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ABSTRACT 

This thesis reports the study of flavin-binding fluorescent proteins as genetically encodable 

singlet oxygen photosensitizers in photodynamic therapy.  

Biological photosensitizers are a powerful alternative to conventional light-sensitive drugs 

owing to their superior targeting potential and localized accumulation in critical organelles, 

conferred by the genetic control of cell expression. A novel family of fluorescent proteins 

encasing flavin mononucleotide as the chromophore is gaining much attention since 

flavoproteins produce higher amounts of singlet oxygen than the proteins derived from the 

green fluorescent protein family. In this work, the photophysical, photosensitizing and 

antimicrobial properties of eleven flavoproteins derived from different organisms have been 

evaluated. All the proteins studied are capable of producing singlet oxygen and most of them 

are highly phototoxic when expressed in E. coli cells. Although they encase the same 

chromophore, their photophysical properties differ remarkably from one protein to another. For 

example, some of them are efficient photosensitizers and kill bacterial cells but show rapid 

photobleaching. Others produce little amounts of singlet oxygen but exhibit high photostability. 

The results presented herein expand the toolbox of photoactive flavoproteins and provide 

valuable guides for choosing the best candidate for a given application. 

MiniSOG was the first flavoprotein rationally developed for singlet oxygen applications. Since 

then, it has been a matter of intense research; however, its photochemistry is complex and a 

number of controversial observations and fundamental questions remain unexplained. The 

combination of structural and spectroscopic studies has allowed to rationalize its modest singlet 

oxygen production, elucidate the transformations that it undergoes upon photolysis and 

establish a sound scientific basis for the rational design and development of new genetically 

encoded singlet oxygen photosensitizers. Novel miniSOG mutants with improved 

photosensitizing properties have been characterized as well as flavoprotein heterodimers that 

combine complementary photophysical properties. It has also been demonstrated that miniSOG 

and selected mutants induce mammalian cell killing selectively upon light exposure and that it 

is possible to combine photoactive proteins with fluorescent cell reporters.  

The application of photodynamic therapy for the treatment of melanoma remains one of the 

main challenges in the biomedical sciences. In this study, miniSOG has been selected to test the 

suitability of the genetically encoded approach in melanoma cell lines. Unfortunately, it has not 

been possible to ascertain the correct expression of the photoactive protein, which has 

prevented further studies and the possibility of drawing conclusions.  



RESUMEN 

Esta tesis profundiza en el estudio de proteínas fluorescentes que unen flavina como 

compuestos fotosensibilizadores de oxígeno singlete codificables genéticamente para su uso en 

terapia fotodinámica. 

Los fotosensibilizadores biológicos son una poderosa alternativa a los fármacos 

convencionales sensibles a la luz debido a su mayor especificidad frente a células sanas y a su 

capacidad para acumularse en orgánulos críticos, gracias al control genético de la expresión 

celular. Una nueva familia de proteínas fluorescentes que encapsulan el mononucleótido de 

flavina ha despertado un gran interés por su mayor capacidad de generar oxígeno singlete en 

comparación con la proteína verde fluorescente y sus derivados. En este trabajo se han evaluado 

las propiedades fotofísicas, fotosensibilizantes y antimicrobianas de once flavoproteínas 

provenientes de diferentes organismos. Todas ellas producen oxígeno singlete y la mayoría son 

altamente fototóxicas una vez expresadas en células E. coli. Aunque comparten el mismo 

cromóforo, las propiedades fotofísicas difieren notablemente de una a otra proteína. Por 

ejemplo, algunas son fotosensibilizadores eficientes y destruyen las células bacterianas, pero 

fotoblanquean rápidamente. Otras producen pequeñas cantidades de oxígeno singlete, pero 

son más fotoestables. Los resultados obtenidos amplían el abanico de flavoproteínas fotoactivas 

disponibles y proporcionan una guía útil para elegir la mejor opción para cada aplicación. 

MiniSOG fue la primera flavoproteína racionalmente desarrollada para generar oxígeno 

singlete. A pesar de haber sido analizada en numerosos estudios, su fotoquímica es compleja y 

hay observaciones controvertidas e incógnitas que restan por resolver. Su caracterización 

estructural y espectroscópica ha permitido comprender los factores que limitan su modesta 

producción de oxígeno singlete, dilucidar las transformaciones que sufre bajo irradiación y 

establecer una base científica sólida para el desarrollo de nuevos fotosensibilizadores 

codificados genéticamente. Además, se han caracterizado nuevos mutantes de miniSOG más 

eficientes así como heterodímeros de flavoproteínas que combinan propiedades fotofísicas 

complementarias. También se ha demostrado que miniSOG y ciertos mutantes inducen 

selectivamente la muerte de células de mamífero cuando se iluminan con luz azul y que es 

posible combinar proteínas fotoactivas con reporteros fluorescentes de procesos celulares. 

La aplicación de la terapia fotodinámica para el tratamiento del melanoma sigue siendo uno 

de los principales desafíos en la biomedicina. En este estudio se ha propuesto la expresión de 

miniSOG para tratar celulas de melanoma. Sin embargo, no ha sido posible comprobar la 

expresión correcta de la proteína fotoactiva, por lo que no se ha podido evaluar la idoneidad del 

enfoque ni sacar conclusiones adicionales.  



RESUM 

Aquesta tesi profunditza en l'estudi de les proteïnes fluorescents que uneixen flavina com a 

fotosensibilitzadors d'oxigen singlet codificables genèticament per a la teràpia fotodinàmica. 

Els fotosensibilitzadors biològics són una alternativa poderosa als fàrmacs convencionals 

sensibles a la llum degut a la major especificitat front a cèl·lules sanes i a la capacitat d’acumular-

se preferentment en orgànuls crítics, gràcies al control genètic de l'expressió cel·lular. Una nova 

família de proteïnes fluorescents que contenen mononucleòtid de flavina com a cromòfor ha 

despertat molt d’interès ja que produeixen majors quantitats d'oxigen singlet que la proteïna 

verda fluorescent i els seus derivats. En aquest treball s'han avaluat les propietats fotofísiques, 

fotosensibilitzants i antimicrobianes d'onze flavoproteïnes provinents de diferents organismes. 

Totes les proteïnes estudiades són capaces de produir oxigen singlet i la majoria són altament 

fototòxiques quan s'expressen en cèl·lules E. coli. Malgrat que comparteixen el mateix cromòfor, 

les propietats fotofísiques de les proteïnes difereixen notablement d'una a l'altra. Per exemple, 

algunes són fotosensibilitzadors eficients i són capaces de provocar la mort de cèl·lules 

bacterianes però fotoblanquegen ràpidament. D’altres produeixen petites quantitats d'oxigen 

singlet però exhibeixen una elevada fotostabilitat. Els resultats presentats en aquest treball 

amplien el ventall de flavoproteïnes fotoactives i proporcionen una guia útil per triar la millor 

opció per a cada aplicació. 

MiniSOG va ser la primera flavoproteïna desenvolupada racionalment amb l’objectiu de 

produir d'oxigen singlet. Des de llavors ha estat emprada en nombrosos estudis, però les seves 

propietats fotoquímiques són complexes i encara resten qüestions pendents de resoldre. 

Mitjançant estudis estructurals i espectroscòpics s’ha aconseguit racionalitzar la seva modesta 

producció d’oxigen singlet, dilucidar les transformacions que experimenta quan s’irradia amb 

llum i establir una base científica sòlida pel desenvolupament racional de nous 

fotosensibilitzadors d'oxigen singlet codificats genèticament. Així mateix, s'han caracteritzat 

nous mutants de miniSOG més eficients, així com heterodímers de flavoproteïnes que combinen 

propietats fotofísiques complementàries. També s’ha demostrat que miniSOG i certs mutants 

indueixen selectivament la mort de cèl·lules de mamífer quan s’il·luminen amb llum blava, i que 

és possible combinar proteïnes fotoactives amb reporters fluorescents de processos cel·lulars.  

L'aplicació de la teràpia fotodinàmica pel tractament del melanoma continua sent un dels 

principals reptes biomèdics. En aquest estudi, s’ha proposat utilitzar miniSOG per tractar 

cèl·lules de melanoma. Lamentablement, no ha estat possible comprovar l’expressió correcta 

de la proteïna fotoactiva, pel que no s’ha pogut avaluar la idoneïtat de la proposta ni extreure’n 

conclusions. 
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CHAPTER 1 
 

 

 

Introduction 
 

 

 

A general introduction to the subject of the thesis is given in this chapter, and the 

main objectives are described. The molecular basis, as well as the components that 

constitute the photodynamic approach for the treatment of cancer and microbial 

infections, are discussed. Its current limitations and the novel strategies that are 

being developed to overcome them are also revised. Special attention is given to 

biological photosensitizers and the promising advantages that genetic control 

offers. Relevant contributions and the state of art of genetically encoded systems 

are reviewed and future directions for more efficient outcomes are presented.  

 

 

 

Sometimes it’s the very people no one imagines anything of 
who do the things that no one can imagine.  

Alan Turing 
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1.1. Photodynamic Therapy: an overview 

The therapeutic use of light has a long history. Thousands of years ago, ancient cultures used 

the combined action of plant extracts with sunlight in attempts to treat various diseases. 

However, phototherapy disappeared for many centuries and it was not until the end of the 

1800s that the beneficial effects of light were rediscovered.1,2 For more than a hundred years, 

photodynamic therapy (PDT) has been a matter of extensive research and over the last four 

decades it has become a powerful therapeutic tool in modern medicine and surgery, and new 

technology and promising applications continue to be discovered. 

PDT is a currently clinically approved, minimally invasive medical treatment against solid 

tumors and localized microbial infections.3 It relies on the combination of three individually non-

toxic components: (1) a phototoxic agent referred to as photosensitizer (PS), (2) light of a specific 

wavelength, which is specifically absorbed by the PS and (3) molecular oxygen (O2). Light 

excitation of the PS leads to the local formation of cytotoxic reactive oxygen species (ROS) that 

are responsible for tumor-associated vascular damage, activation of antitumor immune 

responses and the killing of the tumor cells or microbial cells.3–5  

 In PDT, the PS concentrates predominantly within the malignant tissue and then light is 

applied focused on the lesion during a controlled time. Moreover, ROS are short-lived species 

that rapidly react with nearby biomolecules. Therefore, the therapeutic action is limited and 

confined in time and space to the illuminated region, providing high specificity and selectivity 

and reducing the adverse side-effects. In addition, PDT can also be applied in conjunction with 

other clinical modalities (e.g., post-surgery). Noteworthy, the multi-target approach of PDT, 

derived from the high reactivity and non-specificity of ROS is believed to hamper the 

development of cellular defense mechanisms or resistances.6 In this regard, PDT is particularly 

attractive for diseases that are resistant to conventional treatments, such as for aggressive types 

of cancer.6 All these advantages have stimulated and triggered the use of PDT in the modern 

medicine as an attractive alternative to conventional treatments for cancer and also microbial 

infections. Clinical success of PDT has been reported, however, it is not widespread due to some 

limitations. The current drawbacks of PDT as well as the novel smart strategies developed to 

render it a more effective and more widely available option are reviewed and discussed in the 

following sections. 
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1.2. Molecular basis of photodynamic therapy 

The photophysical processes in PDT are illustrated in the Jablonski diagram (Figure 1.1). In 

the ground state, the PS molecule (1PS0) is a singlet because it has two electrons with opposite 

spins. Upon absorption of light with the appropriate quantum energy or wavelength (λ) one 

electron is shifted to a higher-energy orbital, yielding an excited singlet state (1PS*). The 

electron rapidly falls to the first excited singlet state (1PS1*), via vibrational relaxation (VR) or 

internal conversion (IC). These processes are called non-radiative because there is no light 

emission and the energy is dissipated as heat. Singlet states are usually very short-lived (~10-9 

s) since the spin number is preserved in both states. From 1PS1*, the molecule may return to 
1PS0 either as emission of light, a process called fluorescence or as production of heat, via IC. 

According to Kasha’s rule, fluorescence emission starts from the lowest vibrational level of 1PS1* 

and therefore the spectrum does not depend on the light wavelength used for excitation. 

Moreover, the emitted light has lower energies (and λ) than those used for excitation. This 

energy difference is known as the Stokes shift. From 1PS1* the electron may also undergo a 

process called intersystem crossing (ISC) to the excited triplet state (3PS*) with parallel spins. 

Triplet states are relatively long-lived (10-6 to 1 s) because the transition to the singlet ground 

state is a “spin forbidden process” due to the change in spin number. As a consequence, 

competing to non-radiative (back ISC to the singlet state) and radiative (phosphorescence) 

processes, the long lifetime of 3PS1* allows it sufficient time to react with molecules nearby. 

Photochemical reactions are therefore more likely to occur from triplet states than from the 

short-lived singlet states. These reactions are generally classified in Type-I and Type-II for 

electron transfer and energy transfer processes, respectively (Figure 1.1).  

 

Figure 1.1. Jablonski diagram illustrating the photophysical processes in PDT. 1PS and 3PS denote singlet and 
triplet excited states, respectively. VR: vibrational relaxation; IC: internal conversion; ISC: intersystem crossing; 
2PA: two-photon absorption; TA: triplet absorption.  
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Most PSs are capable of undergoing both processes whereby the outcome of the 

competition being strongly conditioned by the PS micro-environment. Type-I processes involve 

an electron transfer to the triplet state PS from another substrate, initiating a cascade of radical 

reactions which in the presence of O2 may culminate in the formation of various types of ROS, 

including the hydroxyl radical (HO•) or the superoxide radical anion (O2
•‐). This latter is not 

particularly reactive in biological systems and only reacts at a few specific protein sites,7,8 but it 

can react to produce hydrogen peroxide (H2O2), which can easily pass through biological 

membranes and induce damage in different cellular compartments, reacting particularly with 

cysteine residues.9 Type-II reactions comprise the transfer of energy from the 3PS* to triplet 

ground state molecular oxygen, which is unique in being a triplet in its ground state and is 

typically denotes ad 3O2. This step leads to the formation of the highly reactive singlet oxygen 

(1O2). During this process, the sensitizer returns to the ground state and it is then ready to 

absorb another photon, catalytically restarting the photosensitization cycle.10 Indeed, it has 

been estimated that the turnover rate can be as high as 106 or 107 cycles per second per 

molecule of PS,11 although photobleaching and photodegradation processes are frequently 

unavoidable and lead to the loss of the photosensitizing ability. Most PSs used in PDT are 

thought to act through Type-II reactions, which are mechanistically more simple than Type-I. 

Therefore, 1O2 is regarded as the central molecule causing oxidative cellular damage3,12 and 

significant efforts are actively being made to develop methods for improving its generation and 

detection. 

Other authors have also claimed the participation of Type-III and Type-IV mechanisms in PDT 

in which direct tissue damage is achieved in the absence of oxygen.13 In Type-III reaction, a 

process called triplet-doublet interaction is produced between the activated PS and native free 

radicals present in the system as a result of biochemical processes.14 This process, also known 

as the modified Type I (MTO) mechanism, is suggested to compete, although to a lesser extent, 

with Type-I and Type-II photosensitization.15 The Type-IV mechanism involves a PS that cannot 

initially bind to its molecular target, however, upon light excitation it undergoes intramolecular 

remodeling (by photoisomerization) that then allows the binding to its cellular target site.13  

Novel approaches for PDT are based on the so-called two-photon absorption (2PA) or two-

photon excitation (2PE) process. It involves the excitation of a molecule in the ground state to 

an excited state upon the simultaneous absorption of two photons of lower energy than the 

energy gap between the two states16 (Figure 1.1, dark red arrows). If the excited molecule is 

fluorescent, it can emit a single photon of fluorescence as if it were excited by a single higher 

energy photon. Alternatively, the excited singlet state can undergo ISC to the excited triplet 



Chapter 1   

6 
 

state and further react with surrounding molecules as described previously for single-photon 

excitation.  

2PA is a nonlinear process.17 This is because it depends on the two photons both interacting 

with the molecule nearly simultaneously (10–16 s),17 resulting in a quadratic dependence on the 

light intensity rather than the linear dependence of conventional single-photon excitation. In 

other words, the probability of 2PA is extremely small and it is only achieved with high-intensity 

laser pulses focused at a very small volume (focal point).16 Away from the focal plane, the 

probability drops off rapidly so that no appreciable excitation of the molecules occurs. 

Therefore, 2PA provides an alternative to improve the spatial precision of the treatment as well 

as to achieve deeper tissue penetration as a result of the long wavelength light used for 

excitation, as described below. These advantages have been extensively exploited for 

microscopy, however, the use of 2PA in PDT has been typically limited due to the low two-

photon cross-sections of the PSs available,18,19 which characterizes the probability of the 

simultaneous absorption of two photons whose energies add up to match the molecular 

transition energy.20 The development of new PSs with improved 2PA properties has reactivated 

the interest for the 2PA-PDT application and it has already shown encouraging results,3,21 

including the precise targeting of individual blood vessels,22 and to enhance the efficiency of 

the treatment deep in tumor xenografts.23 Furthermore, 2PA-PDT has been suggested as a 

promising approach to overcome light attenuation limitations, such as in pigmented melanoma 

tumors,3 although there has been no report on 2PA-PDT for melanoma so far.24 

 

1.3. Light, singlet oxygen and photosensitizers in photodynamic therapy 

a) Light  

The use of light for healing offers several advantages as compared to conventional 

treatments based on chemical systems that induce biological responses. Light is readily 

modulated in space, time, frequency (or wavelength) and intensity, allowing for precise 

stimulation of a system with exceptional spatiotemporal resolution. In addition, light is an 

inexpensive, highly specific and immediate substrate that can be delivered or removed 

completely by the flick of a switch.  

The increasing attention towards PDT has stimulated the development of advanced optic 

systems that can deliver light within the sub-millisecond scales and with the spot size down to 

the theoretical diffraction limit.25,26 Numerous light sources are currently available, ranging 

from broadband sources (lamps) to lasers of specific wavelengths. Laser light can be delivered 
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to areas inside the body through fiber optic cables (thin fibers that transmit light). Both lamps 

and lasers have been employed in PDT and the superiority of one over the other has not been 

demonstrated.27 Therefore, the choice of the light source depends on the specific application 

(i.e., the location of the tumor, the light dose required or the PS employed).  

However, the use of light in therapy has also some limitations. Because PDT depends on 

localized light delivery, it is essential that light reaches the targeted tissue. This may seem quite 

obvious, but in practice, it turns out to be the primary drawback that hampers a broader and 

more efficient application of PDT. Tumors localized in internal organs such as lungs or 

esophagus must be illuminated using a fiber optic cable that can be inserted through an 

endoscope. However, illuminating the surface of the tumor tissue is usually not enough for an 

effective treatment. This is because light interacts with tissues by processes such as refraction, 

reflection, absorption and scattering that result in attenuation of the incident light energy.28 

Moreover, there are several endogenous chromophores in tissues, including hemoglobin 

derivatives and melanin, that have strong absorption of visible light (i.e., light comprised within 

the range of 400 – 700 nm of the electromagnetic spectrum and responsible for the sense of 

sight to the human eye). In addition, light of longer wavelengths (infrared, IR) is absorbed by 

water molecules present in tissues. As a consequence, effective penetration depth is limited 

and wavelength-dependent. Endogenous chromophores have a minimal absorbance in the 

region between approximately 600 and 1400 nm, which is often called the optical or 

therapeutic window. (Figure 1.2). However, light of wavelength longer than 850 nm has not 

sufficient energy to produce 1O2,29 so the active optical window is narrowed to 850 nm as the 

upper limit. For this reason, red and near-infrared (NIR) lights are preferentially selected to 

perform PDT, however, the treatment is not limited to these wavelengths, particularly for 

superficial lesions.  

 

Figure 1.2. A) Absorbance of endogenous tissue chromophores and the optical window range. Adapted from 
Ref. 28. B) Wavelength dependency of light penetration in tissues. Adapted from Ref. 30.  
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b) Singlet Oxygen. Formation, detection and biological implications 

Molecular oxygen (O2) is a diatomic homonuclear molecule which constitutes 21% of Earth’s 

atmosphere and is indispensable for aerobic life. Despite being the second most electronegative 

element in the periodic table, it is rather inert. This is because O2 has a triplet electronic 

configuration in its ground state (3O2),31,32 and thus its reaction with spin singlet reactants (1R-H) 

is forbidden in terms of the spin angular momentum since the spins of the reactants are not 

conserved in the products33,34 (Scheme 1.1). 

 

Scheme 1.1. Reactivity of triplet and singlet state molecular oxygen. 

 

The first two electronically excited states of O2 are known as the first and the second excited 

states, designed as 1∆g and 1Σg
+, respectively, and are both singlet.35 The excited states lie 

approximately 94 kJ mol-1 and 157 kJ·mol-1, respectively, above the ground state36,37 (Figure 1.3). 

