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GENERAL INTRODUCTION 

In order to get better understanding of a biological system, one of many questions 

often addressed in research is: “What is the function of particular of protein/cell 

function within cell/organism?” A well-established method to answer that question is 

by analyzing the loss-of-function phenotype. Currently available methods, such as 

gene knockout, knockdown, toxin- or laser-mediated cell ablation, have drawbacks to 

achieve high precision of target inactivation/ablation in spatiotemporal controlled 

manner. Photosensitizer, which is chromophore that generates ROS (Reactive Oxygen 

Species) upon light irradiation, had shown its great performance to perform such task.  

 

Chapter 1 describes all properties of currently available photosensitizers and 

introduces genetically encoded photosensitizer that has excellent specificity to 

targeting molecules. Since colour variants of genetically encoded photosensitizer are 

activated by different excitation wavelengths, utilizing those would enable several 

different protein/cells to be inactivated in a defined time and area in intact systems. In 

order to achieve this, a green colour variant of currently available photosensitizing 

protein, SuperNova Red, is developed in this study and named SuperNova Green. In 

vitro characterization has shown that SuperNova Green emits green emission when 

excited with blue light. SuperNova Green also maintains SuperNova Red monomeric 

property and shows its superiority over dimeric photosensitizing proteins when fused 

with target protein or localization signal. 

 

Chapter 2 describes characterization of SuperNova Green ROS production. As known 

that different type of ROS would have different target, specificity and diffusion range, 

it is important to know that which type of ROS does SuperNova Green produce. As 
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characterization result, SuperNova Green produces superoxide and its derivatives 

(hydrogen peroxide and hydroxyl radical) that are common type of ROS generated 

naturally in cells, for example, through oxidative phosphorylation in mitochondria or 

other enzymatic reactions. 

 

Chapter 3 shows the usefulness of SuperNova Green to inactivate protein and 

promote cell ablation. As proof of concept of multiple protein inactivation and cell 

ablation, SuperNova Green in combination with SuperNova Red could selectively 

inactivate Pleckstrin Homology domain of Phospholipase C-δ1 and ablate cancer cells 

through selective light irradiation with blue and orange light respective for SuperNova 

Green and SuperNova Red activation. 

 

Chapter 4 summarizes this study and giving a future perspective for SuperNova Green 

application to meet the cutting-edge imaging technique and to achieve a better 

understanding of biological phenomena. 
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ABSTRACT 

Photosensitizing fluorescent proteins, which generate reactive oxygen species (ROS) 

upon light irradiation, are useful for spatiotemporal protein inactivation and cell 

ablation. These give us clues about protein function, intracellular signaling pathways 

and intercellular interactions. Since ROS generation of photosensitizer is specifically 

controlled by certain excitation wavelength, utilizing colour variants of 

photosensitizing protein would allow multi-spatiotemporal control of inactivation. To 

expand the colour palette of photosensitizing protein, here, I developed SuperNova 

Green from it red predecessor, SuperNova. SuperNova Green is able to produce ROS 

spatiotemporally upon blue light irradiation. Based on protein characterization, 

SuperNova Green produces inconsiderable amount of singlet oxygen and 

predominantly produce superoxide and its derivatives. I utilized SuperNova Green to 

specifically inactivate the pleckstrin homology domain of phospholipase C-δ1 and to 

ablate cancer cells in vitro. As a proof of concept for multi-spatiotemporal control of 

inactivation, I demonstrate that SuperNova Green can be used with its red variant, 

SuperNova, to perform independent protein inactivation or cell ablation studies in a 

spatiotemporal manner by selective light irradiation. In conclusion, development of 

SuperNova Green has expanded the photosensitizing protein toolbox to 

optogenetically control protein inactivation and cell ablation. As a perspective, 

SuperNova Green in conjunction with other colour variants would be a relevant tool 

to be used with other cutting-edge technology, such as super-resolution microscope, 

to achieve a better understanding of biological phenomena. 
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ABBREVIATIONS 

2-OH-E+: Dihydroxyethidium 

ADPA: Anthracene 4,9 dipropionic acid 

AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

avGFP: Aequoria victoria Green Fluorescent Protein 

BRET: Biolimonescence Resonance Energy Transfer 

CALI: Chromophore Assissted Light Inactivation 

CIB1: Cryptochrome-Interacting Basic-helix-loop-helix 

CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats 

CRY2: Cryptochrome 2 

D2O: Deuterium oxide 

DsRed: Discosoma sp. Red 

E+: Ethidium 

EDT: 1,2-ethanedithiol 

EGFP: Enhanced Green Fluorescent Protein 

FlAsH: Fluorescein Arsenical Hairpin 

FMN: Flavin mononucleotide 

GFP: Green Fluorescent Protein 

HE: Hydroethidium 

HER-2-ECD: Human epidermal growth factor receptor-2 extracellular domain 

LOV domain: Light Oxygen Voltage-sensing domain 

MiniSOG: Mini Singlet Oxygen Generator 

mRFP: monomeric Red Fluorescent Protein 

PH domain: Pleckstrin Homology domain 

PLC- δ1 : Phospholipase C-delta1 
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ReAsH: Resofurin Arsenical Hairpin 

RFP: Red Fluorescent Protein 

RNAi: Ribonucleic Acid interference 

ROS: Reactive Oxygen Species 

SNG: SuperNova Green 

SNR: SuperNova Red 

SOD: Superoxide dismutase 

SOPP: Singlet Oxygen Photosensitizing Protein 

STED: Stimulated Emission Depletion 

TALEN: Transcription Activator-like Effector Nucleases 

TPP+: Triphenylphosphonium 
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1 CHAPTER 1: ENGINEERING A MONOMERIC 

PHOTOSENSITIZER PROTEIN FOR PHOTO-INDUCIBLE 

PROTEIN INACTIVATION AND CELL ABLATION 

1.1 Introduction 

Understanding protein function at the molecular, cellular, or even tissue level, has 

been the focus of wide-range of fields, such as neurobiology, developmental biology, 

and biomedical engineering. One mostly used method to understand the function of 

particular protein is to observe the loss-of-function phenotypes. Several methods have 

been widely used to generate loss-of-function phenotypes e.g. gene knockouts via 

homologous recombination, CRISPR-Cas9, TALEN; or knockdown method via 

RNAi, degron, ribozyme, morpholino, inhibitory drugs or function-blocking 

antibodies.  

 

However, there are some drawbacks of these methods that hamper the elucidation of 

particular protein function. For instance, conventional gene knockout which deletes or 

edits target genes of an organism mostly applied at its early developmental stage 

(Schwartzberg et al., 1989; Thomas and Capecchi, 1987). Thus, gene knockout is 

inapplicable to elucidate essential protein for development or housekeeping protein 

function, since loss of those proteins is lethal. Some light- or drug- induced method 

has been established to enable spatiotemporal control of gene knockout in adult 

organism (Kiermayer et al., 2007; Schindler et al., 2015). However, still some 

drawbacks are present. For example, gene knockout is often associated with 
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compensated expressions of other proteins to overcome the loss of target protein, thus 

cause no change of phenotype (Hoffman-Kim et al., 2002).  

 

Slightly different from conventional gene knockout, gene knockdown such as RNAi 

and degron are able to create a loss-of-function phenotype after developmental stage. 

RNAi works by repressing protein expression at the post-translational step while 

degron works mostly by initiating protein degradation via ubiquitin-dependent 

pathway (McCaffrey et al., 2002; Varshavsky, 1991). Applying RNAi with several 

targeting methods e.g. cell specific antibody or aptamers has improved RNAi 

specificity to target certain cell/tissue (Kim and Rossi, 2008). However, the time-lag 

between introduction of RNAi and full loss-of-function phenotype to be achieved 

depends on the turnover rate of the target protein. Similar with RNAi, even though 

many approaches have been made to control spatiotemporal activation of degron, at 

least 30 minutes or several hours are needed to achieve total depletion of protein 

(Natsume and Kanemaki, 2017). Drugs or function-blocking antibodies may result in 

fast and direct generation of loss-of-function phenotype but may cause artifacts or 

side-effects (Wang and Jay, 1996). 

 

To achieve loss-of-function by cell ablation, several methods have been commonly 

used such as toxin receptor-mediated cell knockout or thermal-induced cell ablation. 

Specific cell ablation by expressing diphtheria toxin receptor in target cell could be 

achieved using cell-specific promoter (Saito et al., 2001). Although this method could 

target selected cell type within tissue or organism, it could not achieve selective 

ablation on single cell level. Thermal-induced cell ablation via laser or microwave 

ablation are often used for basic research and cancer treatment (Chu and Dupuy, 
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2014). However, these approaches would be problematic when applied to deep tissue 

target since cells located at the surface would be ablated as well. Specific targeting 

method such as utilizing gold nanoparticle to induce heat generation could achieve 

better specificity to the target (Moyano and Rotello, 2011). But chemical addition to 

the system may hamper the spatial approach of target ablation. 

  

Optogenetic method, which utilizes light-induced system with a genetically encoded 

light-sensitive molecule, has enabled control of living cells and organism behaviour at 

defined time (milisecond-scale) and space (sub-cellular scale). For example, 

channelrhodopsin, a light sensitive proton channel which opens ion channels upon 

blue light irradiation has been widely used to modulate activity of excitable cells such 

as neuron and cardiomyocytes (Deisseroth, 2011; Nagel et al., 2003). Some other 

light sensitive proteins which form dimers upon light irradiation, e.g. LOV domain 

and CRY2, have been employed to control cell signaling pathway by manipulating 

protein-protein interaction (Rost et al., 2017). In fact, light-induced system to generate 

loss-of-function phenotype and its development to meet genetically encoded approach 

has been started since over three decades ago. 

 

1.1.1 Chromophore assisted light inactivation to elucidate protein function 

In 1988, Daniel G. Jay first introduced the concept of chromophore-assisted light 

inactivation (CALI), a method to spatiotemporally inactivate protein by 

photosensitizer, a chemical dye that generates reactive oxygen species (ROS) upon 

light irradiation (Jay, 1988). First application of CALI was to elucidate the function of 

Fasciclin I protein in grasshopper embryos. Before the CALI study was performed, 

Fasciclin I had been known to be expressed on the surface of Ti1 pioneer neurons in 
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limb bud development. However, the main function of this protein had not been 

elucidated. The Ti1 pioneer neurons remain in close contact with each other to form 

single growth cone then extending their axons crossing through epithelia towards the 

central nervous system, which process is called fasciculation (Figure 1.1.b). 

Apparently, inactivation of Fasciclin I before this axonal projection by CALI method 

(Figure 1.1.a) resulted in the separation of two axons, indicating defasciculation 

(Figure 1.1.c). This result has revealed Fasciclin I essential role in fasciculation of Ti1 

pioneer neurons (Jay and Keshishian, 1990).  

 

 

Figure 1.1. a) Illustration of CALI utilizing malachite green as photosensitizer and 
antibody to target Fasciclin I. b) Single growth cone of Ti1 sister axons in 
grasshopper embryo. c) Defaciculation of Ti1 sister axons happens when CALI was 
applied just before axonal outgrowth of treated embryos. Arrows show point of 
defasciculation. 
 

This CALI experiment has shown that utilizing targeted photosensitizer and light-

induced system could achieve protein inactivation in a very confined area and narrow 

temporal window. Targeting photosensitizer using laser light could achieve protein 

 
(Jay and Keshishian,  1990) 
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inactivation below subcellular range (nanometer and micrometer scale). Moreover, 

target inactivation could be achieved just after light irradiation since ROS is highly 

reactive and immediately oxidize the target molecule. The loss-of-function phenotype 

will sustain until the next turnover of the target protein. 

 

1.1.1.1 Photosensitization mechanism 

The mechanism underlying the ROS production via chromophore excitation 

(photosensitization process) is illustrated in following Jablonski diagram (Figure 

1.2). Light irradiation will excite the chromophore to enter excited states, which 

consists of several states of energy levels. The chromophore will release the energy 

through non-radiative transition that mostly generates heat then remain in the lowest 

excited single states for several nanoseconds. In this state, chromophore will release 

its energy to go back to ground state level through several possible ways: 1) the 

photosensitizer may emit fluorescence (hνf), 2) transfer its energy to the solvent 

without emission, 3) cause one electron-reduction of ground state oxygen (3O2), to 

produce superoxide anion (O2
!−) or 4) enter a triplet state via intersystem crossing. 

