7 is 2.4 min (Figure 2.11) and SNAP is 4.6 h in 

the aqueous condition.22 From the cryo-EM structure of TRPC5, the structural segment 

containing two cysteine residues, Cys553 and Cys558, locate in the extracellular part near 

the cytoplasmic membrane (Figure 2.15). This suggests that the selectivity of TRPC5 to 

NO against H2O2 arises from the difference in hydrophobicity or polarity of NO and H2O2. 



 45 

Because H2O2 is considered to be more hydrophilic than NO, NO would be more 

accessible to the transmembrane domain of TRPC5 in the cytoplasmic membrane.  

 

2. 3.  Conclusions 

In this chapter, the putative NO-sensing segment of TRPC5 containing two 

cysteine residues was embedded in an EGFP to evaluate its structural changes in response 

to NO. EGFP-TRPC5 thus designed formed a disulfide bond and exerted emission 

intensity changes in response to NO. The structural change was maintained by the 

disulfide bond formation and affected the residues more than 15 residues away from the 

disulfide bond. The results support the proposed activation mechanism for the NO 

response of TRPC5 that the NO-induced disulfide bond formation would be transduced 

to the S5 helix and the pore helix that contribute to form pore of TRPC5 channel.1 While 

TRPC5 triggers gating selectively in response to NO over H2O2, the isolated structural 

segment of TRPC5 encompassing from the S5 helix to the pore helix is not sufficient to 

show the specific reactivity to NO. Other factors, the difference in the hydrophobicity or 

the polarity between NO and H2O2 could influence the high selectivity of TRPC5 toward 

NO.  

 

2. 4.  Materials and methods 

2. 4. 1.  Materials 

The restriction enzymes (NdeI, XhoI and DpnI) were purchased from New 

England Biolabs. Purified oligonucleotide primers for gene construction were purchased 

from Thermo Fisher Scientific Inc. (Waltham, MA, USA). E. coli BL21 (DE3) competent 

cells were purchased from Invitrogen (Carlsbad, CA). Mini Elute Gel Extraction Kit was 

purchased from QIAGEN (Tokyo, Japan). HiTrapTM Butyl HP column (5 mL) and 

HisTrapTM HP column (5 mL) were purchased from GE Healthcare Japan Inc. (Tokyo, 

Japan). PrimeSTAR HS DNA polymerase, T4 DNA ligase, and E. coli DH5a competent 
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cells were purchased from TaKaRa Bio Inc. (Shiga, Japan). NOC7 was purchased from 

DOJINDO LABOLTORIES (Kumamoto, Japan). All the other chemicals were purchased 

from Wako Chemicals (Osaka, Japan), Tokyo Chemical Industry Co., Ltd (Tokyo, Japan), 

Sigma-Aldrich Japan (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan). 

2. 4. 2.  Construction of plasmids 

The gene encoding EGFP in Btk-cpGFP24 was sequentially amplified by PCR 

using primers listed in Table 2. 4. The PCR products were run on a 1% agarose gel (TAE) 

and purified with a Mini Elute Gel extraction Kit. The PCR products and pET29a were 

digested with NdeI and XhoI and were purified in the same manner. These products were 

incubated with T4-DNA-ligase. The mixture was transformed into E. coli DH5a 
competent cells for amplification. The vector encoding parent EGFP with TRPC5 (L538-

L575) was purified and sequenced. 

Table 2.4. Nucleotide sequences of primers for construction of an expression vector for 

the parent EGFP with TRPC5 (L538-575).  

primer from 5’ to 3’ 
Primer 1 

(F-EGFP) 
AAAAAAAAAA CATATG GTGAGCAAGGGCGAGGAGCTG  

Primer 2 
(R-TRPC5-EGFP) 

TGCCCTTGCAATTATTCGGATCATCAATGGCTCGGGTATCATAA 
TAGAAATACAGAAGCTTGCCGTTGTACTCCAGCTTG 

Primer 3 
(R-TRPC5) 

GACTGGAGCGTATCGAACAGCGTCGAGAAGGCATTATTCTGCTT 
ATCGCATCGAATGCCCTTGCAATTATTCGGATCATC 

Primer 4 
(F-TRPC5-EGFP) 

ATGCGATAAGCAGAATAATGCCTTCTCGACGCTGTTCGATACGCT 
CCAGTCGCTCGGATCCGGCTTTAACAGCCACAAC 

Primer 5 
(R-EGFP) 

AAAAAACTCGAGTGATCCTCCGGTACCTCCCTTGTACAGCTCGT 
CCATGCCGAGAG 

 

EGFP mutants, of which two cysteine residues (Cys49 and Cys71) were replaced 

with Ser49 and Ser71, Met71, or Val71, were sequentially constructed. The vector 

encoding parent EGFP with TRPC5 (L538-L575) was amplified by PCR using primers 6 

and 7 (Table 2.5) for constructing the EGFP mutant (C49S). PCR product was treated 

with DpnI and transformed into E. coli DH5a competent cells. The vector encoding 

EGFP (C49S) with TRPC5 (L538-L575) was purified and sequenced. The vector 
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encoding EGFP (C49S) with TRPC5 (L538-L575) was amplified by PCR using primers 

8 and 9, primers 10 and 11, or primers 12 and 13 (Table 2.5) for mutating from Cys71 to 

Ser71, Met71 or Val71, respectively. Plasmids EGFP(C49S/C71S) with TRPC5 (L538-

L575), EGFP (C49S/C71M) with TRPC5(L538-L575) and EGFP(C49S/C71V) with 

TRPC5 (L538-L575) were constructed by following the same procedure for constructing 

the plasmid EGFP (C49S) with TRPC5 (L538-L575). 

Table 2.5. Nucleotide sequences of primer pairs for construction of an expression vector 

for cysteine mutated derivatives of the parent EGFP with TRPC5 (L538-L575).  

primer from 5’ to 3’ 

Primer 6 
(F-C49S) TTCATCTCAACCACCGGCAAGCTGCCCGTG 

Primer 7 
(R-C49S) GGTGGTTGAGATGAACTTCAGGGTCAG 

Primer 8 
(F-C71S) GTGCAGTCATTCAGCCGCTACCCCGAC 

Primer 9 
(R- C71S) GCTGAATGACTGCACGCCGTAGGTCAG 

Primer 10 
(F-C71M) GTGCAGATGTTCAGCCGCTACCCCGAC 

Primer 11 
(R- C71M) GCTGAACATCTGCACGCCGTAGGTCAG 

Primer 12 
(F- C71V) GTGCAGGTGTTCAGCCGCTACCCCGAC 

Primer 13 
(R- C71V) GCTGAACACCTGCACGCCGTAGGTCAG 

2. 4. 3.  Expression and purification of proteins 

The plasmid EGFP-TRPC5 was transformed into E. coli BL21 (DE3) competent 

cells. The transformed cells were grown at 37 °C until OD600 reached 0.5, and the protein 

expression was induced with 1 mM IPTG for 24 h at 18 °C. The soluble fraction of the 

cell lysate containing the target protein was loaded to HisTrapTM HP column with a linear 

gradient of 60–225 mM imidazole in 50 mM phosphate, 500 mM NaCl (pH 8.0). The 

fractions containing EGFP-TRPC5 were collected and diluted to the initial condition of 

next purification (50 mM phosphate, 500 mM (NH4)2SO4 (pH 8.0)). The resultant was 
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loaded to HiTrapTM Butyl HP and eluted by (NH4)2SO4 gradient (from 500 to 0 mM). 

Fractions containing EGFP-TRPC5 were collected and dialyzed against the solution 
containing 100 mM phosphate, 200 mM NaCl, 50％v glycerol (pH 8.0) and kept in -

20 °C. Concentration of EGFP-TRPC5 in the glycerol stock was determined with the 

absorbance at 440 nm derived from the isosbestic point of chromophore in EGFP (the 

determined molecular coefficient of EGFP-TRPC at 440 nm: 15,000 M-1cm-1). 

2. 4. 4.  Characterization of EGFP-TRPC5 in vitro 

EGFP-TRPC5 was characterized by MALDI-TOF mass spectrometry (AXIMA-

LNR, SA matrix, Shimadzu, Kyoto, Japan). EGFP-TRPC5: m/z calcd 33,236; observed 

33,179. Absorption spectra were measured with UV-2550 UV-Vis Spectrometer 

(SHIMADZU, Kyoto, Japan). Excitation and emission spectra were measured by F-7000 

fluorescence spectrometer (HITACHI High-Tech Science, Tokyo, Japan) at 20 °C. 

Samples contained 2 µM EGFP-TRPC5 in a buffer containing 100 mM phosphate buffer, 
500 mM NaCl, 0.005％ Tween20 (pH 6.7). The emission spectra were measured by 

excitation at 395 nm and 466 nm and the excitation spectra were measured by the 

emission wavelength of 509 nm. 

2. 4. 5.  Reaction of EGFP-TRPC5 with NO or H2O2 

The disulfide bond of EGFP-TRPC5 was reduced in a solution containing 20 µM 
EGFP-TRPC5, 100 mM phosphate (pH 8.0), 0.005％ Tween 20, 1 mM DTT for 3 h at 

25 °C. After reduction, the EGFP-TRPC5 solution was loaded to Micro Bio-Spin 

Chromatography Column P-6 (Bio-Rad) in a buffer containing 100 mM phosphate, 500 
mM NaCl, 0.005％ Tween20 (pH 6.75). Concentration of the free thiol group in EGFP-

TRPC5 was measured by the DTNB method with Ellman’s reagent (see next section). 

Reactions of EGFP-TRPC5 with NO were monitored by measuring the changes in 

fluorescence emission upon addition of NOC7 (dissolved in 0.01 M NaOH) to a solution 

of 13 µM EGFP-TRPC5 in the buffer containing 100 mM phosphate, 500 mM NaCl, 
0.005 ％  Tween20 (pH 6.75) at 20 °C with Infinite F PLEX (TECAN, Zürich, 

Switzerland). Instead of the addition of NOC7, an equal amount of 0.01 M NaOH was 

added to the reaction solution. It should be noted that the pH value of the buffer did not 
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change between before and after the addition of NOC7 in 0.01 M NaOH. After the 

measurement, concentrations of the free thiol group of EGFP-TRPC5 in response to NO 

was measured by the DTNB method. In the case of H2O2, EGFP-TRPC5 was treated by 

H2O2 for 70 min. 

2. 4. 6.  Quantitation of the free thiol group 

The concentration of free thiol group in EGFP-TRPC5 was measured by the 

DTNB method. Prior to the assay by the DTNB method, all the samples were purified by 

size exclusion chromatography to remove the thiol containing reagents such as DTT. An 

assay solution was prepared by mixing 100 µM DTNB in a solution containing 100 mM 
phosphate, 500 mM NaCl and 0.005％ Tween20 (pH 6.75) with an aliquot of EGFP-

TRPC5 solution. Absorption spectra of assay solution were measured by Infinite M200 

PRO (TECAN, Zürich, Switzerland). The concentration of free thiol group in EGFP-

TRPC5 was determined by the absorbance at 412 nm, which derived from 2-nitro-5-

mercaptobenzoic acid (Figure 2.8). The concentration of EGFP-TRPC5 was also 

determined from the absorbance at 440 nm, the isosbestic point of chromophore in EGFP. 

The concentration of free thiol group was determined by the following equation: 

 y = 0.004x + 0.005 

y and x represent the absorbance at 412 nm and concentration of L-cysteine [µM], 

respectively (Figure 2.8). 

To the NOC7 treated EGFP-TRPC5, a solution containing ascorbic acid (final 

concentration: 5 mM) was added to specifically reduce the S-nitorsylated thiol. After 30 

min, the reaction mixture was treated by the same procedure described above to quantitate 

the concentration of free thiol group by the DTNB method. 
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Chapter 3 

A two-step screening to optimize the 

signal response of autofluorescence 

protein-based biosensor 
 
 

3. 1.  Introduction 

As described in chapter 1, genetically encoded biosensors constructed from the 

AFP are especially useful because they are easy to localize at specific area in the cells 

and suitable for the long-time imaging.1,2 In general, AFP-based fluorescent biosensor is 

designed by conjugating an appropriate recognition or reaction module for a given target 

to the transducing module AFP. 3-5 Structural changes of the recognition module induced 

by the recognition/reaction event are transduced to AFP, which eventually results in 

fluorescence signal changes of AFP.6,7 The structurally well-characterized native proteins, 

such as those analyzed by X-ray crystallography, NMR spectroscopy or Cryo-EM, are 

suitable for conjugating the recognition module to AFP by means of structure-based 

design.5-12 However, the information on the structural change of recognition module for a 

target of interest is not always available. While AFP-based sensors were constructed by 

conjugating protein domains without the structural information, lack of the detailed 

information often caused difficulty in the optimization of biosensors.13-16  

As described in chapter 2, to evaluate this putative NO-induced structural change 

of TRPC517, EGFP-TRPC5 was constructed by fusing a segment of the putative NO-

sensing module of TRPC5 channel containing Cys553 and Cys558 residues as a loop 

structure to near chromophore of EGFP by means of the structure-based design.18 EGFP-

TRPC5 successfully detected the putative structural change upon the disulfide bond 



 53 

formation induced with the reaction to NO as the change of fluorescence intensity ratio. 