Because of the large amount of energy needed to reach 1Σg
+ and its very fast conversion 

(~picoseconds) to the first singlet excited state,38 the 1∆g state is the primary species involved in 

most chemical and biological applications. For this reason, 1O2 (1∆g) is therefore commonly 

referred to as singlet oxygen and expressed as 1O2 to simplify the nomenclature. 

 

Figure 1.3. Schematic representation of the electronic states of molecular oxygen. 

 

1O2 can be generated in a variety of ways,32,39 however, photosensitization is the most 

common, convenient and controllable method, requiring only O2, light of a specific wavelength 
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and a PS, as described previously. The photosensitized production of 1O2 via the Type-II 

mechanism is essentially a two-step process in which light is first absorbed by a PS resulting in 

the formation of the sensitizer’s triplet state, 3PS*, and then the energy is transferred to ground 

state triplet oxygen, (Scheme 1.2).  

 

Scheme 1.2. Two-step process for 1O2 photosensitization. 

 

The 1O2 generating ability of a PS is measured by its quantum yield (Φ∆) and is determined by 

three factors,40,41 according to Equation 1.1. (i) the ability of PS molecules to undergo ISC to 

produce 3PS*, named quantum yield of triplet formation (ΦT), (ii) the ability of O2 to trap 3PS* 

molecules, expressed by 𝑃𝑃T
O2, and (iii) the efficiency of energy transfer from 3PS* to O2, 𝑓𝑓T,∆

O2.  

𝛷𝛷∆ =  𝛷𝛷T 𝑥𝑥 𝑃𝑃T
O2  𝑥𝑥 𝑓𝑓T,∆

O2       Equation 1.1. 

1O2 is an elusive molecule and its detection and quantification have long been a major 

challenge in the field of ROS chemistry. Once produced, 1O2 can undergo non-radiative decay, 

react oxidizing surrounding molecules or emit NIR phosphorescence, around 1275 nm. This 

latter is the only one direct method to detect 1O2 and has become a highly valuable spectroscopic 

tool.41,42 The NIR phosphorescence of 1O2 is extremely weak and requires very sensitive NIR 

detectors, however, modern time-resolved detection systems endowed with higher sensitivity 

have allowed not only the confirmation of its presence but also detailed information on its 

formation and decay kinetics (Figure 1.4). 

 

Figure 1.4. A) Near-infrared phosphorescence spectrum of 1O2. B) Rise-and-decay time-resolved NIR 
phosphorescence signal in water. Image from Ref. 41.  
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Indirect detection methods are based on the high reactivity of 1O2 towards organic 

compounds, inducing chemical transformations that can be analyzed by different techniques, 

such as photothermal and photoacoustic methods, electron-paramagnetic resonance (EPR), 

microwave spectroscopy or absorption and emission spectroscopy, among others.32,43 In 

particular, spectroscopic methods have gained much attention because of their high sensitivity, 

simplicity in data collection, and high spatial resolution in microscopic imaging techniques.44,45 

They are typically based on chemical probes that react with 1O2 yielding an oxidized product that 

can be detected by means of absorption or fluorescence techniques. A great variety of 1O2 traps 

have been developed and extensively used,46 however, there are some drawbacks regarding 

their specificity and cross-reactivity with other ROS that limit their broader expansion.  

In biological systems, 1O2 is produced by chemical, enzymatic and photosensitized reactions 

and it functions as a double-edged sword, ranging from cell proliferation to cell death.47–49 For 

instance, low levels of 1O2 and other ROS play important roles in maintaining cell homeostasis, 

acting as signaling messengers and also protecting our body from invading organisms.50–53 Cells 

have a variety of redox regulatory mechanisms to regulate the balance between the formation 

and elimination of 1O2 and other ROS. However, these mechanisms may not be capable of 

neutralizing all the ROS generated, particularly when acute levels of ROS are produced 

unexpectedly. 1O2 is highly reactive towards different cellular components, including proteins, 

membrane lipids, as well as DNA and RNA and rapidly oxidizes the biomolecules in close 

proximity to its production site,6,54,55 (Figure 1.5). The imbalance between the amount of ROS 

generation and the defensive scavenging processes produces the so-called oxidative stress 

processes that may cause damage to some cellular constituents leading to cell death as the 

ultimate consequence.  

 

Figure 1.5. Main biological targets of 1O2-induced photooxidation. 
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c) Molecular photosensitizers 

Most of PSs used in PDT are commonly organic molecules with highly delocalized π‐orbitals 

capable of transferring electrons or energy to O2. A PS should ideally be a pure compound 

endowed with the following properties (i) efficient triplet formation (ΦT); (ii) long triplet excited 

state lifetime (τT) to increase the probability to react with O2 and (iii) to have a triplet excited 

state of appropriate energy (ET>95 kJ·mol-1) to allow for efficient energy transfer to ground state 

O2.56 Additionally, other desired properties include: (iv) high extinction coefficients (Ɛ) in the 

spectral region of the light excitation, ideally in the therapeutic window, (v) high photostability, 

(vi) water solubility, (vii) no dark toxicity and (viii) relatively rapid clearance from healthy tissues.  

Typical PSs in PDT are cyclic tetrapyrroles, comprising substituted derivatives of porphyrin, 

chlorin, and bacteriochlorin (Figure 1.6A). Indeed, the first PS clinically approved for PDT was a 

porphyrin named ‘hematoporphyrin derivative’ or Photofrin®. However, Photofrin® is far from 

being an ideal PS because it is a mixture of compounds whose precise composition is not known, 

it has a relatively low absorbance in the red region of the spectrum and it induces long-lasting 

skin photosensitivity.57 This has stimulated intense research during the last years and a palette 

of photosensitizing compounds have been developed, covering a broad part of the 

electromagnetic spectrum, from the ultraviolet (UV) with aromatic ketones to the NIR with 

porphyrin-like compounds and its derivatives (Figure 1.6B).  

 

Figure 1.6. A) Chemical structures of porphyrin, chlorin and bacteriochlorin. B) Spectral diversity of selected 
PSs: i) Phenalenone; ii) Flavin mononucleotide; iii) Green Fluorescent Protein’s chromophore; iv) Rose Bengal; 
v) Methylene Blue and vi) expanded Porphycene. 
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However, despite the considerable research effort and promising advances in the design and 

synthesis of novel PSs, only a relatively small number of photosensitizing drugs have received 

approval for clinical use so far.58 This is due to some typical drawbacks that have long precluded 

their broader application in PDT. First, poor water solubility and high toxicity-inducing side 

effects of most organic PSs hampers its direct administration to the patient. In this regard, smart 

strategies in nanomedicine have been developed to deliver the PS to the target tissue by means 

of a carrier vehicle that also protects it from external factors.59 Several nano-sized drug delivery 

systems have been engineered and including metal and ceramic nanoparticles, liposomes, 

micelles, proteins and dendrimers and have been successfully applied in various biological 

fields.59–62 

 

The second major limitation lies on the difficulties to precisely control the localization of the 

PS in the tumor tissue. It is critical to selectively induce damage only to the malignant tissue and 

not to the surrounding healthy cells. However, because ROS are intrinsically non-specific, both 

healthy and unhealthy cells will be damaged equally if the PS is randomly distributed. Moreover, 

since light can diffuse through tissues, it is highly unlikely to specifically irradiate tumor cells (i.e. 

healthy cells in or proximal to the lesion are also irradiated). Modifications on the PS itself and/or 

on the nanovehicle are the most common approaches for targeting the drug to a specific 

location. Targeted-PDT and photoimmunotherapy (PIT) are new modalities for light therapy that 

have attracted much attention in the recent years because provide higher selectivity towards 

malignant cells.61,63,64 They are commonly based on the functionalization of the surface of the 

delivery system with specific ligands that bind with high affinity to specific biomolecules that are 

unique or overexpressed in target cells. Frequently used ligands include antibodies and antibody 

fragments, proteins and peptides and small molecules such as folic acid and sugars.65–67 

However, limited reproducibility of the conjugate synthesis and the loss of activity of the 

antibody or the PS are still unsolved disadvantages of this approach. 

Once the PS is selectively delivered to the target cells, it is fundamental, of course, that the 

ROS produced upon illumination induce sufficient damage to cause cell death. For this reason, 

PSs that generate 1O2 in high yield have been typically sought as potential candidates for PDT. 

While producing high amounts of 1O2 will undoubtedly induce some degree of cell damage, it 

may not be enough to kill the cells. This is due to the presence of antioxidant compounds and 

the activation of other defense mechanisms upon induction of oxidative stress. Interestingly, 

the cellular response to photodamage is strongly dependent on multiple factors of which PS 

localization is the key for the outcome of the treatment.54,56,68 It is known that certain cellular 

organelles are more critical for the cell survival and, indeed, organelle-targeted PSs that 
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specifically accumulate in these hypersensitive subcellular locations have provided higher levels 

of photodamage.69 Examples of targeted organelles include the cell nucleus,70 the plasma 

membrane,71 mitochondria72,73 and lysosomes.74 In addition, the intracellular site of 

photodynamic action plays a significant part in the fate of the cell. And even though 

photodynamic action affects many targets, three major mechanisms of cell death have been 

described: apoptosis, necrosis and autophagy. For instance, photodamage at mitochondria and 

lysosomes has been reported to induce apoptosis; photodynamic action at the ER elicits 

autophagy; whereas targeting to the plasma membrane induces necrosis.3,54,75 

Of course, targeting an intracellular organelle implies that the PS have to diffuse throw the 

cell membrane either by passive diffusion or active uptake. However, some organic dyes are not 

cell permeable, which typically results in a weaker phototoxic effect (Figure 1.7). This is because 

the oxidative damage of proteins and fatty acids appears only at the localization site,76,77 due to 

the high reactivity, short lifetime and limited diffusion of the generated ROS, as described 

previously. In addition, although significant improvements have been made to provide 

controllable photosensitization in specific organelles, these strategies still show some off-target 

effects from nonspecific localization. In this regard, it is recognized that the precise localization 

of chemical PSs are only relative and distribution in multiple subcellular sites are quite 

common.78,79 More severely, mitochondria-targeted PSs have been reported to induce severe 

dark toxicity, probably due to the highly cationic nature of the molecules required to cross the 

negative potential mitochondrial membrane.80,81 Moreover, nuclear-targeted PSs are also not 

favorable because of the high risk of causing genetic variation.54,82 Therefore, selectively 

targeting PSs with high specificity and low potential for side effects remains an essential goal in 

PDT-associated cancer therapy.79 

 

Figure 1.7. Schematic representation of the interactions between PS molecules and cell membrane. PSs capable 
of crossing the lipid bilayer can be targeted to specific organelles such as mitochondria to induce higher 
photodamage.  
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1.4. Antimicrobial photodynamic therapy  

Over the last decades, infectious diseases have become a global threat, causing about 17 

million annual deaths.83 The rise in the malignancy of pathogenic infections is commonly 

attributed to the appearance of new diseases as well as to the re-emergence of infections 

previously controlled. Moreover, the excessive or inappropriate prescription of antibiotics and 

the failure of some patients to complete their treatment regimens have contributed significantly 

to a worldwide inexorable growth of multi-drug resistant bacteria. The situation has reached a 

global emergency limit and it is finally acknowledged by all the leading health organizations and 

governments that the currently available antibiotics will no longer be effective against certain 

pathogens. In this line, a report from 201484 garnered much attention when it delivered the 

alarming forecast that by 2050, 10 million more people would be expected to die every year if 

resistance was kept to today’s level, that is, more than 300 million premature deaths, and an 

estimated cost of 100 trillion USD to the world economy. It is absolutely and urgently needed to 

develop new methodologies for the treatment of infectious diseases.85,86 

The antimicrobial properties of the light therapy were first reported at the beginning of the 

twentieth century, however, their potential has been largely unappreciated. Now, at the end of 

the antibiotic era, antimicrobial photodynamic therapy (aPDT) (also named photodynamic 

inactivation, PDI) emerges as a safe, easy to implement and up-and-coming alternative to treat 

localized infections87 (Figure 1.8).  

 

Figure 1.8. Timeline for conventional and photoantimicrobial discovery. Image from Ref. 88. 
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Likewise for PDT of cancer, aPDT relies on the combination of light, O2 and a PS. Again, the 

non-specificity of the ROS simultaneously attack various biomolecular targets offering both 

multiple and variable sites of action. The locally and rapid oxidation of cellular compounds 

provides two tremendous advantages as compared to conventional chemical antibiotics. First, 

aPDT is a broad-spectrum therapy which has been proven effective against different families of 

microbial pathogens,89 including bacteria, virus, fungi and other parasites, while antibiotics are 

only effective towards bacterial infections (Figure 1.9). Moreover, the photodynamic action 

exerts its killing effects much more rapidly than conventional agents that might take hours or 

days to become active, even against susceptible strains. Secondly, the multi-target approach 

also circumvents conventional mechanisms of resistance and inhibits the development of 

resistance to the agents.88 The high and non-specific reactivity of ROS prevents bacteria to react 

adequately by overexpression of a protective protein shield. For this reason, aPDT has long been 

believed to completely avoid any resistance, however, recent works have already reported initial 

signs of defending mechanism after the treatment.90,91  

 

Figure 1.9. Broad-spectrum treatment of localized infections with aPDT, contrarily to the limited use of 
antibiotics. Image from Ref. 89. 

 

Most of the PSs described for PDT have also been employed for performing aPDT. Novel PSs 

are smartly designed so they selectively bind to microbial cells, while not binding to host 

mammalian cells.92 This is generally achieved by using cationic PSs, taking advantage of the 

negative charges that are present in the cell envelope of many microorganisms (i.e Gram-

negative bacteria). In addition, the binding of the PS to the microbial cells is relatively rapid, 

while uptake of the cationic PS by mammalian cells is slow.89,93 Although less specific, neutral or 

anionic PSs are also employed for aPDT as they bind efficiently to the cytoplasmic membrane of 

Gram-positive bacteria, which is surrounded by a relatively porous peptidoglycan layer that 

allows PS to cross. There are no particular target structures (e.g. enzymes, chromosomes, 

ribosomes) in aPDT, however, as described previously, the efficiency of the treatment strongly 
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depends on the localization of the PS, being much more phototoxic when found within the cell 

membrane or inside the cell that when it remains dissolved in the external media. Therefore, 

the biochemical composition of cell walls plays an essential role in the inactivation of bacteria 

and it frequently limits the use of certain PSs. For instance, there are several examples of anionic 

PSs that killed Gram-positive bacteria but did not inactivate Gram-negative cells.94–96  

Although new and improved PSs are being synthesized and reported, exogenously applied 

dyes have several intrinsic limitations as PS, including their poor water solubility, selectivity and 

restricted membrane permeability. Furthermore, identification of the sites of binding of the 

photosensitizing molecules in bacteria is a complicated issue to address with conventional 

microscopy due to the limit of resolution.97,98 This type of information is generally retrieved from 

indirect experimental evidence, based on the efficiency of cell inactivation, photophysical 

measurements, and laborious analysis of cell damage products. Methods for direct observation 

of the drug localization to verify its internalization are highly desired but not widely available yet 

for routine spectroscopic techniques. Therefore, alternative PSs with exclusively selectivity 

towards bacteria, improved cell permeability and novel approaches to ensure their internal 

localization and higher cell-killing efficiency still need to be developed. 

 

1.5. Genetically-encoded photosensitizers as biological drugs 

Despite significant efforts have been made and smart approaches have been designed to 

address the main limitations of conventional and currently available PSs both for cancer and 

antimicrobial PDT, these drawbacks are still a real and unresolved problem that precludes their 

widespread use. Unfortunately, some of these limitations seem to be intrinsic and irretrievably 

linked to all externally-administered PSs. For this reason, research attention has focused on 

light-active endogenous compounds that are already present in biological systems in order to 

find potential PSs. There is a variety of natural-occurring chromophores, including amino acids, 

flavins, bilirubin or porphyrins in the human body.99,100 Although these compounds are reported 

to induce photodamage in the long term (e.g., photoaging),100 they are not particularly efficient 

PSs due to deactivation processes that occur when they are bound to other biomolecules. 

Therefore, direct excitation of purely endogenous chromophores does not provide a feasible 

alternative for PDT applications and other roads have been explored.  

A major approach relies on the ability to alter the cell function and behavior by means of 

genetic manipulation, which has led to considerable advances in cell biology.101 However, 

classical genetic approaches (including overexpression, RNA interference (RANi) and 
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knockdown/knockouts) typically offer little control over spatial or temporal variation in a target 

pathway, and cannot be applied during development or house-keeping genes in general.102,103 

On the other hand, the use of light to induce biological transformations offers unprecedented 

precision for the study of cell events in time and in space and has opened up a new window for 

a different range of applications in the biomedical field. The use of light to control cells in living 

tissue, which has been genetically modified to express light-sensitive biomolecules, has yielded 

a brand new field named optogenetics.104 Early strategies to optically control processes involved 

signaling molecule analogs that could be specifically caged or uncaged in response to light. Later 

on, the discovery of light-responsive proteins in the eye, plants, fungi, jellyfish, coral, bacteria, 

and algae provided an excellent platform for developing novel systems that could be genetically 

encoded. The modern optogenetic toolbox includes fluorescent sensors to visualize signaling 

events in living cells and optogenetic entities enabling manipulation of numerous cellular 

activities with single-cell resolution in a light-dependent manner.105  

The use of genetically encoded actuators for photosensitizing purposes was initially explored 

as selective targeting entities, and three main tagging approaches have been developed: (1) 

Small genetic tags encoding tetracysteine motifs (Cys-Cys-Xaa-Xaa-Cys-Cys) were demonstrated 

to non-covalently bind with high affinity and specificity biarsenical PSs.106–108 These dyes are 

membrane-permeant and non-fluorescent in solution; however, they become fluorescent and 

generate modest amounts of 1O2 upon binding to the motif. Nevertheless, this approach did not 

completely solve the issue of nonspecific localization, required antidotes to prevent cell toxicity, 

needed careful precautions to reduce nonspecific background signal and have been difficult to 

apply to multicellular tissues and organisms.109,110 (2) A similar strategy was the SNAP-tag 

system.111 Covalent labeling with a small molecule is achieved through the mammalian O6-

alkylguanine-DNA-alkyltransferase (hAGT), which is irreversibly labeled using O6-benzylguanine 

derivatives that can be conjugated with organic dyes.112 Compared to the tetracysteine tag, 

SNAP-tag allows highly specific labeling without restrictions on the cellular compartment and 

without the need for additional reagents to suppress background.113 Further developments 

yielded CLIP-tag,114 which reacts specifically with O2-benzylcytosine derivatives. Because SNAP-

tag and CLIP-tag possess orthogonal substrate specificities, SNAP and CLIP fusion proteins can 

be labeled simultaneously and specifically with different molecular probes in living cells. (3) A 

third approach, named HALO-tag115 was developed from a modified prokaryotic dehalogenase 

(DhaA). It reacts irreversibly and specifically with primary alkyl halides, that can also be 

conjugated with chemical probes or PSs. However, all these cell-based fluorescence imaging or 

photosensitizing methods that rely on organic dyes typically suffer from cytotoxicity, poor cell 
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permeability, and high levels of background fluorescence arising from the need to remove the 

excess of unlabeled dye.110  

Another example whereby an exogenous ligand binds to a genetically engineered protein has 

been recently reported.116 In this approach, the authors designed a genetically encoded 

fluorogen-activating protein that binds an iodinated version of malachite green which absorbs 

NIR light. The dye is non-fluorescent and non-photosensitizing when dissolved in solution, 

however, the binding to the protein suppresses the non-radiative relaxation and activates the 

PS.  

However, all these strategies that have introduced genetic approaches are still based on 

molecular PSs that need to be externally-administered. The real revolution in cell biology and 

optogenetics came with the discovery, expression and development of the Green Fluorescent 

Protein (GFP), which was awarded the Chemistry Nobel Prize in 2008.117,118 Since then, GFP-like 

proteins have been of general use to visualize and keep track of relevant processes in living cells 

and whole organisms.119,120 Over the last years, new fluorescent proteins (FPs) with novel 

characteristics and enhanced optical properties have been developed.121 The diversity of 

currently available FPs covers nearly the entire visible spectrum and part of the NIR, providing 

numerous alternative possibilities for multicolor labeling of cellular structures and studies of 

protein interaction.118  

It was soon realized that FPs could be used for purposes other than visualizing cellular events. 