Mostly, effective photosensitizers undergo intersystem crossing to produce an excited 

triplet state, which is relatively long lived before it emits phosphorescence. In the 

presence of oxygen, triplet state chromophore could produce reactive oxygen through 

two different mechanisms: 1) via energy transfer to 3O2 then generating singlet 

oxygen (1O2) which has paired electrons with opposite spins or 2) via electron 

transfer mechanism to produce O2
!− (Baptista et al., 2017; Foote, 1991; Jacobson et 

al., 2008).  
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Figure 1.2. Illustration of ROS production mechanism integrated in Jablonski 
diagram. Upon absorption of a photon, photosensitizer at ground state (S0) will enter 
excited state (S1), or several higher energy level. It may undergo non-radiative 
transition (black dashed arrow) then release the energy via several pathways: 1) 
fluorescence emission (gray straight arrow); 2) energy release without fluorescence 
emission (wavy arrow); 3) O2

!− generation (one electron transfer to ground state 
oxygen, see red line) or 4) intersystem crossing to enter triplet state. In triplet state, 
photosensitizer is capable to generate O2

!− or 1O2 (noted the unpaired electron of 3O2 
changes its spin, red line).  
 

1.1.1.2 Photosensitizer mechanism to inactivate protein  

Free ROS generated by photosensitizer will diffuse to the solvent and attack 

neighbouring molecules due to their high reactivity. ROS may attack DNA bonds, 

lipids, or oxidize side chains of amino-acid residues, including histidine, tyrosine, 

tryptophan, methionine, and cysteine. Those attacks on a protein may result in 

intramolecular protein structure and function changes. In addition to intramolecular 

dysfunction, attacked proteins may undergo protein-protein crosslinking or 

aggregation, leading to intermolecular protein inactivation. In rare cases, ROS may 

attack peptide bonds and cause peptide fragmentation (Jacobson et al., 2008).  
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As mentioned in 1.1.1.1, there are different types of ROS that are generated from a 

photosensitizer, such as 1O2, O2
!− and O2

!− derivatives: hydrogen peroxide (H2O2) 

and hydroxyl radical (OH!). Different species of ROS has different diffusion range 

and lifetime in water which ranges from several angstrom to several microns and from 

3.5 µs to ~1 ms respectively (details will be discussed in chapter 2). Due to its 

diffusion capability, it was argued whether ROS would attack non-targeted molecule 

as well. However, since CALI method requires proximate targeting of photosensitizer 

to the aimed protein (Figure 1.1a), ROS generated from photosensitizer would likely 

attack the target before it attacks non-targeted neighbouring molecules (Liao et al., 

1995). Due to its light-inducible system and immediate disruption of protein target, 

CALI had shown its superiority over other methods in the term of spatiotemporal 

generation of loss-of-function phenotypes. 

  

1.1.1.3 Photosensitizer to induce cell ablation 

Since the nature of ROS is toxic and potentially lethal when produced excessively in 

cells, photosensitizers could induce cell death as well. To activate cell death response 

effectively, photosensitizers often targeted to mitochondria, chromatin or plasma 

membrane (Ryumina et al., 2013; Shirmanova et al., 2013b). Similar as protein 

inactivation, cell specific function within a population could be elucidated by 

photosensitizer (Kobayashi et al., 2013; Makhijani et al., 2017; Williams et al., 2013). 

Moreover, many studies have directed the utilization of photosensitizers as 

photodynamic therapy agent, which kills cancer cells by light irradiation. 

 

1.1.2 Chemical dye-based photosensitizer 

The first CALI was demonstrated using malachite green, as the photosensitizing 
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agent, conjugated to antibody to target the protein of interest. However, most of the 

CALI application using malachite green was performed by intense laser irradiation 

because ROS generation of malachite green induced by wide-field irradiation was not 

sufficient to inactivate protein (Beermann and Jay, 1994). However, effect of high-

power laser irradiation itself is already known to cause phototoxicity to the cells 

(Shah and Jay, 1993). Thus, it was feared that intense irradiation by laser will cause 

unspecific damage to the whole cell. Moreover, targeting via antibody is considered 

laborious since first of all, screening must be performed to find the suitable antibody 

for the target; second, another test must be done to confirm that the antibody does not 

block the active site of the intended target in order to verify the inactivation is caused 

by the photosensitizer (Jay and Sakurai, 1999).  

 

Further improvement of targeting method and CALI tools has provided us with less 

laborious techniques and more efficient ROS generation induced with low power 

illumination. For example, substituting malachite green with fluorescein produces 50 

times higher inactivation efficiency. Several attempts have been made to substitute 

antibody-targeting techniques with transgenically encoded tag-based techniques. A 

membrane-permeable fluorescein derivative, 4ʹ,5ʹ-bis(1,3,2-dithioarsolan-2-yl) 

fluorescein (FlAsH), could bind to the tetracysteine motif, which could be genetically 

encoded and fused with protein targets. FlAsH was fused to synaptotagmin I, which 

functions in a post-docking step of vesicle fusion by acting as the major calcium 

sensor for transmitter release. FlAsH-mediated inactivation of synaptotagmin I, which 

is essential for transmitter release in neural synapse, decreased transmitter release in 

Drosophila just by visible light illumination from a mercury arc lamp (Marek and 

Davis, 2002). A stronger ROS generator derived from fluorescein, ReAsH, a red 
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biarsenical dye, was established later and possesses similar properties to FlAsH, 

which is membrane permeable and binds to the tetracysteine motif (Adams et al., 

2002). However, FlAsH or ReAsH have also been criticized due to their non-specific 

binding to any cysteine residue of endogenous proteins and their high cytotoxicity due 

to the necessary addition of EDT, to wash unbound photosensitizers (Hearps et al., 

2007; Martin et al., 2005; Stroffekova et al., 2001). 

 

As an alternative to antibody and tetracysteine motif-based targeting, commercially 

available tags such as SNAP tag or HaloTag have been used to improve targeting 

method. CALI of SNAP-tag-fluorescein fused to γ-tubulin, has caused a failure in 

microtubule nucleation and growth, thus leading to cell metaphase arrest (Keppler and 

Ellenberg, 2009). HaloTag protein, a modified haloalkane dehalogenase, was 

designed to covalently bind to a variety of haloalkane-containing compounds. 

Haloalkyl derivatives of fluorescein and Ru(II)tris(bipyridyl) were tested for use in 

combination with HaloTag and specific CALI could be achieved by fusing target 

proteins with photosensitizer-labelled HaloTag. Later, diAc-eosin derived from eosin 

was synthetized to be linked with HaloTag7, a new HaloTag mutant, with superior 

ability to form covalent bonds with ligands. Using HaloTag7-diAc-eosin to 

specifically target Aurora-B has been shown to stop cell division, resulting in 

multinuclear structure formation after mitosis (Takemoto et al., 2011). To date, eosin 

is considered to be the most powerful photosensitizing agent that has been applied for 

CALI purposes in mammalian cells and in vivo. Recently, CALI using eosin was 

demonstrated to manipulate animal behaviour by inactivating synaptic GluA1 AMPA 

receptors to erase fear memory in mice (Takemoto et al., 2016). 
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1.1.3 Genetically encoded photosensitizer 

Although targeting method for chemical dye based-CALI has been improved to avoid 

non-specific inactivation, the exogenous addition of labelling reagents is still needed 

while penetration of which may be an obstacle in thick specimens with multiple cell 

layers. In addition to that, unbound chromophore may affect non-specific inactivation. 

Genetically encoded fluorescent proteins, such as EGFP, have been well known as 

being easily fused with protein targets or subcellular localization tags. Since any 

excited molecules have potential to undergo photosensitization, EGFP chromophore 

is potentially could react with ground state oxygen or other substrate to generate ROS.  

 

1.1.3.1 EGFP 

The first approach to photosensitizing using EGFP was performed in 1998 by Surrey 

and colleagues. They showed that EGFP could inactivate beta-galactosidase with the 

energy doses required being almost same as for malachite green (Surrey et al., 1998). 

Later, EGFP was used to inactivate alpha actinin, resulting in the detachment of stress 

fibres from focal adhesions and causing retraction of stress fibres. However, the 

approximate light dose used for CALI utilizing EGFP was at least 106 times higher 

(~1GW/cm2) than for typical confocal imaging, which caused phototoxicity to living 

cells (Rajfur et al., 2002). Since EGFP chromophore is located at the center of 

encapsulating beta barrel structure, ratio of escaped ROS to those trapped in the beta 

barrel affects the effectiveness of ROS generation by EGFP. It was speculated that an 

effective photosensitizing fluorescent protein would enables large amount of ROS to 

escape the beta barrel thus ROS become more likely to reach the protein target 

(McLean et al., 2009). 
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1.1.3.2 KillerRed 

 
To find the most effective photosensitizing fluorescent protein, Bulina and colleagues 

(2006) performed screening on GFP homologs derived from anthozoan, hydrozoan 

and copepod based on their phototoxic effects on E. coli cells. As the result, they 

found KillerRed, a mutant derived from anthomedusa chromoprotein, to have 

phototoxic effect thus makes it the first effective genetically encoded photosensitizer. 

The unique property of KillerRed that makes it different to other fluorescent protein is 

the formation of pore inside beta barrel contained eight water molecules that 

interconnected by hydrogen bonds from chromophore to the opening of beta barrel 

(Figure 1.3a). Several hypotheses have been made regarding the mechanism 

underlying effective generation of ROS by KillerRed. The first speculation is the 

water filled channel enables free accession of oxygen molecules to the chromophore 

as well as diffusion of ROS to outside of the beta barrel. Second speculation is the 

chain of water molecules may serve as electron wires that conducts electron transfer 

generated by excited chromophores to external molecules, resulting in ROS 

generation near the opening of the beta barrel (Carpentier et al., 2009; Pletnev et al., 

2009).  

 

When compared to EGFP, KillerRed resulted in 100% beta-galactosidase inactivation 

upon 25 min of irradiation with 1 W/cm2 white light, while EGFP only resulted in 

40% inactivation upon irradiation with sevenfold more light power. Compared to 

ReAsH, KillerRed is only threefold less efficient (Bulina et al., 2006). After its 

establishment, KillerRed has shown its applicability for in vitro CALI of aquaporin 

isoforms, cofilin (Figure 1.3b), and GRASP 55/65 (proteins that essential for golgi 

compartmentalization) (Baumgart et al., 2012; Jarvela and Linstedt, 2014; Vitriol et 
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al., 2013). Moreover, KillerRed has also been demonstrated to be able to induce death 

of heart, muscle, neuron and tumour cells in vivo (Kobayashi et al., 2013; Shirmanova 

et al., 2015; Teh and Korzh, 2014). In conclusion, development of KillerRed has 

provided us an effective and specific ROS generation with a genetically labelling 

method. 

 

 

Figure 1.3. X-ray crystallographic structure of KillerRed (left). Red colour shows 
chromophore in the center of beta barrel that connected by eight water molecules 
(blue) to the opening of beta barrel (Carpentier et al., 2009). Right figure shows 
fluorescence of PA-GFP-actin before and after CALI of cofilin on red circular region. 
CALI of cofilin decreased actin filament turnover. 
 

Though KillerRed has shown its usefulness, it was reported to have a dimerization 

tendency when expressed at high concentration in cells. This dimeric property 

hampers subcellular localization (Bulina et al., 2006) or affects cell division 

(Takemoto et al., 2013a). SuperNova, a monomeric variant of KillerRed, was 

developed and described to possess superior properties as a fusion partner with signal 

peptides or localized proteins (Takemoto et al., 2013a). SuperNova has been 
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demonstrated to promote CALI of cofilin and F-actin (Kim et al., 2015) , as well as in 

vitro cell ablation (Takemoto et al., 2013a).  

 

1.1.3.3 Genetically encoded photosensitizer colour variants and their prospective 

application 

Development of fluorescent protein colour variants has enabled multi-colour imaging 

of different targets in a single cell or organism by separating excitation and emission 

wavelength. When similar concept is applied to photosensitizer that is activated by 

certain excitation wavelength as well, combination of several colours of 

photosensitizer would enable multi-targeting different protein/cell of interests. This is 

an expanded concept of CALI, here I call “multi-CALI”, that would allow selectively 

inactivate different proteins within single cells using activating light which can be 

controlled precisely in space and time with subcellular resolution (Figure 1.4c). In an 

organism, this concept would allow selective ablation of two different cell population 

in spatial and temporally controlled manner (Sarkisyan et al., 2015; Williams et al., 

2013). 