The fact that the NO-induced disulfide bond formation was detected by EGFP-TRPC5 

implied an application of EGFP-TRPC5 as NO biosensor in the mammalian cells by 

enhancing its ratiometric signal of only 8% increment.  

In this chapter, a facile two-step screening method was applied to enhance the 

ratiometric signal of AFP-based biosensor. It was considered that the ratiometric signal 

of EGFP-TRPC5 was low because the disulfide bond formation site was located quite far 

from the EGFP chromophore to effectively transduce the structural change upon 

oxidation. The amino acid residues in the NO-sensing module were deleted from the N- 

and/or C- terminal to bring the disulfide bond more proximal to the EGFP chromophore 

in the mutants of EGFP-TRPC5. The first candidates were selected based on the in silico 

simulation with estimating the structural changes of the NO-sensing segment upon the 

disulfide bond formation as the root means square deviation (RMSD). Out of the 47 

simulated mutants, 10 candidates were selected for the second screening, where the 

candidates were expressed in E.coli and assayed upon partial purification. The 

measurement of the signal response upon the disulfide bond cleavage, reverse process of 

disulfide bond formation, in the second screening indicated that five mutants showed 

larger changes of the ratiometric signal. Especially, one of them, 551-575, showed 4 times 

enhancement of the ratiometric signal over EGFP-TRPC5.  

 

3. 2.  Results and discussions 

3. 2. 1.  Strategy of enhancement of the signal response of EGFP-TRPC5 

As described in chapter 2, in EGFP-TRPC5, a partial segment of the putative NO-

sensing region ranging from Leu538 to Leu575 of TRPC5 was incorporated into EGFP 

to monitor its putative structural change upon disulfide bond formation in response to NO. 

This segment was inserted between Asn144 and Phe145 of EGFP to form a loop-like 

structure with Cys553 and Cys558 locating around its center (Figure 3.1A). Based on the 

general action mechanism of single AFP-based biosensor, structural changes of this 

segment upon the disulfide bond formation of two cysteines were transduced to the 
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structural perturbation around the chromophore of EGFP to modify its emission 

properties. The chromophore of EGFP exists in equilibrium between the protonated and 

deprotonated forms, showing absorption peak around 400 nm and 470 nm, respectively. 

Structural changes in this segment upon disulfide bond formation were successfully 

detected as the changes in fluorescence emission ratio between the protonated and 

deprotonated states of EGFP chromophore, albeit to a small degree.  

To design a fluorescent NO biosensor based on EGFP-TRPC5, the structural 

change associated with the disulfide bond formation should be transduced more 

efficiently to cause the structural perturbation near the EGFP chromophore. The structure 

of EGFP-TRPC5 was predicted based on the crystal structure of EGFP and amino acid 

sequence applied with Discovery Studio (version 3.1 Client), inserting the amino acid 

sequence of the linker and the segment of TRPC5 into the crystal structure of EGFP 

(Figure 3.1B). It was considered that the rartiometric signal of EGFP-TRPC5 was low 

because the disulfide bond formation site was located quite far from the EGFP 

chromophore to effectively transduce the structural change upon oxidation. One of the 

strategies to efficiently transduce structural changes upon disulfide bond formation in the 

EGFP chromophore, is the deletion of amino acid residues between the site of disulfide 

bond formation and EGFP. The amino acid residues in the NO-sensing module were 

deleted from the N- and/or C- terminal to bring the disulfide bond site more proximal to 

the EGFP chromophore in the mutants of EGFP-TRPC5 (Figure 3.1B). 

 
Figure 3.1 (A) NO-sensing segment of TRPC5, L538 to L575, was introduced between 
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Asn144 and Phe145 of EGFP. (B) Schematic illustration of the EGFP-TRPC5 construct 

and its mutants. Molecular models of reduced (green) and oxidized (red) forms are shown. 

Images were superimposed by matching the coordinates of Ca atoms of residues from 

L119 to I128, which were opposite to the NO-sensing segment. The chromophore, 

Cys553, and Cys558 are shown as CPK representations. 

3. 2. 2.  In silico simulation of segment structures embedded into EGFP 

even with the simplest one-by-one deletion of amino acid residues from the N- 

and/or C-terminal, a total of 47 mutants were identified as candidate deletion mutants 

(Figure 3.2). 

  

Figure 3.2. NO-sensing segment of TRPC5 (from Leu538 to Leu575) was inserted by 

splitting EGFP (between 144 and 145).18 EGFP-TRPC5 mutants were designed to delete 

the NO-sensing segment from the N- and/or C-terminus. 

Instead of performing bacterial expression, purification, and evaluation of all 47 

mutants, we first screened mutants based on in silico simulations of the structures of the 

47 deletion mutants in their reduced and oxidized forms (Figure 3.3, 3.4, and 3.5).  
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Figure 3.3. The simulation results of the mutants deleted from N-terminal side of 

recognition module. (A) Amino acid sequence of the structural change domain extracted 

from TRPC5, L538-L575, in parent EGFP-TRPC5. Deletion mutants deleted from 

Leu538 to N552 (15 mutants) were simulated. (B) The molecular models of 15 N-terminal 

side deleted-mutants. Numbers shown above the structures corresponded to the number 

of amino acids in TRPC5 used in each structure. The structures of mutants in reduced 

(green) and oxidized (red) forms were superimposed by matching the coordinates of 

Ca atoms of residues from L119 to I128, which were opposite side of conformational 
change domain. 
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Figure 3.4. The simulation results of the mutants deleted from C-terminal of recognition 

module. (A) Amino acid sequence of the structural change domain extracted from TRPC5, 

L538-L575 in parent EGFP-TRPC5. Deletion mutants deleted from Leu575 to D559 (17 

mutants) were simulated. (B) The molecular models of 17 C-terminal side deleted-

mutants. Numbers shown above the structures corresponded to the number of amino acids 

in TRPC5 used in each structure. The structures of mutants in reduced (green) and 
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oxidized (red) forms were superimposed by matching the coordinates of Ca atoms of 
residues from L119 to I128, which were opposite side of conformational change domain.   
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Figure 3.5. The simulation of the mutants deleted from both terminals of recognition 

module. (A) Amino acid sequence of the structural change domain extracted from TRPC5, 

L538-L575 in parent EGFP-TRPC5. Deletion mutants deleted from both Leu538 to N552 

and Leu575 to D559 (15 mutants) were simulated. (B) The molecular models of 15 both 

terminus side deleted-mutants. Numbers shown above the structures corresponded to the 

number of amino acids in TRPC5 used in each structure. The structures of mutants in 

reduced (green) and oxidized (red) forms were superimposed by matching the coordinates 

of Ca atoms of residues from L119 to I128, which were opposite side of conformational 

change domain. 
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3. 2. 3.  First screening: in silico root-mean-square-deviation (RMSD) evaluation 

of segment structural change induced by disulfide bond formation 

The folded structure of EGFP was fixed during the simulation to avoid an 

unnecessary deformation from its proper folding. The structural change in the appended 

TRPC5 partial segment would be crucial to evaluate the structural perturbation of the 

EGFP. Therefore, the degrees of structural change in the appended TRPC5 partial 

segment upon disulfide bond formation were evaluated using the RMSD of the 

coordinates of the backbone of amino acid residues in the NO-sensing segment region 

between that of the reduced (Figure 3.3, 3.4, and 3.5, structure in green) and oxidized 

(Figure 3.3, 3.4, and 3.5, structure in red) forms superimposed on the EGFP domain. The 

RMSD values for the N-terminal residues of Cys553 and the C-terminal residues of C558 

were calculated separately, that is, GKL-L538-N552 and D559-L575-GSG, where GKL 

and GSG were the linkers on each side in the case of EGFP-TRPC5 (Table 3.1). RMSD 

values on the N-terminal side were plotted against the C-terminal side for all simulated 

mutants (Figure 3.6). RMSD values in the N-terminal side were distributed from 1.2 Å to 

4.5 Å and those in the C-terminal side from 0.5 Å to 3.9 Å. EGFP-TRPC5 showed small 

RMSD values compared to those of the other deletion mutants (Figure 3.6, black filled 

circles). Among these, 10 mutants showing large RMSD values were chosen for 

subsequent screening (Figures 3.6, and 3.7, plotted in red filled circles or shown in red 

boxes). Three mutants with small RMSD values, 538-567, 538-565, and 538-560, were 

also selected for comparison (Figures 3.6 and 3.7, plotted in blue filled circles or shown 

in blue boxes). 
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Table 3.6. RMSD values in N- versus C-terminal side of TRPC5 segment of the parent 

EGFP-TRPC5 and 47 deletion mutants. The color was consistent with Figure 3.5. 
 RMSD (Å) 

Constructs N-terminal C-terminal 
EGFP-TRPC5 1.2 1.2 

553-560 1.2 1.3 
538-567 1.3 1.1 
544-569 1.3 1.3 
538-565 1.4 0.8 
538-568 1.4 0.9 
541-575 1.4 1.0 
538-569 1.4 1.1 
538-565 1.4 1.6 
542-575 1.5 1.1 
552-561 1.5 1.3 
549-575 1.6 1.2 
538-571 1.6 1.4 
545-568 1.6 2.1 
545-575 1.7 1.0 
549-564 1.7 1.2 
552-575 1.7 1.9 
538-560 1.8 0.4 
544-575 1.8 0.7 
538-561 1.8 1.3 
539-574 1.8 1.3 
553-575 1.9 1.3 
540-575 2.0 0.5 
539-575 2.0 1.1 
538-574 2.1 1.3 
538-558 2.1 1.5 
538-563 2.1 1.5 
538-564 2.1 1.6 
538-573 2.1 1.7 
540-573 2.1 1.9 
543-575 2.2 0.8 
551-575 2.2 1.7 
545-575 2.3 1.1 
542-571 2.3 1.6 
538-570 2.3 1.9 
548-575 2.4 0.8 
538-562 2.5 1.6 
546-575 2.6 0.6 
550-563 2.6 1.7 
551-562 2.6 2.5 
546-567 2.7 0.8 
550-575 2.7 1.0 
543-570 2.8 1.7 
547-566 2.8 2.2 
541-572 2.9 1.0 
538-572 2.9 1.5 
548-565 3.3 2.0 
538-559 4.4 3.9 
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Figure 3.6. The plots of RMSD values in N-terminal side versus C-terminal side of 

TRPC5 segment of the parent EGFP-TRPC5 and 47 simulated deletion mutants. The 

RMSD values were calculated with the difference of coordinate of TRPC5 segment 

between reduced and oxidized forms as shown in Figure S2-S4. The parent EGFP-

TRPPC5 was plotted in black filled circle. From 47 mutants, 10 mutants showing large 

RMSD values were chosen for the next screening (plotted in red filled circle). Three 

mutants with small RMSD values were also selected for comparison (plotted in blue filled 

circle). 
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Figure 3.7. (A) Plots of RMSD values of N-terminal versus C-terminal sides of the 

TRPC5 segment of the parent EGFP-TRPC5 and its mutants selected from the first 

screening (those of all mutants were shown in Figure 3.6). Black circle: parent EGFP-

TRPC5; red circles: 10 mutants showing large RMSD values; blue circles: three mutants 

showing low RMSD values. (B) Amino acid sequences of the NO-sensing segment of the 

EGFP-TRPC5 mutants selected after the first screening and (C) their molecular models. 

Black box: parent EGFP-TRPC5; red box: 10 mutants showing large RMSD values; blue 

box: three mutants showing low RMSD values. Cys553 and Cys558 are shown in CPK 

representation. 
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3. 2. 4.  Rough purification of chosen mutants for second screening 

Genes encoding 13 mutants of EGFP-TRP5 deleted at TRPC5 (L538-L575) were 

constructed (Table 3.3) and expressed in Escherichia coli (E.coli). For high-throughput 

screening, the expressed mutant proteins were partially purified by omitting several 

purification steps as described in chapter 2 (Figure 3.8) (see Materials and Methods).  

 

Figure 3.8. SDS-PAGE analysis of partially purified parent EGFP-TRPC5 and mutants 

for in vitro screening. M: molecular marker (6,500-200,000), lane 1: 538-559, lane 2: 

538-572, lane 3: 538-565, lane 4: 553-575, lane 5: 548-565, lane 6: 552-575, lane 7: 541-

572, lane 8: 538-575, lane 9: 551-575, lane 10: parent EGFP-TRPC5 lane 11: 545-575, 

lane 12: 551-575, lane 13: 538-567, lane 14: 538-560, lane 15: 538-558, lane 16: 545-568 

3. 2. 5.  Second screening: Construction and screening of the crude deletion 

mutants 

As described in chapter 2, the parent EGFP-TRPC5 mostly formed a disulfide 

bond upon purification as evaluated by the conventional DTNB (5,5’-dithio-bis-(2-

nitrobenzoic acid)) method with a purity of over 95% by SDS-PAGE analysis.18 By 

assuming that the parent EGFP-TRPC5 mutants also formed a disulfide bond through 

partial purification, changes in the fluorescence emission ratio (∆R) upon reduction of the 

disulfide bond would provide opposite signal changes in the responses to NO. 

First, the ∆R value of the parent EGFP-TRPC5, defined as the change in the 

fluorescence emission ratio (R) without or with DTT, was measured at pH 6.9 (Table 3.2). 