The ability to report bioprocesses in real time has attracted much attention and over 100 

different genetically encoded reporters have been engineered insofar and successfully used in a 

broad range of applications and targets, as diverse as ions, molecules and enzymes, providing 

unprecedented insight into the inner workings of a cell.122–125 In parallel, engineering a 

genetically encoded PSs has been long pursued as a valuable tool for mechanistic intracellular 

studies (e.g., chromophore-assisted light inactivation of proteins, CALI),126–128 for advanced 

microscopy techniques (e.g., correlative light and electron microscopy (CLEM)129 and as a 

promising alternative to exogenous PSs for therapeutic applications (e.g., PDT).130 In this 

approach, is no longer a molecular PS but a biological PS, which is delivered to the cell by means 

of a DNA fragment and, therefore, the very target cell becomes the generator of the photoactive 

agent. Of note, biological PSs are produced without the addition of any exogenous cofactor, 

which circumvents typical problems for externally administered PSs. Moreover, they can be 

fused to specific targeting sequences (e.g. leader peptides or antibodies) to selectively direct the 

recombinant protein to particular cellular structures, compartments or cell types of interest with 
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much higher precision than counterpart drugs that are exogenous-administered. Therefore, the 

use of proteins as fully genetically encoded PSs is currently the best possible approach for 

controlling the intracellular localization of the PSs and the 1O2 generation site with exquisite and 

unprecedented spatiotemporal resolution. On the other hand, biological PSs are intrinsically 

much more complex systems and therefore new difficulties may arise when it comes to their 

production, handling and their characterization.  

In the last decade, two major families of proteins as biological PSs have been developed. The 

first family encompasses fluorescent proteins of GFP family,130–133 whereas the second uses 

flavin-binding fluorescent proteins (FbFPs) that are derived from natural blue light 

photoreceptor domains134–136 (Figure 1.10).  

 

Figure 1.10. Genetic production of FPs derived from the GFP family and FbFPs. Image from Ref. 137. 

 

1.5.1. Green Fluorescent Proteins 

GFP is a fluorescent protein naturally present in Aequorea 19ictoria jellyfish.117,118 It is formed 

by 238 amino acids arranged in an eleven-stranded β-barrel (one large β-sheet) and an α-helix 

penetrating through the cylinder that hosts a chromophore approximately in the middle of the 

cavity. The GFP chromophore, 4-hydroxybenzylidene-1,2-dimethylimidazoline (HBDI), is 

produced by autocatalytic cyclization of a tripeptide, typically serine, tyrosine and glycine 

(Ser65–Tyr66–Gly67) in a multistage maturation process that requires the presence of O2
138,139 

(Figure 1.11).  
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Figure 1.11. Proposed mechanism of autocatalytic formation of the GFP chromophore. 

 

First attempts to use proteins as 1O2 generators focused their attention on GFP. Early studies 

reported that GFP could inactivate proteins specifically upon illumination, yet the efficiency was 

very small.126 Later experiments revealed that GFP photobleaching was partially linked to 

oxygenation processes derived from self-generated 1O2 production upon illumination.131,140 The 

potential application of this effect was recognized for mechanistic studies and the Enhanced 

Green Fluorescent Protein141,142 (EGFP; Figure 1.12A) was shown to be a valuable agent for 

CALI.143,144 In 2008, the production of 1O2 by EGFP was unequivocally demonstrated through the 

direct detection of 1O2 NIR phosphorescence at 1275 nm.132 The Φ∆ could not be quantified but 

its HDBI chromophore produced 1O2 with yield Φ∆= 0.004.132 The low efficiency in ROS 

production was reasoned by the hindered chromophore’s accessibility to O2,133 even though the 

oxidative maturation of the chromophore inside the GFP demonstrates that O2 can indeed 

diffuse through the protein. In addition, those results suggested 1O2 quenching by the protein, 

which would also detract from its ability to release 1O2 to the external medium. Two additional 

mutants, namely GFPmut2 and GFPmut2 H148G, were prepared in an attempt to alleviate such 

problems, although with modest results.133  

A real breakthrough was the development of the red FP KillerRed derived from the 

Hydrozoan chromoprotein anm2CP,130 as the first FP designed de novo specifically to act as an 

endogenous PS. Its photosensitizing ability has been extensively studied in cell cultures and 

other biological systems130,145–149 However, the main ROS produced by KillerRed is not 1O2 but 

O2
•‐ and H2O2, formed via Type-I processes.146,150–152 Both theoretical and experimental structural 

studies have been conducted in attempts to rationalize the photosensitization ability of 

KillerRed, concluding that it has a unique water-filled channel reaching the chromophore 
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through which O2 can readily diffuse and may therefore be responsible for its prominent 

phototoxic nature over the original GFP.150,153,154 KillerRed has been fused to several organelle-

targeted sequences and used as an optogenetic tool in different cell lines and organisms.78 

However, the fact that KillerRed is a dimeric protein (Figure 1.12B) causes mistargeting and 

aggregation of fused constructs, hindering or even precluding its use as a fusion tag.155  

Many efforts have been devoted to overcoming this problem, not only found in KillerRed but 

also in all naturally FPs with emission maxima above 550 nm discovered so far.156 In 2007, 

Merzlyak et al. developed TagRFP,156 a bright red monomeric protein derived from the 

Entacmaea quadricolor FP TurboRFP (Figure 1.12C). Interestingly, its photobleaching and 

photoconversion rates showed a sharp oxygen dependence,157 which suggested higher oxygen 

accessibility to the chromophore and the alleged participation of self-sensitized ROS. This 

hypothesis was confirmed experimentally by direct detection of its 1O2 production, obtaining a 

Φ∆ = 0.004.158 In addition, it was later demonstrated that TagRFP was capable of killing E. coli 

bacteria by endogenously-generated 1O2 upon green light irradiation.159 Surprisingly, TagRFP 

lacks the water channel connecting the chromophore with the bulk solvent observer for 

KillerRed. It was proposed that diffusion of 1O2 could be facilitated by the presence of temporal 

permeable gates in the protein due to dynamical breathing,158 as reported for other GFP-like 

proteins. The development of other monomeric mutants yielded the so-called mFruits (e.g. 

mOrange, mCherry, mPlum, etc.), however, most of them suffered from low brightness119 and 

were less able to photoinactivate bacteria than TagRFP.160 The latest developments in the GFP 

arena are proteins engineered from KillerRed, called KillerOrange161 (Figure 1.12D) and 

SuperNova162 (Figure 1.12E). The former is a dimeric and blue-shifted protein as compared to 

the parental KillerRed that has been expressed in bacterial and mammalian cells and has 

exhibited cell damage upon blue and green light irradiation. However, the mechanism and the 

ROS involved in KillerOrange phototoxicity remains unknown. Supernova is spectrally similar to 

its precursor and retains the ability to generate ROS. Most importantly, unlike KillerRed, 

Supernova is monomeric and it allows the proper protein expression and localization without 

perturbing the normal function of the target protein.162  

(Note: As this thesis was going through revision and printing, a new photosensitizing protein 

was reported, named SuperNova Green,163 which emits green light and produces ROS other than 
1O2, and induces photo-inducible protein inactivation and cell ablation). 
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Figure 1.12. Protein structure of GFP-like photosensitizing proteins. A: EGFP structure. Mutations made from 
GFP are highlighted. (PDB ID: 2Y0G); (B) KillerRed structure (PDB ID: 3GB3); (C) TagRFP structure (PDB ID: 3M22); 
(D) KillerOrange structure. Mutations from KillerRed are highlighted on the left monomer PDB ID: 4ZFS) and e) 
SuperNova structure. Mutations made from KillerRed are highlighted. (PDB ID: 3WCK). 

 

1.5.2. Flavin-binding Fluorescent Proteins 

Flavoprotein is the term referring to proteins harboring riboflavin (RF, vitamin B2) or its 

derivatives as prosthetic group. This family of compounds is involved in a wide array of biological 

processes, including photosynthesis, DNA repair and bioluminescence among others.164–166 Due 

to their importance for versatile and essential biochemical reactions in most organisms, the 

potential of flavoproteins as targets of pharmacological treatment is immense.167 On the other 

hand, their photophysical properties have also been exploited as a source of FPs, biosensors, 

and optogenetic tools.135,168 

Flavins are ubiquitous molecules based upon the nitrogen heterocycle 7,8-dimethyl 

isoalloxazine, present in living systems and performing essential biological functions such as 

mitochondrial electron transport, fatty acid oxidation, and vitamin metabolism.169 Flavins are 

broadly distributed in tissues, but little is present as free molecules in solution. The majority is 

found in flavoproteins, mainly as flavin adenine dinucleotide (FAD), and in lesser amounts as 

flavin mononucleotide (FMN), which are generated from RF. The chemical structures of flavins 
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are shown in Figure 1.13. RF can be synthesized de novo by plants, many bacteria and fungi, but 

not by animals, which must therefore obtain it from dietary sources.170  

 

Figure 1.13. Chemical structures of flavin chromophores in flavoproteins. 

 

The general properties of flavins in free solution and when bound to flavoproteins have been 

the subject of intense research over the past 50 years.171–173 The high chemical versatility of 

flavins and particularly, their rich photochemistry has extensively been exploited in catalysis, 

synthesis and as redox partners in one-electron and two-electron transfer processes.169 In 

solution, flavins in their neutral and oxidized form exhibit strong absorption in the UV and visible 

region, with four peaks around 445, 375, 265 and 220 nm.174 All the absorption maxima possess 

high-molar absorptivities (Ɛ > 104 M-1 cm-1), indicative of π-π* transitions. Most flavins fluoresce 

in the long-blue to the green part of the spectrum with moderate fluorescence quantum yield 

(ΦF = 0.2 – 0.3).172 In addition, ISC populates efficiently the triplet excited state (ΦT = 0.5 – 0.7),172 

which in turn is reflected in relatively high yields of 1O2 production (Φ∆ = 0.51).175 

In nature, three major classes of flavoprotein light sensors, namely Light, Oxygen and Voltage 

(LOV) domains, blue light sensor using FAD (BLUF) proteins and cryptochromes (CRYs), regulate 

diverse biological activities in response to blue light.176 In each of those families, photoreceptor 

proteins undergo distinct photochemical reactions upon blue light exposure, which are mainly 

linked to conformational changes in the protein, and allowing for blue light-dependent 

physiological responses of the respective host.177 The biological role of flavoproteins has been 

extensively studied and it has been found to participate regulating in a myriad of different 

processes, including light phototropism, cell and organelle motility, regulation of 

photosynthesis, stress responses, organismal development and entrainment of circadian 

rhythms.166,178–181  
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In flavoproteins from the LOV domain, the flavin chromophore is tightly and noncovalently 

bound in the active pocket. Absorption of blue light by the FMN chromophore results in the 

formation of a thiol adduct between the C(4a) position of the isoalloxazine ring of FMN and a 

conserved cysteine (Cys) residue within the protein.182 In the darkness, this reaction thermally 

goes in the reversible direction within a few seconds to hours or even days, depending on the 

specific environment177 (Figure 1.14). 

 

Figure 1.14. Upon blue light absorption, a covalent flavin-cysteine adduct is formed which recovers back 
thermally in the dark. 

 

The flavin chromophore bestows the LOV domain a weak intrinsic green fluorescence, 

however, because the formation of the cystenyl photoadduct is very fast, quenching of the 

triplet excited state by O2 cannot efficiently compete.136 Therefore, in order to engineer 

fluorescent variants of the LOV proteins, the photoadduct was abolished through mutation of 

the active cysteine residue to alanine (Ala).183 The Cys to Ala mutation indeed prevented the 

formation of the covalent adduct, thereby opening a molecular framework to engineer flavin-

binding fluorescent proteins (FbFPs). Since then, several fluorescent flavoproteins have been 

developed and used as fluorescent reporters for the study of bioprocesses in bacterial and 

mammalian cells. FbFPs have gained much attention in the recent years because they address 

some of the limitations associated with the counterparts derived from the GFP.184 Firstly, their 

smaller size (12 kDa, less than half the size of GFP) and rapid maturation time is a key advantage 

to study intact tissues and the function of specific proteins without significant perturbations. 

Secondly, they do not need O2 to develop the chromophore, which is particularly convenient for 

the study of biological processes that operate under conditions of hypoxia.183 Finally, FbFPs are 

stable over a wider range of pH and temperature as compared to GFPs. On the other hand, LOV-

based FPs engineered thus far exhibit lower brightness and photostability than GFPs, which has 

stimulated a continuous development of improved variants.185–187 

It was not until 2011 that the photosensitizing properties of FbFPs were explored. The first 

LOV-based PS was miniSOG129 (for mini Singlet Oxygen Generator), a 106 residue monomeric 

protein engineered from the LOV2 domain of Arabidopsis thaliana (Figure 1.15). MiniSOG was 
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developed rationally aiming at preserving the innate FMN capacity of 1O2 generation. This could 

be achieved by replacing, among other mutations, the conserved cysteine residue into glycine 

(instead of alanine) to abolish the formation of the photoadduct and giving more space for O2 

to arrive closely to FMN.129 MiniSOG absorbs blue light and fluoresces with a maximum around 

495 nm, which is slightly blue-shifted as compared to the free flavin chromophore. MiniSOG was 

initially reported to exhibit a Φ∆ value of 0.47,129 which was obtained by ROS-oxidation of a 

chemical trap. This value was later reassessed as Φ∆ = 0.03 by both direct 1O2 phosphorescence 

detection and indirect methods.188,189 Although relatively low compared to organic PSs, this 

value was at the time a record for a fully genetically encoded PS. 

 

Figure 1.15. Modeled miniSOG encasing the FMN chromophore. Based on the structure of a LOV2 flavoprotein 
(PDB ID: 4EET). 

 

MiniSOG was originally developed for photooxidation-based CLEM.129 This method relies on 

the local polymerization of 3,3’-diaminobenzidine (DAB) by a PS to form an insoluble osmiophilic 

polymer, which provides contrast in EM after staining with osmium tetroxide.190–192 This reaction 

can also be initiated by a genetically encoded peroxidase and hydrogen peroxide, but the short 

lifetime and diffusion length of 1O2 result in a much improved spatial resolution. Indeed, 

exquisite protein localization and 3D reconstruction of complex protein structures within 

persevered subcellular organelles have been obtained with high resolution (8–10 nm) using 

miniSOG as a genetically encoded tag.193–195 For instance, CLEM using miniSOG has made 

progress in understanding the role of α-synuclein accumulation in neurons affected by 

Parkinson’s disease. 

MiniSOG has also been used in another fluorescence imaging modality called “singlet oxygen 

triplet energy transfer-based” (STET) imaging.196 STET relies on the ability of 1O2 to diffuse tens 

of nanometers away from its generation site and react at relatively remote sites. Therefore, STET 
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extends the range of conventional “molecular rulers” such as FRET (Förster resonance energy 

transfer), which typically allow a detection range below 10 nm, and is thus particularly useful to 

study processes and structures of large protein complexes. In STET, two different proteins, which 

are expected to form a protein complex in a particular cellular process, are separately fused to 

a PS and a 1O2 fluorescent sensor, both genetically encoded. Irradiation of the PS generates 1O2 

that diffuses until it encounters and reacts with the sensor. The enhancement of the sensor 

fluorescence directly depends on the distance at which 1O2 is generated (i.e., the closer the two 

proteins are, the higher the amount of 1O2 that reaches the sensor).  

Aside from CLEM, miniSOG has been widely used as a powerful optogenetic tool, with major 

contributions in the field of neuroscience.105,197 Despite its modest production of 1O2, successful 

examples in photo-induced cell ablation in Caenorhabditis elegans and Drosophila 

melanogaster198–200 as well as photokilling of cancer cells201,202 have been reported. MiniSOG, as 

a fully genetically encoded PS, has been fused to specific proteins and expressed at different 

subcellular localizations, confirming the superior phototoxicity when critical organelles are 

selectively damaged. For example, It has been demonstrated that cytosolic expression is not 

particularly toxic whereas targeting to mitochondria and cell membrane yields more cell 

death.134 Furthermore, miniSOG has also been fused to antibodies for the precise targeting of 

tumor cells. The applicability of the immunophotosensitizer strategy has already been 

demonstrated for the selective photokilling of cancer cells,202,203 however, it requires the 

external administration of the conjugate and it therefore deviates from the fully genetically 

encoded approach. 

A novel alternative has been recently proposed by Shramova and co-workers.204 In this study, 

the authors fused miniSOG to a luciferase named NanoLuc, which emits blue bioluminescence 

upon oxidation of its substrate fumarimazine. Interestingly, miniSOG is excited by NanoLuc by 

means of a bioluminescence energy transfer process (BRET) and is capable of inducing cell death 

in a stably transfected cell line. This approach may circumvent the main limitation of light 

delivery to certain organs or thick tissues. However, it still suffers from the need to add the 

substrate exogenously.  

Extensive progress has been made since the first report of miniSOG and better mutants and 

novel applications are continuously emerging. Nevertheless, a full understanding of miniSOG is 

still lacking and there are fundamental questions that remain unresolved, strongly limiting 

further improvements for miniSOG, and by extension, for other flavoproteins considered for 

photosensitizing applications. For example, the crystal structure of miniSOG has not been solved 
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and all the mechanistic and rational design studies performed so far have been based on 

artificially modeled structures of a parental protein. Moreover, the factors that dramatically 

reduce the Φ∆ of FMN encased in miniSOG as compared to the value for free flavin in solution 

have not been rationalized. Finally, other photoprocesses such as the 10-fold enhancement in 

the Φ∆ value upon photolysis of miniSOG observed by Ruiz-González and co-workers188 also 

remains unexplained. Therefore, there are still new lessons to be learned and there is much 

room for improvement in the miniSOG’s and other FbFP’s photochemistry.  

The growing interest in photosensitizing fluorescent proteins is quickly expanding its 

potential and uses for the other applications. In addition to cell damaging purposes and 

advanced imaging techniques, the fluorescent properties of miniSOG and other genetically 

encoded PSs have found a niche in the cutting-edge field of theranostics.205,206 This concept is 

coined from the combination of therapy and diagnosis from a single agent. Theranostics allow 

the simultaneous specific diagnosis of the tumor location and its selective destruction which is 

of particular interests in surgery. In a typical surgical procedure, the surgeon, aided with 

computed tomography and magnetic resonance images recorded before the surgery, removes 

all the malignant tissue and sends it to the pathologist for analysis.207 The standard pathology 

report takes typically several days to be obtained, while the patient is recovering from the 

operation. If the pathologic report indicates the presence of positive tumor margins, then the 

patient is often asked to go through another surgical procedure, which is neither convenient nor 

practical.207 Fluorescence image-guided surgery in combination with PDT provides intra-

operative tools for both finely differentiate the tumor margins in real time and selectively kill 

any remaining malignant cell that has not been extirpated (Figure 1.16).  

The use of miniSOG and other FPs as genetically encoded PSs has therefore great potential 

also for theranostic applications. The combination of their fluorescence and photosensitizing 

properties with their superior targeting capacity to different types of cells or specific organelles 

is currently emerging as a powerful, safe and feasible tool for modern medicine and surgery. 

 

Figure 1.16. A real case of intraoperative imaging by A) white light imaging and B) molecular fluorescence-
guided surgery. C) overlay images. Adapted from Ref. 208.  
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1.6. Photodynamic therapy of melanoma skin cancer 

Malignant melanoma is a type of cancer that arises from melanocytes, the primary cells 

responsible for the production of melanin which is the pigment that protects the skin from sun 

damage by absorbing UV light.209,210 Although melanoma is less common than some other types 

of skin cancer (it accounts for only 4% of skin cancer cases), it causes 79% of all skin cancer-

related deaths.211 Melanoma can be classified into three categories: cutaneous melanoma 

(91.2%), ocular melanoma, also known as uveal melanoma or choroidal melanoma (5.3%), and 

mucosal melanoma (1.3%).212,213 Melanomas are also classified in relation to melanin content. 

Most types of melanomas are melanotic, containing various degrees and types of pigmentation; 

however, any clinical subtype of primary cutaneous melanoma or metastatic melanoma may be 

amelanotic, presenting the absence of pigmentation in the tumor. Amelanotic melanoma 

represents 1.8-8.1% of all such tumors.214 

The incidence of melanoma has been continuously increasing over the past decades, to the 

point that it has been claimed that there has been an epidemic of melanoma in white 

populations worldwide. Melanoma is currently being diagnosed at more than double the rate it 

was in 1986, increasing faster than any other major cancer. If diagnosed early, surgery and 

adjuvant therapy enable improved outcomes in thin lesions, however, melanoma is barely 

responsive towards current therapies in the majority of cases and the prognosis is generally poor 

once metastases occur.210,215 Furthermore, the rapid increase in malignant melanoma incidence 

has not been paralleled by the development new and improved chemotherapeutic drugs 

suitable for the conventional treatments.216 

Novel strategies for treatment of melanoma such as immunotherapy, gene therapy, and 

molecularly-targeted therapy have been developed.213,217,218 In this regard, PDT could be applied 

as an alternative treatment alone or in combination with current therapeutics to combat 

melanoma,219 however, its successful application remains one of the main challenges in the area. 

More severely, melanoma has generally been considered to be resistant to PDT.24 Resistance is 

due to several, highly active mechanisms, including defects in the apoptotic pathways, 

pigmentation, PS sequestration inside melanosomes, efflux of PS by multi-drug transporters and 

increased oxidative stress defense.211,220 Various approaches to overcome this PDT resistance 

are being evaluated such as the use of agents that overcome the apoptotic defects, hinder the 

efflux of PS, or the use of methods to reduce the quantity or the pigmentation of the 

melanin.24,220 These strategies in combination with the development of more efficient PSs are 



  Introduction 

29 
 

showing encouraging results of the efficacy of PDT in melanoma,221–223 however there are still 

some limitations unsolved regarding selectivity and cellular uptake.224  

 Genetically encoded PSs may therefore offer a working alternative to conventional PSs 

owing to the superior targeting potential conferred by the genetic control of cell expression and 

precise targeting and damaging of crucial organelles for cell viability.  