 

Derived from KillerRed and SuperNova, colour variants of genetically encoded 

photosensitizers have been developed; KillerOrange and mKillerOrange (dimeric and 

monomeric orange variant of KillerRed respectively) (Sarkisyan et al., 2015) and a 

dimeric green variant of KillerRed (De Rosny and Carpentier, 2012). In 2011, a 

monomeric green genetically encoded photosensitizer called miniSOG 

(miniSingletOxygenGenerator) was developed from the LOV domain of Arabidopsis 

thaliana Phototropin 2 (AtPhot2). miniSOG contained FMN (flavin mononucleotide) 

as its chromophore (Shu et al., 2011).  Several improved variants of miniSOG such as 
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SOPP (Singlet Oxygen Photosensitizing Protein) (Westberg et al., 2015), SOPP2, 

SOPP3 (Westberg et al., 2017) and miniSOG2 (Makhijani et al., 2017) has been 

described to produce more 1O2 compared to the original miniSOG. However, the ROS 

generation of miniSOG and its variants is dependent on the FMN concentration 

(Ryumina et al., 2013). In contrast to miniSOG, KillerRed based variants do not 

depend of FMN concentration for phototoxicity since they have spontaneously 

forming GFP-like chromophores (Carpentier et al., 2009). Therefore, in certain 

applications where the environment lacks of FMN, KillerRed based variants are 

preferable. 

 

1.2 Purpose and significance 

Based on the multi-CALI purpose and to overcome the drawbacks of established 

green variant of genetically encoded photosensitizer, this study was aimed to develop 

a green successor of SuperNova (hereafter called SuperNova Red/SNR (Figure 1.4b). 

Following the development, protein characterization was performed to evaluate the 

green variant of SNR physicochemical properties.  

  



 
 
20 

 

Figure 1.4. a) Development of CALI tools timeline (purple) and its trend of 
application (orange). b) Currently available genetically encoded photosensitizer. 
Development of the green monomeric version of KillerRed-based variant is the main 
focus of this study. c) Illustration of multi-CALI. The idea is to target two different 
proteins with two colour of photosensitizer (green and red colour). Irradiation with 
580 nm and 440 nm would result in inactivation of protein fused with red and green 
photosensitizer respectively in an independent manner. 
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1.3 Materials and methods 

1.3.1 Gene construction and screening process 

To establish green variant of SNR, Y66W and V44A point mutation was introduced 

to SNR/pRSETB using inverse PCR method. Direct mutagenesis was performed based 

on previous study (De Rosny and Carpentier, 2012; Sarkisyan et al., 2015). 

For protein characterization, several vectors containing other photosensitizer proteins 

are constructed for this study. V44A-KillerRed was established by introducing V44A 

mutation to KillerRed-pRSETB plasmid using inverse PCR method. miniSOG was 

cloned from miniSOG-C1 (Addgene #54821) plasmid into pRSETB using the BamHI-

EcoRI restriction site. 

 

To check monomeric property of green variant of SNR and to compare monomeric 

property of this variant with its predescessors, several mammalian expression vectors 

expressing photosensitizer proteins tagged to target protein or localization signal were 

established. PCR-amplified green variant of SNR, V44A-KillerRed and KillerRed 

were cloned into 2xCOXVIII-SNR/pcDNA3.1 by BamHI and EcoRI restriction 

enzyme digestion. Fusion with vimentin was performed by replacing Kohinoor in 

Vimentin-Kohinoor/pcDNA3.1 (Addgene #67772) with photosensitizer proteins using 

BamHI and EcoRI restriction enzyme digestion. Fibrillarin constructs were made by 

replacing SNR in SNRΔ11-Fibrillarin/pcDNA3.1 with KillerRed, KillerRed V44A 

and green variant of SNR using the HindIII/BamHI restriction site. Lyn, H2B and 

LifeAct construct were made by replacing OeNL in Lyn-OeNL/pcDNA3.1 (Addgene 

#89528), Nano-lantern-H2B/pcDNA3 (Addgene #51971) and Kohinoor-

Actin/pcDNA3.1 (Addgene #67776) with green variant of SNR at the BamHI-EcoRI 
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restriction site. All oligonucleotides using to ampify cDNA fragments are all listed in 

Supplementary data: Table S1. 

 

Plasmids were transformed into XL 10 Gold E. coli cells (Agilent Technologies) 

using the heat shock transformation at 42o C for 45 seconds. Grown colonies were 

picked and cultured in 1.5 LB medium containing 0.1 mg/mL carbenicillin then 

processed for plasmid purification. DNA sequence of mutants was confirmed by dye 

terminator dye sequencing using Big Dye Terminator v1.1 Sequencing Kit (Applied 

Biosystem). 

 

1.3.2 Protein purification 

Purified pRSETB containing gene encoding protein tagged with N-terminal 

polyhistidine tags were transformed into JM109(DE3) (Promega) by heat shock 

transformation at 42o C for 45 seconds. Transformants were then plated onto agar 

plates containing 0.1 mg/mL carbenicillin.  Colonies were cultured in 200 mL LB 

media containing 0.1 mg/mL carbenicillin at 23oC with gentle shaking at 80 rpm for 4 

days. Polyhistidine-tagged proteins were purified by Ni-NTA agarose (Qiagen) 

chromatography then eluted using 200 mM imidazole in TN buffer (10 mM Tris-HCl 

pH 8, 150 mM NaCl). Eluted protein was processed to buffer exchange 

chromatography using a PD-10 column (GE Healthcare). Final elution was diluted in 

50 mM HEPES-KOH (pH 7.4) 

 

1.3.3 Spectroscopy 

Protein concentration was measured using alkaline denaturation method. Protein 

purity was confirmed using SDS-PAGE Analysis. Absorption spectra were measured 



 
 

23 

on a V630-Bio spectrophotometer (JASCO). The absorbance peak was used for molar 

extinction measurement. Molar extinction coefficient was defined by following 

equation ε=A/c where ε as molar extinction coefficient at absorbance peak, A as 

absorption at the peak wavelength, and c as protein concentration.  

 

For fluorescence spectrum measurement, the protein was diluted until absorption at 

the peak wavelength was 0.05. Fluorescence spectrum was measured using F7000 

fluorescence spectrophotometer (Hitachi). Emission spectrum was measured using 

380 nm, 400 nm, 420 nm, 440 nm, 480 nm, and 510 nm as excitation wavelengths. 

Meanwhile 490, 510, 540, 560, 580, 610 nm were used for the emission wavelengths. 

To measure the quantum yield, protein was diluted to 5 µM. Absolute quantum yield 

of protein was measured using Hamamatsu Photonics C9920-01 spectrometer 

(Hamamatsu Photonics) at 610 nm and 510 nm for original SuperNova and new 

colour variant mutant respectively. 

 

1.3.4 Size exclusion chromatography 

Size exclusion chromatography was performed with Superdex75 100/300GL column 

(GE Healthcare) with ÄKTA explorer 10S (GE Healthcare). 1 mL of 10 µM protein 

was injected to the column then eluted with 10 mM HEPES 100 mM NaCl, pH 7.2. 

Elution was performed at 1 ml/min. 

 

1.3.5 Photobleaching assay 

Green variant of SNR and EGFP 10 µM protein solution was placed at silicone made 

microwell (1-2 mm in diameter) covered with cover glass. Protein solutions were 

exposed to 17 W/cm2 of 447/60-25 nm (Brightline) and 475/42-25 nm (Brightline) 
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excitation light for green variant of SNR and EGFP respectively with mercury arc 

lamp as light source. Images were taken for every 10 mins for 8 hours. Fluorescence 

intensity from images was measured using Metamorph software (Molecular Devices). 

Curve fitting and determination of t1/2 was done using Origin Software (OriginLab). 

 

1.3.6 Cell culture, transfection and localization imaging 

HeLa cells (RIKEN BRC) and HEK293T cells (ATCC) were cultured with DMEM-

F12 with phenol red (ThermoFisher Scientific) supplemented with 10% FBS 

(Biowest). Cells were incubated at 37oC with 5% CO2. For subculture, cells were 

washed with sterile PBS and dissociated with trypsin. Cells subjected to plasmid 

transfection were seeded on 3 mm glass bottom dish and DNA transfection was done 

with either calcium phosphate method or using Lipofectamine 2000 (Invitrogen, 

Carlsbad, California). For all live imaging experiment performed in this thesis, after 

48 hours of transfection, medium was changed to DMEM/F12 without phenol red 

(ThermoFisher Scientific) added with 100 µg/mL penicillin/streptomycin 

(ThermoFisher Scientific). Imaging of subcellular localization was done using 

confocal microscope (FV1000, Olympus) using a 60X NA 1.4 oil immersion 

objective. Images were taken using 450 nm and 580 nm multi-Argon ion lasers. 
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1.4 Results and discussion 

1.4.1 Establishment of green variant of SuperNova Red 

It is well known that in order to emit red fluorescent, chromophore has to undergo 

maturation to extend the π-conjugation in p-hydroxybenzelidene imidazolinone to 

acylimine bond (shown by arrow, Figure 1.5). In other words, red fluorescent protein 

such as DsRed must undergo blue/green emitting state before matured to red emitting 

state (Tubbs et al., 2005). KillerRed possesses similar chromophore structure as 

DsRed (Figure 1.5). Thus, prevention of red chromophore maturation must generate 

green/blue variant. Introduction of V44A mutation to KillerRed (KillerRed-V44A) 

(De Rosny and Carpentier, 2012) generated a green colour variant of KillerRed that 

was reported to have no photosensitizing property. However, changing chromophore 

structure may result in different chromophore environment that lead to different 

photosensitizing ability. For instance, KillerRed and KillerRed-V44A has tyrosine 

based chromophore that results in protonated and deprotonated state of chromophore 

as characterized in avGFP (De Rosny and Carpentier, 2012). It was speculated that 

changes of state affects the photosensitizing ability of KillerRed. On the other hand, 

absence of hydroxyl group in tryptophan-based chromophore as shown in 

KillerOrange eliminates that possibility.  

 

Figure 1.5. Chromophore structure of GFP, DsRed, KillerRed and KillerOrange. 
Tyrosine based chromophore posseses hydroxyl group (dashed arrow). Extension of 
acylimine bond (arrow) creates red-shited chromophore.  
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Following hypothesis above, first, Y66W mutation was introduced into SNR to 

change the tyrosine-based chromophore to tryptophan-based chromophore. This 

mutant generated the orange variant of SNR, known as mKillerOrange (Sarkisyan et 

al., 2015), which had absorbance peak at 453 nm with shoulder at 510 nm. Further, I 

introduced V44A mutation into mKillerOrange and obtained new colour variant 

which has absorption peak at 437 nm with a smaller shoulder at 510 nm (Figure 1.6c). 

When illuminated with UV light, this variant emits green colour thus this variant is 

called SuperNova Green (hereafter is called SNG) (Figure 1.6.a). As result of 

spectroscopic analysis, SNG shows dual excitation/emission at 440/510 nm and 

480/560 nm respectively with molar extinction coefficient 28,000 M-1cm-1 and 

absolute fluorescence quantum yield of 0.23 (Figure 1.6d, Table 1.1). 
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Figure 1.6. Establishment of SNG. a) Protein solution of SNR and SNG illuminated 
by UV light. b) SNG sequence compared to KillerRed, SNR and mKillerOrange. 
Green box highlights the V44A mutation and tryptophan-based chromophore owned 
by SNG. c) Absorption specta of SNR, SNG and mKillerOrange shows blue shifted 
peak of SNG with a smaller shoulder ~510 nm compared to mKillerOrange spectrum. 
d) Excitation (solid line) and emission (dashed line) spectra of SNG. 
 

 

 

 



 
 
28 

Table 1.1. Protein characteristics of SNR and SNG 

Protein Abs peak (nm) λex(nm) λem(nm) ε (M-1cm-1) QY 
SNR 579 579 610 33,600 0.3 
SNG 437 440 

480 
510 
560 

28,000 0.23 

 

1.4.2 Analysis of dual excitation and emission of SNG 

Double excitation and emission coming from SNG (Figure 1.6d) was speculated to be 

the result of the matured orange chromophore and intermediate green chromophore. 