The partially purified parent EGFP-TRPC5 showed a -0.013 change in DR upon reduction 

of the disulfide bond, which is consistent with the value determined using highly purified 
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original EGFP-TRPC5 (-0.010) as described in chapter2. This result indicates that the 

parent EGFP-TRPC5 mainly formed disulfide bonds after partial purification. Next, ∆R 

of all the constructed mutants was determined using the same procedure (Table 3.2). 

Among the 10 mutants with greater RMSD, five mutants, 545-575, 551-575, 552-575, 

553-575, and 548-565 showed larger DR values than that of the parent EGFP-TRPC5. 

However, a comparison of DR/Roxi, which is the ratio of DR compared to the R of the 

oxidized form, should be used to evaluate the enhancement of the signal response. Four 

mutants, 545-575 (-14%), 551-575 (-31%), 552-575 (-22%) and 553-575 (-17%) showed 

larger DR/Roxi than that of the parent EGFP-TRPC5 (-9%), whereas 548-565 (-8%) 

showed a similar DR/Roxi to that of the parent EGFP-TRPC5. The signal response was 
enhanced in these four mutants; in particular, mutants 551-575, 552-575, and 553-575 

showed a 2 to 4 times larger signal response compared to that of the parent EGFP-TRPC5. 

In contrast, no mutant showed larger DR/Roxi values among the mutants with the three 
smaller RMSD. Therefore, in silico screening provided candidates for enhanced signal 

response.  

It should be mentioned that the large RMSD did not always correspond to a large 

signal response. This result could be explained by the fact that the in silico simulation 

applied in this study was a quite simple structural optimization, where the steric clashes 

between the atoms were eliminated and the bond angles and lengths were adjusted within 

the defined structure. 
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Table 3.2. Changes in fluorescence emission ratios upon reduction for all constructs at 

pH 6.9. 

1) Fluorescence emission ratio (R) in oxidized form. 
2) Fluorescence emission ratio (R) in reduced form. 

 

3. 2. 6.  Investigation of pH dependency of fluorescence emission changes upon 

reduction in the second screening 

The dependency of ∆R values on the solution pH from 6.0 to 8.0 were also 

measured for all the constructs because the R values of the protonation or deprotonation 

state of chromophore depends on pH resulted from the shift of the equilibrium of them.6,20 

Except for 545-575, 551-575, 552-575, 553-575, the other constructs showed smaller ∆R 

values than the parent EGFP-TRPC5 at all the pH conditions (Figure 3.9). On the other 

hand, 545-575, 551-575, 552-575, 553-575, which showed larger ∆R values in pH 6.9, 

showed larger ∆R values in acidic pH than the basic pH due to the increase of ratio values 

Constructs R DR 
( Rred - Roxi ) 

DR/Roxi 
( Rred - Roxi )/Roxi *100(%) w/o DTT (Roxi1)) w/ DTT (Rred2)) 

EGFP-TRPC5 0.147 0.134 -0.013 -9% 

545-575 0.143 0.123 -0.020 -14% 

551-575 0.258 0.177 -0.081 -31% 

552-575 0.179 0.140 -0.039 -22% 

553-575 0.234 0.195 -0.039 -17% 

538-572 0.178 0.182 0.004 3% 

538-559 0.240 0.251 0.011 5% 

538-558 0.204 0.201 -0.003 -1% 

541-572 0.144 0.136 -0.008 -5% 

545-568 0.189 0.187 -0.002 -1% 

548-565 0.331 0.305 -0.026 -8% 

538-567 0.210 0.209 -0.001 0% 

538-565 0.215 0.221 0.006 3% 

538-560 0.232 0.229 -0.003 -1% 
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(Figure 3.10). Based on these results, the mutants 551-575, 552-575 and 553-575 showing 

larger ∆R values than the parent EGFP-TRPC5 at all the tested pH conditions, were 

further investigated as NO biosensors.  

The dependency of fluorescence intensity on pH was different among the 

constructs. In 538-575, the fluorescence intensity excited at 395 nm was decreased with 

the increase of pH. On the other hand, the fluorescence intensity excited at 466 nm 

increased with the shifting to basic pH. The fluorescence intensity of 545-575 in the 

protonation state showed larger change than of the deprotonation state (Figure 3.10B), 

but the R value of 545-575 showed only moderate changes even in the acidic pH, in which 

the population of the protonation state increased. Other constructs, 551-575, 552-575, and 

553-575 showed larger sensitivity to pH in the R value, which resulted from the increase 

in sensitivity to pH for the fluorescence emission derived from the protonated state. The 

higher sensitivity of fluorescence emission intensity to the solution pH implies that the 

chromophores of these mutants are more sensitive to the environment. Therefore, 

chromophore itself was more sensitive to the structural change of EGFP itself, even the 

similar structural change, not to larger structural change of EGFP resulted from efficiently 

transduction of the structural change of NO-sensing segment upon cleavage of disulfide 

bond. These effects could partially contribute to the enhancement of signal response. 

However, although some constructs, like 545-575 and 552-575, the sensitivity to pH is 

similar with other constructs which did not show the enhancement of the signal response, 

these constructs showed the enhancement of the signal response, these results indicated 

that deletion mutation certainly contributed to the efficiently transduction of structural 

change of NO-sensing segment. 
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Figure 3.9. The changes of the R values upon reduction in different pH. Mutants (A) 538-

567. (B) 538-565. (C) 538-560. (D) 538-572. (E) 538-559. (F) 538-558. (G) 541-572. (H) 

545-568 (I) 548-565 in reduced (blue plot) and oxidized (red plot) forms. Reduced forms 

were prepared by the treatment with DTT at pH 8.0, then 6 times diluted by each buffer. 

Oxidized forms were also prepared with same procedure without DTT. pH 5.6 or 6.1: 100 

mM citrate, 500 mM NaCl, 0.005% Tween-20 (plots in triangle), pH 6.1, 6.5, 6.9, 7.4, or 

8.0: 100 mM phosphate, 500 mM NaCl, 0.005% Tween-20 (plots in circle).  
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Figure 3.10. Changes of the fluorescence intensity and fluorescence emission ratio upon 

reduction at pH 5.6 or 6.1 in the buffer containing 100 mM citrate, 500 mM NaCl, 0.005% 

Tween-20 (plots in triangle) or pH 6.1, 6.5, 6.9, 7.4, or 8.0 in the buffer containing 100 

mM phosphate, 500 mM NaCl, 0.005% Tween-20 (plots in circle) of the parent 538-575 

and the mutants 545-575, 551-575, 552-575, 553-575, and 548-565 which showed the 

larger ∆R than 538-575 (left: fluorescence intensity at 510 nm when excited at 395 nm, 

center: fluorescence intensity at 510 nm when excited at 466 nm, right: the ratios of 

fluorescence emission intensity excited at 395 nm versus 466nm) in the reduced form 

(plots on blue) and oxidized form (plots in red). Reduced forms (plots in red) were 
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prepared by the treatment with DTT at pH 8.0, then diluted 6 times to adjust to each pH 

value. Oxidized forms (plots in blue) were also prepared with same procedure without 

DTT. At pH 6.1, two independent data sets with different buffer compositions were shown. 

3. 2. 7.  The effect of deletion mutation for the NO-sensing segment 

The effect of amino acid residues deleted in the mutants on ∆R values were 

investigated by plotting each ∆R values of mutant against the deleted position at the N-

terminal side of C553 (L538 to C553) and the C-terminal side of C558 (L575 to C558) 

(Figure 3.11). In the N-terminal side of C553, ∆R values seemed to increase with deleting 

the amino acid residues from the N-terminal to Cys553 with showing the largest ∆R 

values at N551. Further deletion from N551 caused decrease in ∆R values. On the other 

hand, deletion from the C-terminal side did not show an obvious tendency on ∆R values. 

These results indicate that N-terminal side of the segment of TRPC5 is more prone to 

change the structure of segment than the C-terminal side. Therefore, a simple in silico 

structural optimization alone, such as the one applied in the first screening, is not enough 

for designing NO sensors exhibiting high ∆R values. The above consideration clearly 

indicates the necessity of the second in vitro screening step to effectively select the 

mutants that show the high signal response in response to NO. 

Interestingly, the mutants 538-558 and 553-575 possessing the shortest segments 

for the N-terminal side and the C-terminal side showed only moderate ∆R values. Simple 

deletion of the amino acid residues between the Cys residue and EGFP did not always 

result an effective transduction of the structural change associated with the disulfide bond 

formation by C553 and C558. The amino acid sequences between C553 or C558 and 

EGFP certainly played important roles in transducing the structural change associated 

with the disulfide bond formation.  
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Figure 3.11. ∆R values of the constructed mutants on pH 5, 6, or 7 in the second. in vitro, 

screening were summarized on the same graph. Amino acid sequences of the segment of 

TRPC5 of deletion mutants from N-terminal to Cys553 and C-terminal from Cys558 were 

shown, constructed and unconstructed mutants were shown in the deepen and light 

characters, respectively. Red, blue, and green bars indicated ∆R values on pH 5, 6, and 7, 

respectively. 

 

3. 3.  Conclusions 

Deletion of the recognition module of EGFP-TRPC5 enhanced the signal response 

by efficiently transducing the structural change in the recognition module associated with 

disulfide bond formation to the structural perturbation of the EGFP chromophore. A two-

step screening strategy, in silico first and in vitro second, was developed to obtain deletion 

mutants that enhanced the signal response of EGFP-TRPC5. In the first screening, 

although evaluation of the structural change of recognition module based on RMSD with 

in silico simulations did not always correspond to large signal response, this evaluation 
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provided 10 candidates from 47 possible mutants. Finally, this screening strategy 

successfully provided four mutants that enhanced ratiometric signal response than that of 

the parent EGFP-TRPC5 upon reduction.  

 

3. 4.  Materials and methods 

3. 4. 1.  Materials 

 Purified oligonucleotide primers for gene construction were purchased from 

Thermo Fisher Scientific Inc. (Waltham, MA, USA). E. coli BL21 (DE3) competent cells 

were purchased from Invitrogen (Carlsbad, CA). QIAprep Spin Miniprep Kit was 

purchased from QIAGEN (Tokyo, Japan). His GraviTrapTM column, PD-10 column, 

HiTrapTM Butyl HP column (5 mL) and HisTrapTM HP column (5 mL) were purchased 

from GE Healthcare Japan Inc. (Tokyo, Japan). PrimeSTAR HS DNA polymerase, and E. 

coli DH5a competent cells were purchased from TaKaRa Bio Inc. (Shiga, Japan). NOC7 

was purchased from DOJINDO LABOLTORIES (Kumamoto, Japan). All the other 

chemicals were purchased from Wako Chemicals (Osaka, Japan), Tokyo Chemical 

Industry Co., Ltd (Tokyo, Japan), Sigma-Aldrich Japan (Tokyo, Japan) and Nacalai 

Tesque (Kyoto, Japan). 

3. 4. 2.  In silico design of deletion mutants in the first in silico screening 

Discovery Studio (version 3.1, Accelrys) was used for in silico simulations. 

EGFP-TRPC5 in the reduced form was designed by embedding the amino acid sequence 

of Leu538 to Leu575 into EGFP (PDB ID: 2B3P) between Asn144 and Phe145, as 

described in a previous report.32 All deletion mutants were simulated based on the 

structure of EGFP-TRPC5 in the reduced form. Fixed-atom constraints were applied to 

the EGFP structure. Amino acids in the recognition module were deleted from the 

structure of EGFP-TRPC5 in the reduced form. Sketches tool was applied to create new 

peptide bonds between the carbon atom in the N-terminal side and the nitrogen atom at 

the C-terminal side of the deleted amino acids. Clean geometry tool was applied to each 
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deletion mutant 10 times to predict sterically acceptable structures just after creating the 

connection between the carbon and nitrogen atoms. A standard dynamic cascade tool was 

applied to perform MM and MD calculations on the structures after the application of the 

clean geometry tool. the structures of the mutants in oxidized form were obtained with 

same procedure after creating disulfide bonds between the thiols of Cys553 and Cys558. 

To compare the structural changes upon formation of disulfide bonds, the obtained 

structures of each mutant in the reduced and oxidized forms were superimposed by 

matching the coordinates of the Ca atoms in each residue from L119 to I128, whose 
residues were opposite to the conformational change domain. RMSD tool was applied to 

the N-terminal side of Cys553 and the C-terminal side from Cys558 of the loop region 

containing linker sequences to calculate the RMSD of the differences in coordinates of 

the backbone of amino acids of each region between the reduced and oxidized forms and 

estimate the structural changes upon quantitatively forming disulfide bonds. RMSD 

values of the N-terminal side were plotted against RMSD values of the C-terminal side 

for each mutant. 