 

1.7. Objectives  

The main goal of this thesis is to explore the potential of flavoproteins as genetically encoded 

photosensitizers 1O2 for PDT and aPDT. MiniSOG, the most renowned photosensitizing 

flavoprotein is studied in detail to understand its photosensitization mechanisms, which may 

help in the design and development of improved mutants. This primary goal is further set to the 

following specific objectives:  

• Characterization of the photophysical, photosensitizing and antimicrobial properties of 

novel flavin-binding fluorescent proteins.  

• Study of the singlet oxygen photosensitization processes in miniSOG. Analysis of the factors 

the limit its ability to produce singlet oxygen and the phototransformations that it 

undergoes upon photolysis. 

• Study of the potential of flavin-binding fluorescent proteins for imaging and optogenetic 

applications. Expression of miniSOG in mammalian cells and evaluation of its ability for the 

photodynamic therapy of melanoma.  
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CHAPTER 2 
 

 

 

General techniques and methods 
 

 

 

This chapter describes the common photophysical techniques and methods that 

have been employed in this work and the general aspects of the fluorescence 

microscopy techniques used.  

 

 

 

 

 

I’ve always been attracted to colors.  
Color helps make the work more interesting and endurable. 

It helps when things aren’t going well. 
Roger Y. Tsien  
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2.1. Steady-state optical techniques 

In steady-state spectroscopies the samples are continuously irradiated with a beam of light 

at a very low intensity, creating and eliminating excited states in a continuous manner and 

reaching eventually a steady-state where their concentration remains constant.1 This facilitates 

the measurement of weak signal levels at the expense of losing kinetic information. Steady-state 

spectroscopies are best applied to the measurement of absorption and emission spectra. 

All spectroscopic measurements were performed using 1 cm path quartz cuvettes (Hellma), 

at room temperature and under magnetic stirring. Purified proteins were diluted in H2O or D2O-

based solutions of Phosphate Buffered Saline at pH 7.4 (hereafter PBS and dPBS, respectively). 

 

2.1.1. Absorbance 

Absorption spectra were recorded on a double beam Cary 6000i UV-Vis-NIR 

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). 

 

2.1.2. Fluorescence 

Fluorescence excitation and emission spectra were registered in a Fluoromax-4 

spectrofluorometer (Horiba Jobin-Yvon, Edison, NJ).  

Fluorescence quantum yields (ΦF,) were determined by comparing the area under the 

emission curve (AUC) for optically matched solutions of the protein sample, and FMN, as the 

fluorescent reference, with ΦF,FMN = 0.25.2 The absorbance of the sample and reference solutions 

was adjusted to be below 0.1 at the excitation wavelength to prevent inner filter effects. 

𝜙𝜙F = 𝜙𝜙F,Ref �
AUCprot
AUCRef 

�   Equation 2.1. 

2.2. Time-resolved optical techniques 

Time-resolved optical techniques enable the detection of excited states or intermediate 

species upon pulsed irradiation of a sample with a light source whose intensity fluctuates as a 

function of time. Once these species are formed, they can be monitored through changes in the 

signal intensity of an analyzing beam (for absorption spectroscopy) or through photon emission 

(in the case of fluorescence or phosphorescence spectroscopy), in all cases the detection being 
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temporally resolved.1,3 Therefore, time-resolved spectroscopies provide kinetic information at 

the expense of a lower sensitivity compared to steady-state techniques. 

Nowadays these techniques are usually coupled to photon counting detectors due to their 

better time resolution, better sensitivity and lower interference from sensitizer luminescence or 

scattered laser light compared to analog detectors. Photomultiplier tubes (PMTs) are detectors 

the response of which is based on the initiation and amplification of a pulse of electrical current 

when a photon strikes their surface,4 a principle that has inspired the photon counting mode. 

There are mainly three photon counting techniques, namely gated photon counting (GPC), 

multichannel scaling (MCS) and time-correlated single photon counting (TCSPC).4 In the present 

work, only the last two have been employed to perform the experiments. 

 

2.2.1. Time-correlated single photon counting  

This method is common for time-resolved fluorescence measurements and it is based on the 

precisely timed registration of the first single photon arrival to the detector from the emitting 

sample.5 Therefore, when a photon is detected, the time of the corresponding detector pulse in 

the signal period is measured. The cumulative signal obtained from repetitive cycles is a 

histogram of photon arrivals per time bin which represents the time decay one would have 

obtained from the observation of a single excitation-emission cycle6 (Figure 2.1). This approach 

provides the most accurate timing of the photon among all photon-counting techniques, down 

to a few picoseconds per channel. For this reason, TCSPC is the technique of choice when time 

resolution is the prime need, at the expense of a much longer acquisition time to build up the 

count histogram.4 In addition, this technique requires keeping the probability of registering 

more than one photon per cycle low, that is, to keep the count rate at the detector equal or 

below 1% of the excitation rate.4 

The effective resolution of a TCSPC experiment is characterized by its instrument response 

function (IRF). The IRF contains the pulse shape of the light source used, the temporal dispersion 

in the optical system, the transit time spread in the detector, and the timing jitter in the 

recording electronics.5 Measurement of the IRF is typically achieved by placing scattering 

medium at the sample compartment and collecting the scattered excitation light. Finally, 

deconvolution of the measured fluorescence decay and the IRF is performed by proper software 

for data analysis. 
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Figure 2.1. Principle of classic TCSPC. Image from Ref. 6. 

 

Time-resolved fluorescence measurements were carried out using a customized PicoQuant 

Fluotime 200 fluorescence lifetime system (PicoQuant GmbH, Berlin, Germany) and the FluoFit 

5.0 software for data analysis. Excitation was achieved by means of a pulsed LED source emitting 

at 405 nm or a picosecond diode laser at 375 nm (PicoQuant, 10 MHz repetition rate, 50 ps pulse 

width), depending on the study. Absorbance of the samples was kept below 0.1 at the excitation 

wavelength in all cases and the photon counting rate was kept below 1%. The IRF signal was 

measured by placing a cuvette with a suspension of Ludox® in water. 

 

2.2.2. Time-resolved NIR phosphorescence detection  

This technique is commonly used for direct and specific monitoring of the 1O2 formation and 

decay, measure its lifetime (τ∆) and quantify its photogeneration quantum yield (Φ∆). It is based 

on the time-resolved detection of its weak NIR phosphorescence centered at 1275 nm. In this 

case, the photon-counting method is MCS, in which all detected photons are counted and sorted 

out in the different positions of a board memory, thus the time distribution of the detected 

photons is obtained at once.4 Direct optical detection of 1O2 is used broadly for three main 

purposes: (1) as an analytical tool to demonstrate that 1O2 has indeed been created in a system, 

(2) to quantify the amount of 1O2 created, and (3) to obtain kinetic information related to its 

production, diffusion, and decay.7 
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The 1O2 detection system is mainly composed by a light source to photoexcite the sample, a 

NIR detector, a monochromator or bandpass filters to isolate the 1O2 emission and a set of lenses 

to collect and focus the emitted photons onto the detector. A scheme of the typical 1O2 

detection setup is shown in Figure 2.2, which has been reproduced from the recent review in 

direct 1O2 NIR phosphorescence detection methods from Nonell and Flors.7 

 

 

Figure 2.2. Generic scheme of the direct 1O2 NIR phosphorescence detection system. Image from Ref. 7. 

 

Time-resolved NIR phosphorescence signals at 1275 nm were measured using a customized 

PicoQuant Fluotime 200 lifetime system. Two different pulsed lasers were employed depending 

on the wavelength used for excitation. On one hand, irradiation at 355 nm or 532 nm was 

achieved with the frequency-tripled or doubled output of a diode-pumped pulsed Nd:YAG laser 

(FTSS355-Q, Crystal Laser, Berlin, Germany), respectively, working a 1 kHz repetition rate, which 

produces 1 ns pulse width laser pulses at either 355 nm (0.5 mW, or 0.5 μJ per pulse) or at 532 

nm (1.2 mW, 1.2 mJ per pulse). On the other hand, an AO-Z-473 solid state acousto-optic 

modulator (AOM) Q-switched laser (Changchun New Industries Optoelectronics Technology Co., 

China) was used for excitation at 473 nm, working at 1.5 kHz repetition rate (<1.5 mW average 

power). For both lasers sources, an uncoated SKG-5 filter (CVI Laser Corporation, Albuquerque, 

U.S.A.) was placed at the exit port of the laser to remove any residual NIR component. The 

luminescence exiting from the sample was filtered by an 1100 nm long-pass filter (Edmund 

Optics, York, U.K.) and a narrow bandpass filter at 1275 nm (bk-1270-70-B, bk Interfernzoptik, 

Germany) to remove any scattered laser radiation and isolate the singlet oxygen emission. A 

thermoelectric-cooled near-IR sensitive photomultiplier tube assembly (H9170−45, Hamamatsu 

Photonics Hamamatsu City, Japan) in combination with an MCS (NanoHarp 250, PicoQuant 
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Gmbh, Germany) was used as photon-counting detector. The time-resolved 1O2 emission decays 

were analyzed by fitting Equation 2.28 to the data using GraphPad Prism 5. 

𝑆𝑆(𝑡𝑡) = 𝑆𝑆0
𝜏𝜏Δ

𝜏𝜏Δ−𝜏𝜏T
 �𝑒𝑒−

𝑡𝑡
𝜏𝜏Δ − 𝑒𝑒−

𝑡𝑡
𝜏𝜏T�   Equation 2.2. 

where τT andτ∆ are the lifetimes of the PS triplet excited state and of 1O2, respectively, and S0 is 

a quantity proportional to Φ∆.7 Thus, the transient signal obtained from direct optical detection 

of 1O2 provides valuable information on both the efficiency and kinetics of 1O2 production.  

For some protein samples, two independent populations of triplet excited states were 

observed, each producing 1O2 with its own set of kinetics and yields. In these cases, 1O2 signals 

were analyzed with Equation 2.3.9  

𝑆𝑆(𝑡𝑡) = 𝑆𝑆01
𝜏𝜏Δ

𝜏𝜏Δ−𝜏𝜏T1
 �𝑒𝑒

− 𝑡𝑡
𝜏𝜏Δ − 𝑒𝑒

− 𝑡𝑡
𝜏𝜏T1�+  𝑆𝑆02

𝜏𝜏Δ
𝜏𝜏Δ−𝜏𝜏T2

 �𝑒𝑒
− 𝑡𝑡
𝜏𝜏Δ − 𝑒𝑒

− 𝑡𝑡
𝜏𝜏T2� Equation 2.3. 

The quantum yield of singlet oxygen production, Φ∆, was calculated by comparing the fitted 

S0 values for the protein of interest and for optically-matched solutions of the reference PS, 

according to Equation 2.4 or Equation 2.5,8 depending on the existence of one or two 3PS*. 

Selected reference PSs were FMN, Φ∆= 0.5710, sodium 1H-phenalen-1-one-2-sulphonate (PNS), 

Φ∆= 0.9711,12 and Rose Bengal, Φ∆= 0.75.13  

 𝜙𝜙Δ = 𝜙𝜙ΔRef
𝑆𝑆0Prot
𝑆𝑆0Ref

     Equation 2.4. 

𝜙𝜙Δ = 𝜙𝜙ΔRef
𝑆𝑆01Prot+𝑆𝑆02Prot

𝑆𝑆0Ref
    Equation 2.5. 

The absorbance of the sample and reference solutions at the excitation wavelength was 

again kept below 0.1 to prevent inner-filter effects.  

 

2.2.3. UV-Vis nanosecond laser flash photolysis 

This technique is typically employed to study the properties of triplet excited states in a time-

resolved manner. It allows studying the disappearance of the excited state, the formation of 

reactive intermediates, and the formation of photochemically generated products. Laser flash 

photolysis (LFP) is a pump-and-probe technique in which the sample is excited by a strong pulse 

of light (called pump beam) from a laser of nano-, pico-, or femtosecond pulse, at a wavelength 

where ground state absorption occurs, and a broadband light source in the UV-Vis-NIR spectral 
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range (called probe beam) to probe the changes in absorbance (∆A). In a typical LFP experiment, 

a fast shutter exposes the sample to the probe beam shortly before the laser pulse hits the 

sample, and is closed after the end of data collection to prevent its photobleaching.1 A schematic 

representation of the common setup is depicted in Figure 2.3.  

 

Figure 2.3. Illustration of the experimental setup for nanosecond UV-VIS laser flash photolysis, from Ref. 1. 

 

Transient absorption experiments in the UV-Vis region were carried out using a home-built 

nanosecond LFP system. In this instrument, the 3rd harmonic (355 nm) of a Continuum Surelite 

I-10 Nd:YAG laser (5 ns pulse width, 7.5 mJ per pulse) was directed to the sample. The 

luminescence exiting from the sample was filtered by a 610 nm long-pass filter (CVI Laser 

Corporation, NM, USA). Changes in the sample absorbance were detected at 715 nm using a 

Hamamatsu R928 photomultiplier to monitor the intensity variations of an analysis beam 

produced by a 75 W short arc Xe lamp (USHIO) and spectral discrimination was obtained using 

a PTI 101 monochromator. The signal was fed to a Lecroy Wavesurfer 454 oscilloscope for 

digitizing and averaging (1 - 10 shots) and finally transferred to a PC for data storage and analysis. 

The TTL sync output of the laser was used to trigger the oscilloscope. The energy of the laser 

pulse was varied using neutral density filters and measured with a pyroelectric energy meter 

(RJP 735 and RJ 7610) from Laser Precision Corp. The system was controlled using the in-house-

developed LKS software (LabView, National Instruments). 

 

2.3. Bright field and fluorescence microscopy 

Optical or light microscopy is a key tool in modern cell biology. This technique employs 

microscopes to closely view a sample through the magnification of a lens with visible light. The 

evolution of microscopes over the past centuries has been a matter of intense research aiming 
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at improving resolution and contrast. Modern instruments and techniques now allow 

unprecedented detail of visualization and study of subcellular structures and bioprocesses, even 

in a 4D (x-y-z-t) situation.14,15 The field has been very active and only in the last years several 

improvements have pushed optical microscopy towards single molecule tracking and imaging 

systems, allowing to coin the term optical nanoscopy.16 Not surprisingly, the development of 

super-resolution microscopy techniques was awarded the Nobel Prize in Chemistry in 2014.  

There is a large variety of light microscopy modalities that allow different approaches for the 

study of cellular events. However, these techniques are commonly classified into two categories: 

bright field and fluorescence microscopy17 (Figure 2.4).  

 

Figure 2.4. Examples of bright field image of melanoma cells (left) and fluorescence microscopy (right). The 
right picture is from ZEISS Microscopy and licensed in Wikimedia Commons. 

 

2.3.1. Bright field microscopy 

In bright field microscopy, the specimen is illuminated with transmitted light, this is, the light 

source and the detection objective are placed on opposite sides of the sample and the sample 

is imaged by its effect on the light passing through it. This yields dark objects on a bright 

background and because most cells are thin and transparent, they do not absorb much light and 

so are difficult to see without adding optical modifications. The two most commonly used 

techniques in bright field microscopy are phase contrast, which causes cells to appear dark on a 

light background and differential interference contrast (DIC), which gives a pseudo–three-

dimensional (3D) shaded appearance to cells.18 Bright field is usually sufficient to see the general 

outlines of cells, but phase contrast or DIC is necessary to achieve detailed, high-contrast bright 

field images.17  
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2.3.2. Fluorescence microscopy: wide field, confocal and fluorescence lifetime imaging 

Fluorescence microscopy requires that the objects of interest fluoresce since they are 

themselves the light source. This constitutes one essential advantage over bright field 

microscopy since even when a structure is too small to be resolved by a light microscope, the 

emitted light remains visible. However, most molecules in the cell are not very fluorescent and 

therefore, fluorophores have to be incorporated into the specimen. It can be achieved either by 

the addition of organic dyes or by the genetic introduction of a fluorescent protein. The current 

available fluorescent dyes and FPs provide specific subcellular targeting as well as numerous 

color alternatives.19–21 

Fluorescence microscopy is typically performed using epifluorescence, in which excitation of 

the fluorophore and detection of the fluorescence are done through the same light path 

(objective) by means of a fluorescence filter cube that contains a barrier filter and a dichroic 

mirror.14 These microscopes are broadly used in biology for routine imaging, such as with the 

wide field microscope and are the basis for more advanced microscope designs, including the 

confocal microscope. 

In a conventional wide field optical epifluorescence microscope, the entire specimen is 

bathed in light from a mercury or xenon source and the image can be viewed directly by eye or 

projected onto an image capture device or photographic film.22 When using such microscopes, 

secondary fluorescence emitted by the specimen often occurs through the excited volume and 

obscures resolution of features that lie in the objective focal plane.17 This situation is especially 

problematic for specimens having a thickness greater than about 2 micrometers, which usually 

exhibit such a high degree of fluorescence emission that most of the fine detail is lost.19  

Confocal microscopy provides higher resolution. This is firstly achieved by the use of lasers 

for illumination, which narrows the excitation range to 2–3 nm. This is around 10 times narrower 

than the range of wavelengths one typically gets when using excitation filters.23 Additionally, 

confocal microscopes obtain the image from just one focal plane, while removing the 

fluorescence from out-of-focus planes. Furthermore, it has the capability to collect serial optical 

sections from thick specimens such as rounded cells and tissue sections.20,24 This is accomplished 

by illuminating the specimen with a focused scanning laser beam (point scanning) and by placing 

a pinhole aperture in the image plane in front of an electronic photon detector.18,19 An improved 

approach is the spinning disk confocal microscopy which relies on the use of a disk of pinholes 

that sweep across the sample, improving the time resolution and generating a real confocal 

image that can be directly viewed by the eye or captured by high-sensitivity camera.25 
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Fluorescence lifetime imaging microscopy (FLIM) is a technique in which the mean 

fluorescence lifetime of a chromophore is measured at each spatially resolvable element of a 

microscope image.26 The main advantage in FLIM is that the nanosecond excited-state lifetime 

is mostly independent of variations in fluorophore concentration, illumination intensity or 

processes such as photobleaching or leakage.26 Furthermore, FLIM is dependent upon excited-

state reactions such as (FRET). These properties of fluorescence lifetimes allow exploration of 

the molecular environment of fluorophores that are spectrally identical.26–28 Among FLIM, 

additional improvement can be achieved by 2PE. Because of the nonlinear properties of 2PE, 

the generated fluorescence is restricted only to the small focal volume. The low-energy NIR light 

and the highly localized excitation strongly reduce global photobleaching of the fluorophore and 

tissue damage. Moreover, the NIR light used in 2P microscopy allows deeper tissue penetration 

and imaging.29,30 

In the present work, two confocal and a 2P-FLIM microscope have been employed. At the 

Jülich Forschungszentrum (Germany) under the supervision of Dr. Thomas Gensch, confocal 

imaging was performed a confocal laser scanning microscope (cLSM 710, Carl Zeiss, Germany) 

equipped with laser lines at 405, 488, 561, and 633 nm and an EC plan-Neofluar 40×/1.30 Ph3 

oil-immersion objective. Live cell imaging was performed under cell culture conditions (37 °C 

and 5% CO2). Image acquisition and analysis were carried out with the manufacturer’s software 

(ZEN, Carl Zeiss). 2P-FLIM imaging was performed upright fluorescence microscope (A1 MP; 

Nikon, Amsterdam, The Netherlands) equipped with a 25x water immersion objective 

(Numerical Aperture (NA) 1.1; WD 2 mm; XYZ, Nikon), fluorescence was stimulated by 100 fs 

light pulses (λexc = 880 nm) by 2PE. Laser pulses were generated at a frequency of 80 MHz by a 

mode-locked Titan-Sapphire laser (Mai Tai DeepSee, Newport Spectra Physics; Irvine, CA; output 

power 2.3 W at 880 nm). Mean fluorescence lifetimes were measured using multidimensional 

TCSPC. Lifetime images were analyzed using SPCImage 4.8 (Becker & Hickl).  

At the University of California San Francisco UCSF (USA), under the supervision of Dr. Xiaokun 

Shu, confocal microscopy was performed on a Nikon Eclipse Ti Inverted Microscope equipped 

with a CSU-W1 confocal scanner unit (Yokogawa), a digital ORCA-Flash4.0 CMOS camera 

(Hamamatsu), an ASI MS-2000 XYZ Automated Stage (Applied Scientific Instrumentation) and a 

Nikon Plan Apo λ 20x air (NA 0.75) objective. Laser inputs were provided by an Integrated Laser 

Engine (Spectral Applied Research) equipped with laser lines of 405 nm, 488 nm, 561 nm, and 

640 nm (Coherent). The confocal scanning unit was equipped with the following emission filters: 

460/50 nm, 525/50 nm, 610/60 nm, 661/20 nm, 732/60 nm, and 731/137 nm. Images were 

analyzed and processed with ImageJ.  