There is also a chance that dual excitation and emission of SNG coming from single 

SNG molecule, not from matured and intermediate form of chromophore in a 

population. However, to test this, single molecule spectrum analysis is needed. Due to 

its complexity, only analysis of a population was performed. 

 

Rosny and Carpentier (2012) found two alternative conformations of E68 side chain 

in A44-KillerRed. One of which was in a catalytic position to promote green to red 

maturation similar to S69 in DsRed by catalyzing acylimine bond formation (Tubbs et 

al., 2005) while the other conformation was an inactive form. Moreover, they also 

found two conformations of I64 in V44A-KillerRed that results from the existance 

and non-existance of double acylimine bond in protein fraction (shown in Figure 1.7).  
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Rosny and Carpentier (2012) 

Figure 1.7. a) Double conformation of E68 in A44-KillerRed. The active 
conformation promotes formation of acylimine bond of the pointed Cα (red arrow). b) 
Red and green represents KillerRed and KillerRed-V44A chromophore respectively. 
V44A relaxes I64 conformation resulted in two alternative conformations of I64. 
 

To test the presence of two maturation states of the chromophore, fluorescence 

emission of SNG and mKillerOrange from 0.05 µM protein solution was measured 

under the same measurement condition. Excitation of mKillerOrange at 440 and 510 

nm both gave an orange emission peak ~560 nm (Figure 1.8a), while excitation of 

SNG at 440 nm gave green emission peak ~500 nm and excitation at 510 nm resulted 

in orange emission peak (Figure 1.8b). This result suggests that the V44A mutation 

creates two forms of chromophore in SNG protein solution: the matured form of the 

orange chromophore and the intermediate green chromophore.  

 

SNG excited with 440 nm and 510 gave different fluorescence emission intensity. The 

orange emission was 60% lower than the green emission. On the other hand, 

mKillerOrange excited with 510 nm showed greater fluorescence emission intensity 

than excitation at 440 nm. Therefore, mKillerOrange chromophore matures to orange 

chromophore completely while V44A mutation presence in SNG prevent maturation 

of some of the protein fraction thus produces green emission.  
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Figure 1.8. mKillerOrange (a) and SNG (b) emission spectra when excited with 440 
nm (solid line) and 510 nm (dashed line). 
 

Since the 440 nm excitation corresponds for the green emission which enables better 

spectral separation compared to orange emission when used concomitantly with red 

variant, hereafter 440 nm is used SNG excitation wavelength. Furthermore, unlike 

mKillerOrange, 510 nm excitation did not cause significant ROS generation of SNG 

(further shown in Figure 4.1). 

 

An attempt to obtain another green emitting variant from mKillerOrange were done. 

Several site random mutageneses were introduced on several amino acids located near 

the chromophore (Supplementary data 1). Some of the mutation has shown to produce 

green emission such as Q65T and E68Q (Supplementary figure S1). Based on 

previous study, E68Q mutant was incapable to generate ROS (Pletnev et al., 2009). 

Although this study has not performed further characterization of those mutants, these 

data would be useful for further improvement of SNG or crystal structure analysis. So 

far, SNG is still the best green variant of SNR and also capables to generate ROS. 
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1.4.3 Photobleaching property of SNG 

As part of fluorescent protein characterization, τ1/2 of fluorescence photobleaching is 

commonly used as a standard to compare photostability between fluorescent proteins. 

For long-term imaging purpose, slow photobleaching property is preferable. But for 

photosensitizer, there is correlation between photobleaching and ROS production. For 

KillerRed, many applications and study correlated rapid bleaching with ROS 

production that result in amino acid side chain destruction at position 65 and 66 

(Pletnev et al., 2009). For miniSOG, a positive correlation was found between 

photobleaching and increasing of 1O2 amount that produced upon prolonged light 

irradiation (Ruiz-González et al., 2013).  

 

In this study, photobleaching of SNG was investigated by irradiating 10 µM protein 

solution with 440 nm excitation light. The bleaching rate of SNG was compared to 10 

µM EGFP solution excited with 480 nm light at the same power density. The result 

showed SNG bleaches faster than EGFP with SNG τ1/2 equals to 10 mins and EGFP 

τ1/2 equals to 70 mins  (Figure 1.9).  

 

Figure 1.9. Photobleaching curve of SNG and EGFP. 
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Although correlation between photobleaching and ROS production of SNG is not 

longer discussed in this study, fast photobleaching of SNG may reflect ROS 

generation property that possibly higher in SNG compared to EGFP. ROS generation 

of SNG compared to EGFP is further directly assessed in mammalian cell (see chapter 

2). 

 

1.4.4 Monomeric property of SNG 

It is widely known that oligomerization of genetically encoded tag such as fluorescent 

protein may affect dislocalization or aggregates formation thus create undesirable 

background or observational error in living cells. Almost every new established 

protein are engineered to its monomeric configuration, for instance, DsRed to mRFP1 

and mFruits family (mCherry, mOrange and mRaspberry), and in photosensitizer 

protein: KillerRed to SNR (Campbell et al., 2002; Shaner et al., 2004; Takemoto et 

al., 2013a). Although engineering of SNG still mainly consists of SNR amino acid, 

especially those located at the surface of beta barrel, still I need to confirm the 

oligomeric status of SNG. Using in vitro gel filtration chromatography at 10 µM 

protein solution, SNG maintains the same monomeric property as its parental protein, 

SNR (Figure 1.10) and a standard monomeric fluorescent protein, mCherry. Similar 

to data shown in (Takemoto et al., 2013a), based on protein marker position, our data 

shows SNR, SNG and mCherry sizes somehow shifted to > 29 kDa (when expected 

size is ~27 – 29 kDa). However, SNR monomericity has been confirmed using 

ultracentrifugation method. Thus, I concluded that SNG maintains SNR monomeric 

property. Meanwhile, KillerRed showed peak near to 75 kDa meaning that 

oligomerization occurs at 10 µM protein concentration.  
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Figure 1.10. Gel chromatography result. KillerRed (~29 kDa) formed a dimer at 10 
uM protein concentration meanwhile SNG and SNR elute as monomers together with 
mCherry as monomer control. 75 kDa (Canalbumin), 43 kDa (Ovalbumin), 29 kDa 
(Carbonic anhydrase) and 13.5 kDa (Ribonuclease A) were used as marker (dashed 
grey line). 
 

To further evaluate SNG monomeric property in mammalian cells, SNG was fused to 

fibrillarin and vimentin in HeLa cells (Figure 1.11a-h). KillerRed and KillerRed-

V44A fusions to fibrillarin, a nucleolar protein, showed fluorescence leakage on 

cytoplasm and the whole nucleus, while SNR and SNG specifically highlighted 

nucleolus structure. KillerRed and KillerRed-V44A fusion to vimentin, an 

intermediate filament, showed aggregation around nucleus, whereas the monomeric 

SNG and SNR both showed proper filament structure. Furthermore, to test SNG 

ability as subcellular/protein tag, SNG was fused with several proteins and subcellular 

localization signals e.g. lyn (plasma membrane), histone 2B (nucleus), actin 

(cytoskeleton) and two tandem copies of mitochondrial localization signal 
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(mitochondria). As shown in Figure 1.11i-l, SNG highlighted those structures without 

observable aggregation or abnormalities. 

 

Figure 1.11. SNG monomeric property in mammalian cell. Comparison of KillerRed, 
KillerRed V44A (KR-V44A), SNR and SNG fused with Vimentin and Fibrillarin of 
HeLa cells (scale bar: 20 µm) (a-h). SNR and SNG showed correct localization to all 
target proteins tested meanwhile KillerRed and KR-V44A did not. (i-l) fusion of SNG 
to lyn, histone 2B, actin and tandem copies of mitochondria localization signal. Scale 
bar=20 µm. 
 

1.5 Summary 

I have successfully generated the green variant of SuperNova Red (SNR) called 

SuperNova Green (SNG) that possesses tryptophan-based chromophore and V44A 

mutation. SNG has double excitation and emission spectra that resulted from 

intermediate green and matured orange fraction. Emission intensity measurement 

indicated that the green intermediate form dominates the SNG fraction. As protein 
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characterization result, SNG is shown to photobleach faster than EGFP and maintains 

its predescessors, SNR, monomeric property. Fast photobleaching of SNG may 

correlate with the ROS generation property. Furthermore, monomeric property of 

SNG provides advantages to tag protein target or proper localization in mammalian 

cells. 
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2 CHAPTER 2: PHOTOSENSITIZATION PROPERTY OF 

SUPERNOVA GREEN 

2.1 Introduction 

2.1.1 Diverse type of ROS and their individual properties 

As mentioned in subchapter 1.1.2, photosensitization reaction would generate ROS 

via electron transfer to 3O2 to generate O2
!- or energy transfer to 3O2 to produce 1O2 

(Foote, 1991). Based on measurement in water, 1O2 diffusion coefficient is ~1000 

µm2s−1 with 3 µs lifetime in water and diffusion distances of 0.1 µm (Jacobson et al., 

2008). Diffusion rate or range of superoxide anion radical (O2
!-) is not yet assessed 

due to its instability and spontaneous dismutation process (D’Autréaux and Toledano, 

2007). Dismutation reaction of O2
!- generates hydrogen peroxide (H2O2) which has 

relatively longer lifetime ~1,000 µs with several µm diffusion range (Winterbourn, 

2008). Electron exchange between O2
!- and H2O2, via Haber-Weiss reaction would 

result in highly reactive and unspecific species, hydroxyl radical (OH!), which may 

diffuse over ~10-3 µm and has 10-3 µs lifetime in water (Liao et al., 1994) (Figure 2.1).  

 

However, based on the data collected on the currently available CALI tools, result of 

their half radius of damage measurement does not always agree with ROS diffusion in 

solution. For example, fluorescein which generates 1O2 was measured to have half 

radius damage ~4 nm, which is quite different to the expected diffusion range of 1O2 

in water. Therefore, there are other factors that may affect ROS approachability to the 

target such the abundance of scavenging molecules surrounding the chromophores.  
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Figure 2.1. Different characteristics of ROS generated from photosensitization. 
 

During cellular respiration that takes place in mitochondria, O2
!- and its derivatives, 

H2O2 and OH! are naturally formed upon incomplete reduction of oxygen. Roles of 

those species in maintaining physiological function in cell, in fact, have been widely 

well documented. O2
!- is highly reactive toward Fe-S cluster and known to modulate 

transcription factor in E. coli via redox sensitive transcription factor SoxR 

(Winterbourn, 2008). H2O2 which specifically reacts to cysteine residue regulates 

gene transcription in E. coli via OxyR redox center. Since H2O2 is membrane 

permeable, it plays many roles in cellular events i.e. maintaining cellular redox 

potential, Ca2+ homeostasis, and apoptosis (Zorov et al., 2000). Changes in O2
!- and 

its derivatives conncentration may control intracellular events (Schieber and Chandel, 

2014). Unlike O2
!- and its derivatives, 1O2 are known to have unspecific target. 
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2.1.2 ROS of currently available genetically encoded photosensitizer 

ROS type determination and its effectiveness to cause the damage are keys to 

characterize photosensitizers. For KillerRed, some experiments are done by changing 

the solution from H2O to D2O or scavenging experiments utilizing O2
!- and its 

derivatives scavengers suggested that KillerRed actually produces O2
!- rather than 

1O2. The electron transfer reaction may occur when chromophores are in excited state, 

resulting in the donation of an electron from the chromophore directly to 3O2 or 

indirectly to other molecules near the chromophore that eventually react with 3O2 to 

generate O2
!-. It was also suggested that the chain of water molecules inside the beta 

barrel may serve as electron wires, conducting electron transfer generated by excited 

chromophores to external molecules (Carpentier et al., 2009; Pletnev et al., 2009). 

 

MiniSOG, on the other hand was identified as a generator of both O2
!- and 1O2. FMN 

undergoes photoinitiated electron-transfer reaction to produce O2
!- and also energy 

transfer to ground-state oxygen to produce 1O2 when irradiated with blue light (~440 

nm) (Barnett et al., 2018; Pimenta et al., 2013; Shu et al., 2011). Generation of SOPP 

by reducing hydrogen bonding between FMN and its surrounding amino acid was 

aimed to suppress the photoinitiated electron transfer that producing O2
!- which 

competes with 1O2 production. Therefore, miniSOG improvements have been directed 

towards a complete 1O2 generation (Westberg et al., 2015) 

 

For those different properties among photosensitizers, it is necessary to choose the 

right photosensitizer for certain experiment. For example, to promote inactivation of 

cysteine rich protein target, photosensitizer that generates O2
!- and H2O2 would be 

preferable over 1O2  generator. Some factors to be considered are— 1) suitable type of 
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ROS for the purpose, 2) range of action, and 3) effectiveness of ROS generation by 

photosensitizer. 