3. 4. 3.  Construction of plasmids 

Plasmids encoding mutants, selected from the in silico screening, in which the 

NO-sensing segment of TRPC5 (L538-L575) was shortened to R545-L575, N551-L575, 

N552-L575, C553-L575, L538-L572, L538-T567, L538-F565, L538-K560, L538-D559, 

L538-C558, Y541-L572, R545-L568, or D548-F565 were sequentially constructed. First, 

the vector encoding EGFP-TRPC5 (L538-L575) was amplified by PCR using primers 1 

and 2, 3 and 4, 5 and 6, 7 and 8, 9 and 10, 11 and 12, 13 and 14, 15 and 16, 17 and 18, or 

19 and 20 (Table 3.3) to generate deletion mutants, EGFP-TRPC5 (R545-L575), N551-

L575, N552-L575, C553-L575, Y538-L572, L538-T567, L538-F565, L538-K560, L538-

D559, or L538-C558, respectively, in which one side was deleted from the parent EGFP-

TRPC5. The PCR product was treated with DpnI (New England Biolabs Japan) and 

transformed into E. coli DH5a competent cells. Vectors encoding EGFP-TRPC5 (R545-
L575), N551-L575, N552-L575, C553-L575, L538-L572, L538-T567, L538-F565, 

L538-K560, L538-D559, or L538-C558 were purified and sequenced. Plasmids EGFP-

TRPC5 (Y541-L572), TRPC5 (R545-L568), and TRPC5 (D548-F565) were constructed 

using primers 21 and 22, 23 and 24, or 25 and 26 (Table 3.3) to EGFP-TRPC5 (L538-
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L572), EGFP-TRPC5 (R545-L575), or EGFP-TRPC5 (L538-F565), respectively, with 

following the same procedure. 

Table 3.3. Nucleotide sequences of primer pairs for construction of an expression vector 

for deletion mutated derivatives of the structural change domain, TRPC5 (L538-L575).  

Primers from 5’ to 3’ 

Primer 1(F_545-575) CAAGCTTCGAGCCATTGATGATCCG 

Primer 2 (R_545-575) TGGCTCGAAGCTTGCCGTTGTACTC 

Primer 3 (F_551-575) CAAGCTTAATAATTGCAAGGGCATT 

Primer 4 (R_551-575) AATTATTAAGCTTGCCGTTGTACTC 

Primer 5 (F_552-575) CAAGCTTAATTGCAAGGGCATTCGA 

Primer 6 (R_552-575) TGCAATTAAGCTTGCCGTTGTACTC 

Primer 7 (F_553-575) CAAGCTTTGCAAGGGCATTCGATGC 

Primer 8 (R_553-575) CCTTGCAAAGCTTGCCGTTGTACTC 

Primer 9 (F_538-572) TACGCTCGGATCCGGCTTTAACAGC 

Primer 10 (R_538-572) CGGATCCGAGCGTATCGAACAGCGT 

Primer 11 (F_538-567) CTCGACGGGATCCGGCTTTAACAGC 

Primer 12 (R_538-567) CGGATCCCGTCGAGAAGGCATTATT 

Primer 13 (F_538-565) TGCCTTCGGATCCGGCTTTAACAGC 

Primer 14 (R_538-565) CGGATCCGAAGGCATTATTCTGCTT 

Primer 15 (F_538-560) CGATAAGGGATCCGGCTTTAACAGC 

Primer 16 (R_538-560) CGGATCCCTTATCGCATCGAATGCC 

Primer 17 (F_538-559) ATGCGATGGATCCGGCTTTAACAGC 

Primer 18 (R_538-559) CGGATCCATCGCATCGAATGCCCTT 

Primer 19 (F_538-558) TCGATGCGGATCCGGCTTTAACAGC 

Primer 20 (R_538-558) CGGATCCGCATCGAATGCCCTTGCA 

Primer 21 (F_541-575) CAAGCTTTATTATGATACCCGAGCC 

Primer 22 (R_541-575) CATAATAAAGCTTGCCGTTGTACTC 

Primer 23 (F_538-568) GACGCTGGGATCCGGCTTTAACAGC 

Primer 24 (R_538-568) CGGATCCCAGCGTCGAGAAGGCATT 

Primer 25 (F_548-575) CAAGCTTGATGATCCGAATAATTGC 
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Primer 26 (R_548-575) GATCATCAAGCTTGCCGTTGTACTC 

3. 4. 4.  Expression and purification of proteins 

Plasmids encoding the 13 mutants were transformed into E. coli BL21 (DE3) 

competent cells. 

For partial purification for in vitro screening, the transformed cells were grown at 

37 °C until the OD600 reached 0.6-0.8, and protein expression was induced with 1 mM 

IPTG for 24 h at 25 °C. The soluble fractions of the cell lysates containing the target 

proteins were loaded onto a His GraviTrapTM column with 60 mM imidazole in 50 mM 

phosphate and 500 mM NaCl (pH 8.0) and eluted with 100 mM imidazole, 50 mM 

phosphate, and 500 mM NaCl (pH 8.0). Each elution sample containing each target 

protein was collected and loaded onto a PD-10 column equilibrated with 100 mM 

phosphate and 0.005% Tween-20 (pH 8.0).  

3. 4. 5.  Measurement of the fluorescence intensity change upon reduction in the 

second in vitro screening 

After PD-10 treatment, mutants were reduced in a solution containing 100 mM 

phosphate, 0.005% Tween 20, and 1 mM DTT (pH 8.0) for 2 h at 25 °C. The reduced 

solutions were diluted six times to shift the pH to 5.6 or 6.1 with buffer containing 100 

mM citrate, 500 mM NaCl, and 0.005% Tween20 (pH 5.5 or 5.9) or to 6.1, 6.5, 6.9, 7.4, 

or 8 with buffer containing 100 mM phosphate, 500 mM NaCl, and 0.005% Tween20 (pH 

5.8, 6.3, 7.0, 7.3, or 8.0). Oxidized solutions were prepared using the same procedure but 

without DTT treatment. The emission spectra of the reduced and oxidized solutions were 

measured by excitation at 395 nm and 466 nm with an Infinite M200 PRO (TECAN, 

Zürich, Switzerland) at 20 °C. The fluorescence emission ratios were calculated by 

dividing the fluorescence intensity at 510 nm, excited at 395 nm, and 466 nm. 
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Chapter 4 

Evaluation of selectivity and kinetics of 

the putative fluorescence NO sensors 
 
 

4. 1.  Introduction 

Nitric oxide (NO) is the cell signaling molecule that controls diverse biological 

functions, such as cardio vascular1,2, nervous3,4 and immune systems.5 The tumor cell 

signaling6, plant physiology, such as stomatal closure, growth, and development7, and 

cellular morphology8 are also found to be controlled by cellular NO dynamics. Because 

of its high reactivity, NO regulates the functions of many proteins via post-translational 

modifications, such as S-nitrosylation of the side-chain of cysteine3,8,9 or by regulating 

the metal ion binding of metalloproteins.10-12 The genetically encoded biosensors based 

on the AFP are a useful tool to explore the cellular behavior of biomolecules because it 

is autonomously expressed in the cell by simple transfection of a plasmid encoding the 

fluorescent sensor and maintained upon cell growth or cell division.13-15 Due to the 

biological importance of cellular NO dynamics, there are increasing demands on the 

development of genetically encoded NO sensors. The first example of AFP based 

genetically encoded NO sensor detected endogenous NO production in living cells, but it 

required the addition of relatively high concentration of iron (II) that could cause toxicity 

in the cell.16  

As described in chapter 2, EGFP-TRPC5 was designed to evaluate the structural 

change of the putative NO-sensing segment of TRPC5, Leu538-Leu575, associated with 

the S-nitrosylation and successive disulfide bond formation. EGFP-TRPC5 shows 

characteristic response to NO that (1) forms disulfide bond to show increasing ratio of 

emission intensity, and (2) requires no additive cofactor to exert an expected fluorescence 
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emission change upon reaction to NO. Thus EGFP-TRPC5 provides a promising 

prototype of the genetically encoded NO sensors albeit only slightly signal response. As 

described in chapter 3, a facile two-step screening was conducted for the enhancement of 

the signal responses of EGFP-TRPC5. As a result, three mutants, 551-575, 552-575, and 

553-575, successfully showed 2-4 times enhancement of fluorescence emission ratio (DR) 
upon the disulfide bond cleavage compared to the parent EGFP-TRPC5. Therefore, 

further investigation of these three mutants 551-575, 552-575, or 553-575 had possibility 

to show that they are applicable as genetically encoded NO biosensors requiring no 

additives. 

In this chapter, further investigation of the properties of NO sensor candidates 

551-575, 552-575, and 553-575 were conducted to confirm whether three NO sensor 

candidates 551-575, 552-575, or 553-575 could work as the NO biosensor. It was 

confirmed that these NO candidates were potentially applicable as a genetically encoded 

NO sensor, its lack of the specificity to NO and H2O2 has to be compensated by a 

simultaneous usage of specific H2O2 sensor. 

 

4. 2.  Results and discussions 

4. 2. 1.  Purification and identification of the NO sensor candidates 551-575, 552-

575, and 553-575 

As described in chapter 3, three NO sensor candidates 551-575, 552-575, and 553-

575 showed 2 to 4 times larger signal change than the parent EGFP-TRPC5. To 

investigate whether the NO sensor candidates 551-575, 552-575, and 553-575 could 

detect NO by forming disulfide bonds, the R values and contents of the free thiol group 

of these three NO sensor candidates upon reaction with NO were evaluated.  

These NO sensor candidates 551-575, 552-575, and 553-575 were purified in the 

same manner as that described in the chapter 2 for the parent EGFP-TRPC5 (Figure 4.1).17 

These NO sensor candidates showed over 95% purity in SDS-PAGE analyses (Figure 

4.1A). The samples were characterized by MALDI-TOF mass spectroscopy (see the 

experimental section). The UV-Vis absorption spectra indicated two absorption maxima 
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at approximately 395 nm and 490 nm (Figure 4.1B). The excitation spectra showed two 

excitation maxima at approximately 395 nm and 466 nm when emitted at 509 nm (Figure 

4.1C). The emission spectra of these NO sensor candidates excited at 395 nm and 466 nm 

showed an emission peak at 509 nm (Figure 4.1D and 4.1E). These optical properties of 

the NO sensor candidates were comparable to those of the parent EGFP-TRPC5. 17 

 
Figure 4.1. Gel electrophoresis and spectroscopic characterization of the purified NO 

sensor candidates 551-575, 552-575, and 553-575. (A) SDS-PAGE analysis of purified 

NO sensor candidates. M: molecular marker (6,500-200,000), lane 1: purified 551-575, 

lane 2: purified 552-575, lane 3: purified 553-575. (B) UV-Vis absorption spectra, (C) 

excitation spectra emitted at 509 nm and (D, E) emission spectra excited at (D) 395 nm 

or (E) 466 nm of the NO sensor candidates 551-575 (red line), 552-575 (blue line), and 

553-575 (green line). 
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4. 2. 2.  Changes of the fluorescence emission ratios upon reduction of the NO 

sensor candidates 

The free thiol group contents in purified 551-575, 552-575, and 553-575 evaluated 

using the DTNB method were less than 10%, 13%, and 11%, respectively. It should be 

noted that the two cysteine residues, Cys49 and Cys71, in the original EGFP were 

substituted with Ser49 and Val71, respectively, as described in a chapter 2 (Figure 4.2).17 

Thus, these results indicate that most Cys553 and Cys558 residues in the TRPC5 partial 

segment of the purified NO sensor candidates formed disulfide bonds. Next, correlations 

between the fluorescence emission ratio (R) and the contents of free thiol groups were 

investigated. These NO sensor candidates were reduced with DTT, and excess DTT was 

removed using size exclusion chromatography. The free thiol group contents of the NO 

sensor candidates 551-575, 552-575, and 553-575 were then determined to be 100% in 

the reduced form (Table 4.1). The change in fluorescence emission upon disulfide bond 

cleavage was analyzed by comparing the fluorescence spectra of the reduced and oxidized 

forms (Figure 4.3). When excited at 395 nm, the fluorescence emission intensity at 509 

nm of the NO sensor candidates 551-575 and 552-575 decreased for the reduced form 

compared to that in the oxidized form, and that of the NO sensor candidate 553-575 did 

not change upon disulfide bond cleavage. The emission intensity at 509 nm increased for 

the reduced form of all NO sensor candidates when excited at 466 nm. The R values 

decreased to 31%, 20%, and 14% for NO sensor candidates 551-575, 552-575, and 553-

575, respectively, which were slightly lower than those observed during the in vitro 

screening as described in a chapter 3. Among them, the NO sensor candidate 551-575 

showed four times larger change in the fluorescence emission ratio compared to that of 

the parent EGFP-TRPC5 (a decrease of 8%).  
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551-575 

 
1         MVSKGEELFT GVVPILVELD GDVNGHKFSV RGEGEGDATN GKLTLKFIST 

51        TGKLPVPWPT LVTTLTYGVQ VFSRYPDHMK QHDFFKSAMP EGYVQERTIS 

101       FKDDGTYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH KLEYNGKLNN 

151       CKGIRCDKQN NAFSTLFDTL QSLGSGFNSH NVYITADKQK NGIKANFKIR 

201       HNVEDGSVQL ADHYQQNTPI GDGPVLLPDN HYLSTQSVLS KDPNEKRDHM 

251       VLLEFVTAAG ITLGMDELYK GGTGGSLEHH HHHH 

552-575 

 
1         MVSKGEELFT GVVPILVELD GDVNGHKFSV RGEGEGDATN GKLTLKFIST 

51        TGKLPVPWPT LVTTLTYGVQ VFSRYPDHMK QHDFFKSAMP EGYVQERTIS 

101       FKDDGTYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH KLEYNGKLNC 

151       KGIRCDKQNN AFSTLFDTLQ SLGSGFNSHN VYITADKQKN GIKANFKIRH 

201       NVEDGSVQLA DHYQQNTPIG DGPVLLPDNH YLSTQSVLSK DPNEKRDHMV 

251       LLEFVTAAGI TLGMDELYKG GTGGSLEHHH HHH 

553-575 

 
1         MVSKGEELFT GVVPILVELD GDVNGHKFSV RGEGEGDATN GKLTLKFIST 

51        TGKLPVPWPT LVTTLTYGVQ VFSRYPDHMK QHDFFKSAMP EGYVQERTIS 

101       FKDDGTYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH KLEYNGKLCK 

151       GIRCDKQNNA FSTLFDTLQS LGSGFNSHNV YITADKQKNG IKANFKIRHN 

201       VEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSVLSKD PNEKRDHMVL 

251       LEFVTAAGIT LGMDELYKGG TGGSLEHHHH HH 

Figure 4.2. Illustrations and amino acid sequences of NO sensor candidates 551-575, 

552-575, and 553-575. Green, purple, blue, and red colors indicated the amino acid 

sequences derived from EGFP, the segments of TRPC5, linker, and cysteine residues of 

the segments of TRPC5, respectively. 
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Table 4.1. Free thiol content of mutants 551-575, 552-575, and 553-575 upon reduction. 