Chapter 2   

52 
 

2.4. References  

(1)  Nonell, S.; Viappiani, C. Basic Spectroscopy. In Photobiological Sciences Online; Lee, J., Smith, K. C., 
Eds.; American Society for Photobiology, 2007. 

(2)  Wingen, M.; Potzkei, J.; Endres, S.; Casini, G.; Rupprecht, C.; Fahlke, C.; Krauss, U.; Jaeger, K.-E.; 
Drepper, T.; Gensch, T. The Photophysics of LOV-Based Fluorescent Proteins – New Tools for Cell 
Biology. Photochem. Photobiol. Sci. 2014, 13 (6), 875–883. 

(3)  Abbruzzetti, S.; Bruno, S.; Faggiano, S.; Grandi, E.; Mozzarelli, A.; Viappiani, C. Time-Resolved 
Methods in Biophysics. 2. Monitoring Haem Proteins at Work with Nanosecond Laser Flash 
Photolysis. Photochem. Photobiol. Sci. 2006, 5 (12), 1109–1120. 

(4)  Jiménez-Banzo, A.; Ragàs, X.; Kapusta, P.; Nonell, S. Time-Resolved Methods in Biophysics. 7. 
Photon Counting vs. Analog Time-Resolved Singlet Oxygen Phosphorescence Detection. 
Photochem. Photobiol. Sci. 2008, 7 (9), 1003–1010. 

(5)  Becker, W. Advanced Time-Correlated Single Photon Counting Techniques; Castleman, A. W., 
Toennies, J. P., Zinth, W., Eds.; Springer Series in Chemical Physics; Springer Berlin Heidelberg: 
Berlin, Heidelberg, 2005; Vol. 81. 

(6)  Becker, W.; Bergmann, A.; Biscotti, G.; Rück, A. Advanced Time-Correlated Single Photon Counting 
Technique for Spectroscopy and Imaging in Biomedical Systems. Springer 2004, 5340, 1–9. 

(7)  Nonell, S.; Flors, C. Chapter 25. Steady-State and Time-Resolved Singlet Oxygen Phosphorescence 
Detection in the Near-IR. In Singlet Oxygen: Applications in Biosciences and Nanosciences; Nonell, 
S., Flors, C., Eds.; Royal Society of Chemistry, 2016; pp 7–26. 

(8)  Nonell, S.; Braslavsky, S. E. Time-Resolved Singlet Oxygen Detection. Methods Enzymol. 2000, 319, 
37–49. 

(9)  Torra, J.; Burgos-Caminal, A.; Endres, S.; Wingen, M.; Drepper, T.; Gensch, T.; Ruiz-González, R.; 
Nonell, S. Singlet Oxygen Photosensitisation by the Fluorescent Protein Pp2FbFP L30M, a Novel 
Derivative of Pseudomonas Putida Flavin-Binding Pp2FbFP. Photochem. Photobiol. Sci. 2015, 14 (2), 
280–287. 

(10)  Rodríguez-Pulido, A.; Cortajarena, A. L.; Torra, J.; Ruiz-González, R.; Nonell, S.; Flors, C. Assessing 
the Potential of Photosensitizing Flavoproteins as Tags for Correlative Microscopy. Chem. Commun. 
2016, 52 (54), 8405–8408. 

(11)  Nonell, S.; González, M.; Trull, F. R. 1H-Phenalen-1-One-2-Sulfonic Acid: An Extremely Efficient 
Singlet Molecular Oxygen Sensitizer for Aqueous Media. Afinidad 1993, 44, 445–450. 

(12)  Martí, C.; Jürgens, O.; Cuenca, O.; Casals, M.; Nonell, S. Aromatic Ketones as Standards for Singlet 
Molecular Oxygen Photosensitization. Time-Resolved Photoacoustic and near-IR Emission Studies. 
J. Photochem. Photobiol. A Chem. 1996, 97 (1–2), 11–18. 

(13)  Allen, M. T.; Lynch, M.; Lagos, A.; Redmond, R. W.; Kochevar, I. E. A Wavelength Dependent 
Mechanism for Rose Bengal-Sensitized Photoinhibition of Red Cell Acetylcholinesterase. BBA - Gen. 
Subj. 1991, 1075 (1), 42–49. 

(14)  Lichtman, J. W.; Conchello, J.-A. Fluorescence Microscopy. Nat. Methods 2005, 2 (12), 910–919. 

(15)  Lavagnino, Z.; Sancataldo, G.; D’Amora, M.; Follert, P.; De Pietri Tonelli, D.; Diaspro, A.; Cella 
Zanacchi, F. 4D (x-y-z-t) Imaging of Thick Biological Samples by Means of Two-Photon Inverted 
Selective Plane Illumination Microscopy (2PE-ISPIM). Sci. Rep. 2016, 6 (March), 1–9. 



  General techniques and methods 

53 
 

(16)  Hell, S. W. Toward Fluorescence Nanoscopy. Nat. Biotechnol. 2003, 21 (11), 1347–1355. 

(17)  Thorn, K. A Quick Guide to Light Microscopy in Cell Biology. Mol. Biol. Cell 2016, 27 (2), 219–222. 

(18)  Murphy, D. B. Fundamentals of Light Microscopy and Electronic Imaging; John Wiley & Sons, Inc., 
2001; Vol. 83. 

(19)  Stephens, D. J.; Allan, V. J. Light Microscopy Techniques for Live Cell Imaging. Science (80-. ). 2003, 
300 (5616), 82–86. 

(20)  Spring, K. R.; Davidson, M. W. Introduction to Fluorescence Microscopy 
https://www.microscopyu.com/techniques/fluorescence/introduction-to-fluorescence-
microscopy (accessed Feb 14, 2018). 

(21)  Ettinger, A.; Wittmann, T. Fluorescence Live Cell Imaging, 1st ed.; Elsevier Inc., 2014; Vol. 123. 

(22)  Paddock, S. W.; Fellers, T. J.; Davidson, M. W. Introductory Confocal Concepts 
https://www.microscopyu.com/techniques/confocal/introductory-confocal-concepts (accessed 
Feb 14, 2018). 

(23)  Epifluorescence Microscope Basics https://www.thermofisher.com/es/es/home/life-science/cell-
analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fundamentals-of-
fluorescence-microscopy/epifluorescence-microscope-basics.html (accessed Feb 14, 2018). 

(24)  Fellers, T. J.; Davidson, M. W. Concepts in Confocal Microscopy https://www.olympus-
lifescience.com/en/microscope-resource/primer/techniques/confocal/confocalintro/ (accessed 
Feb 14, 2018). 

(25)  Nakano, A. Spinning-Disk Confocal Microscopy -- a Cutting-Edge Tool for Imaging of Membrane 
Traffic. Cell Struct. Funct. 2002, 27, 349–355. 

(26)  Bastiaens, P. I.; Squire, A. Fluorescence Lifetime Imaging Microscopy: Spatial Resolution of 
Biochemical Processes in the Cell. Trends Cell Biol. 1999, 9 (98), 48–52. 

(27)  Suhling, K.; French, P. M. W.; Phillips, D. Time-Resolved Fluorescence Microscopy. Photochem. 
Photobiol. Sci. 2005, 4 (1), 13–22. 

(28)  Becker, W. Fluorescence Lifetime Imaging - Techniques and Applications. J. Microsc. 2012, 247 (2), 
119–136. 

(29)  Zipfel, W. R.; Williams, R. M.; Webb, W. W. Nonlinear Magic: Multiphoton Microscopy in the 
Biosciences. Nat. Biotechnol. 2003, 21 (11), 1369–1377. 

(30)  Hille, C.; Lahn, M.; Dosche, C. Two-Photon Fluorescence Lifetime Imaging (2P-FLIM) for Ion Sensing 
in Living Cells. PicoQuant 2008, 1–5. 

 

  



Chapter 2   

54 
 

 



 

 

 

CHAPTER 3 
 

 

 

Methods for the characterization of 
genetically encoded photosensitizers  

 

 

 

Initial attempts to characterize the photophysical and photosensitizing properties 

of FbFPs have suffered from lack of reproducibility throughout the study. In 

particular, both the ability and the kinetics of singlet oxygen production have shown 

remarkable changes over time. This has motivated the development of a new 

methodology for the in-house protein production, which has allowed the robust 

and reproducible characterization of fresh protein samples.  

 

 

 

 

 

 

…que la vida que ens hem perdut, 
simplement no existeix.  

Manel 
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3.1. Motivation 

Since the pioneering work of Drepper et al.1 that restored the fluorescent properties of FMN 

in flavoproteins by abolishing the cysteine photoadduct formation, flavin-binding fluorescent 

proteins (FbFPs) have become an attractive alternative to GFP as fluorescent reporters of cellular 

events.2,3 The group of Dr. Drepper in collaboration with the group of Dr. Gensch, both at the 

Jülich Forschungszentrum in Germany, have been actively working on the development of novel 

FbFPs and they have engineered new variants from microbial and plant LOV photoreceptors. 

The early characterization of the fundamental photophysical properties revealed some 

interesting spectroscopic differences between them,4 particularly regarding the ΦF and 

photostability. Therefore, although all the flavoproteins encase the same FMN chromophore, its 

interactions with the surrounding amino acids notably modulates the optical properties. On the 

other hand, neither the ability to photosensitize 1O2 nor the antimicrobial properties have been 

studied in detail so far. Because these fluorescent proteins are evolved from different organisms, 

the exploration of both the photosensitizing and photokilling abilities can provide new insights 

on the interactions between FMN and nearby residues and allow a better understanding of the 

factors that affect the 1O2 production. This information will be of great value to rationalize the 

development of new variants with higher potential as fully genetically encoded PSs.  

At the beginning of the project, fractions containing the purified proteins in PBS buffer were 

received from the group of Dr. Drepper (Figure 3.1).  

 

Figure 3.1. Examples and list of the purified proteins received from the group of Dr. Drepper. 

 

All the protein samples were initially characterized in the original PBS buffer, as received. 

Both the absorption and fluorescence spectra were routinely recorded prior to the study of both 

the 1O2 photosensitization and the properties of the triplet excited state of the flavin 
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chromophore, 3FMN*. First attempts to quantify the 1O2 production were performed in PBS 

using a pulsed laser illuminating at λex = 355 nm for excitation. The frequency of the laser had to 

be ten-fold decreased in order to allow the study of long triplet lifetimes observed for these 

proteins. In these conditions, the 1O2 signal was extremely weak and prolonged irradiation times 

of up to three hours were required to obtain reliable data suitable for analysis (Figure 3.2). 

Furthermore, common strategies to enhance the 1O2 signal such as solvent deuteration, which 

increases the 1O2 lifetime (τ∆) and facilitates its detection,5 turned out to be impractical because 

of severe protein dilution, which decreased 1O2 signal intensities even more. Despite all these 

limitations, early studies on the 1O2 production were carried out, and particular attention was 

primarily focused on the Pp2FbFP L30M mutant, whose characterization led to the publication 

cited in Reference 6. 

 
Figure 3.2. Representative 1O2 transients from optically matched solutions of (A) miniSOG and FMN and (B) 
EcFbFP and FMN (right), in PBS. Notice the difference in the time scale between the two proteins. Fitting lines 
are in black. λex = 355 nm and the irradiation time was 2 hours for each protein and for free FMN references. 

 

3.1.1 Pp2FbFP L30M, first case of study. 

The photophysical properties of Pp2FbFP L30M were characterized in PBS (Figure 3.3). The 

absorption and fluorescence spectra were slightly blue-shifted relative to those of FMN and 

showed more vibronic structure, indicating that the chromophore is tightly bound and confined 

to the protein active pocket (Figure 3.3A). Interestingly, the 1O2 kinetics were more complex 

than previously reported studies on FbFPs and a tri-exponential decay was observed (Figure 

3.3B). A comprehensive study of the triplet excited state properties was performed by means of 

laser flash photolysis and revealed the existence of two independent FMN triplet states; a short-

lived (~2.6 µs) and a long-lived (~84 µs) in air-saturated PBS (Figure 3.3 C).  
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Figure 3.3. A) Normalized absorption (solid lines) and emission (dashed lines) spectra of Pp2FbFP L30M (blue) 
and FMN (orange) in PBS, pH 7.4, λexc = 355 nm. B) Time-resolved 1O2 phosphorescence in air-saturated PBS 
solution. The corresponding trace for FMN is shown in the inset for comparison; notice the absence of the long-
lived tail. Fitted function in black. The Y-axes are in log scale. λexc = 355 nm; λobs = 1275 nm. C) Transient 
absorption decays in argon (Ar), air and oxygen (O2)-saturated PBS solutions. The overall fit (solid line) and 
individual decay components (dashed lines) are shown for comparison of their relative contributions to the 
overall signal. Transients are the average of 4 shots. λexc = 355 nm and λobs = 700 nm. Images adapted from 
Ref.6.  

 

The oxygen concentration in the solution was modified by circulating solvent-saturated 

oxygen or argon over the solution surface for at least 30 minutes, while stirring the solution, to 

avoid protein denaturation at the air-water interference of bubbles that occur when passing the 

gas through the solution. This allowed the determination of the rate constants for oxygen 

quenching of 3FMN* (𝑘𝑘q
O2), which provides information on the accessibility of oxygen to the 

flavin within the protein, and the proportion of triplets quenched by oxygen (𝑃𝑃T
O2), which reflects 

the ability of oxygen to trap 3FMN* molecules before the decay. Equations 3.1 and 3.2 were 

used for the calculation of 𝑘𝑘q
O2 and 𝑃𝑃T

O2, respectively.  



Chapter 3   

62 
 

1
𝜏𝜏T

= 1
𝜏𝜏T
0 + 𝑘𝑘q

O2[O2]    Equation 3.1. 

𝑃𝑃T
O2 = 1 − 𝜏𝜏T

𝜏𝜏T
0      Equation 3.2. 

where 𝜏𝜏T0 and 𝜏𝜏T are the triplet lifetimes in the absence and presence of oxygen, respectively. 

For the short-lived triplet, the 𝑘𝑘q
O2 was similar to that of free FMN, indicating a very exposed 

flavin, which allows for an efficient trapping by molecular oxygen. In contrast, the long-lived 

triplet was far less accessible and the trapping efficiency was much lower. The properties of the 

first singlet and triplet excited states of Pp2FbFP L30M and free FMN in solution are collected in 

Table 3.1 and Table 3.2, respectively. 

Table 3.1. Spectroscopic data for the singlet state of Pp2FbFP L30M and FMN in PBS. 

 λabs / nm λem / nm τF / ns ΦF 

Pp2FbFP L30M 448 494 
3.5 (70) 

5.2 (30) 
0.25±0.01 

FMN 445 521 4.384 0.254 

λabs and λem are the positions of the absorption and emission maxima, respectively, τF is the fluorescence 
lifetime of the two fluorophore populations and their corresponding relative amplitudes in parentheses, and 
ΦF is the fluorescence quantum yield. 

 

Table 3.2. Spectroscopic and photophysical data for the triplet state of Pp2FbFP L30M and FMN in PBS. 

 τT / µs ΦT Φ∆ 𝒌𝒌𝐪𝐪
𝐎𝐎𝟐𝟐/ 109 M-1  s-1 𝑷𝑷𝐓𝐓

𝐎𝐎𝟐𝟐 

Pp2FbFP L30M 
2.6 

84 
0.30±0.06 0.09±0.01 

1.9±0.2 

0.0086±0.002 

0.83 

0.22 

FMN 2.7 0.26 – 0.657,8 0.519 1.0±0.29 0.91 

τT is the triplet lifetime of the short and long triplets, ΦT is the triplet quantum yield, Φ∆ is the 1O2 quantum 

yield, 𝑘𝑘q
O2  is the rate constant for oxygen quenching of each triplet state of Pp2FbFP L30M and 𝑃𝑃T

O2 is the 
proportion of each triplet quenched by oxygen. 

 

Given the complexity of the 1O2 kinetics, the common rise-and-decay mathematical model 

which is broadly used to analyze 1O2 phosphorescence transients (Equation 3.3) did not allow 

proper fitting of the experimental data. Similar phenomena have been observed in 

heterogeneous systems such as biological media, and more complex kinetic models rate laws 

have been developed to fit the data.10–12 In connection with chromophores embedded into a 

protein matrix, Lepeshkevich et al. have proposed a model that distinguishes between 1O2 

populations inside and outside the protein.13 However, this model assumes a single population 
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of triplet states, a condition that does not hold in the protein samples of Pp2FbFP L30M. 

Therefore, a new model that considers two independent flavins, each producing 1O2 with its own 

set of kinetics and yields was proposed and developed (Scheme 3.1). 

 
Scheme 3.1. Kinetic model of 1O2 generation from two independent triplet excited states. From Ref. 6.  

 

According to this model, a few ns after the laser pulse the initial triplet concentrations [T1]0 

and [T2]0 are formed. In the absence of oxygen, the triplets decay back to the ground state with 

a rate constant 𝑘𝑘T0. If oxygen is allowed into the system, additional decay channels arise for the 

triplet, in which it is quenched by oxygen to produce 1O2 (and perhaps other ROS). Finally, 1O2 

deactivates with a rate constant 𝑘𝑘∆. With this model in mind, the rise-and decay Equation 3.3 

was rewritten as Equation 3.4.  

𝑆𝑆(𝑡𝑡) = 𝑆𝑆0
𝜏𝜏Δ

𝜏𝜏Δ−𝜏𝜏T
 �𝑒𝑒−

𝑡𝑡
𝜏𝜏Δ − 𝑒𝑒−

𝑡𝑡
𝜏𝜏T�    Equation 3.3. 

𝑆𝑆(𝑡𝑡) = 𝑆𝑆01
𝜏𝜏Δ

𝜏𝜏Δ−𝜏𝜏T1
 �𝑒𝑒

− 𝑡𝑡
𝜏𝜏Δ − 𝑒𝑒

− 𝑡𝑡
𝜏𝜏T1� + 𝑆𝑆02

𝜏𝜏Δ
𝜏𝜏Δ−𝜏𝜏T2

 �𝑒𝑒
− 𝑡𝑡
𝜏𝜏Δ − 𝑒𝑒

− 𝑡𝑡
𝜏𝜏T2� Equation 3.4. 

Fitting the multiexponential 1O2 signal with Equation 3.4 allowed the determination of the 

triplet lifetimes for the two populations, and the data thus obtained was in excellent agreement 

with the laser flash photolysis experiments. In addition, S0 parameters for each triplet flavin 

obtained from Equation 3.4 were used in Equation 3.5 to calculate the overall Φ∆ of Pp2FbFP 

L30M. A value Φ∆ = 0.09 was determined (Table 3.2), which was at that time the highest reported 

Φ∆ value for any FP. 

𝜙𝜙𝛥𝛥 = 𝜙𝜙𝛥𝛥Ref
𝑆𝑆01Prot+𝑆𝑆02Prot

𝑆𝑆0Ref
    Equation 3.5. 
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Further analysis of the individual S01 and S02 values indicated that 30% of the protein 1O2 

signal arises from the short-lived, oxygen-accessible triplet, whereas 70% arises from the long-

lived, less-accessible one, despite the oxygen trapping efficiencies being the opposite (Table 

3.2). This could be explained by a higher ΦT for the longest-lived triplet, in agreement with the 

transient absorption results shown in Figure 3.3C. A structural interpretation of the enhanced 

photosensitization ability was unfortunately not possible since the structures of Pp2FbFP L30M 

or its parental proteins had not been solved so far. Regarding the existence of two independent 
3FMN*, it was attributed to the unavoidable binding of different flavin derivatives (i.e., FMN, 

FAD, RB) into the active pocket, since these compounds are naturally present in cells. Indeed, 

HPLC analysis of the chromophores in Pp2FbFP L30M revealed the presence of FMN and FAD to 

a similar extent in addition to small amounts of RF. Furthermore, the contributions of different 

protein conformers and/or the formation of protein dimers could not be excluded. 

All in all, despite its higher complexity, Pp2FbFP L30M outperformed miniSOG in terms of 1O2 

photosensitization by a factor of approximately 3. These results confirmed the potential of FbFPs 

for 1O2 applications, such as genetically encoded PSs and provided solid arguments to explore 

other flavoproteins to expand the toolbox of biological PSs. 

 

3.2. Problems in FbFPs characterization. 

Following the experimental procedure described for Pp2FbFP L30M, the optical and 

photosensitizing properties of the other fluorescent flavoproteins were characterized. In 

addition to the flash photolysis studies as well as the direct detection of 1O2 NIR 

phosphorescence, indirect 1O2 measurements using uric acid (UA) as a 1O2 chemical trap were 

carried out for all the proteins. This method relies on the irreversible reaction between UA and 
1O2 which can be monitored by the changes in absorbance of UA at 292 nm.14 Upon reaction 

with 1O2, UA forms a hydroperoxide intermediate that undergoes additional (1O2-independent) 

reaction steps to final degradation products such as triuret, urea and cyanuric acid.15,16 For UA 

experiments, absorbance values at 292 nm were plotted versus irradiation time at λ = 450 nm 

of optically matched solutions of free FMN and each flavoprotein in PBS, both supplemented 

with 50 µM UA. The Φ∆ value was obtained by comparing the UA degradation rates. 