 

2.2 Purpose and significance 

Photosensitizing capability of SNG was evaluated in bacterial and mammalian cells 

compared to other photosensitizing proteins. 1O2 and O2
!- measurements were done to 

assess type of ROS generated by SNG in order to predict in which condition SNG 

would be more useful for application rather than miniSOG and its improved variants. 

 

2.3 Materials and methods 

2.3.1 Phototoxicity in E. coli cells 

To assess phototoxicity in E. coli cells, SNR/SNG/miniSOG/mCherry/EGFP-pRSETB 

were transformed into JM109(DE3) cells then cultured on LB plate (amphicillin 

selection) for 37°C overnight. Single colony was picked and cultured in 10 mL LB 

containing 0.1 mg/mL carbenicillin and shaked at 120 rpm for 72 hours. OD was 

measured at 600 nm and adjusted to 0.1. After OD was adjusted, 1 mL culture was 

centrifuged at 15,000 rpm and cell pellets were resuspended in PBS and kept on ice. 

15 µL of suspension were subjected for light irradiation on Terasaki dish with 17.8 

mW/cm2 excitation light for 15 minutes from Xenon-arc lamp. Filters used for 

SNR/mCherry, SNG/miniSOG, and EGFP were 580AF20 (Omega), 447/60-25 

(Brightline) and 475/42-25 (Brightline) respectively. After light irradiation, 

suspension were diluted at 10, 102, 103, 104, 105 and 106 dilution factor and cultured 

on LB plate using drop plate method. Colony forming unit was calculated as per log 

reduction of non-irradiated samples and irradiated samples. 
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2.3.2 Phototoxicity in mammalian cells 

To assess SNG ability to induce cell death in mammalian cells, first, HeLa cells were 

plated on 35 mm glass bottom dish a day before transfection. On transfection day, 

HeLa cells were transfected with pcDNA3.1 plasmids encoding SNR, SNG, 

miniSOG, mCherry and EGFP using the calcium phosphate transfection method. Cell 

ablation experiment was performed 2 days after transfection, by irradiating cells on a 

fluorescence microscope (Nikon Eclipse TE2000-E, Oil immersion 60X Plan Apo 

objective lens, NA 1.4) for 2 mins with 2 W/cm2 excitation light from Intensilight C-

HGFIE (Nikon). Excitation filters used for this experiment were 447/60-25 

(Brightline), 475/42-25 (Brightline) and 562/40 (Brightline) for SNG/miniSOG, 

EGFP, and SNR/mCherry respectively. DIC images were taken using an ORCA-

FLASH 4.0 (Hamamatsu Photonics) every hour until 7 hour post-light irradiation.  

 

2.3.3 Singlet oxygen (1O2) measurement  

In vitro 1O2 generation measurement was performed using ADPA (anthracene 9, 10-

dipropionic acid) as 1O2 sensor (Molecular probes). Mix of ADPA and protein were 

diluted in PBS to make final concentration 7.9 µM and 2 µM for ADPA and protein 

respectively). Solution was placed in cuvette then irradiated by 47 mW/cm2 excitation 

light (438/24, 475/28, and 542/27 nm) from Light Engine Spectra (Lumencor) for 5 

mins. Fluorescence intensity of ADPA (ex/em = 350/430 nm) was measured every 1 

min during light irradiation using F7000 fluorescence spectrophotometer (Hitachi).  

To assess 1O2 generation in mammalian cells, HeLa cells transfected with pcDNA3.1 

plasmids encoding sensitizer protein with mitochondria translocalization signal were 

incubated with 25 nM Si-DMA (Dojindo) in DMEM/F12 without phenol red 
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(ThermoFisher Scientific) for 45 mins at 37oC. Cells then were irradiated with 4 

W/cm2 447/60-25 nm (Brightline) light from mercury arc lamp as light source for 10 

s. Images were taken before and after irradiation at Cy5 channel (633 nm laser) with 

Nikon A1 confocal system (Nikon).  

 

2.3.4 Superoxide (O2
!-) measurement 

To assess O2
!- generation, HeLa cells expressing SNG or miniSOG were incubated 

with 1-2 µM MitoSOX (ThermoFisher Scientific) in DMEM-F12 without phenol red 

for 10 mins.  Cells were irradiated with excitation light similar to Si-DMA experiment 

for 30 s. Images were taken before and after light irradiation at RFP channel (with 

543 nm excitation laser). ROI was made within cells using NIS Elements Software 

(Nikon) then fluorescence intensity was compared between before and after light 

irradiation. 

 

To perform quenching experiments, HeLa cells expressing SNG and miniSOG plated 

on 96 well-plates were prepared a day before the experiment. One hour before 

irradiation, cells were treated with 200 U/mL PEG-SOD (Sigma Aldrich), 1000 U/mL 

catalase from bovine liver (Wako) or 60 mM mannitol (Wako) in DMEM-F12 

without phenol red. After incubation at 37oC for 1 hour, cells were washed with PBS 

three times then irradiated under fluorescence microscope (Nikon Eclipse TE2000, 

Oil immersion 40X Plan Apo objective lens, NA 1.4) with 2 W/cm2 447/60-25 nm 

(Brightline) excitation light from Light Engine (Lumencor) for 2 mins. After light 

irradiation, DIC images were taken using ORCA-FLASH 4.0 Camera (Hamamatsu 

Photonics) every 1 hour for 6 hours post-light irradiation.  
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2.3.5 Statistical analysis 

All data fitting and statistical analysis in this study were performed using Origin 8 

software (OriginLab) and SPSS statistics (IBM). Statistical values including the exact 

N and statistical significance are reported in figure legends. 

 

2.4 Results and discussion 

2.4.1 SNG phototoxicity in E. coli cells as initial screening step 

As initial screening of SNG photosensitization capability, SNG and other 

photosensitizer protein were expressed in E. coli then the colony forming unit/mL 

value between the irradiated and unirradiated cells were compared. As the result, 

irradiation of E. coli cells expressing SNG decreased the cell numbers similar to SNR. 

MiniSOG showed higher reduction of cell numbers than EGFP and SNR. Meanwhile, 

EGFP and mCherry, as negative control for 440 nm and 580 nm irradiation 

respectively, did not show decrease in cell number (p<0.05, student t-test) (Fig 2.2). 

 
Figure 2.2. SNG and other photosensitizer protein phototoxicity in E. coli cells. 
EGFP and mCherry served as negative control for light irradiation. 
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2.4.2 Photo-induced mammalian cell ablation utilizing SuperNova Green 

To assess SNG capability to generate ROS, SNG phototoxicity compared to other 

photosensitizing protein was assessed in E. coli and mammalian cells. I assessed the 

ability of SNG to induce cell death by irradiating HeLa cells expressing SNG targeted 

to mitochondria matrix. Upon increasing of ROS concentration, mitochondria would 

release cytochrome c to the cytosol then initiate cell signaling to induce cell death. As 

the result, after 2 W/cm2 light irradiation for 2 mins, SNG caused cell death faster 

than SNR yet slower than miniSOG. As negative control for excitation light 

irradiation, EGFP and mCherry expressing HeLa cells irradiated with same condition 

as SNG and SNR, no significant cell death was observed indicating that irradiation by 

light itself does not cause cell death within this time frame (Figure 2.3). This result 

indicates that SNG has ROS generation ability to induce cell death. 

 

Figure 2.3. SNG phototoxicity in mammalian cells (a) Phototoxicity of SNG (", 
black solid line) compared to SNR (", black dashed line), miniSOG (", grey dashed 
line), EGFP (#, grey solid line) and mCherry (#, light grey dashed line) targeted to 
matrix mitochondria in HeLa cells. Time dependent significant cell death (*) was 
analyzed for each hour post-irradiation to t0. Significant cell death was found after 3 
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hours, 5 hours and 6 hours for miniSOG, SNG and SNR respectively (p<0.05, One-
way ANOVA, Tukey, n = 144 cells for SNR, 128 cells for SNG, 73 cells for 
miniSOG. Cells were calculated from 8 images per construct). No significant cell 
death was observed for EGFP and mCherry expressing HeLa cells (p>0.05, One-way 
ANOVA, Tukey, n = 117 cells for EGFP, 149 cells for mCherry. Cells were 
calculated from 8 images per construct). 
 

2.4.3 Photosensitization mechanism of SuperNova Green 

2.4.3.1 Singlet oxygen measurement 

To characterize which ROS does SNG produce, 1O2 generation of SNG was measured 

in comparison to miniSOG upon irradiation of 438/24 nm light. Using previously 

known 1O2 probe, anthracene 4,9 dipropionic acid (ADPA), generation of 1O2 was 

assessed by measurement of ADPA fluorescence decay in time dependent manner 

which corresponds to the formation of endoperoxide adduct (Figure 2.4a) (Bresolí-

Obach et al., 2016; Lindig et al., 1980). As the result, SNG did not cause significant 

ADPA fluorescence decay compared to miniSOG (Figure 2.4b), which is known to 

produce both 1O2 and O2
!- (Barnett et al., 2018; Pimenta et al., 2013; Ruiz-González 

et al., 2013; Shu et al., 2011). This result indicates that 1O2 generated from SNG was 

much lower compared to miniSOG. When compared to KillerRed and SNR, which 

are known to mainly produce O2
!- rather than 1O2, and also EGFP and mCherry as 

negative control, SNG did not produce significant amount of 1O2 (Figure 2.4c). 

ADPA alone did not bleach upon several excitation light irradiation (Figure 2.4d).  

 

Previously, it was reported in (Ruiz-González et al., 2013) that ADPA may also 

respond to O2
!-  thus questioned the ADPA bleach of miniSOG in this experiment. 

Allegedly, amount of O2
!- generated by KillerRed/SNG/SNR via such power density 

was not enough to significantly bleach ADPA as much as 1O2 and/or O2
!- generated 

by miniSOG.  
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To further assess SNG ability to produce 1O2, I used Si-DMA (Silicone-containing 

rhodamine-9,10-dimethylanthracene), a far-red 1O2 sensor which is specific to 1O2 but 

not responsible to O2
!-, H2O2 or other ROS (Kim et al., 2014). Upon reaction with 

1O2, Si-DMA converts into bright form Si-DMEP ([7-(Dimethylamino)-9,9-dimethyl-

10-(9,10-dimethyl-9,10-epidioxy-9,10-dihydroanthracene-2-yl)-9-sila-2,9-

dihydroanthracene-2-ylidene]dimethyliminium). After comparing HeLa cells 

expressing SNG treated with Si-DMA before and after light irradiation, SNG does not 

produce significant amount of 1O2 compared to normal HeLa cells while cells 

expressing miniSOG does (Figure 2.4e). Similar to ADPA experiment, 1O2 

measurement with Si-DMA indicated that unlike miniSOG, SNG does not produce 

1O2.  
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Figure 2.4. (a) Illustration of 1O2 measurement using ADPA. Upon reaction with 1O2, 
ADPA fluorescent will decay. (b) Time course of SNG and miniSOG 1O2 
measurement upon excitation light irradiation. Irradiation of miniSOG caused 
significant ADPA fluorescent decay compared to SNG (p<0.001, t-test, n = 4 
replicates for miniSOG, 6 for SNG; each replicate came from independently purified 
protein samples). (c) ADPA fluorescence decay of SNG compared to KillerRed, SNR, 
EGFP and mCherry as a negative control. SNG did not cause significant ADPA 
bleaching (p>0.05, one-way ANOVA, n = 3 replicates for KillerRed, 4 for SNR, 4 for 
EGFP and 4 for mCherry, each replicate came from independently purified samples). 
(d) ADPA fluorescence upon light irradiation with 438/24 and 575/25 nm (n = 3 
replicates for each control). No significant ADPA fluorescence decrease occurred. (e) 
1O2 measurement in HeLa cells expressing SNG or miniSOG in mitochondria matrix 
using Si-DMA. Upon reaction with 1O2, Si-DMA will convert to Si-DMEP that emits 
red fluorescent. After 10 s light irradiation with 4 W/cm2 excitation light, significant 
Si-DMA fluorescence intensity increase was observed for HeLa cells expressing 
miniSOG (compared to control, independent t-test, p<0.001, n = 100 cells) but no 
significant difference between SNG and control (p = 0.185). 
 