 

 

 

 

 

Figure 4.3. Spectral changes upon reduction of disulfide bonds in NO sensor candidates 

(A) 551-575, (B) 552-575, and (C) 553-575 with DTT. Left: emission spectra when 

excited at 395 nm; center: emission spectra when excited at 466 nm; right: R values in 

reduced (blue) and oxidized (red) forms. R values were calculated by dividing the 

fluorescence intensity at 535 nm excited at 395 nm with that excited at 466 nm.  

Conditions Constructs 

551-575 552-575 553-575 

Without DTT < 10% < 13% < 11% 

With 1 mM DTT 100% 100% 100% 
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4. 2. 3.  NO sensing of the NO sensor candidates obtained from a two-step screening 

Next, the responses of the NO sensor candidates 551-575, 552-575, and 553-575 

in reduced form to NO were evaluated. Upon the DTT reduction, the free thiol contents 

of the NO sensor candidates 551-575, 552-575, and 553-575 were determined to be 100%, 

71%, and 74%, respectively, using DTNB quantitation (Table 4.2). The R values of the 

reduced NO sensor candidates were lower than those of their respective oxidized forms 

(Figure 4.4). The reduced NO sensor candidates were treated with the NOC7 as a NO 

donor.18 In the presence of NOC7 (500 µM), all the NO sensor candidates showed higher 

R values than the respective reduced form (Figure 4.4). The free thiol contents of the NO 

sensor candidates were drastically decreased to 11% or less than 10% after the reaction 

with NO (500 µM NOC7) (Table 4.2). These results indicate that the NO sensor 

candidates 551-575, 552-575, and 553-575 show higher signal responses than the parent 

EGFP-TRPC5 to NO with the reaction of their thiol groups in a ratiometric manner. To 

confirm the reaction pathway for disulfide bond formation upon reaction with NO, the 

presence of an S-nitrosylated thiol group as an intermediate of disulfide bond formation 

was evaluated by treatment with ascorbic acid that selectively reduces the S-nitrosylated 

thiol group in the presence of disulfide bond, as described in chapter 2.17,19 The free thiol 

contents of these NO sensor candidates after the 4.5 h reaction in 551-575 and 2.5 h 

reaction in 552-575 and 553-575 with NO were similar or did not change upon treatment 

with ascorbic acid (5 mM) (Table 4.2). This result indicates that almost all cysteine 

residues in these NO sensor candidates reacted with NO, forming a disulfide bond without 

preserving the S-nitrosylated form. The reaction of NO sensor candidate 551-575 with 

NO was also analyzed at an early stage to verify the formation of S-nitrosyl cysteine. 

After reaction with NO for 30 min, the free thiol content of NO sensor candidate 551-575 

was 43%, which was increased to 52% upon treatment with ascorbic acid (5 mM) (Table 

4.1). Although the results suggest the presence of S-nitrosylated cysteine (9%), almost all 

the S-nitrosylated cysteine residues in 551-575 were converted to the disulfide bond form 

after 30 min, suggesting that disulfide bond formation was faster than the S-nitrosylation 

reaction. These results indicate that the increase in the signal response of these NO sensor 

candidates was the outcome of disulfide bond formation upon reaction with NO (500 µM 

NOC7), with little contribution from the S-nitrosyl cysteine group to detect NO in a 

ratiometric manner.  
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Table 4.2.  

Contents of free thiol of the NO sensor candidates 551-575, 552-575, and 553-575 upon 

reduction and reaction to NO 

Conditions 

Constructs 

551-575  552-575  553-575 

30 min 230 min  150 min  150 min 

Without DTT < 10%  < 13%  < 11% 

With 1 mM DTT 100%  71 ± 2%  74 ± 2% 

With 500 µM NOC7 43 ± 3% 11 ± 1%  < 10%  < 10% 

With 5 mM ascorbic acid 52 ± 3% 15 ± 3%  < 10%  < 10% 

 

Figure 4.4. Time course changes in R values of NO sensor candidates (A) 551-575, (B) 

552-575, and (C) 553-575 in the presence of NO (500 µM NOC7). R values were 

calculated by dividing the fluorescence intensity at 535 nm excited at 400 nm with that 

excited at 485 nm. Reduced (blue and red) and oxidized (black) forms were treated with 

(red and black) or without (blue) NOC7 (500 µM) between 25 to 30 min. 

4. 2. 4.  The selectivity of the NO sensor candidates 551-575, 552-575, and 553-575 

The wild-type TRPC5 responds more rapidly to NO over H2O220, but the parent 

EGFP-TRPC5 reacted to H2O2 as well.17 The responses of the NO sensor candidates 551-

575, 552-575 and 553-575 to H2O2 were also evaluated. After preparation of the reduced 

form of these NO sensor candidates in the same manner, fluorescence emission in the 

presence of H2O2 (500 µM) was measured (Figure 4.5). The R values of all NO sensor 

candidates in the reduced forms increased to those of the respective oxidized forms 
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(Figure 4.5), and the free thiol group content decreased to less than 11% for all NO sensor 

candidates (Table 4.3). These results indicate that NO sensor candidates 551-575, 552-

575, and 553-575 also detected H2O2 in a ratiometric manner by forming disulfide bonds. 

These results are consistent with those of the parent EGFP-TRPC5.  

Table 4.3.  

Contents of free thiol of the NO sensor candidates 551-575, 552-575, and 553-575 upon 

reduction and reaction to H2O2 

Conditions 
Constructs 

551-575 552-575 553-575 

Without DTT < 10% < 13% < 11% 

With 1 mM DTT 100% 100% 100% 

With 500 µM H2O2 < 11% < 10% < 10% 

 
Figure 4.5. Time course changes in R values of NO sensor candidates (A) 551-575, (B) 

552-575, and (C) 553-575 in the presence of H2O2 (500 µM). R values were calculated 

by dividing the fluorescence intensity at 535 nm excited at 400 nm with that excited at 

485 nm. Reduced (blue and red) and oxidized (black) forms were treated with (red and 

black) or without (blue) H2O2 (500 µM) between 16 to 18 min. 
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4. 2. 5.  Estimation of the kinetics of the NO sensor candidates 551-575, 552-575, 

and 553-575 

To compare the kinetics and the specificity of the NO sensor candidates 551-575, 

552-575, and 553-575, and the parent EGFP-TRPC5 for the reaction with NO and H2O217, 

the half-maximum times of the reactions, defined as the time when R values reach half 

their maximum values, were estimated (Table 4.4 and Figure 4.6, 4.7, and 4.8). 

Comparison of the half-maximum times upon reaction with NO and H2O2 within the same 

construct shows that the one to 500 µM H2O2 was faster than that to NO (500 µM NOC7) 

for all constructs, indicating that they were more prone to react with H2O2 than the 

original TRPC5. Furthermore, the half-maximum times of NO sensor candidates 551-575, 

552-575, and 553-575 were three to five times larger than that of the parent EGFP-TRPC5. 

Based on the fact that the S-nitrosylation step was slower than the disulfide bond 

formation step (Table 4.2), the S-nitrosylation step, not the disulfide bond formation step, 

in these NO sensor candidates was slower than that in the parent EGFP-TRPC5. A shift 

in the pKa of cysteines to a basic pH in these NO sensor candidates could decrease the S-

nitrosylation rate of the thiolate group.  

Table 4.4.  

The half-maximum times (min) of each construct upon reaction to NO and H2O2.  

Constructs 
[NOC7]  [H2O2] 

500 µM  100 µM 250 µM 500 µM 

538-575 8 ± 1  19 ±1 11 ± 1 4 ± 1 

551-575 33 ± 2  54 ± 2 N.D.1) 13 ± 1 

552-575 38 ± 3  >48 30 ± 1 17 ± 1 

553-575 44 ± 5  >58 37 ± 3 19  1 
1)No data. 
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Figure 4. 6. Time course changes of the normalized ratios subtracted with air oxidation 

in addition of 500 µM NOC7 of (A) EGFP-TRPC5. (B) 551-575. (C) 552-575. (D) 553-

575. Solid lines indicated the maximum or minimum values upon reaction. Dot lines 

indicated the half values of the maximum values. Each graph indicates result of each 

sample.  
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Figure 4. 7. Time course changes of the normalized ratio subtracted with air oxidation in 

addition of 500 µM H2O2 of (A) EGFP-TRPC5. (B) 551-575. (C) 552-575. (D) 553-575. 

Solid lines indicated the maximum and minimum values upon reaction. Dot lines 

indicated the half values of the maximum values. Each graph indicates result of each 

sample. 
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Figure 4. 8. Time course changes of the normalized ratio subtracted with air oxidation in 

addition of 100 µM H2O2 of (A) EGFP-TRPC5. (B) 551-575. (C) 552-575. (D) 553-575. 

Solid lines indicated the maximum and minimum values upon reaction. Dot lines 

indicated the half values of the maximum values. Each graph indicates result of each 

sample. 

 

 

  



 91 

4. 2. 6.  Structural investigation of the NO-sensing segment of TRPC5 

Wild-type TRPC5 expressed in human embryonic kidney (HEK) cells showed 

specific reaction to NO (10 µM SNAP as an NO donor) over 100 µM H2O2.20 As 

described in the chapter 2, the parent EGFP-TRPC5 containing the putative NO sensing 

segment did not show the specificity to NO over H2O2. The NO sensor candidates 551-

575, 552-575, and 553-575, which contained the partial segments of TRPC5, N551-L575, 

N552-L575, and C553-L575, as the sensing module, respectively, also reacted almost 

equally to H2O2 and NOC7 at the same concentration. The kinetics characteristics of the 

NO sensor candidates 551-575, 552-575, and 553-575 to NO or H2O2 (Table 4.4) were 

similar to those of the parent EGFP-TRPC5, indicating that the N-terminal side of the 

TRPC5 partial segment L538-N552 is not crucial for the TRPC5 specificity to NO. The 

Cryo-EM structure21 shows the partial segment L538-L575 is located in the extracellular 

region near the plasma membrane (Figure 4.9, represented in purple). The C-terminal side 

of this segment is likely buried in the plasma membrane. In contrast, the N-terminal side 

of the partial segment resides on TRPC5, exposing most of its part outside the plasma 

membrane. Further information on the surface charge and surface hydrophobicity of the 

TRPC5 partial segment L538-N575 were obtained from the Cryo-EM structure (Figure 

4.9B and 4.9C). In the side view, the transmembrane region shows lower charge density 

and higher hydrophobicity than those of the extracellular region corresponding to the N-

terminal side of partial segment L538-N552. In the top view, the surface charge density 

and hydrophilicity around the partial segment L538-L575 seemed to decrease from the 

top of the partial segment, corresponding to the N-terminal side, to the bottom of the 

partial segment, corresponding to the C-terminal side in the transmembrane domain. The 

hydrophilicity and charge density of N-terminal side of the partial segment, L538-N552, 

would play small role in accumulation of NO. Although the C-terminal side of the partial 

segment partly showed hydrophobicity and charged characteristics compared to those of 

the N-terminal side, the hydrophobic transmembrane domain would reinforce the 

accessibility of NO over H2O2 to the NO-sensing region. 