Unfortunately, once all the proteins had been spectroscopically characterized, the entire 

collected data had to be quarantined since lack of reproducibility was detected when comparing 

results obtained at different times along the study. It is worth noting that the complete 
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photophysical characterization of all proteins comprised about six months, analyzing one FbFP 

at a time. Throughout the study, some proteins progressively showed signs of degradation (i.e., 

formation of small precipitates and turbidity and gradually losing its innate yellow color), 

although all the protein samples had been carefully stored at 4°C and in the dark. Indeed, re-

measuring the flavoproteins after their complete characterization revealed that the 

photosensitizing properties for most of them were changing over time, even for samples that 

did not show any visual signs of degradation. Of note, protein samples were still fluorescent and 

the absorption spectra showed the characteristic vibronic features indicating that the FMN 

remained bound into the active pocket (Figure 3.4). For this reason, it was highly unlikely to 

detect this phenomenon in advance by routine spectroscopy techniques. It was only when 

studying the 1O2 production that marked changes could be observed when comparing 

measurements of the same FbFP at different storage times. Interestingly, these differences 

between fresh and evolved (or aged) protein samples modified both the ability and the kinetics 

of 1O2 production severely (Figure 3.4).  

 
Figure 3.4. Selected examples to show the evolution of the protein absorbance and 1O2 time-resolved NIR 
phosphorescence, throughout the course of protein characterization. A) miniSOG and B) Pp1FbFP. The inset 
shows a zoomed-in imaged of the 1O2 signals. 

 

The aging effect was totally unexpected. After the initial characterization of Pp2FbFP L30M, 

all the other proteins had been studied consecutively, without any major reason or preference 
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for the order of analysis. Therefore, it was not possible to know whether or not a given protein 

had already evolved at the time of the study, and/or to which extent. In other words, all the 

spectroscopic data collected so far may not describe the putative properties of the proteins of 

interest. For this reason, all this photophysical data was quarantined, and no further discussion 

is provided. For the interested reader, a summarized compilation of all these results is presented 

below in Figure 3.5 (experimental details are given in the figure caption) and the spectroscopic 

values are collected in Table 3.1. (Note: the absorption and fluorescence spectra of these FbFPs 

are not shown herein Chapter 3. All these data are presented and discussed in Chapter 4 for 

freshly purified proteins). 

Since long-term storage of the proteins had been shown to induce unknown transformations 

that affected their photosensitizing ability, the only way to study the real properties was to 

analyze fresh protein samples. Therefore, the whole process to produce the FPs had to be 

developed from scratch. From learning the basic techniques to the designing, adapting and 

ultimately performing the experimental procedures, all process including bacterial 

transformation, bacterial growth, protein induction and expression and protein purification 

were one by one integrated into the microbiology and photochemistry laboratories. 

a) Pp1FbFP 
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b) Pp2FbFP  

 
 

c) DsFbFP 
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d) DsFbFP M49I 

 
 

e) EcFbFP 
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f) PhiLOV2.1 

 
 

g) miniSOG 

  
Figure 3.5. A) Time-resolved 1O2 decays for the protein samples in air and O2-saturated PBS solution. Insets 
show a zoomed-in transient at shorter times. Fitting lines are in black. The Y-axes are in log scale. B) Transient 
absorption decays in Ar, air and O2-saturated PBS solutions. Insets show the decays for the short-lived triplet. 
Fitting lines are in red. C) Degradation of UA by illumination at λ = 450 nm of the FbFPs or free FMN. The black 
circle in the right panel in Pp1FbFP shows the linear part of the plot that has been used for calculations.  
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Table 3.3. Compilation of photophysical data for the FbFPs characterized. 

 

Note: Pp2FbFP and PhiLOV2.1 degraded particularly quickly during the course of the experiments. For PhiLOV2.1 evidence was found suggesting the presence of free FMN in the 
solution (i.e., not bound to the protein). Dim and mon denote the dimeric or monomeric conformation of the protein, respectively. 

 1O2 NIR Phosphorescence 
(λex = 355 nm, λobs = 1275 nm) Transient Absorption (λex = 355 nm, λobs = 700 nm) Uric 

Acid 

 τshort / 
μs 

τlong / 
μs 

τ∆ / 
μs  

Φ∆  τshort Ar 
/ μs 

τlong Ar 
/ μs 

τshort Air 
/ μs 

τlong Air 
/ μs 

τshort O2 

 / μs 
τlong O2 

/ μs 
kqO2short 
/ M-1·s-1 

kqO2long /   
M-1·s-1 PTO2short PTO2long ΦT,AP Φ∆ UA 

Pp2FbFP L30M 
(dim) 2.6 (0.9) 84 

(65) 3.3 0.09 18 154 2,6 92 0.75 65 1.9·109 0.0086·109 83 (96) 22 
(59) 0.30 0.20 

Pp1FbFP (dim) 1.6 
(0.54) 

113 
(50) 3.4 0.19 3.8 190 2.3 128 0.8 58 1.0·109 0.0118·109 39 (79) 33 

(69) 0.38 0.30 

Pp2FbFP (dim) 1.4 
(0.39) 

71 
(33) 3.5 0.07 n.d 103 n.d 71 n.d 54 n.d 0.0079·109 n.d 34 

(48) n.d 0.08 

DsFbFP (dim) 2.6 - 6.2 
(0.7) 

> 400 
(134) 3.4 0.18 -

0.44 6.4 932 2.3 577 0.62 216 1.5·109 0.0036·109 64 (90) 38 
(77) 0.30 0.44 

DsFbFP M49I 
(dim) 

2.3 
(0.67) 

> 400 
(126) 3.3 0.32 - 

0.70 11 1807 2.2 589 0.65 168 1.4·109 0.0054·109 80 (94) 67 
(91) 0.52 0.34 

EcFbFP (dim) 2.0 
(0.57) 

127 
(71) 3.4 0.08 8.8 138 2.0 125 0.78 82 1.1·109 0.0050·109 77 (91) 9 (41) 0.61 0.20 

PhiLOV2.1 
(mon) 2.4 (0.6) 7.2 

(6.6) 3.5 0.02  5.7 9.6 2.7 9.0 0.54 8.2 1.7·109 0.0017·109 53 (91) 4 (15) 0.11 0.02 

miniSOG 
(mon) 2.4 (0.8) 32 

(28) 3.4 0.03 - 
0.18 8.5 33 2.4 30 0.84 25 1.0·109 0.0093·109 72 (90) 9 (24) 0.30 0.26 
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3.3. Specific techniques and methods for the purification and characterization of flavin-

binding fluorescent proteins 

The processes and protocols for protein production and purification are well known and 

routinely performed in laboratories specialized in protein biotechnology. The main steps can be 

broadly summarized in the following stages (Figure 3.6): 

 
Figure 3.6. Schematic illustration of the protein production and purification processes using the affinity 
chromatography method.  

 

a. Cloning a plasmid vector encoding the protein of interest. Typically, the plasmid also encodes 

resistance to a certain antibiotic which provides selectivity of the transformed cells over 

untransformed.  

b. Introduction of the plasmid inside the bacterial cells, a process called transformation. Many 

methods have been developed for this purpose, but amongst them, thermal shock is one of 

the most used because of its simplicity and efficiency. 

c. Bacterial growth in media supplemented with a suitable antibiotic. Induction of protein 

expression by addition of specific compounds called inducers (i.e., arabinose or derivatives 

of lactose metabolites), which depend on the type of plasmid selected. 

d. Cell harvesting by centrifugation and lysis by physical or chemical methods. 

e. Loading of the soluble fraction onto the purification column. There is a variety of 

chromatographic methods to separate the protein of interest from the rest of soluble cellular 

components, including reverse phase chromatography, ion-exchange chromatography, size-
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exclusion chromatography and affinity chromatography. The latter is usually the method of 

choice because it gives the purest results and highest specific activity compared to other 

techniques. 

f. The protein of interest remains bound in the column while the other biomolecules elute 

away.  

g. Selective and controlled elution of the recombinant protein is achieved by the addition of 

specific chemical substrates that interact with the stationary phase. 

h.  Further steps can be performed in order to exchange the buffer solution or concentrate the 

protein.  

 

Of course, this general procedure is opportunely modified and adapted for the specific 

properties of the protein of interest and every laboratory has optimized the process for their 

convenience. Therefore, a wide array of instruments, protein kits, laboratory materials and 

reagents have been developed and most of them are commercially available.  

Plasmid vectors encoding the FbFPs were received from Dr. Drepper’s group. Three 

additional proteins, namely SOPP, iLOV and CreiLOV were also included, expanding the initial 

palette of eight FbFPs up to eleven proteins. The following protocol was carried out for all the 

FbFP samples. 

 

1) Preparation of competent cells 

A single colony of E. coli BL21(DE3) cells (Novagen) was picked from an agar plate using a 

sterile, straight loopneedle. The loopneedle with the bacteria was then plunged deep into 3 mL 

LB medium (Fisher Scientific) and the solution was shaken overnight (ON) at 37 °C. In the 

following morning, 0.5 mL was used to inoculate 50 mL of LB and the suspension was incubated 

until the optical density measured at 600 nm (OD600) reached 0.3. Then, the cells were put on 

ice for 20 minutes and then collected by centrifugation at 5000 revolutions per minute (rpm) for 

5 minutes. The supernatant was decanted and the pellet was gently resuspended in 25 mL 

sterile, cold 0.1 M CaCl2. After 10 minutes incubation on ice, cells were centrifuged as previously 

described, the supernatant was discarded and cells were gently resuspended in 5 mL sterile, cold 

0.1 M CaCl2. Aliquots of 47 µL of cells in CaCl2 supplemented with 20% glycerol were immediately 

frozen at -80 °C for long-term storage. 
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2) Bacterial cell growth and induction of protein expression  

For bacterial transformation, 1 µL of pET28a expression vector (Novagen/Merck) encoding 

each FbFP was added into aliquots of 47 µL of BL21(DE3) competent cells and incubated on ice 

for 30 minutes. pET28a plasmids also carried kanamycin resistance and a sequence of six 

histidine residues (6xHis) fused to the recombinant protein for purification. Afterward, heat 

shock was performed by incubating the cells for exactly 45 seconds at 42 °C in a water bath and 

cells were put back on ice for 5 minutes. Finally, 500 µL pre-warmed LB medium was added, the 

suspension was incubated for 1 hour at 37°C and 100 µL was plated on LB agar plates 

supplemented with 50 µg/mL kanamycin (Gibco). No cells were found in NO-DNA control 

experiments using 1 µL PBS instead of plasmid for cell transformation, thus confirming the 

antibiotic resistance of the transformed cells. 

 

3) Bacterial cell growth and induction of protein expression 

Bacterial cells encoding FbFPs were picked from single colonies and grown in 200 mL LB 

supplemented with 50 µg/mL Kanamycin. At OD600 ~ 0.6, protein expression was induced by 

addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich). Several conditions for 

protein expression were tested, including IPTG concentration, temperature and induction time, 

and the production of the protein was conveniently monitored by measuring the flavin’s 

fluorescence (Figure 3.7). A rational compromise between high expression levels and induction 

time was achieved with 0.4 mM IPTG, at 37°C and at 4 hours after the addition of IPTG. 

Therefore, these expression conditions were applied for the production of all FbFPs. Cell growth, 

as well as protein expression, were always performed under red light or in the dark. 

 
Figure 3.7. A) Normalized evolution of the AUC for SOPP as a selected example of FbFP during the expression 
of the protein in E. coli cells. B) Increase in fluorescence emission at 37°C upon addition of 0.4 mM IPTG. All 
spectra were normalized by OD600 at each expression time. 
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4) Protein purification 

Bacterial cells expressing the FbFPs were harvested by centrifugation and the supernatant 

was discarded. The expression of proteins could be readily observed from the yellow color and 

bright fluorescence of the pellet under near UVA light (Figure 3.8A). Cells were lysed with B-PER 

lysis buffer (Thermo Scientific) complemented with a protease inhibitor cocktail (Sigma). 

Insoluble material was removed by centrifugation and the soluble extract was loaded onto Ni-

NTA agarose column (Qiagen, Figure 3.8B) pre-equilibrated with buffer A (50 mM 

Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) (Sigma-Aldrich) pH 8.0, 300 mM 

NaCl (Panreac) and 10 mM imidazole (Sigma). In the Ni-NTA system, the 6xHis sequence fused 

to the recombinant protein binds to the immobilized metal ions in the resin of the column while 

unspecific proteins elute off. The column was washed with more than ten column volumes of 

buffer A and the fusion protein was then eluted with buffer B (50 mM Tris-HCl pH 8.0, 300 mM 

NaCl and 300 mM imidazole). The high concentration of imidazole competes with the His-tag for 

binding to the metal-charged resin. However, it must be completely removed afterwards from 

the protein solution, especially for characterizing the photosensitizing properties since imidazole 

is an efficient quencher of 1O2.17 The elution fraction containing the purified proteins was loaded 

on a PD-10 column (GE Healthcare) for buffer exchange and elimination of imidazole (Figure 

3.8C). Fluorescent proteins were concentrated (Figure 3.8D) using Amicon® Ultra 0.5 mL or 2 mL 

centrifugal concentrators with a 10.000 Dalton molecular weight cut-off (Merck). All steps of 

protein purification were always performed under red light or in the dark. 

 

Figure 3.8. Protein purification steps, under white room light (left) and near UVA light (right). 

A B

C D
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5) 1O2 NIR phosphorescence measurements 

Early experiments on direct detection of 1O2 NIR phosphorescence were carried out with a 

pulsed laser emitting at 355 nm. However, the low laser frequency (1 kHz) required for the study 

of long 3FMN* lifetimes reduced the light intensity of the laser significantly and therefore 

prolonged irradiation times were needed to obtain decent 1O2 signals. Therefore, it was 

pertinent to incorporate a new pulsed laser more suitable for the study of FbFPs. A powerful 

blue laser emitting at 473 nm was integrated into our 1O2 detection system (Figure 3.9) and 

carefully optimized for FbFPs excitation. The higher light intensity as well as the possibility to 

finely tune the repetition rate remarkably improved the sensibility of the method while 

dramatically reducing the irradiation time required (Figure 3.10).  

 

Figure 3.8. Optimized system for 1O2 photosensitization and detection upon laser irradiation at 473 nm. The 
white arrow on the top left shows the position of the cuvette containing the fluorescent FbFP. The inset shows 
the two wavelengths used for FbFP excitation, superimposed on the absorption spectra of Pp2FbFP L30M. 

 

Figure 3.10. 1O2 phosphorescence signal improvements for fresh miniSOG using optimized buffer and 
irradiation conditions at 473 nm (red) as compared to the early measurements at 355 nm (blue). Notice the 
differences in the irradiation time. Protein’s concentration was comparable in the two experiments. 
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3.4. Conclusions 

Initial attempts to characterize FbFPs have been hampered by the lack of reproducibility of 

the results observed during the study of the proteins, a process that has been called aging. The 

chemical transformations behind the aging process remain unclear; however, early results 

suggest the participation of light since aging was not observed for samples stored under strict 

dark conditions. The results presented in this study are intended to help those researchers 

interested in photoactive proteins to avoid undesired (photo)transformations. The observation 

of aging has motivated the development of a new methodology for the in-house production and 

characterization of the flavoproteins. Starting from the preparation of competent cells, followed 

by bacterial transformation with DNA vectors encoding FbFPs, cell growth and induction of 

protein expression, purification of the FbFP to the ultimate optimization of the 1O2 

photosensitization and detection system, all processes have been step by step successfully 

incorporated. It has allowed the study of fresh proteins on the same day of their extraction, 

which has provided reliable spectroscopic data that were consistent with the literature values 

and were reproducible over time. With the new methodology, it has been possible to use 

deuterated buffers without suffering from limitations derived from sample dilution, which has 

greatly improved the intensity the 1O2 signal and made its analysis much more convenient and 

robust. All in all, the combination of freshly prepared proteins with the new blue laser has 

remarkably increased the quality of the signal while significantly reduced the irradiation time 

required for each experiment, from 2-3 hours to 30 minutes (Figure 3.10). The new procedure 

now enables the proper characterization of the photophysical and photosensitizing properties 

of FbFPs. 
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CHAPTER 4 
 

 

 

4. Photochemical, photophysical and 
antimicrobial characterization of flavin-

binding fluorescent proteins 
 

 

 

The photochemical, photophysical and antimicrobial properties of eleven FbFPs 

have been characterized. Protein samples were produced in E. coli cells, purified 

and analyzed on the same day, allowing the proper study of their genuine 

properties. The spectroscopic data thus obtained for miniSOG were fully consistent 

with the reported values, providing compelling validation of the whole process. All 

proteins produce 1O2 and time-resolved signals showed the typical rise-and-decay 

profile, revealing the generation of a single population of triplet state proteins. In 

addition, most FbFPs are potent biological PSs for aPDT applications.  

 

 

 

Per véncer cal anar-hi, anar-hi i anar-hi! 
Antoni Massaguer 
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4.1. Introduction 

The lack of reproducibility observed for long-term stored protein samples hampered their 

early characterization and all the spectroscopic data obtained thus far had to be quarantined. 

An alternative approach for the home production, purification and irradiation of FbFPs with a 

new blue-light laser has been developed, allowing a more robust study of freshly purified protein 

samples. All plasmids encoding FbFPs were engineered by the group of Dr. Drepper. The new 

experimental procedure was validated using miniSOG since this protein was the first FbFP 

explicitly developed for 1O2 photosensitization purposes, and consequently, it has been studied 

in more detail than other FbFPs and the reported data can therefore be used as reference values. 

The spectroscopic properties of freshly home-purified miniSOG are shown in Figure 4.1 and 

listed in Table 4.1. Literature values are also included for comparison.  

 

Figure 4.1. A) Normalized absorption (blue) and fluorescence (green) spectra and B) time-resolved 1O2 NIR 
phosphorescence decay for miniSOG in air-saturated dPBS upon excitation at λ = 473 nm. Fitting line is in black. 

 

Table 4.1. Photophysical data for miniSOG from this study and reported values. 

 λabs / nm λem / nm τF / ns ΦF τT / μs Φ∆ 

This study 447 496 5.0 0.39 30 0.04 

Published 

data 
 4471  4971  5.12   0.411   313     0.032,3 

 

The spectroscopic data obtained for fresh miniSOG was consistent with previously reported 

values and provided compelling validation of the whole process for protein production, 

purification and characterization. Therefore, the procedure was systematically performed for 

the study of the initial nine FbFPs (see Chapter 3) and the three additional LOV proteins received 

afterward. In total, the photophysical and photosensitizing properties of eleven freshly purified 

flavoproteins were characterized.  
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4.2. Results 

4.2.1. Spectroscopic characterization 

All FbFPs were studied on the same day of their extraction from bacterial E. coli cells, 

following the procedure described in Chapter 3. In addition, at the last step of the purification 

process, recombinant proteins were concentrated and buffer-exchanged to dPBS in Amicon® 

centrifugal filters. Protein samples were prepared by diluting the concentrated stock solution to 

a final absorbance between 0.05 and 0.1 at 473 nm in dPBS. Protein handling and sample 

preparation were always performed under red light or in the dark. Absorption and fluorescence 

spectra, as well as 1O2 time-resolved NIR phosphorescence at 1275 nm upon light excitation at 

473 nm, are shown in Figure 4.2. FbFPs spectroscopic data are collected in Table 4.2. It is worth 

noting that, unlike the data obtained in Chapter 3, the 1O2 signal from fresh proteins revealed a 

single population of 3FMN* in all the flavoproteins, and therefore all 1O2 transients were 

conveniently fitted and analyzed by a biexponential decay.  

a) Pp1FbFP 

 

b) Pp2FbFP 
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c) Pp2FbFP L30M 

 
 

d) DsFbFP 

 
 

e) DsFbFP M49I 

 
 

f) EcFbFP 
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g) PhiLOV2.1 

 
 

h) iLOV 

 
 

i) SOPP 

 
 

j) CreiLOV 

 

Figure 4.2. Graphics A show the absorption (blue) and fluorescence (green) spectra for the FbFPs. Graphics B 
show the 1O2 signals of optically matched solutions of proteins (blue) and FMN (red) at 473 nm in air-saturated 
dPBS. Fitting lines are represented in black. The Y-axes are in log scale. Notice the differences in the time scale 
in the X-axes, which was conveniently adjusted to show the transients. 
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Table 4.2. Spectroscopic data for the eleven FbFPs characterized in air-saturated dPBS. 