 
 

47 

2.4.3.2 Superoxide anion and its derivatives measurement 

Since 1O2 measurement result indicates that SNG does not work through energy 

transfer mechanism, I speculated that SNG produce other ROS that generated via 

electron transfer mechanism in keeping with its predescessor, SNR and KillerRed 

(Pletnev et al., 2009; Takemoto et al., 2013a; Vegh et al., 2011). To test this 

speculation, MitoSOX, a hydroethidine (HE) based redox probe that conjugated to 

triphenylphosphonium group (TPP+) to target it to mitochondria was used. HE would 

react with O2
!- to form 2-hydroxyethidium (2-OH-E+). However, still there is no ideal 

O2
!- sensor that allows vast and real time observation of O2

!- only. HE is also known 

to react with other ROS (H2O2 and nitric oxide), peroxidase or redox-active metal ions 

(iron or copper) to form non-specific product ethidium (E+) that together with 2-OH-

E+ emits red fluorescence. However, it was shown previously that HE did not react 

with 1O2 (Barnett et al., 2018) which become advantageous for this study since our 

purpose is to differentiate 1O2 or O2
!- and its derivatives formation.  

 

As the result, ROS generation in HeLa expressing miniSOG or SNG in matrix 

mitochondria shows significant red fuorescent increase of MitoSOX compared to 

control and yet no significant difference was found between miniSOG and SNG 

(Figure 2.5a). Here, I conclude SNG and miniSOG produce same amount of ROS 

other than 1O2 when applied in mammalian cell.  
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Figure 2.5. (a) MitoSOX fluorescence intensity increase in cells expressing miniSOG 
and SNG. Compared to control, miniSOG and SNG showed significant increase 
(independent t-test, p<0.001, n = 100 cells) but no significant difference between 
SNG and miniSOG fluorescence change (p = 0.659). (b), (c) and (d) showed O2

!-, 
H2O2 and OH! quenching experiment using 200 U/mL SOD, 1000 U/mL catalase and 
60 mM mannitol respectively applied to HeLa cells expressing mitochondria matrix 
localized miniSOG and SNG. HeLa cells expressing SNG treated (+) with SOD (b), 
catalase (c) and mannitol (d) showed significant reduction in cell death after light 
irradiation when compared to non-treated (-) cells (p<0.05, t-test, n = 45 cells for 
SNG (-) SOD, 38 cells for SNG (+) SOD; 40 cells for SNG (-) catalase, 94 cells for 
SNG (+) catalase; n = 220 cells for SNG (-) mannitol, n = 185 cells for SNG (+) 
mannitol; images were calculated from 4 images for each condition. HeLa cells 
expressing miniSOG showed no reduction in cell death (p>0.05, t- test, n = 59 cells 
for miniSOG (-) SOD, 62 cells for miniSOG (+) SOD; 67 cells for miniSOG (-) 
catalase, 93 for miniSOG (+) catalase; n = 155 cells for miniSOG (-) mannitol, 180 
cells for miniSOG (+) mannitol cells; images were calculated from 4 images for each 
condition). Error bar represents ±SEM. 
 

There are other methods to predict production of ROS without fluorescent ROS 

sensors. A conventional yet widely used method is to quench the ROS with 

scavenging molecules. By comparing the effect between the non-treated samples and 
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treated samples with scavenging molecules, ROS presence / effect could be detected. 

Although could only measure ROS production qualitatively and indirectly, this 

method could specifically detect which type of ROS presents in the sample since 

several available commercial molecules are specific to certain type of ROS. Here I 

used 200 U/mL SOD, 1000 U/mL catalase and 60 mM mannitol to specifically 

scavange O2
!-, H2O2 and !OH respectively. Concentration of each scavanging 

molecules is determined following previous studies (He et al., 2016; Makhijani et al., 

2017). To assess the presence of those types of ROS as product from photosensitizing, 

cells were irradiated with excitation light as previously described in 2.3.3. After light 

irradiation, cell death was observed for 7 hr post-irradiation and number of cell death 

was compared between the treated and non-treated cells with scavenging molecules.  

 

As the result, there was significant decrease of cell death observed from cells 

expressing SNG treated with SOD, catalase and mannitol but not from cells 

expressing miniSOG (Figure 2.5b,c,d). Since miniSOG produces both 1O2 and O2
!-, 

theoretically, expected result of miniSOG scavenging experiment is a slight decrease 

in cell death. However, based on our result, ROS generated by miniSOG could not be 

scavanged by SOD, catalase or mannitol. During the experiment, I observed apparent 

bleaching of miniSOG due to light irradiation (2 W/cm2 light irradiation for 2 mins) 

(data not shown). As previously reported, photobleaching is correlated with increase 

of miniSOG 1O2 generation. Therefore, I speculated that SOD, catalase and mannitol 

could not limit the ability of miniSOG to cause cell death due to dominant 1O2 over 

O2
!- generation by miniSOG in this particular experiment. 
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Based on these experiments, I made some speculations about SNG mechanism to 

produce ROS as photosensitizer. O2
!- as the primary ROS produced from excited 

chromophore will undergo dismutation to H2O2 then fenton reaction to !OH. The 

treatment with those scavangers above has reduced the effect of ROS that may lead to 

cell death. However, since scavenging O2
!- and H2O2 does not produce a total non-

reactive species, mechanism of which SOD and catalase could safe the cells from cell 

death remains a question. A more quantitative and specific measurement of each ROS 

species produced by SNG using a more specific sensor would help to reveal those 

mechanisms.  

 

2.4.3.3 Discussion 

Here I showed that our green monomeric photosensitizer has different characteristics 

compared to other available green variant of photosensitizer, such as miniSOG and its 

improved variants. As previously mentioned, miniSOG ability to generate ROS 

depends on the concentration of FMN, its chromophore. Thus, in the condition where 

the FMN cofactor is absent or scarce, miniSOG phototoxicity would be ineffective 

(Ryumina et al., 2013). Moreover, unlike SNG, which produces O2
!- (and its 

derivatives), original miniSOG produces both O2
!- and 1O2 (Barnett et al., 2018; 

Pimenta et al., 2013; Ruiz-González et al., 2013).  Other currently available 

successors of miniSOG: SOPP (Westberg et al., 2015), SOPP2 and SOPP3 (Westberg 

et al., 2017) were directed towards complete 1O2 generation which makes them 

different than SNG.  

 

Not only O2
!- and its derivatives are normally produce in normal cell physiology, they 

also have essential role in controlling intracellular events (Schieber and Chandel, 
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2014). Therefore, not only protein inactivation or cellular ablation, SNG would be 

useful to manipulate cell behaviour or elucidate subcellular ROS function in 

intracellular events.  

 

2.5 Summary 

ROS measurement using fluorescent ROS sensor and scavenging molecules has 

shown that SNG produces undetectable amount of 1O2 yet more specific to other ROS 

that are produced through electron transfer mechanism. 
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3 CHAPTER 3: SELECTIVE PROTEIN INACTIVATION AND 

CELL ABLATION 

3.1 Introduction 

3.1.1.1 Multi-CALI 

There are abundant and unaccountable numbers of protein that interact 

direct/indirectly to control cellular functions. Sometimes inactivation of those proteins 

at the same time gives distinct result with separated temporal inactivation. Moreover, 

deactivating two different kinds of protein within single cell in subcellular precision 

would give different result than deactivating the whole protein populations present in 

the cell. Inactivating different kinds of protein within subcellular region and 

miliseconds time scale could only be realized using different colour variants of 

photosensitizer.  

 

3.1.1.2 Multi-cell ablation 

As briefly mentioned in 1.1.1.3, similar as chemical dye based photosensitizers, 

genetically encoded photosensitizer is useful to induce cell death. Targeting cancer 

cells using an anti-receptor antibody-KillerRed/miniSOG fusion protein as a 

genetically encoded immunophotosensitizer has demonstrated fine targeting 

properties and efficiently killed p185 (HER-2-ECD)-expressing cancer cells upon 

light irradiation in vitro (Mironova et al., 2013; Serebrovskaya et al., 2009). Other 

methods include targeting to the inner and outer membrane of mitochondria, nucleus, 

plasma membrane, lysosome, and peroxisome have been attempted and shown to 
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achieve cell ablation in vitro and in vivo experiments (Liao et al., 2014; Ryumina et 

al., 2013, 2016; Serebrovskaya et al., 2013; Shirmanova et al., 2015, 2013a) 

 

Based on those targeting efforts to approach cellular ablation with photosensitizer, 

scaling up photosensitizer application from cellular to organism is now become 

practical. For example, application of mitochondria targeted KillerRed in vivo has 

been done to kill cardiomyocytes cells in zebrafish to make inducible heart-failure 

animal models (Buckley et al., 2017; Teh and Korzh, 2014). KillerRed was also 

demonstrated in C. elegans to induce cell ablation of AWA sensory neurons, allowing 

manipulation of C. elegans chemotaxis behaviour toward AWA sensitive attractants. 

These experiments showed that inducing cell ablation in vivo would allow in situ 

study of animal development and behaviour (Kobayashi et al., 2013). 

 

Similar as protein interaction complexity in single cell, cells are also communicated 

with each other to synergistically or antagonistically modulate function in a tissue, 

organ or organism. Over decades, people have been trying to answer the questions of 

complex neural circuit which is still become a major focus in neurobiology. For 

instance, how signals were transmitted in certain behaviour and how one signal may 

result in several possible responses. To solve this problem, one of the approaches is to 

ablate certain cell inside the complex circuit then see the effect to the behaviour. 

Similar case to protein inactivation, ablation of two or more diffferent kind of cells in 

an independent spatiotemporal manner could be done using different colour of 

photosensitizers. In this study, I will prove that selective cell ablation using 

combination of SNG and SNR is approachable. 

 



 
 
54 

3.2 Purpose and significance 

The purpose of this experiment is to test if ROS generation by SNG could induce 

CALI in a subcellular range when specifically induced by blue light illumination but 

not other wavelengths. Then, as a proof of concept for multi-CALI purpose, SNG-

SNR combination was used to independently inactivate protein when irradiated with 

blue or orange light in regard to SNG and SNR excitation light respectively. To our 

knowledge, this experiment is the first demonstration of selective CALI utilizing two 

colours of photosensitizer performed within single cell. 

 

Scaling up the application from subcellular region to cellular level, selective cell 

ablation of cancer cells was performed by targeting SNG and SNR to matrix 

mitochondria. This demonstration would serve as proof of concept for application of 

multi-spatiotemporal cell ablation in organism.  

 

3.3 Materials and methods 

3.3.1 Gene construction 

For selective CALI experiment, SNG and SNR were used to inactivate Pleckstrin 

Homology domain (PH domain) of Phospholipase C delta-1 (PLC- δ1). PH domain 

sequence was obtained from GFP-C1-PLCdelta-PH (Addgene #21179). Further, 

fusion proteins of PH domain tagged with photosensitizer and fluorescence reporter 

were generated using restriction sites as follow: AgeI-Venus-BglII-PH-XbaI-SNG-

EcoRI and AgeI-mNeptune-BglII-PH-XbaI-SNR-EcoRI. All fragments were 

generated with KOD Plus PCR mix (Toyobo) then restricted with respective 

restriction enzyme. Digested fragments were cloned to C1 plasmid disgested with 
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AgeI and EcoRI. All oligonucleotides using to amplify cDNA fragments are all listed 

in Supplementary data: Table S1.  