The larger half-maximum times of the NO sensor candidates 551-575, 552-575, 

553-575 compared to that of the parent EGFP-TRPC5 suggest that the pKa of thiol group 

in Cys553 or Cys558 would shift to the acidic side upon the deletion of the N-terminal 

side of the partial segment, L538-N552. The pKa of the thiol group is modulated by the 
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interaction with positive amino acid residues.19 However, because of the presence of both 

positively and negatively charged residues surround Cys553 and Cys558. as observed in 

the surface charge distribution of L538-L575 (Figure 4.10), a clear insight into the effect 

of amino acid residue(s) on the shift of pKa remained to be obtained. Alternatively, the 

pKa shift of the cysteine thiol groups would not reflect the effect of amino acid residue(s) 

of TRPC5 in nature, but take place only in constructs where extracted NO-sensing 

segment of TRPC5 was embedded to EGFP and exposed to the solution. 
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Figure 4.9. (A) A Side view (left) and top view (right) of Cryo-EM structure of TRPC5 

homotetramer (PDB ID: 6AEI).21 One monomer of TRPC5 homotetramer is represented 

in orange and the partial segment, L538-L575, is represented in purple. Cys553 and 

Cys558 is represented in CPK representation. The N-terminal side of the partial segment 

was exposed to the extracellular. (B-C) (B) The surface charge density and (C) 

hydrophobicity of TRPC5 homotetramer in side view (left) and top view (right). In the 

side view, surface was vertically sliced to show the surface charge around Cys553 and 

Cys558. In the top view, surface charge in the top of TRPC5 and around Cys553 and 

Cys558 were shown. (B) Blue, red, and white color indicated positive, negative, and no 

charge, respectively. As each color showed more vivid, each charge was possessed 

stronger. (C) White and black colors indicated hydrophilic and hydrophobic surface, 

respectively.  

 

Figure 4.10. The surface charge of the partial segment of NO-sensing domain, L538-

L575 in TRPC5 (PDB ID: 6AEI).21 One monomer of TRPC5 homotetramer and the 

partial segment, L538-L575, are shown in orange and purple, respectively. Cys553 and 

Cys558 is showed as CPK representation. In the zoomed up view, the surface charge 

around L538-L575 is shown as blue, red, and white colors indicated positive, negative, 

and no charge, respectively. 
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4. 3.  Conclusions 

Further purifications and investigations of the NO sensor candidates 551-575, 

552-575, and 553-575 obtained from the chapter 3 were conducted to confirm the they 

could work as the NO biosensor. NO sensor candidates showed larger DR values upon 
cleavage of disulfide bond than that of the parent EGFP-TRPC5. Additionally, NO sensor 

candidates showed the increment of the ratios upon disulfide bond formation with 

reaction to NO and H2O2. Three NO sensor candidates would be applicable as redox 

biosensors. Additionally, their lack of the specificity to NO and H2O2 has to be 

compensated by a simultaneous usage of specific H2O2 sensor. Therefore, Three NO 

sensor candidates would be applicable NO biosensor without requiring any additive upon 

simultaneous usage of specific H2O2 sensor. On the other hand, structural investigation 

with surface charge density and hydrophobicity of the Cryo-EM structure of TRPC5 

indicated that the hydrophobic transmembrane domain would reinforce the accessibility 

of NO over H2O2 to the NO-sensing region.  

NO sensor candidate 551-575 showed four times larger signal response than that 

of the parent EGFP-TRPC5 in reaction with NO. While the two-step screening revealed 

a limitation to optimize the specificity of the sensor to NO over H2O2, the strategy 

successfully enhanced the signal response of parent AFP-based biosensor. 

 

4. 4.  Materials and methods 

4. 4. 1.  Materials 

 Purified oligonucleotide primers for gene construction were purchased from Thermo 

Fisher Scientific Inc. (Waltham, MA, USA). E. coli BL21 (DE3) competent cells were 

purchased from Invitrogen (Carlsbad, CA). QIAprep Spin Miniprep Kit was purchased 

from QIAGEN (Tokyo, Japan). His GraviTrapTM column, PD-10 column, HiTrapTM Butyl 

HP column (5 mL) and HisTrapTM HP column (5 mL) were purchased from GE 

Healthcare Japan Inc. (Tokyo, Japan). PrimeSTAR HS DNA polymerase, and E. coli 

DH5a competent cells were purchased from TaKaRa Bio Inc. (Shiga, Japan). NOC7 was 
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purchased from DOJINDO LABOLTORIES (Kumamoto, Japan). All the other chemicals 

were purchased from Wako Chemicals (Osaka, Japan), Tokyo Chemical Industry Co., Ltd 

(Tokyo, Japan), Sigma-Aldrich Japan (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan). 

4. 4. 2.  Expression and purification of proteins 

For further investigation of NO sensor candidates 551-575, 552-575, or 553-575, 

cells were grown at 37 °C until the OD600 reached 0.5-0.7, and protein expression was 

induced with 1 mM IPTG for 24 h at 18 °C. The soluble fractions of cell lysates containing 

the target proteins were loaded onto a HisTrapTM HP column with a linear gradient of 60–

225 mM imidazole in 50 mM phosphate and 500 mM NaCl (pH 8.0). Fractions containing 

NO sensor candidates 551-575, 552-575, or 553-575 were collected and diluted to the 

initial condition of the next purification step (50 mM phosphate, 900 mM (NH4)2SO4 (pH 

8.0)). The resultant products were loaded onto HiTrapTM Butyl HP and eluted using an 

(NH4)2SO4 gradient (from 900 to 0 mM). Fractions containing 551-575, 552-575, or 553-

575 were collected and dialyzed against a solution containing 100 mM phosphate, 200 

mM NaCl, and 50% glycerol (pH 8.0), and stored at -20 °C. Concentrations of NO sensor 

candidates 551-575, 552-575, or 553-575 in the glycerol stocks were determined using 

absorbance at 440 nm derived from the isosbestic point of the EGFP chromophore 

(molecular coefficient of EGFP-TRPC at 440 nm: 15,000 M-1 cm-1). 

4. 4. 3.  Characterizations of the NO sensor candidates 551-575, 552-575, and 553-

575 in vitro 

NO sensor candidates 551-575, 552-575, and 553-575 were characterized using 

MALDI-TOF mass spectrometry (AXIMA-LNR, SA matrix, Shimadzu, Kyoto, Japan). 

NO sensor candidate 551-575: m/z calcd 31,602; observed 31,586. NO sensor candidate 

552-575: m/z calcd 31,488; observed 31,475. NO sensor candidate 553-575: m/z calcd 

31,374; observed 31,356. Absorption spectra were measured using a UV-2550 UV-Vis 

spectrometer (Shimadzu, Kyoto, Japan). The excitation and emission spectra were 

measured using an F-7000 fluorescence spectrometer (Hitachi High-Tech Science, Tokyo, 

Japan) at 20 °C. Samples contained 4 µM 551-575, 552-575, or 553-575 in a buffer 
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containing 100 mM phosphate buffer, 500 mM NaCl, and 0.005％ Tween20 (pH 6.8). 

The emission spectra were measured by excitation at 395 and 466 nm, and the excitation 

spectra were measured at an emission wavelength of 509 nm. 

4. 4. 4.  Change of the fluorescence intensities of the NO sensor candidates 551-

575, 552-575, and 553-575 to NO upon reduction in vitro 

The disulfide bonds of NO sensor candidates 551-575, 552-575, or 553-575 were 

reduced in a solution containing 70 µM 551-575, 552-575, or 553-575, 100 mM 

phosphate (pH 8.0), 0.005% Tween 20, and 3.5 mM DTT for 2-3 h at 25 °C. After 

reduction, the solutions containing NO sensor candidates 551-575, 552-575, or 553-575 

were loaded onto a Micro Bio-Spin Chromatography Column P-6 (Bio-Rad) equilibrated 

with a buffer containing 100 mM phosphate, 500 mM NaCl, and 0.005% Tween20 (pH 

6.8). Concentrations of free thiol groups in NO sensor candidates 551-575, 552-575, or 

553-575 were measured using the DTNB method with Ellman’s reagent (see section 

4.4.6). Concentrations of NO sensor candidates 551-575, 552-575, or 553-575 were 

determined with absorbance at 425 nm derived from the isosbestic point of the EGFP 

chromophore from pH 5.0 to 7.0 (molecular coefficient of EGFP-TRPC at 425 nm: 

21,000 M-1 cm-1). The excitation and emission spectra were measured using an F-7000 

fluorescence spectrometer at 20 °C. Samples contained 4 µM 551-575, 552-575, or 553-

575 in a buffer containing 100 mM phosphate buffer, 500 mM NaCl, and 0.005% 

Tween20 (pH 6.8). Oxidized solutions were prepared using the same procedure without 

DTT treatment. The emission spectra were measured by excitation at 395 and 466 nm, 

and the excitation spectra were measured at an emission wavelength of 509 nm. 

4. 4. 5.  Reaction of the NO sensor candidates 551-575, 552-575, and 553-575 to 

NO and H2O2 

The disulfide bonds of NO sensor candidates 551-575, 552-575, or 553-575 were 

reduced in a solution containing 100 µM 551-575, 552-575, or 553-575, 100 mM 
phosphate, 0.005％ Tween 20, 5 mM DTT (pH 8.0) for 3 h at 25 °C. After reduction, the 

solutions containing NO sensor candidates 551-575, 552-575, or 553-575 were loaded to 

Micro Bio-Spin Chromatography Column P-6 (Bio-Rad) equilibrate with a buffer 
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containing 20 mM citrate, 500 mM NaCl, 0.005％ Tween20 (pH 5.5). Concentrations of 

the free thiol groups in NO sensor candidates 551-575, 552-575, or 553-575 were 

measured by the DTNB method with Ellman’s reagent (see section 4.4.6). Concentrations 

of NO sensor candidates 551-575, 552-575, or 553-575 were determined with the 

absorbance at 425 nm derived from the isosbestic point of chromophore in EGFP from 

pH 5.0 to 7.0 (the determined molecular coefficient of EGFP-TRPC at 425 nm: 21,000 

M-1cm-1). Reactions of NO sensor candidates 551-575, 552-575, or 553-575 with NO 

were monitored by measuring the changes in fluorescence emission upon addition of 

NOC7 (dissolved in 0.01 M NaOH) to a solution, which were diluted to 12 µM 551-575, 

552-575, or 553-575 with the buffer containing 100 mM phosphate, 500 mM NaCl, 
0.005 ％  Tween20 (pH 6.8), at 20 °C with Infinite F PLEX (TECAN, Zürich, 

Switzerland). Instead of the addition of NOC7, an equal amount of 0.01 M NaOH was 

added to the reaction solutions. It should be noted that the pH value of the buffer did not 

change between before and after the addition of NOC7 in 0.01 M NaOH. After the 

measurement, concentrations of the free thiol groups of NO sensor candidates 551-575, 

552-575, or 553-575 in response to NO was measured by the DTNB method (see section 

4.4.6). In the case of H2O2, 551-575, 552-575, or 553-575 were treated by H2O2 for 70 

min. 

4. 4. 6.  Quantitation of the free thiol group 

The concentrations of free thiol groups in NO sensor candidates 551-575, 552-

575, or 553-575 were measured by the DTNB method. Prior to the assay by the DTNB 

method, all the samples were purified by size exclusion chromatography to remove the 

thiol containing reagents such as DTT. An assay solution was prepared by mixing 100 
µM DTNB in a solution containing 100 mM phosphate, 500 mM NaCl and 0.005％ 

Tween20 (pH 6.8) with an aliquot of NO sensor candidates 551-575, 552-575, or 553-

575 solutions. Absorption spectra of assay solutions were measured by Infinite M200 

PRO (TECAN, Zürich, Switzerland). The concentrations of free thiol groups in NO 

sensor candidates 551-575, 552-575, or 553-575 were determined by the absorbance at 

412 nm, which derived from 2-nitro-5-mercaptobenzoic acid. The concentrations of NO 

sensor candidates 551-575, 552-575, or 553-575 were also determined from the 

absorbance at 425 nm, the isosbestic point of chromophore in EGFP. The concentrations 
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of free thiol groups were determined by the following equation: 

 y = 0.004x + 0.005 

y and x represent the absorbance at 412 nm and concentration of L-cysteine [µM], 

respectively, as described in the previous report.12 

To the NOC7 treated 551-575, 552-575, or 553-575, solutions containing ascorbic 

acid (final concentration: 5 mM) were added to specifically reduce the S-nitorsylated thiol. 

After 30 min, the reaction mixture was treated by the same procedure described above to 

quantitate the concentration of free thiol group by the DTNB method. 

4. 4. 7.  Determination of the half-maximum times of the NO sensor candidates 

for the reaction of oxidants 

The R values of NO sensor candidates 551-575, 552-575, or 553-575 upon 

reaction with NO or H2O2 (500 µM NOC7, 100 µM, or 500 µM H2O2) were subtracted 

from the R values under air oxidation conditions (0 M NOC7 or H2O2) to remove the air 

oxidation effects. The subtracted R values were normalized by dividing by DR upon 
reduction, which is called the normalized R. The minimum and maximum R values were 

determined as the average values of normalized R values before the addition of NOC7 or 

H2O2 and after saturation of the reactions, respectively. The half-maximum values were 

determined as the mean of the minimum and maximum R values. The average values of 

the half-maximum times were determined as the mean times of the measurement times 

before and after the normalized R reached the half-maximum R values, and intervals of 

measurement points were determined as error bars of the half-maximum times. In the 

parent EGFP-TRPC5, the normalized R values were smoothed with a linear weighted 

moving average of three points to remove the fluctuation of the normalized R values 

resulting from slight DR. 
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Chapter 5 

Cellular application for confirming the 

ability as a redox sensor 

 

 

5. 1.  Introduction 

For exploring signal transduction, many methods for detecting the biomolecules 

or proteins were developed. Some methods which requires fixation of the cell1,2 just 

provide a static, snapshot view of cells. In signal transduction of living organisms, various 

biomolecules and proteins were related sophistically in the parallel multi-step reaction 

processes and regulated in the appropriate time and location.3,4 Therefore, to explore the 

signal transduction, real-time visualization of biomolecules or proteins in living cells are 

necessary.4-6 Furthermore, to understand their relationship, visualizing several 

biomolecules of the time of appearance and localization simultaneously are important. 