Protein λabs / nm λem / nm ΦF τT / μs Φ∆ 

Pp1FbFP 449 495  0.271 132 0.23 

Pp2FbFP 449 494  0.221 96 0.11 

Pp2FbFP L30M 448 493  0.254 100 0.10 

DsFbFP 449 496  0.351 >500 0.33 

DsFbFP M49I 449 497 0.36 >550 0.42 

EcFbFP 449 495  0.441 149 0.08 

PhiLOV2.1 449 495  0.335  8.3 0.01 

iLOV 448 494  0.201 21 0.05 

miniSOG 447 496  0.411 30 0.04 

SOPP 440 484 0.33  111 0.23 

CreiLOV 449 493 0.32 19 0.04 

FMN 450 520  0.251 3.2  0.576 

 
 

The absorption spectra for all FbFPs showed a structured profile that is attributed to vibronic 

transitions of the more rigid and confined chromophore molecule in the active pocket.7 The 

fluorescence spectra also revealed more resolved bands and a slight blue-shift as compared to 

the free flavin in solution. The spectroscopic data are consistent with what has been previously 

observed for other flavoproteins1,8 and therefore confirms that the FMN chromophore is tightly 

encased inside the protein. 

Interestingly, the properties of the 3FMN* exhibited notorious differences among the FbFPs 

studied. Since the chromophore is the same for all the proteins, the significant variation in its 

triplet state lifetimes provides valuable information on both the 3FMN* photoproduction and its 

quenching processes. Because a single FMN molecule is buried in the protein’s binding pocket, 

O2 and nearby amino acids arise as potential quenchers. Therefore, the τT experimentally 

determined for each protein provides structural information regarding both the O2 accessibility 

to the chromophore and the effect of the specific residues surrounding it. 

Triplet lifetimes of tens to hundreds of microseconds in air-saturated buffer solutions reflect 

very low accessibility of O2 to the chromophore. This is reasonable since the FMN molecule is 

buried inside the protein, so O2 has to diffuse through the amino acid matrix before reaching it. 

Among the FbFPs studied, PhiLOV2.1, CreiLOV, iLOV and miniSOG revealed shorter τt. This 

observation can be reasoned considering two major factors, (1) the specific amino acid sequence 
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of these proteins renders FMN more accessible to O2 or (2) 3FMN* is quenched more efficiently 

by electron-rich residues surrounding the flavin, such as tryptophan (Trp), tyrosine (Tyr), 

histidine (His), methionine (Met) and cysteine (Cys).9,10 Noteworthy, the shortest τT value for 

PhiLOV2.1 is still remarkably longer than typical values observed for organic dyes in air-saturated 

solution and is therefore consistent with the enclosing effect of the protein on the chromophore.  

The second group of proteins showed longer τT values, within in the range between 90 to 

150 μs (i.e., Pp2FbFP, Pp2FbFP L30M, Pp1FbFP, SOPP and EcFbFP). The increase in τT can be 

explained either by reduced O2 accessibility (i.e., FMN is buried deeper inside the protein and 

the amino acid chains make the path more tortuous and difficult for O2 diffusion) and/or as a 

consequence of less efficient quenching of 3FMN* by nearby residues.  

The third group of proteins comprises DsFbFP and DsFbFP M49I which showed very long τT 

values, beyond 500 μs. Such long lifetimes are unusual for air saturated solutions and therefore 

reflect an extremely low O2 accessibility to the chromophore. Noteworthy, the experimental 

determination of these triplet values raises a tricky mechanistic question for the study of 1O2 

production and detection. If 3FMN* lives for more than 500 μs in air-saturated solutions, it can 

be assumed that it takes more than 500 μs for O2 to diffuse through the protein to reach the 

chromophore (in the absence of any other 3FMN* quencher from the protein matrix). Once 1O2 

is produced in the immediate vicinity of the chromophore, it is not clear whether it can diffuse 

out to the external media or it decays inside the protein along its way out. An early assumption 

considered the latter process, based on the work from Lepeshkevich et al.11 in which the authors 

observed a strong influence of the protein matrix on the radiative 1O2 deactivation and 

determined the radiative constant of 1O2 within the protein. The reported value was 1.7 ± 0.3 s-

1, which is about eight times larger than the one found in aqueous solutions (0.209 s-1).11,12 With 

their results in mind and having observed triplet state lifetimes longer than 500 μs for a 

chromophore encased system, it was reasonable to apply this approximation for the two 

DsFbFPs variants. The assumption of this model led to the determination of small Φ∆ values 

despite observing an apparently intense and prolonged 1O2 signal. This generated a lot of 

controversy and discussion and the question remained unsolved for a long time. However, later 

experimental evidence pointed to the other direction, suggesting that 1O2 indeed escapes from 

the protein and ultimately decays in the aqueous media. This was unambiguously demonstrated 

upon exchanging the H2O-based to D2O-based phosphate buffer, taking advantage of the 

deuterium effect on the 1O2 lifetime.13 While τT remained practically unaltered (> 500 μs), τ∆ 

increased from 3.4 μs to 42 μs, which is consistent with the 1O2 lifetimes in H2O and D2O media,14 

respectively (Figure 4.3).  
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Figure 4.3. 1O2 NIR phosphorescence decays at 1275 nm and kinetic data for DsFbFP M49I upon excitation at 
473 nm in air-saturated A) PBS and B) dPBS solution.  
 

As a final piece of evidence, indirect measurements of 1O2 production were performed using 

UA in dPBS solution (Figure 4.4). The irreversible reaction of UA with 1O2 provides sound 

evidence of the release of the 1O2 molecules into the solution. The Φ∆ thus determined was 0.28 

and 0.36 for DsFbFP and DsFbFP M49I, respectively, in good agreement with the values obtained 

by 1O2 luminescence.  

 

Figure 4.4. Degradation of UA upon illumination at 450 nm of optically matched solutions of DsFbFP, DsFbFP 
M49I and free FMN. Φ∆FMN = 0.57 in dPBS.6 
 

As a consequence, when the radiative constant in aqueous media is applied for calculations, 

it renders a Φ∆ value that is about 8-fold higher than the previous estimation (the final Φ∆ values 

are included in Table 4.2 above).  

Noteworthy, indirect 1O2 measurements for the tow DsFbFP variants were also carried out 

with the chemical trap 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABMDMA, also 

known as ADMA). ADMA is a water soluble and fluorescent anthracene derivative that 

irreversibly reacts with 1O2 to produce the corresponding non-fluorescent endoperoxide,15 an 

therefore, this reaction can be conveniently monitored by means of fluorescence spectroscopy. 

However, the Φ∆ values thus obtained were abnormally high (Φ∆ > 0.73 for DsFbFP M49I, which 
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taken together with the experimentally determined value ΦF = 0.36, exceeds the limit Φ∆ + ΦF = 

1). Moreover, large fluctuations of the Φ∆ value were observed from independent replicates 

using the ADMA method. Finally, it was observed that the fluorescence of ADMA significantly 

increases with time after the irradiation of the photoactive protein (Figure 4.5). This is likely 

consequence of interactions between the protein and the fluorescent probe, which has been 

previously observed for other anthracene derivatives2 and therefore hampers the valid 

characterization of the photosensitizing properties. These possible interactions have not been 

further investigated since the use of fluorescent probes is beyond the scope of the present work. 

 

Figure 4.5. Evolution of the fluorescence intensity of ADMA at 428 nm, upon (A) 15 seconds and (B) 90 seconds 
of blue light irradiation of DsFbFP M49I. 
 

4.2.2. Antimicrobial properties of FbFPs 

The antimicrobial capacity of FbFPs was reported for the first time by Ruiz-González et al.2 In 

that study, the authors demonstrated the superior photokilling ability of miniSOG expressed in 

E. coli cells as compared to the red fluorescent GFP-like protein TagRFP, previously reported as 

a purely endogenous 1O2 PS by the same authors16 (Figure 4.5).  

 

Figure 4.6. Comparison of E. coli light-dose dependent photokilling effect of TagRFP and miniSOG upon 
irradiation with green or blue light, respectively. Noteworthy, more than 1.500 J·cm-2 were required to induce 
a 2-log decrease in the number CFU·mL-1 for TagRFP.16 Image from Ref. 2.  
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Other authors have tested the phototoxicity of FbFPs, however, all studies have been carried 

out in nematodes or cancer cells but not in bacteria, the primary target in aPDT. Assessing the 

capacity of the newly developed palette of FbFPs to kill bacterial cells therefore provides highly 

valuable information on their underexplored potential for aPDT applications. In addition, from 

a mechanistic point of view, the ability to kill cells would further demonstrate that 1O2 escapes 

from the protein matrix and reaches the external media. Moreover, it can also be very 

interesting to study whether there is a correlation between the capacity of 1O2 production and 

the killing efficiency observed in vivo. 

Phototoxicity experiments were performed by the groups of Dr. Drepper and Dr. Gensch at 

the Forschungszentrum Jülich, in the framework of an ongoing collaboration. E. coli cells 

expressing each FbFP were illuminated with blue light (λex = 448 nm, 180 mW·cm-2) for increasing 

periods of time and cell death was evaluated firstly using the plate spot assay (Figure 4.6). The 

results demonstrated that almost all of the tested FbFPs exhibit strong light-triggered 

antimicrobial activities, resulting in pronounced growth impairment already after 10 seconds of 

blue-light irradiation for some cases (i.e., Pp1FbFP, DsFbFP M49I, miniSOG, SOPP and EcFbFP). 

Other proteins such as Pp2FbFP, Pp2FbFP L30M or CreiLOV required more extended illumination 

(>10 seconds) to induce significant photodamage whereas cell viability of phiLOV2.1- and 

DsFbFP-expressing E. coli cells was almost unaffected even after prolonged exposure to intense 

blue-light (Figure 4.7).  

 

Figure 4.7. Plate spot phototoxicity assay of FbFPs. The empty vector and samples of each culture that were 
kept in the dark were used as controls. Green colonies represent fluorescing cells while colonies of non-
fluorescing cells appear bluish due to UVA-light illumination. 
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To further characterize the phototoxic activities of FbFPs in E. coli, a propidium iodide-based 

assay was performed. Propidium iodide (PI) is a barely fluorescent and cell impermeable dye;17 

however, when cell membranes are disrupted (e.g., due to ROS-mediated photooxidation), it 

intercalates into DNA from dead cells and develops a specific, bright, red fluorescence.17 

Therefore, detection of the PI fluorescence allows monitoring FbFP-mediated cell death in a 

time-resolved manner. The results presented in Figure 4.8 show the increase in PI fluorescence 

related to the illumination time (0 to 60 minutes). For a more accurate comparison of individual 

phototoxicities, all cells expressing FbFPs were resuspended to a final cell density of OD580 = 0.5 

and the PI fluorescence was normalized to the amount of functional protein, which was 

calculated from the in vivo fluorescence and the molecular brightness. 

Based on the observed development of PI fluorescence intensities, the phototoxicity of the 

tested FbFPs can be classified into three different groups: The first encompasses SOPP, DsFbFP 

M49I, Pp1FbFP and iLOV, where blue-light illumination of E. coli cells resulted in a fast and strong 

increase of PI fluorescence. The second group contains Pp2FbFP, EcFbFP, miniSOG and CreiLOV, 

whose PI fluorescence signals developed slower after blue-light illumination and exhibited a 

lower intensity at the longest irradiation times, as compared to those of the first group. The 

third group contains the apparently less- to non-toxic proteins PhiLOV2.1, DsFbFP and Pp2FbFP 

L30M since E. coli cells expressing these three variants did not show a significant increase in PI 

fluorescence. In control experiments, aliquots of the same E. coli expressing FbFPs were kept in 

the dark for 60 minutes and no significant changes in the PI fluorescence could be detected, 

thereby confirming that the observed increase in PI fluorescence is specifically induced by the 

light-induced phototoxic activity of the tested FbFPs. 

 

Figure 4.8. Analysis of FbFP phototoxicity using PI marker for dead E. coli cells. The bars show the change in PI 
fluorescence intensity (λex = 535 nm, λobs = 617 nm) over 60 minutes. The data represent the mean values of 
three independent experiments; the error bars indicate the calculated standard deviations. 
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These results unambiguously demonstrate that most of the studied FbFPs are capable of cell 

photokilling and, thus, can potentially be used as PSs for light-controlled antimicrobial 

applications. In addition, the direct detection of 1O2 upon illumination of the proteins provides 

solid arguments to link its production with the phototoxicity observed. However, if one attempts 

to compare the Φ∆ values obtained for purified proteins in solution with the results from the PI 

experiments in bacteria, there seems to be no apparent correlation for some of the FbFPs. Many 

factors may account for this discrepancy since the behavior of the proteins may change as a 

consequence of the differences in the microenvironment of the protein inside the living cell as 

compared to free dissolved in solution, including different protein conformations, interactions 

with other cellular components/biomolecules and/or other external factors. For example, it has 

been recently observed that the increase of temperature has a remarkable effect on O2-

dependent quenching of 3FMN*.18 

It is also true that other processes may also compete in the deactivation of 3FMN* and 

influence in the ultimate efficiency of cell killing. In this regard, it is known that flavins produce 

ROS other than 1O2 upon illumination and O2
•‐ has actually been detected and quantified very 

recently for miniSOG.19 Therefore, differences in the formation and release of various ROS 

species could also contribute to different light-induced in vivo toxicities of individual FbFPs 

variants. To assess the participation of other ROS, the production of H2O2, (i.e., produced upon 

O2
•‐ decomposition), was measured illuminating the purified FbFPs with the Amplex® Red 

Hydrogen Peroxide/Peroxidase Assay (Figure 4.9).  

 

Figure 4.9. Quantification of H2O2 formation upon blue-light illumination of FbFPs. The control experiment in 
the dark did not lead to detectable H2O2 production for all tested proteins. The data represent the mean values 
of three independent experiments; the error bars indicate the calculated standard deviations. 



Chapter 4   

92 
 

The results of this experiment showed considerable Type-I driven ROS formation of FbFPs, 

particularly for the two DsFbFPs proteins and EcFbFP. However, as for the 1O2 experiments, no 

general correlation between phototoxicity and H2O2 production ability could be observed. 

However, it is worth noting that there are substantial differences in the irradiation time (and 

thus the light fluence) employed between the PI and the H2O2 experiments. While time intervals 

of 0.5 min were used for H2O2 quantification, the first analysis of PI fluorescence was performed 

at 10 minutes of blue light illumination. Importantly, a closer look at the PI experiments revealed 

that the time evolution of the PI fluorescence leveled off at different upper-limit values for each 

protein, resulting in a clear sigmoidal shape (Figure 4.8). This observation is particularly relevant 

since it implies that photobleaching of the proteins is indeed the critical factor that limits their 

phototoxic properties. This is consistent with the photobleaching rates reported previously for 

some of the tested FbFPs in this work.1 If the protein did not photobleach, the rate of 1O2 

production would be stable and the increase in PI fluorescence would not show a sigmoidal 

shape. Since the Φ∆ values were determined using much lower light fluences to prevent 

photobleaching processes, a better comparison between the protein’s ability to kill cells and the 

quantum yields should be made using the initial rate of photokilling. Because photobleaching 

leads to a loss of protein fluorescence up to 30-40 % within the first 10 minutes of irradiation, it 

is reasonable to assume that the ability to produce 1O2 decreases accordingly. It is therefore 

appropriate to use a corrected Φ∆ value. The best way of estimating the average Φ∆ during the 

0 - 10 minutes period is by averaging the initial and final Φ∆ – the final being estimated by 

normalizing it to the protein fluorescence at 10 minutes. Plotting the corrected values yields a 

clear correlation between the Φ∆ values and the cell photokilling efficiency (Figure 4.10). 

 

Figure 4.10. Correlation between the 1O2 production and the increase of PI fluorescence after 10 minutes of 
blue light illumination. Φ∆ values have been normalized to the decrease in FbFP fluorescence after the 10 
minutes. The empty red circle corresponds to DsFbPs and has been excluded from drawing the linear regression, 
(see text). 
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Of note, DsFbFP has been excluded from the linear regression analysis since it has been 

reported that this protein photobleaches much faster as compared to the other FbFPs.1 

Therefore, it can be assumed that the lack of phototoxicity can be explained by the rapid 

photodegradation of the protein after intense irradiation. Table 4.3 collects the results after 10 

minutes irradiation. 

Table 4.3. Changes in PI and FbFP fluorescence after 10 minutes irradiation. The normalized Φ∆ value at 10 
minutes has been calculated to the protein fluorescence at the same time elapsed. 

Protein Φ∆ 
Norm. change of 
PI fluorescence  

% in vivo 
fluorescence 

Φ∆ norm. to in 
vivo fluorescence  

Pp1FbFP 0.23 335 99 0.23 
Pp2FbFP 0.11 124 76 0.10 

Pp2FbFP L30M 0.10 60 56 0.08 
EcFbFP 0.07 159 71 0.06 

PhiLOV2.1 0.01 1 92 0.01 
miniSOG 0.04 44 91 0.04 

SOPP 0.25 372 84 0.23 
CreiLOV 0.04 1 67 0.03 

iLOV 0.05 1 89 0.05 
DsFbFP 0.33 1 79 0.26 

DsFbFP M49I 0.42 463 69 0.29 
 

Regarding the production of other ROS, it is true that some of the proteins form H2O2, 

however, it is not clear to what extent H2O2 contributes to cell death. Several studies have 

actually reported that H2O2 is not particularly reactive towards cellular components.20–22 On the 

other hand, it cannot be excluded that H2O2 may be formed from singlet oxygen23 (Scheme 4.1). 

For all these reasons, and supported by the correlation observed in Figure 4.10 and by the well-

known reactivity of 1O2 in biological systems, there is now little doubt that 1O2 is the main cell 

killer. 

 

Scheme 4.1. Reactions involved in the formation of H2O2 from 1O2 through the participation of intermediate 
radical species. 
 

 

+ +  

H2 2
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4.3. Conclusions 

The photophysical, photosensitizing and antimicrobial properties of eleven FbFPs have been 

characterized. Fresh protein samples have been prepared following the methodology developed 

previously and studied on the same day of purification, in order to minimize the possibility of 

phototransformations. The absorption and fluorescence spectra for all the flavoproteins show 

structured bands which reflects the more rigid environment of the FMN chromophore inside the 

protein as compared to the flavin freely dissolved in solution. The position of the fluorescent 

bands is also slightly blue-shifted for the FMN encased in the active pocket of the proteins. All 

FbFPs photosensitize 1O2 upon blue light illumination; however, significant differences in both 

the ability and kinetics have been observed by direct detection of 1O2 NIR phosphorescence at 

1275 nm. Because the chromophore is the same for all the flavoproteins, the properties of the 

triplet excited state reflect the ability of O2 to diffuse through the protein matrix and the 

influence that the particular amino acids that make up each protein exert to the FMN 

chromophore. In addition, the photosensitizing capacity of the FbFPs has been tested for aPDT 

applications. Phototoxic experiments in E. coli cells have demonstrated that most of the proteins 

are capable of killing bacteria efficiently and selectively upon blue light illumination, being 

nontoxic in dark conditions. Furthermore, the photokilling properties correlate with the ability 

to produce 1O2, confirming that, besides other ROS, 1O2 is indeed the prominent cell killer. These 

results expand the toolbox of flavoproteins for fluorescence imaging and aPDT applications and 

provide valuable structural information for the rational design of novel and improved 

flavoproteins with great potential as biological PSs for optogenetic approaches. 
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The photochemistry of miniSOG  
 

 

 

The photosensitizing flavoprotein miniSOG has been studied in detail. The 

crystal structure has been solved at 1.17 Å high resolution. The factors that 

limit the low 1O2 production of miniSOG have been rationalized and the 

transformations that it undergoes upon photolysis have been explained. In 

addition, novel miniSOG mutants have been developed and characterized, 

aiming at enhancing its photosensitizing ability.  

 

 

 

 

An expert is a person who has made all the mistakes 
that can be made in a very narrow field. 