 

3.3.2 Selective CALI 

One day before transfection, HEK 293T cells were plated on 35 mm glass bottom dish 

to reach 70% confluency the next day. HEK293T cells were co-transfected using 

Lipofectamine 2000 with Venus-PH-SNG/C1 and mNeptune-PH-SNR/C1. Selective 

CALI experiment was performed 48 hours post-transfection with confocal microscope 

(A1 Nikon Confocal, Nikon Eclipse Ti). HEK293T cells were subjected to light 

irradiation using Intensilight (Nikon) with ~3W/cm2 447/60-25 and 562/40 nm in 

respect to SNG and SNR excitation light under 60x oil immersion objective lens NA 

1.4 (Nikon) for 10 s. Images of Venus and mNeptune fluorescence were taken using 

488 nm laser and 633 nm laser at time 0 (before light irradiation), 10 s (immediately 

after light irradiation), 1 min, 5 mins, and 15 mins. To analyze the effect of CALI to 

distribution of Venus and mNeptune fluorescence inside cells, fluorescence intensity 

of cytoplasm and plasma membrane of cells were measured using QuimP plugin 

(Dormann et al., 2002) in Fiji Software (Schneider et al., 2012). Increase of cytoplasm 

and plasma membrane fluorescence intensity in a time dependent manner was 

calculated as:  

ΔRatio = 
Icytoplasm xt
Imembrane xt

-
Icytoplasm 0t
Imembrane 0t

 

tx means timepoint after light irradiation and t0 means timepoint before light 

irradiation. 
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3.3.3 Selective cell ablation 

To perform selective cell ablation, first, stable cell lines expressing SNR or SNG 

translocalized to mitochondria matrix were generated by transfection of COXVIII2x-

SNR/SNG-pcDNA3.1 to HeLa cells using Lipofectamine 2000. Antibiotic selection 

was done using 400 µg/mL geneticin (Invitrogen). Cells expressing SNR and SNG 

were then co-cultured on 30 mm glass bottom dishes a day before selective cell 

ablation experiment. Cells were subjected to ~4W/cm2 447/60-25 nm and 562/40 nm 

light irradiation (mercury arc lamp) for 2 mins to ablate SNG and SNR expressing 

cells respectively. To observe cell death, DIC images were taken at 0, 3, 5 hr post 

irradiation with Nikon Eclipse TE2000-E (Nikon, Oil immersion 60X Plan Apo 

objective lens, NA 1.4) equipped with ORCA-FLASH 4.0 (Hamamatsu Photonics). 

Cell deaths were determined by apoptosis or necrosis like morphology (apparent 

shrinking or blebbing). Percentage of cell death was compared between SNG and 

SNR expressing cells in both 440 nm and 560 nm light irradiation. 

 

3.4 Results and discussion 

3.4.1 Selective CALI 

To proof SNG ability to initiate CALI and to test its compatibility when 

concomitantly used with SNR, SNG and SNR were targeted to pleckstrin homology 

domain (PH domain) of phospholipase C delta-1 (PLC- δ1) that binds to inositol 1,4,5-

tris-phosphate (Ins[1,4,5]P3) at the plasma membrane (Várnai and Balla, 1998). The 

expected result was that selective photosensitizer mediated ROS generation by blue or 

orange light would cause PH domain detachment from PLC-δ1. To monitor this effect, 

N-terminal of PH domain was tagged with fluorescent probe that would be liberated 
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together with PH domain into the cytosol upon CALI.  For that purpose, 

mNeptune2.5-PH-SNR and Venus-PH-SNG were constructed as fluorescent probe - 

protein target - photosensitizer fusions. Monitoring fluorescence distribution of 

mNeptune2.5 and Venus in plasma membrane and cytosol would allow visualization 

of PH domain before and after its inactivation caused by the responsible 

photosensitizer, SNR or SNG (Figure 3.1a). EGFP-PH-KillerRed and EGFP-PH were 

used as positive and negative controls respectively.  

 

Images of HEK293T cells expressing EGFP-PH show localization of EGFP to plasma 

membrane at time 0. After irradiation with 3 W/cm2 of 440 nm light for 10 s, cells 

expressing the EGFP-PH did not show cytoplasm/membrane intensity ratio change. 

This result suggests that 440 nm light irradiation itself did not cause PH domain 

inactivation. Following previous study by Bulina and colleagues (2013), EGFP-PH-

KillerRed was used as positive control. As expected, cells expressing EGFP-PH-

KillerRed showed an increase in cytoplasm/membrane intensity ratio after 560 nm 

light irradiation (Figure 3.1b, left panel; 3.1c,i) meaning that 3 W/cm2  of light 

irradiation is enough to cause PH domain inactivation. 

 

For the selective CALI experiment, HEK293T cells co-expressing mNeptune-PH-

SNR and Venus-PH-SNG were irradiated with 3 W/cm2 of 560 nm light for 10 s to 

inactivate PH domain by SNR. By comparing images taken in the Venus and 

mNeptune channel, after light irradiation, there was a significant increase of 

mNeptune ratio but not Venus ratio (Figure 3.1b, center panel; 3.1c, ii) meaning that 

560 nm light irradiation could only activate SNR but not SNG. On the other hand, 

when co-transfected cells were with 3 W/cm2 440 nm light to inactivate PH domain 
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by SNG, the opposite result was observed. There was no significant increase of 

mNeptune ratio but significant increase of Venus ratio. The slight increase of 

mNeptune ratio observed after 440 nm light irradiation (Figure 3.1b, right panel; 3.1c, 

iii) might due to the small absorbance peak of SNR at 440 nm (Figure 1.6c) thus, 

possibly small insignificant amount of SNR were also affected by this light 

irradiation.  

 

It was feared that the light irradiation to take the images itself might activate the 

sensitizers. Therefore, light control experiments were done on cells expressing both 

Venus-PH-SNG and mNeptune-PH-SNR. Images of those cells were taken with 

similar laser power density as selective CALI experiment but without 3 W/cm2 for 10 

s light irradiation. Result showed that imaging using 488 nm and 633 nm laser did not 

cause significant effect to the sensitizers (Figure 3.1c,iv). 
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Figure 3.1. (a) Schematic overview of selective CALI in this experiment using SNG 
incombination with SNR activated with distinct excitation light to induce ROS 
production, which then results in detachment of inactive PH domain from plasma 
membrane. (b) Images of HEK293T cells expressing all constructs assesed in this 
experiment taken at 0 s (before ROS producing light irradiation), 10 s (immediately 
after light irradiation) and 15 min after 3 W/cm2 light irradiation for 10 s. All 
constructs were localized to the plasma membrane prior to light irradiation. 
Fluorescence signal increased in cytoplasm after inactivation of the PH domain for 
EGFP-PH-KillerRed (560 nm irradiation), mNeptune-PH-SNR (560 nm irradiation) 
and Venus-PH-SNG (440 nm irradiation). (c) Quantitative measurement of 
fluorescence ratio increase between cytoplasm to plasma membrane normalized to R0 
(cytoplasm/membrane fluorescence ratio at t0). (i) EGFP-PH-KillerRed showed 
significant ratio increase after 560 nm light irradiation (p<0.05, one-way ANOVA, 
Tukey, n = 10 cells). On the contrary, EGFP-PH domain as negative control did not 
show any significant changes. (ii) 560 nm light irradiation of Venus-PH-SNG and 
mNeptune-PH-SNR expressing cells caused a significant ratio increase of mNeptune 
fluorescence in a time dependent manner (p<0.05, one-way ANOVA, Tukey, n = 11 
cells). R15 value of mNeptune was significally different when compared to Venus R15 
(p<0.05, t-test, n = 11 cells for each construct). On the contrary, 440 nm light 
irradiation (iii) caused significant ratio increase of Venus fluorescence (p<0.05, one-
way ANOVA, Tukey, n = 10 cells) as well as its R15 to mNeptune R15 (p<0.05, t-test, 
n = 10 cells for each construct). (iv) R value measurement of cells expressing Venus-
PH-SNG and mNeptune-PH-SNR without light irradiation. No significant ratio 
changes over time. Error bar represents ±SEM. 
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This selective application of CALI utilizing SNG and SNR suggests that the 

technique can be performed without significant collateral damage to the non-target 

protein even when they are both in the same subcellular range, in this case, the plasma 

membrane. 

 

3.4.2 Selective cell ablation 

Selective cell ablation was performed on co-culture of HeLa cells expressing SNG 

and SNR to assess whether blue light irradiation could induce HeLa cells expressing 

SNG cell death while preserving viability of  SNR expressing cells. Experiment was 

done by irradiation a field of view consisted of cells expressing SNR and SNG with 4 

W/cm2 of 440 nm light for 2 minutes. As the result, 94% of cells expressing SNG 

were successfully ablated while almost 100% SNR expressing cells survived (Figure 

3.2.a). On the contrary, when the co-culture was irradiated with 560 nm at 4 W/cm2 

for 2 minutes, only cells expressing SNR were ablated while cells expressing SNG 

survived (Figure 3.2.b). In conclusion, similar as selective CALI, SNG in 

combination with SNR could incude specifically induce cell ablation with blue and 

orange light irradiation respectively. 
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Figure 3.2. Selective cell ablation of co-cultures of HeLa cells stably expressing SNR 
and SNG in mitochondria. (a) Images of co-cultures irradiated with ~4 W/cm2 blue 
light for 2 mins at 0, 3 and 5 hour post-irradiation. Cells expressing SNG underwent 
cell death while cells expressing SNR survived. (b) Images of co-cultures irradiated 
with ~4 W/cm2 orange light for 2 mins and taken same as (a). Half of cells expressing 
SNR underwent cell death while all cells expressing SNG survived after 5 hour post-
irradiation. (c) Quantitative analysis for selective cell ablation with 440 nm and 560 
nm light irradiation. Under 440 nm light irradiation, significant cell death occurred for 
cells expressing SNG compared to SNR (p<0.01, t-test, n=97 cells). On the other 
hand, under 560 nm light irradiation, significant cell death occurred for cells 
expressing SNR compared to SNG (p<0.05, t-test, n=36 cells). Scale bar = 20 µm. 
Error bar represents ±SEM. 
 

Apart from that, apparently SNG efficiency to ablate cell was higher than SNR as 

observed in Figure 3.2c and Figure 2.3. Approach to achieve similar killing efficiency 

by SNR has been done by increasing orange light power density. However, instead of 

increase killing efficiency by SNR, it caused unspecific cell killing of SNG 

expressing cell as well due to light toxicity (data not shown). In the future, there is a 
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room for improvement of SNR killing efficiency in order to achieve same efficiency 

with SNG.  

 

3.4.3 General discussion 

Since establishment of fluorescent sensor and advancement in imaging technique, 

current demand is to be able to catch moments of fast and dynamic biological 

phenomena. To visualize such phenomena, plenty of biological sensors have been 

made (e.g. Ca2+, voltage, cell cycle indicator). When combination of fluorescence 

imaging and photosensitizer is needed to allow cause and effect to be visualized 

simultaneously, utilizing shorter excitation wavelength photosensitizer would be more 

preferred. The basic reason is that usually real-time imaging of a biological process or 

phenomena requires longer period of imaging while photosensitizing/inactivation 

process requires shorter time. Exposing living cells to short excitation wavelength (e.g 

UV or blue light) causes phototoxicity in cells itself. Thus, photosensitizing is better 

to be achieved at shorter excitation wavelengths, and visualize the effect at longer 

excitation wavelengths (Laissue et al., 2017). In this case, SNG has advantageous 

over other KillerRed based variants.  

 

Some optogenetic tools have been used to manipulate cell behaviour and inactivate 

protein function. For instance by anchor-away method, target protein were photo-

induced to localized far away from its target / functional region in cell (Valon et al., 

2017) or photoinduced oligomerization by CRY2 (cryptochrome 2) / CIB1 

(cryptochrome-interacting basic-helix-loop-helix) protein (Lee et al., 2014). However, 

those systems required complex construction of protein target and 

inhibitor/translocalization signal to CRY2/CIB1 component independently. Compared 
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to those systems, inactivation by SNG is more straightforward and only requires 

fusion to a specific protein. In addition to that, SNG causes irreversible inactivation 

thus when longer-term loss of function is favored, SNG has the advantages over the 

reversible CRY2/CIB1. But one must note that this longer-term loss of function by 

SNG would only work where the dissociation rates are faster than the protein turnover 

rate. 

 

3.5 Summary 

SNG has shown its ability to perform CALI of PH domain from PLC- δ1 using the 

same experimental set up as reported CALI experiment with KillerRed. This study 

showed that green-red combination as widely used for multi-colour imaging (e.g 

EGFP-mCherry) is also useful for multi-colour CALI or cell ablation using SNG-SNR 

combination. Therefore, controlling multiple protein inactivation or cell ablation for 

function elucidation or behaviour manipulation of cell or organism will be possible to 

be achieved in a specific spatial and temporal manner. 
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4 CHAPTER 4: CONCLUDING REMARKS 

4.1 Conclusion 

Development of practical and specific photosensitizing tools to effectively inactivate 

protein/cell of interest has been keeping up with the research trend and needs. To 

enable multi-protein/cell inactivation in spatiotemporal manner as another 

advancement in CALI method, I established SNG, a monomeric green variant of 

genetically encoded photosensitizer to overcome the drawback of FMN dependency 

of miniSOG.  