Fluorescence detection is the most useful method for real-time visualization because of 

its advantage of property of high sensitivity and selectivity, high spatial and temporal 

resolution, low cost for use, and good tissue penetration.7-11 Especially, in auto-

fluorescent protein (AFP) based biosensors, the localization could be controlled to the 

sites of interest within cell by introducing a certain organelle-specific targeting signal.12 

Additionally, various color palettes of AFPs, ranging from blue to red13-16, contribute the 

simultaneous imaging within the same cells. Therefore, AFP-based biosensors were 

suitable for exploring signal transduction. 

In the chapter 2, EGFP-TRPC5, a segment of the putative NO-sensing module of 

TRPC5 channel was fused to EGFP, successfully detected NO as the change of 

fluorescence emission ratio with the disulfide bond formation.17,18 The successful 

detection of NO-induced disulfide bond formation by EGFP-TRPC5 implied an 
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application of EGFP-TRPC5 as a biosensor in the mammalian cells, by enhancing its 

ratiometric signal response of only 8% increment. As described in chapter 3, a facile two-

step screening was conducted for the enhancement of the ratiometric signal respnonse of 

EGFP-TRPC5. As a result, three NO sensor candidates, 551-575, 552-575, and 553-575, 

successfully showed 2-4 times enhancement of the ratiometric signal respnonse. Further 

investigation as described in chapter 4 indicated that three NO sensor candidates, 551-

575, 552-575, and 553-575, showed change of the ratio upon reaction to NO and H2O2. 
Therefore, these NO sensor candidates showed the sufficient signal change for working 

as the genetically encoded redox biosensors in the living cells. 

In this chapter, it was confirmed whether redox sensor 551-575 could function as 

the biosensors in living cells. It was confirmed that redox sensors 551-575 could show 

the change of ratios in the living cells upon the addition of extracellular H2O2, indicating 

that 551-575 could be applicable for in vivo measurement as a redox sensor. 

 

5. 2.  Results and discussions 

5. 2. 1.  Construction of the plasmids for expression in mammalian cells 

For expression of 551-575, 552-575, and 553-575 in mammalian cells, encoding 

regions were transferred from peT29a to pCI-neo, which include cytomegalovirus 

promotor for expression in mammalian cells. pCI-neo contains CMV promotor for 

expressing the protein of interest in mammalian cells. CMV enhancer and b-globin/IgG 
chimera intron promote a transcription and protein expression, respectively. SV Late 

poly(A) signal stabilizes the mRNA and increases the translation efficiency (Figure 5.1).  
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Figure 5.1. pCI-neo. pCI-neo eoncode CMV promotor. nuclueic acid sequences encoding 

551-575, 552-575, or 553-575 were inserted between EcoRI and SalI. 

5. 2. 2.  Expression of the redox sensors in mammalian HEK293 cells 

It was confirmed whether redox sensors 551-575, 552-575, or 553-575 could show 

fluorescence in the mammalian cells. The constructed vectors as described in the previous 

section were transfected into the mammalian HEK293 cells with lipofectamine 2000, the 

cationic-lipid transfection reagent. Autofluorescence of mammalian cells which derived 

from intracellular molecules, such as NADH, flavin,19,20 should overlap the fluorescence 

which derived from EGFP. Therefore, to measure the autofluorescence as the blank of 

fluorescence, pCI-neo vector template which did not encode any redox sensor were 

transfected into the cells with the same manner. The measurement with fluorescent 

microscope indicated that cells showed slight autofluorescence at 535 nm when excited 

at 403 nm and 480 nm, which cause overestimation of the fluorescence of redox sensors 

at the phenol and phenolate state of EGFP, respectively. Intensities of autofluorescence at 

535 nm when excited at 403 nm and 480 nm, was analyzed. The distributions of the 

intensities of the autofluorescence showed that fluorescence intensity at 535 nm when 
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excited at 403 nm and 480 nm were calculated as 25 ± 33 and 82 ± 98, respectively (Figure 

5. 2). 

Figure 5.2. The fluorescence intensity distributions of autofluorescence deriving form 

HEK293 cells (119 cells were counted). Intensity of the background where cells did not 

exist was subtracted from the fluorescence intensity of each cell. (A) Fluorescence 

intensity emitted at 535 nm when excited at 403 nm was estimated as 25 ± 33. (B) 

Fluorescence intensity emitted at 535 nm when excited at 480 nm was estimated as 82 ± 

98.  

Next, each redox sensor, 551-575, 552-575, or 553-575 was expressed inside the 

HEK293 cells, respectively. Each redox sensor expressed in some cells showed obviously 

larger fluorescence than autofluorescence (Figure 5.3-5.6) on the measurement with 

fluorescent microscope. Analysis of the fluorescence intensity at 535 nm when excited at 

403 nm and 480 nm of the cells into which each vector was transfected also indicted the 

existence of the cells which showed larger fluorescence intensity than autofluorescence 

(Figure 5.7 and 5.8). The thresholds of autofluorescence at 535 nm when excited at 403 

nm and 480 nm were determined as 191 and 574, which were five times of standard 

distribution larger than average values, respectively. The values of 9%, 11%, 10% of cells 

into which vector encoding 551-575, 552-575, or 553-575, showed larger fluorescence 

than both thresholds of fluorescence intensity when excited at 403 nm and 480 nm. These 

results indicated than each redox sensor could expressed and showed the fluorescence in 

the mammalian HEK293 cells. Although fluorescence intensities showed various values 

depending on the cells (Figure 5.3-5.8), R values were independent values on cells, 0.135 

± 0.012 in 551-575, 0.134 ± 0.023 in 552-575, or 0.127 ± 0.015 in 553-575, respectively. 

These results came from the advantage of the ratio type biosensors and indicated that 

0

5

10

15

20

25

30

35

40

45

-50 -30 -10 10 30 50 70 90 110 130 150 170 190 210 230 250 270 290

C
oo

un
ts

Fluorescence intensity

0

5

10

15

20

25

30

-80 -40 0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800

C
ou

nt
s

Fluorescence intensity

A B 



 106 

these redox sensors could be used for the quantitative measurement. 

 

Figure 5.3. Fluorescence microscope images of the HEK293 into which template pCI-

neo vector was transfected. (A) Area 1. (B) Area 2. (C) Area 3. Left: blight field images 

Center: fluorescence images at 535 nm excited at 403nm (linear contrast from 1000 to 

5000), Right: fluorescence images at 535 nm excited at 480 nm (linear contrast from 0 to 

15000). 
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Figure 5.4. Fluorescence microscope images of the HEK293 into which vector encoding 

551-575 was transfected. (A) Area 1. (B) Area 2. (C) Area 3. Left: blight field images 

Center: fluorescence images at 535 nm excited at 403nm (linear contrast from 1000 to 

5000), Right: fluorescence images at 535 nm excited at 480 nm (linear contrast from 0 to 

15000). 
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Figure 5.5. Fluorescence microscope images of the HEK293 into which vector encoding 

552-575 was transfected. (A) Area 1. (B) Area 2. (C) Area 3. Left: blight field images 

Center: fluorescence images at 535 nm excited at 403nm (linear contrast from 1000 to 

5000), Right: fluorescence images at 535 nm excited at 480 nm (linear contrast from 0 to 

15000). 
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Figure 5.6. Fluorescence microscope images of the HEK293 into which vector encoding 

553-575 was transfected. (A) Area 1. (B) Area 2. (C) Area 3. Left: blight field images 

Center: fluorescence images at 535 nm excited at 403nm (linear contrast from 1000 to 

5000), Right: fluorescence images at 535 nm excited at 480 nm (linear contrast from 0 to 

15000). 
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Figure 5.7. The percentage distributions of the fluorescence intensity at 535 nm when 

excited at 403 nm (Left) or 483 nm (Right) of HEK293 cells. Intensity of the background 

where cells did not exist was subtracted from the fluorescence intensity of each cell. (A) 

Autofluorescence deriving from the HEK293 cells (B) Fluorescence intensities of the 
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HEK293 cells into which the vector encoding 551-575 was transfected (245 cells were 

counted). (C) Fluorescence intensities of the HEK293 cells into which the vector 

encoding 552-575 was transfected (321 cells were counted). (D) Fluorescence intensities 

of the HEK293 cells into which the vector encoding 553-575 was transfected (495 cells 

were counted). 
   

  

  

  

  



 112 

 

Figure 5.8. The percentage distributions of the fluorescence intensity at 535 nm when 

excited at 403 nm (Left) or 483 nm (Right) of HEK293 cells. y-axis of the percentage 

distributions described in Figure 5.7 was zoomed up. Intensity of the background where 
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cells did not exist was subtracted from the fluorescence intensity of each cell. (A) 

Autofluorescence deriving from the HEK293 cells (B) Fluorescence intensities of the 

HEK293 cells into which the vector encoding 551-575 was transfected (245 cells were 

counted). (C) Fluorescence intensities of the HEK293 cells into which the vector 

encoding 552-575 was transfected (321 cells were counted). (D) Fluorescence intensities 

of the HEK293 cells into which the vector encoding 553-575 was transfected (495 cells 

were counted). 

5. 2. 3.  Measurement of the fluorescence response of the redox sensors to the 

addition of H2O2 

Next, fluorescence response to H2O2 was measured to investigate whether redox 

sensor 551-575 could function in the living cells. Extracellular H2O2 (500 µM) was added 

to the bulk solution where the cells were soaked, causing H2O2 to diffuse freely and invade 

the cells. Upon addition of H2O2, the cells were not damaged severely because their 

plasma membranes remained with slight change in the cell size (Figure 5.9A). Although 

the fluorescence intensity varied depending on the cells, the R values of the cells 

increased to the similar extent, ranging from 0.12 to 0.15 (Figure 5.9A, 5.9B, and 5.9C). 

Analysis of R values indicates they increased from 18% in cells showing a minimum 

increase, to 49% in cells showing a maximum increase upon addition of H2O2, with 34% 

as the average (Figure 5.9C and 5.9D). Considering 31% of the change in R values upon 

reaction with H2O2 in the redox sensor 551-575 in vitro measurement, the signal 

responses of redox sensor 551-575 upon reaction with H2O2 in cells were comparable 

with those of the in vitro measurements, whereas the signal responses varied in different 

cells. In contrast, the original EGFP did not show changes in R values (Figure 5.10). 

These results indicate that redox sensor 551-575 detected H2O2 with an increase in R 

value in mammalian cells, and therefore can be used as a redox biosensor in a cellular 

system.  
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Figure 5.9. (A) Blight field images (left) and fluorescent images of fluorescence emission 

at 535 nm when excited at 403 nm (middle) and 480 nm (right) of redox sensor 551-575 

expressed in HEK293 cells in response to H2O2. Cells indicated by arrows show sufficient 

fluorescence. Half of the pool volume of 1.5 mM H2O2 was added to a final concentration 

of 500 µM H2O2, with H2O2 freely and uniformly spread, between 20 and 25 min. (B) 

Time-lapse of pseudo color images of fluorescence emission ratios of redox sensor 551-

575 expressed in HEK 293 cells in response to H2O2. R value was calculated by dividing 

the fluorescence intensity when excited at 403 nm with 480 nm from which the 

background intensity was subtracted. (C, D) Analysis of the fluorescence response of 

redox sensor 551-575 expressed in HEK293 cells upon addition of extracellular H2O2 of 

(C) individual cells and (D) average. Time-lapses of fluorescence images when excited at 

403 nm and 480 nm were analyzed with ImageJ software (NIH) (n = 14 for two cultures). 
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Figure 5.10. (A) Blight field images (left), pseudocolor images of fluorescence images 

at 535 nm when excited at 403 nm (middle) and 480 nm (right) of EGFP expressed in 

HEK293 cells in the absence and presence of H2O2. Cells indicated in arrow showed 

sufficient fluorescence. Half volume of the pool volume of 1.5 mM H2O2 was added to 

final 500 µM H2O2, desiring H2O2 spread freely to uniform concentration, between 20 

and 25 min. (B) Analysis of the fluorescence response of EGFP expressed in the HEK293 

cells upon the addition of extracellular H2O2. The time-lapse of the fluorescence images 

when excited at 403 nm and 480 nm were analyzed with using ImageJ software (NIH) 

(n=5 for 1 cultures). 

 

5. 3.  Conclusions 

It was confirmed whether redox sensors 551-575, 552-575, or 553-575, 

constructed in the chapter 3 and 4, could work as biosensors in living cells. Upon the 

expression in the HEK293 cells, redox sensors 551-575, 552-575, 553-575 showed 
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sufficient fluorescence in the HEK293 cells. Furthermore, the redox sensor 551-575 

showed the change of the fluorescence emission ratio in response to H2O2 in the 

mammalian HEK293 cells. Therefore, it was confirmed that the redox sensor 551-575, 

which was obtained from a facile two-step screening, could be applicable in the redox 

biosensor for in vivo measurements. These results indicated that our screening strategy 

for enhancing the ratiometric signal response successfully provided the mutants showing 

larger DR value by effectively transducing the structural change associated with the 
disulfide bond formation for application in vivo measurements. 