 

SNG was successfully established from monomeric variant of KillerRed, SNR, by 

introducing mutation to its chromophore and other position to prevent maturation of 

the chromophore to longer emission wavelength. Characterization of SNG as 

fluorescent protein has shown that SNG is excited by blue light (~440 nm) to emit 

green (~510 nm) emission. SNG faster photobleaching than EGFP might correlate to 

its ROS generation property. Moreover, SNG is an ideal genetically encoded 

photosensitizer for fusion protein or subcellular tag due to its monomeric property. In 

vitro and in vivo assessment of SNG monomericity has shown that SNG maintain its 

monomeric property at 10 uM protein concentration and when tagged to target protein 

or subcellular localization respectively.  

 

ROS generation evaluation of SNG has shown that SNG dominantly generates ROS 

through electron transfer over energy transfer mechanism thus makes SNG produces 

O2
!-. Since O2

!- is naturally produced in living cells and underwent dismutation and 

fenton reaction to produce H2O2 and !OH respectively, manipulation of this ROS 
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concentration intracellularly would as well help us to understand ROS role in cellular 

signaling/phenomena. In that case, SNG may be a better choice over miniSOG and its 

iterations, which produce 1O2 species. 

 

Apart from type of ROS that SNG produces, SNG has been shown in this study to 

specifically inactivate protein function as demonstrated to inactivate PH domain of 

PLC- δ1. SNG is able to induce cell death as well when translocalized to matrix 

mitochondria. As a proof of concept of the advantages to have several colour variants 

of genetically encoded photosensitizer, SNG in combination with SNR is able to 

perform selective protein inactivation and cell ablation with blue and orange light 

irradiation respectively. In conclusion, establishment of SNG as a green monomeric 

photosensitizing fluorescent protein has brought new insight and new advancement to 

the optogenetic toolbox. 

 

4.2 Perspectives 

4.2.1 Simultaneous photo-induced protein inactivation and super-resolution 

imaging 

Since its establishment over decades ago, inactivation of protein by ROS has been 

improved to meet relevant needs. In its early years, photosensitizer was mostly used 

in developmental biology and cancer mechanism. In 2000s, photosensitizers are 

applied to some time specific events in single cells. More than that, photosensitizers 

also have shown its handiness in manipulating animal behaviour.  
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Currently, all advancement in imaging technique always related to improve the speed 

or resolution of the image. The reason is because people are trying to catch moments 

of fast and dynamic biological phenomena. For instance, to image cell migration, 

people are focusing of turnover and dynamic changes of cytoskeletal and motor 

proteins. To observe this kind of phenomena, indeed a real-time imaging and good 

spatial resolutions are needed. Super-resolution is an imaging technique to visualize 

cell structure with resolution below diffraction limit.  

 

After development of genetically encoded photosensitizer, nanoscale approach of 

protein inactivation becomes possible thus makes CALI method relevant to keep up 

with super-resolution imaging. The presence of SNG and other colour variants 

together with established super-resolution technique would help to reveal protein 

function in a vastly moving environment and enable visualization of the effect in a 

nanoscale range (Hell, 2003). 

 

Furthermore, individual function of a molecule is often disregarded over population 

function.  For example, DNA polymerase III is known to replicate E. coli genome but 

sometimes it is forgotten that only 10-20 molecules of DNA polymerase III 

holoenzyme are present per E. coli cell (Wu et al., 1984). How E. coli controls the 

distribution of these molecules is not yet well evaluated. Inactivation one molecule of 

those would enable assessment of what one single molecule can do to the E. coli 

replication process. Utilizing STED (Stimulated Emission Depletion Microscopy) 

(Hell and Wichmann, 1994) to illuminate single molecule of photosensitizer could 

lead to super-localized protein inactivation. This approach would be useful to target 

one single molecule of interest then to visualize the effect up to whole organism. 
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4.2.2 Potential triple photo-inducible protein inactivation and cell ablation 

Establishment of SNG has expanded KillerRed based photosensitizer colour palette. 

The three colour variants of monomeric KillerRed, which are SuperNova Red, 

mKillerOrange and SuperNova Green, could be useful to spatiotemporally 

inactivate/ablate three different types of protein/cell in spatiotemporal manner. 

Previously it was shown that 510 nm light irradiation could only induce 

mKillerOrange but not KillerRed ROS generation. As a proof, here is shown that 

applying 510 nm light irradiation to cells expressing SNG in matrix mitochondria did 

not cause any significant effect. As expected, 510 nm light irradiation killed cells 

expressing mKillerOrange (Figure 4.1). This result indicates that three colour variants 

of genetically encoded photosensitizers may be possible to use in combination. 

 

Figure 4.1. Selectivity between SNG and mKillerOrange upon 510 nm light 
irradiation. SNG and mKillerOrange phototoxicity in HeLa cells after light irradiation 
with ~1W/cm2  510 nm for 2 mins (t-test, p<0.01, n = 141 cells for SNG, 89 cells for 
mKillerOrange. Cells were counted from 4 images for SNG and 3 images for 
mKillerOrange).  
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4.2.3 Bioluminescent based photosensitizer 

Since inactivation of cell/protein within a functional organism would be useful for in 

situ loss of function observation in vivo, a demand for a tool that can perform this task 

is high. Altough utilizing currently available photosensitizer could achieve specific 

inactivation within an organism, long term light irradiation still become problematic 

since there are several endogenous chromophore that are also effective 

photosensitizers such as flavin mononucleotide and riboflavin (Bäumler et al., 2012; 

Pimenta et al., 2013). Ideally, in this situation, a light-free induced system would be 

preferable since it eliminates the unspecific phototoxic coming from excitation light 

and enable deep-tissue penetration.  

 

Currently, chemiluminescent protein that emits light through reaction with substrate 

has shown advantages to overcome those drawbacks. When combined with bright 

fluorescent protein as BRET (Bioluminescent Resonance Energy Transfer) pairs, 

these tools have been shown to be able to visualize biological phenomena in vitro and 

in vivo without excitation light (Saito et al., 2012; Suzuki et al., 2016). Since one of 

the criteria to make a good BRET pair is absorption spectral overlap between donor 

(luminescent protein) and acceptor (fluorescent protein), in this case SNG would be 

an ideal pair for the brightest chemiluminescent protein to date, NanoLuc. Huge 

spectral overlap between SNG and NanoLuc would be possible for us to make the 

first bioluminescent photosensitizer for deep tissue targeting protein/cell inactivation.  
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Figure 4.2. Spectral overlap between NanoLuc (Nluc) and SNG
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SUPPLEMENTARY DATA 

Table S1. List of oligonucleotides used in this study 

 

Y66W Forward primer 5’-TGG GGC GAG CCC TTC TTC-3’ 

Y66W Reverse primer 5’-CTG GAT CAG GTG GCA GAT GGG-3’ 

V44A Forward primer 5’-GCG CAC GCC GTG TGC GAG-3’ 

V44A Reverse primer 5’-GCG CAC GCC GTG TGC GAG-3’ 

BamHI-SuperNova Forward primer  5’ - T TAG GAT CCG ATG GGT TCA GAG GTC 
GGC-3’ 

BamHI-SuperNova Forward primer (2) 5’-GC GGA TCC ATG GGT TCA GAG GTC 
GGC CCC-3’ 

EcoRI-stop codon-SuperNova Reverse primer  5’-GC GAA TTC TTA ATC CTC GTC GCT ACC 
GAT-3’ 

BamHI-miniSOG Forward primer 5’-A ATG GAT CCG ATG GGA AAA GAG CTT 
TG-3’ 

EcoRI-stop codon-miniSOG Reverse primer  5’-AAT GAA TTC TTA TCC ATC CAG CTG 
CAC-3’ 

HindIII-SuperNova Forward primer  5’-TA AAG CTT ATGG GTT CAG AGG TCG 
GC-3’ 

BamHI-stop codon-SuperNovaΔ11 Reverse primer  5’-TA GGA TCC GGG CAC GCT GTG G-3’ 

EcoRI-SuperNova Reverse primer  5’-GTA GAA TTC TTG ATC CTC GTC GCT 
ACC GAT GGC-3’ 

AgeI-kozak-Venus Forward primer  5’-T ATA CCG GTC CGC ACC ATG GTG AGC 
AAG GGC GAG-3’ 

BglII-linker-Venus Reverse primer  5’-TA AGA TCT GAG TCC GGA CTT GTA CAG 
CTC GTC CAT GCC GAG-3’ 

XbaI-SuperNova Forward primer  5’-AAG TCT AGA ATG GGT TCA GAG GTC 
GGC C-3’ 

AgeI-kozak sequence-mNeptune Forward primer  5’-A TAC CGG TCC ACC ATG GTG TCT AAG 
GGC GAA-3’ 

BglII-mNeptune Reverse primer  5’-GC TCT AGA TTA ATC CTC GTC GCT ACC 
G-3’ 



 
 

 

Supplementary Data 1 

Several attempts have been done to introduce site directed mutagenesis to SNR or 

mKillerOrange to produce green variants other than SNG. Below is listed important 

amino acid to in KillerRed and SNR based on their crystal structure analysis 

(Carpentier et al., 2009; Pletnev et al., 2009; Takemoto et al., 2013b). 

Function Residues References 

Monomerization L1601,2, F1621,2, G31,2, N1451,2, L1721, 
M2041 

1 Takemoto et al., 2012 
2 Sarkisyan et al., 2015 
3 Pletnev et al., 2009 
4 Carpentier et al., 
2009 
5 Pletneva et al., 2015 
6 Rosny et al., 2012 

Water channel 
and ROS 
generation 

I1423, L1433, P1443, I1993, I2003, T2013, 
P693, I1993, R943, E2183, F814, M1494, 
V1574, M1814, P1924, P1544, E1904, I1994,5, 
E684, S1194, M2044, C2154, A1614 

Chromophore 
and 
surroundings 

E683,4, S1193, N1451,2,3, T2013,4,5, Q1593,5, 
F143,F423, F703, F713, Y1103, I163, Q654, 
V444, E2186, I1636, F1772,6, G2185, R945, 
D1132, Y2212, E2362 

 

Based on those collected studies above, random site directed mutagenesis were 

introduced into mKillerOrange-pRSETB with QuikChange or inverse PCR method. 

List of oligonucleotides used for this experiment is listed below: 

 

E68N Forward primer 5’-  NNS CCC TTC TTC GCC CGC TAC -3’ 

E68N Reverse primer 5' - GCC GTA CTG GAT CAG GTG -3' 

T201N Forward primer 5'- NNS AAG CAG ACG AGG GAC ACT -3' 

T201N Reverse primer 5'- GAT GAT GGT CAC GAA GTG -3' 
KillerRed Q65T Quikchange 
primer 5’- GC CAC CTG ATC ACC TAC GGC GAG -3’ 

SNR E68N Quikchange primer 5’- G ATC CAG TAC GGC NNN CCC TTC TTC -3’ 
mKillerOrange E68N 
Quikchange primer 5’- G ATC CAG TGG GGC NNN CCC TTC TTC -3’ 



 
 

Plasmids were transformed into E.coli JM109(DE3) then colonies were picked and 

spreaded onto cover glass. Emission spectra of the protein expressed on the colonies 

were taken with confocal microscope (FV1000, Olympus) equipped with 488 nm 

excitation light (multi-Argon ion laser). Below is shown the emission spectrum of 

several mutated SNG and mKillerOrange.  

 

Figure S1. Emission spectrum of SNG and several mutated versions of SNG and 

mKillerOrange in E. coli cells taken with 488 nm laser excitation light. 

 

Due to the presence of maturated orange chromophore in SNG, excitation with 488 

nm light results in ~550 nm emission peak. Noted several additional mutation into 

SNG resulted in blue-shifted emission peak, presumably indicates fully immatured 

form of intermediate green chromophore. Other trials on site directed mutagenesis did 

not show any emission changes during screening process (data not shown). 

 



 
 

 