 

5. 4.  Materials and methods 

5. 4. 1.  Materials 

The restriction enzymes (EcoRI, SalI and DpnI) were purchased from New 

England Biolabs. Purified oligonucleotide primers for gene construction were purchased 

from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Mini Elute Gel Extraction Kit 

was purchased from QIAGEN (Tokyo, Japan). PrimeSTAR HS DNA polymerase, T4 

DNA ligase, and E. coli DH5a competent cells were purchased from TaKaRa Bio Inc. 
(Shiga, Japan). All the other chemicals were purchased from Wako Chemicals (Osaka, 

Japan), Tokyo Chemical Industry Co., Ltd (Tokyo, Japan), Sigma-Aldrich Japan (Tokyo, 

Japan) and Nacalai Tesque (Kyoto, Japan). 

5. 4. 2.  Construction of plasmids 

The gene encoding EGFP-TRPC5 was obtained by digesting peT29a encoding 

EGFP-TRPC5 with NdeI and XhoI and sequentially amplified by PCR using the primers 

listed in Table 5.1. The PCR products were run on 1% agarose gels (TAE) and purified 

using a Mini Elute Gel Extraction Kit. The PCR products and pCI-neo were digested 

with EcoRI and SalI, purified in the same manner, and incubated with T4 DNA ligase. 

The mixture was transformed into E. coli DH5a competent cells for amplification. The 
vector encoding the parent EGFP with TRPC5 (L538-L575) was purified and sequenced. 
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The NO-sensing segments of TRPC5 (L538-L575) were shortened to N551-L575 with 

same procedure to that of in vitro measurement as described in chapter 3. 

Table 5. 1. Nucleotide sequences of primers for construction of an expression vector for 

the parent EGFP with TRPC5 (L538-575).  

primer from 5’ to 3’ 
Primer 1 

(F-EcoRI-EGFP) 
AAAAAAAAAAGAATTCGCCACCATGGTGAGCAAGGGCGAG 

Primer 2 
(R-EGFP-SalI) 

AAAAAAAAAAGTCGAGTCAGTGGTGGTGGTGGTGGTG 

5. 4. 3.  Cell culture and transfection of vectors 

HEK293 cells were cultured in DMEM (Gibco) containing 10% FBS, 30 units/ml 

penicillin, and 30 mg/ml streptomycin at 37 ºC under 5% CO2. pCI-neo encoding 551-

575, 552-575, or 553-575 was transfected using Lipofectamine 2000 (Invitrogen). The 

medium was replaced 3h after transfection.  

5. 4. 4.  Measurement of fluorescence responses of redox sensors 

HEK293 cells were seeded onto a poly-L-lysin coated 35 mm glass-bottom dish 

(IWAKI) and incubated for 1h. The cells were washed with HBS containing 107 mM 

NaCl, 6 mM KCl, 11.5 mM Glucose, 20 mM HEPES, 1.2 mM MgSO4, 2 mM CaCl2, pH 

7.4 twice and 200 μL HBS was added to the dish. Fluorescence was observed using an 

IX-81 fluorescence microscope (Olympus) equipped with a 20× objective lens 

(UPlanSApo). For time-lapse imaging to observe the fluorescence response to H2O2, 100 

µl 1.5 mM H2O2 dissolved in HBS was gently added to the dish. Time-lapse images were 

acquired every 5 min.  

5. 4. 5.  Analysis of the fluorescence intensity and responses of redox sensors 

Fluorescence images were modified with MetaFluor (Molecular devices). Pseudo 

color images of fluorescence emission ratios was calculated by dividing the fluorescence 

intensity when excited at 403 nm with 480 nm from which the background intensity was 

subtracted. Fluorescence images and intensities of cells were analyzed using ImageJ 
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software (NIH). First, cells were circulated based on bright images to determine the area 

for calculating the fluorescence intensity. The average fluorescence intensity within each 

circle was then calculated. The background signal was also estimated by circulating 

regions of any size without cells in each captured area. Fluorescence intensity of cells 

was determined by subtracting the background intensity from the raw fluorescence 

intensity of cells. 

 

5. 5.  References 

1. Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P, Snyder SH. Protein S-

nitrosylation: a physiological signal for neuronal nitric oxide. Nature Cell Biol. 

2001;3:193-197. 

2. Leonard SE, Reddle KG, Carroll KS. Mining the thiol proteome for sulfenic acid 

modifications reveals new targets for oxidation in cells. ACS Chem. Biol. 

2009;4:783-799. 

3. Hunter T. Signaling-2000 and Beyond. Cell. 2000;100:113-127. 

4. Wilson GS, Gifford R. Biosensors for real-time in vivo measurement. Biosens. 

Bioelectron. 2005;20:23882403. 

5. Liu W, Deng M, Yang C, Liu F, Guan X, Du Y, Wang L, Chu J. Genetically encoded 

single circularly permuted fluorescent protein-based intensity indicators. J. Phys. D: 

Appl. Phys. 2020;53:113001. 

6. Stephens DJ, Allan VJ. Light Microscopy Techniques for Live Cell Imaging. Science. 

2003;300:82-86. 

7. Giepmans BN, Adams SR, Ellisman MH, Tsien RY. The Fluorescent Toolbox for 

Assessing Protein Location and Function. Science 2006;312:217-224. 

8. Johnsson N, Johnsson K. Chemical Tools for Biomolecular Imaging. ACS Chem. 

Biol. 2007;2:31-38. 

9. Rao J, Dragulescu-Andrasi A, Yao H. Fluorescence Imaging in vivo: Recent 

Advances. Curr. Opin. Biotechnol. 2007;18:17-25. 

10. Johnsson K. Visualizing Biochemical Activities in Living Cells. Nat. Chem. Biol. 

2009;5:63-65. 



 119 

11. Wang H, Nakata E, Hamachi I. Recent Progress in Strategies for the Creation of 

Protein-Based Fluorescent Biosensors. ChemBioChem 2009;10:2560-2577. 

12. Nakata E, Liew FF, Nakano S, Morii T. Recent progress in the constructin 

methodology of fluorescent biosensors based on biomolecules. Biosensors-Emerging 

materials and Applications. Serra, P. A. Ed. pp. 123-140 (2011).   

13. Rodriguez EA, Campbell RE, Lin JY, Michael Z, Lin MZ, Miyawaki A, Amy E, 

Palmer AE, Shu X, Zhang J, Tsien RY. The Growing and Glowing Toolbox of 

Fluorescent and Photoactive Proteins. Trends Biochem. Sci. 2017;42:111-129. 

14. Heim R, Tsien RY. Engineering green fluorescent protein for improved brightness, 

longer wavelengths and fluorescence resonance energy transfer. Curr. Biol. 

1996;6:178-182. 

15. Campbell RE, Tour O, Palmer AE, Steinbach PA, Baird GS, Zacharias DA, Tsien 

RY. A monomeric red fluorescent protein. Proc. Natl. Acad. Sci. U.S.A. 2002;99: 

7877-7882. 

16. Shaner NC, Campbell RE, Steinbach PA, Giepmans BNG, Palmer AE, Tsien RY. 

Improved monomeric red, orange and yellow fluorescent proteins derived from 

Discosoma sp. red fluorescent protein. Nat. Biotechnol. 2004;22:1567-1572. 

17. Yoshida T, Inoue R, Morii T, Takahashi N, Yamamoto S, Hara Y, Tominaga M, 

Shimizu S, Sato Y, Mori Y. Nitric oxide activates TRP channels by cysteine S-

nitrosylation. Nat. Chem. Biol. 2006;2:596-607.  

18. Tajima S, Nakata E, Sakaguchi R, Saimura M, Mori Y, Morii T. Fluorescence 

detection of the nitric oxide-induced structural change at the putative nitric oxide 

sensing segment of TRPC5. Bioorg. Med. Chem. 2020;28:115430.  

19. Schaefer PM, Kalinina S, Rueck A, von Arnim CAF, von Einem B. NADH 

Autofluorescence—A Marker on its Way to Boost Bioenergetic Research. Cytometry 

A. 2019;95:34-46. 

20. Wagnieres GA, Star WM, Wilson BC. ln Vivo Fluorescence Spectroscopy and 

Imaging for Oncological Applications Photochem Photobiol. 1998;68:603-632. 

  



 120 

Chapter 6 

General conclusions 
 

 

In this thesis, two new strategies related to the application of auto-fluorescent 

protein (AFP) based biosensors were developed. One strategy is the detection method for 

structural change of proteins upon the activation, as described in the chapter 2. The other 

strategy is a facile screening method on the optimization process of AFP-based biosensor, 

as described in the chapter 3, 4, and 5.  

In the chapter 2, the putative structural change of TRPC5 upon reaction to NO 

was detected with utilizing the detection mechanism of AFP-based biosensors. It was 

suggested that TRPC5 stabilize the open state with forming the intramolecular disulfide 

bond with nucleophilically attacks of Cys558 to S-nitrosylated Cys553. On the other hand, 

AFP-based biosensors detected the structural change of the recognition modules induced 

by the recognition/reaction event as the fluorescence signal changes of AFP. A partial 

segment of TRPC5 containing two cysteine residues was embedded into a near 

chromophore of AFP, termed as EGFP-TRPC5, to evaluate its structural changes in 

response to NO. The quantitation of the change of the free thiol group and the 

measurement of the change of the fluorescence intensity indicated that the fluorescence 

emission ratio increased upon formation of disulfide bond with rection to NO. This result 

indicated that the structural change of the partial segment of TRPC5 induced by the 

disulfide bond formation between Cy553 and Cys558 transduced to the chromophore of 

EGFP. Therefore, proposed activation mechanism for the NO response of TRPC5 could 

be detected. 

In the chapter 3, a facile two-step screening strategy for enhancing the signal 

response of AFP-based biosensor was developed. NO biosensor could be constructed with 

the optimization of a slight signal response of EGFP-TRPC5 as the first generation. One 

of the strategies to efficiently transduce the structural change upon disulfide bond 

formation to the EGFP chromophore is deletion of amino acid residues between the 
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disulfide bond formation site and EGFP. However, even the simplest one by one deletion 

of amino acid residues from the N- and/or the C-terminal provided 47 mutants as the 

candidates of deletion mutants. Instead of the in vitro evaluation of 47 mutants, a degree 

of structural change of each mutant was estimated as a RMSD value based on in silico 

simulation. 10 mutants could be selected for in vitro screening effectively because these 

were expected to show larger signal response. In fact, three mutants, termed as 551-575, 

552-575, and 553-575, showed 2-4 times larger changes of the fluorescence emission 

ratios than EGFP-TRPC5, first generation, with evaluation of signal responses upon the 

cleavage of disulfide bond in vitro screening. 

In chapter 4, further investigation of three NO sensor candidates 551-575, 552-

575, and 553-575 obtained in the chapter 3 were measured to confirm whether these NO 

sensor candidates could detect NO. With the evaluation of the free thiol group and 

fluorescence intensity change, all three NO sensor candidates could detect NO with the 

increment of fluorescence emission ratios upon formation of disulfide bond. Additionally, 

reduction of these NO sensor candidates showed the decrease of the fluorescence 

emission ratios upon cleavage of disulfide bond, indicating these NO sensor candidates 

could work as the reversible sensors. However, these NO sensor candidates did not show 

specificity to NO but reacted to H2O2 as well as EGFP-TRPC5. The kinetics of the 

reaction to both NO and H2O2 all three NO sensor candidates became slower than EGFP-

TRPC5.  

In the chapter 5, it was confirmed whether the three redox sensors, 551-575, 552-

575, and 553-575, investigated in the chapter 4, could function a in the living cells. These 

redox sensors showed sufficient fluorescence intensity upon the expression in the 

HKE293 cell. Upon the addition of extracellular H2O2, 551-575 showed the increment of 

the fluorescence intensity ratio as well as in vitro evaluation as described in the chapter 

4. These results indicated that these redox sensors could work in the living cells.  

In summary, firstly, the putative structural change of TRPC5 was detected with 

applying the detection mechanism of AFP-based biosensors. This result suggested that 

AFP-based biosensors could be applied for detecting the structural changes of the proteins 

at the activation. Secondly, to enhance the signal response at the construction of AFP-

based biosensors, a new facile two-step screening strategy was developed. Structural 

changes of recognition modules were estimated as the RMSD values with in silico 

simulation. Obtained redox sensors could show measurable signal response in the living 
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cells, indicating that this two-step screening method was applicable for enhancement of 

signal response of AFP-based biosensors working in the living cells. This optimization 

strategy will promote the effective constructions of the AFP-based biosensors because 

this two-step screening method could be also applied to the essential optimization process 

of the introduction sites of the recognition modules upon the constructions of AFP-based 

biosensors. Especially, this two-step screening method show the advantage in the case 

that proteins of which structural information was lack were used as the recognition 

modules.  

Finally, These methods described in this thesis showed the new application of AFP 

and a facile construction method of AFP-based biosensor to unveil the functions of the 

proteins in the signal transduction to utilize the bioenergy in the cells.  
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