Niels Bohr  
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5.1. Introduction 

MiniSOG (for mini Singlet Oxygen Generator)1 is a 106 amino acid protein engineered from 

the LOV2 (Light, Oxygen and Voltage) domain of Arabidopsis thaliana phototropin 2. MiniSOG 

was originally developed for CLEM applications as it efficiently catalyzes the photo-oxidation of 

DAB, providing high-resolution images.1 In addition, miniSOG fluoresces with a moderate 

quantum yield (ΦF  ~ 0.37)1 which allows to expanding its potential also for fluorescence 

microscopy imaging. Combining these techniques, cells and tissues can be studied from the 

micrometer to nanometer scales.2 Since its development in 2011 by Shu and coworkers, 

miniSOG has been used or studied in more than 60 publications so far, aiming at characterizing 

its properties and exploring its potential for a wide range of applications.3–5  

Despite great progress made since the first report, a number of fundamental questions 

remain unanswered concerning the structure and function of miniSOG and, by extension, of 

other flavoproteins considered for 1O2 photogeneration. First, the actual structure of miniSOG 

remains still unsolved, and therefore the development of miniSOG mutants has been guided so 

far by random mutagenesis6,7 or by a semiempirical approach based on modeled structures 

obtained from artificially mutated LOV analogs.8,9 Solving the crystal structure will provide 

precise knowledge of miniSOG that is essential to understand the trafficking of O2 and of 1O2 

between the external medium and the protein chromophore as well as to get insights on the 

photochemical behavior of the protein. Other intriguing aspects that require attention are the 

τT and Φ∆ values. MiniSOG’s triplet lifetime is much shorter than that of FMN in nitrogen (N2)-

saturated solutions (33.6 μs10 vs. 200 μs11), whereas its Φ∆ is much lower than that for the free 

flavin in PBS (0.0312,13 vs. 0.5114). This has been recently rationalized as the result of O2-

independent competing reactions between the triplet FMN chromophore, 3FMN*, and nearby 

protein residues, particularly electron transfer processes from tryptophan, and inefficient O2 

diffusion through the protein scaffold.9  

On the other hand, early results from our laboratory reported the dramatic increase of 

miniSOG Φ∆ upon extended exposure of the protein to light,12 which was later confirmed by 

independent studies.13 However, the processes and the compounds involved in the 

phototransformation, as well as the structural changes and their consequences, have not been 

assessed so far. A closer look into miniSOG using a combination of structural and photophysical 

data may provide definitive answers to all these open and puzzling questions, thereby 

establishing a sound scientific basis for the rational development of the next generation of 

genetically encoded 1O2 PSs.  



Chapter 5   

100 
 

5.2. miniSOG explained 

The photophysical and photosensitizing properties of miniSOG have been a matter of intense 

research over the last years.8,10,12,13 Comprehensive analysis of all the results reported in 

previous studies, supported and completed with new data from this work (see Chapter 4 for 

photophysical and photosensitizing data of miniSOG) allow to drawing the whole picture of the 

current understanding of the photochemistry of miniSOG (Scheme 5.1). Values of relevant 

photophysical properties are given in Table 5.1.  

 

Scheme 5.1. Schematic representation of the photophysical and photosensitization processes of miniSOG.  
 

Upon light absorption, miniSOG is promoted to its singlet excited state, 1miniSOG*, from 

which it either returns to the ground state emitting fluorescence or it undergoes ISC to populate 

the triplet state, 3miniSOG*. Other decay pathways such as reaction with nearby amino acid 

residues can be safely ruled out since no shortening of the fluorescence lifetime or decrease in 

the ΦF are observed relative to FMN. The protein matrix confers an enclosing and protective 

effect on the chromophore, which is reflected by the remarkable increase in the lifetime of 
3miniSOG* in air-saturated solutions (~ 31 μs vs. ~ 3 μs). However, τT increases only slightly, up 

to ~ 33.6 μs in O2-depleted conditions,10 substantially shorter than that of free 3FMN* in solution 

(~ 200 μs).11 This indicates that protein quenching is a major mechanism of triplet decay.9 

Comparison of τT values in N2-saturated solutions of miniSOG and a novel mutant called SOPP39 

(for Singlet Oxygen Photosensitizing Protein 3), a protein devoid of any electron-rich amino acid 

in the vicinity of the flavin, allows to estimate the rate constant for protein quenching in miniSOG 

(kP = kT
N2 – kT

N2
SOPP3, Table 5.1). In the presence of O2, a second decay pathway is possible, namely 

quenching to produce 1O2 (energy transfer, type II) or O2
•‐ (electron transfer, type I), as observed 

for FMN in solution.15 It is also possible to produce O2
•‐ by reaction of O2 with a radical anion 

formed during protein quenching. Comparison of the τT data in air- and N2-saturated solutions 

allows estimating the pseudo-first order rate constant for oxygen quenching (kO2 = kT
Air – kT

N2; 

Table 5.1). Finally, miniSOG undergoes photoproduct formation, albeit with a comparably lower 

rate constant (kPhot; see Table 5.1).  

miniSOG  
hν 1miniSOG* 3miniSOG*  

Φ∆
ΦF

ΦT

kP

1O2

O2
•-

kO2

Products
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O2
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Table 5.1. Photophysical properties of miniSOG in D2O and H2O-based PBS. 

Parameter D2O H2O 

τS 4.96 ns a 4.86 ns a 

ΦF 0.43 a 0.42 a 

ΦT 0.6 b 0.6 b 

kTN2 2.41 x 104 s-1 a 2.98 x 104 s- 1 a 

kP 2.38 x 104 s-1 2.95 x 104 s-1 c 

kTAir 2.59 x 104 s-1 a 3.19 x 104 s-1 a 

kO2 1.8 x 103 s-1 2.3 x 103 s-1 

Φ∆ 0.04 b,d 0.03 e,f 

kPhot 1.3 s-1 - 
aRef.10. bRef. 8. cAssuming the same value of kT

N2,SOPP3 in H2O and D2O. dThis work. eRef. 12. fRef. 13 

 

Analysis of the rate constants in Table 5.1 allows drawing the following conclusions: (1) 

Protein quenching is the main triplet deactivation pathway in miniSOG, removing 93% of the 

triplets in air-saturated solutions (kp / kp + kO2). (2) Oxygen quenching only traps 7% of the 

triplets, which limits the maximum Φ∆ value to 0.6 x 0.07 = 0.042 (Equation 5.1), in excellent 

agreement with the experimental value (Φ∆ = 0.04). It can therefore be concluded that the ability 

of miniSOG to produce 1O2 is defined by the competition between protein- and oxygen 

quenching. 

2 2

2 2

O O
T T

p phot O p O

k k
k k k k k∆Φ Φ Φ= × ≈ ×

+ + +
  Equation 5.1. 

5.2.1. Crystal structure 

This work has been performed in collaboration with the group of Dr. Antoine Royant at the 

Institut de Biologie Structurale (IBS) and at the European Synchrotron Radiation Facility (ESRF), 

Grenoble, France. The crystal structure of miniSOG (Figure 5.1A) has been solved at 1.17 Å high 

resolution with the molecular replacement method using a previously determined structure of 

the LOV2 domain of A. thaliana phototropin 216 (PDB 4EEP). The structures are very close from 

each other (root-mean-square deviation on Cα atoms of 0.39 Å) and two mutations C40/426G 

(miniSOG/phototropin 2 numbering) and F84/470L have been identified to affect significantly 

the FMN-binding cavity. C40G is the photoreaction-hindering mutation, and the removal of a 

side chain at position 40, added to the smaller size of the side chain at position 84, induce the 

displacement of three strands towards the isoalloxazine ring, providing the chromophore with 

a more rigid environment. 
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Figure 5.1. A) Secondary structure of the protein (light gray) represented with its chromophore FMN (green), 
chloride (yellow) and magnesium (green) ions, and H2O molecules (red). Selected amino acids are represented: 
mutated residues from LOV2 (orange), residues stabilizing the isoalloxazine ring via hydrogen bonds (magenta), 
and surface residues susceptible to oxidation (cyan). B) Close-up on the interactions stabilizing the FMN. 
Hydrogen and coordination bonds are represented as dashed grey lines. 
 

The FMN chromophore is stabilized by the protein through hydrogen bonds on one half of 

the isoalloxazine ring, and van der Waals interactions on the other half (Figure 5.1B).The ribityl 

tail lies in a tunnel bridging the bulk solvent and the core of the protein (Figure 5.2), with its 

terminal phosphate group (PO4
2−) stabilized by two surface arginine residues (R41 and R57) and 

an hexa-hydrated magnesium ion (Figure 5.1B). A chloride ion is located next to the 

phosphoribityl tail positioned halfway through the tunnel. The presence of magnesium and 

chloride is favored by the composition of the crystallization mother liquor. It has been reported 

that chloride can be a good mimic of O2,17,18 which suggests that this location may serve as a 

transient affinity site for O2 when diffusing from the solvent to the chromophore via the tunnel.  

 

Figure 5.2. Front (A) and top (B) visualization of the surface representation of miniSOG showing the topology 
of the FMN binding site. 

A B

A B
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The crystallographic results demonstrated that O2 access to the chromophore is severely 

limited by the phosphoribityl tail blocking the tunnel, which explains the low value of kO2. 

Therefore, one possible strategy to increase the Φ∆  value is to remove this tail, thereby 

enhancing O2 quenching (see below).  

Alternatively, Φ∆ can also be enhanced by decreasing kp. Our results show that the electron-

rich residues Met1, Tyr73, Trp81, His85, Met89 and Tyr98  are positioned close to the 

chromophore and can thus act as electron-transfer quenchers of 3miniSOG *. Similarly, residues 

Glu44, Asp72, Asp82 and Glu103, form hydrogen bonds with FMN (Figure 5.1B), which may 

enhance protein quenching. Replacing selectively these residues should lead to a lengthening of 

τT of miniSOG, and to a higher fraction of triplets being trapped by O2, thus to a higher Φ∆ value. 

In fact, miniSOG mutants lacking some of these amino acids show considerably longer τT values 

(e.g., 196 μs for miniSOG Q103L (SOPP),9 1.0 ms for miniSOG W81F, and 3.3 ms for SOPP39 in 

oxygen-free solutions) and larger Φ∆ values (0.25, 0.33 and 0.6, respectively), in agreement with 

Equation 5.1. It is worth noting also that miniSOG produces more O2
•‐ than FMN,15 which 

indicates that the radical anion pathway contributes to the production of O2
•‐. Consistent with 

this, the mutant SOPP shows an 8-fold higher Φ∆ value than miniSOG but only a 1.3 higher yield 

of O2
•‐.8 Thus, removal of electron-rich residues in the vicinity of the chromophore should 

strongly reduce the formation of O2
•‐. 

 

5.2.2. Transformations upon photolysis 

In an early work, Ruiz-González et al. observed a 10-fold increase in miniSOG’s Φ∆ upon 

prolonged irradiation at 355 nm,12 which has been reproduced by independent laboratories.8,13 

To get further insights in this phototransformation and understand the processes involved, we 

performed an extensive spectroscopic study. The pBAD plasmid encoding miniSOG was 

transformed into competent TOP10 E. coli cells and protein expression and purification were 

performed as described in Chapter 3.  

Prolonged exposure of fresh miniSOG to 355 nm light induces a number of remarkable 

changes in the protein. On the one hand, the FMN chromophore shows photobleaching and new 

bands appear concomitantly in the 300 - 400 nm region (Figure 5.3A). This is accompanied by 

the onset of new fluorescence bands at shorter wavelengths (Figure 5.3B). Because severe 

bleaching is observed for the absorbance bands above 420 nm, and blue light is broadly used for 

photo-oxidation experiments using miniSOG, the effects of light illumination at 473 nm were 
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studied as well, where the photoproducts barely absorb. Interestingly, visible light induces 

similar spectroscopic changes in the absorption and fluorescence spectra (Figure 5.3C and 3D). 

On the other hand, regarding the photosensitizing properties, a new, shorted-lived component 

(τT ~ 3 μs) can be observed in the triplet decay kinetics upon light excitation at 355 nm and at 

473 nm, which leads to a faster rise of the 1O2 NIR phosphorescence signal (Figures 5.3E and 

5.3F). In light of Equation 5.1, the 10-fold shortening in τT suggests severe changes in kO2.It is 

worth noting that the Φ∆ value remarkably increases when excited at 355 nm, suggesting also 

remarkable changes in kp. However, it remains essentially constant if probed at 473 nm, where 

the photoconverted protein hardly absorbs, and despite the photobleaching observed in the 

absorption bands. The evolution of the kinetic parameters of the 1O2 photosensitization along 

the photolysis of miniSOG is collected in Table 5.2 and Table 5.3 for 355 nm and 473 nm light 

excitation, respectively. 

 

Figure 5.3. Spectroscopic changes of miniSOG upon photolysis (from blue to red lines) at 355 nm (left column 
panels) and 473 nm (right column panels). Insets in the absorption spectra (A and C) show the difference spectra 
before and after the successive irradiations. Insets in the emission spectra (B and D) show a zoomed-in image 
of the new bands formed. (Fluorescence spectra were recorded at λex = 320 nm, exciting both the FMN 
chromophore and the photoproducts). Insets in the 1O2 signals (E and F) show the Φ∆ enhancement.  
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Table 5.2. Evolution of miniSOG 1O2 photosensitization kinetics upon photolysis at 355 nm. 

Light fluence / J·cm-2 τT1 / μsa τT2 / μs Relative Φ∆ 

6 27 (2890) -- 1.00 

12 27 (1628) 4.6 (996) 0.92 

24 27 (1228) 4.3 (2310) 1.22 

36 27 (1055) 3.2 (3723) 1.65 

48 27 (957) 2.7 (5309) 2.17 

60 -- 2.9 (8729) 3.02 

72 -- 2.9 (11121) 3.85 

84 -- 2.8 (13175) 4.56 

96 -- 2.8 (15738) 5.45 

108 -- 2.8 (18173) 6.29 

120 -- 2.7 (21057) 7.29 

132 -- 2.6 (22310) 7.72 

S0 values are given in parentheses for comparison. 
 

Table 5.3. Evolution of miniSOG 1O2 photosensitization kinetics upon photolysis at 473 nm. 

Light fluence / J·cm-2 τT / μsa Relative Φ∆ 

9 29 (7772) 1.00 

27 17 (11541) 1.48 

45 7.2 (12033) 1.55 

72 4.1 (11581) 1.49 

108 5.0 (10325) 1.33 

S0 values are given in parentheses for comparison.1O2 signals could not be conveniently fitted using a tri-
exponential model. 
 

In addition to the spectroscopic data, the availability of well-diffracting crystals of miniSOG 

allowed the study of structural transformations induced by 460 nm blue light irradiation. The 

light intensity was conveniently adjusted since stronger irradiation led to non-diffracting crystals 

whereas lower irradiation did not induce substantial structural changes in the crystal. As 

observed in solution, photolysis of miniSOG crystals induced significant fluorescence bleaching 

(Figure 5.4). It is interesting to note that the relative intensity of the two bands is the opposite 

and slightly red-shifted as observed for miniSOG in solution. Although this effect likely reflects 

differences in the protein’s conformation within the ordered crystal as compared to the bulk 

solution, the determination of these factors is beyond the scope of this work.  
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Figure 5.4. Blue light-induced fluorescence bleaching of miniSOG crystals. 
 

Blue light irradiation allowed keeping diffraction around 2.0 Å resolution while generating 

sufficient damage to be visualized in electron density maps. Inspection of a difference Fourier 

map calculated from diffraction data sets recorded on a non-irradiated and a blue-light 

irradiated part of a miniSOG crystal revealed the loss of electron density all along the 

phosphoribityl tail of the FMN chromophore (Figure 5.5A), strongly suggesting its cleavage.  

In order to identify the precise location of the cleavage, LC-MS mass spectrometry was 

performed on protein samples in solution that had been exposed to increasing blue-light 

fluences, focusing on the low molecular weight region. Progressive disappearance of the FMN 

peak at m/z = 457.1 was observed, in favor of a peak at m/z = 243.1 that emerged in a light dose-

dependent manner (Figure 5.5B). 

 

Figure 5.5. A) 2.0 Å resolution difference Fourier map calculated between non-irradiated and blue light-
irradiated parts of a miniSOG crystal contoured at a -3.0 σ level (red) superimposed on the FMN molecule (pale 
green). B) ESI mass spectra of miniSOG irradiated with 460 nm light for 0, 30, 120, 360 and 900 seconds. 
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On the basis of the structural and spectroscopic data, our results demonstrate that the FMN 

chromophore in miniSOG is converted into a new product upon blue light illumination. With all 

this in mind, we sought to identify the photoconverted chromophore. Lumichrome (LC) emerged 

as the main candidate consistent with the above observations: (1) LC is a photodegradation 

product of flavins in aqueous solutions,19 with a molar mass of 242.24 g·mol-1 (Figure 5.6A); (2) 

LC absorbs and fluoresces at shorter wavelengths than FMN (Figures 5.6B and 5.6C), consistent 

with the observed spectral changes; (3) LC lacks the phosphoribityl tail of FMN, hence access of 

O2 to the isoalloxazine ring is favored (Figure 5.6D). This is consistent with the shorter τT 

observed in photolyzed protein samples and implies that kO2 increases. (4) The ∆rG° value for 

quenching of 3riboflavin* by tryptophan is -86.5 kJ·mol-1 (riboflavin is analogous to FMN except 

for the PO4
2−) while is more positive for 3LC*, -67.2 kJ·mol-1;20 hence protein quenching should 

be less favored and kp decreases, and (5) LC is also an excellent 1O2 PS,20–22 Φ∆ = 0.34 has been 

determined in dPBS (Figure 5.6D), which is in excellent agreement with literature values.23 

In summary, in the photoconverted samples of miniSOG encasing LC, the lack of the 

phosphoribityl tail would imply higher accessibility to O2 (↑ kO2), and in combination with lower 

protein quenching ability (↓ kp), the Φ∆ should be reasonably much larger than that of non-

irradiated samples since a larger fraction of triplets would be trapped by O2. It is highly 

reassuring that a remarkable increase in Φ∆ is observed when photolyzed miniSOG is excited at 

355 nm, where LC absorbs strongly, but not at 473 nm, where it barely absorbs.  

 

Figure 5.6. (A) Photoconversion of FMN (green) to LC (magenta). Normalized absorption (B) and fluorescence 
(λex = 320 nm, C) spectrum. (D) Time-resolved 1O2 NIR phosphorescence signals of optically matched LC and 
FMN solutions in air-saturated dPBS (λex = 355 nm). 
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FMN to LC photoconversion is observed also in other miniSOG mutants. For instance, 

miniSOG W81F lacking the single tryptophan residue shows a Φ∆ value of 0.33 and a τT of 265 

μs in air-saturated dPBS solution. Importantly, τT also decreases to ~ 3 μs upon extended light 

irradiation both at 355 nm and at 473 nm. In this case, however, the Φ∆ value does not increase, 

indicating that kO2 >> kp already before photolysis despite the presence of the phosphoribityl tail 

(Equation 5.1). The spectral and photosensitizing changes induced by prolonged light 

illumination of this mutant are shown in Figures 5.7 A-F. 

 

Figure 5.7. Spectroscopic changes of miniSOG W81F upon photolysis (from green to magenta lines) at 355 nm 
(left column) and 473 nm (right column). Evolution of the absorption (A and C) and fluorescence spectra (B and 
D) at the two excitation wavelengths. Panels E and F show the time-resolved 1O2 NIR phosphorescence decays 
upon excitation at 355 and at 473 nm, respectively. Insets show the Φ∆ enhancement (green to magenta) at 
the two wavelengths. (Φ∆ results for miniSOG have been included for comparison (black crosses)).  

 

In addition to the phototransformation of FMN, the oxidation of several amino acid residues 

is also expected to happen upon illumination and consequent formation of ROS. A closer 

examination of the 2Fobs-Fcalc electron density of blue-light irradiated miniSOG revealed that 

several surface residues had been affected during the irradiation process (Figure 5.8A). The most 
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obvious structural change occurs on the side chain of Tyr73, consistent with oxidation to yield 

γ-peroxotyrosine,24 leading to the tetrahedralization of the Cγ atom. His85 also appears 

modified, and its two alternate conformations could be modeled by either a singly, or a doubly 

oxidized histidine, namely 2-oxo-histidine and 2,4 dioxo-histidine24,25 (Figure 5.8B). Finally, 

Trp81, which is perfectly ordered in the native structure, has its side chain seemingly partially 

disordered, which could be modeled by N-formylkynurenine (NFK, Figure 5.8C), a well-known 

tryptophan oxidation product.26,27  

 

Figure 5.8. Modeled side chains of surface residues Tyr73 (A), His85 (B) and Trp81 (C) before (cyan) and after 
blue light irradiation (light blue).  
 

Mass spectrometry analysis of blue-light irradiated miniSOG samples revealed increasing 

additions of 16 Da to the native protein mass of 13882.0 Da, consistent with increasing oxidation 

of the protein (Figure 5.9). The three structural modifications observed in the crystal structure 

account for six of the eight additional O2 atoms evidenced in the mass spectrometry analysis. 

The two non-assigned additions could well correspond to oxidation of Met89 (+16 Da) and/or 

Tyr98 (+32 Da), although we did not observe unambiguous oxidation of these two amino acids.  
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Oxidation of Tyr73, His85 and Trp81 eliminates potential quenchers of 3miniSOG*, thereby 

decreasing the value of kp. According to Equation 5.1, this should contribute to an increase in 

Φ∆. However, since protein oxidation occurs simultaneously to FMN to LC photoconversion, 

which also increases Φ∆, it is not possible to ascertain the individual contribution of both effects. 

 

Figure 5.9. Deconvoluted electrospray ionization (ESI) mass spectra of miniSOG in solution irradiated with 460 
nm light for 0, 30, 120, 360 and 900 s. The peak at 13882.0 Da corresponds to the native protein. 
 

Finally, it is worth mentioning that oxidation of tryptophan to NFK could contribute to the 

increased Φ∆ value observed upon light excitation at 355 nm for the photoconverted miniSOG 

since NFK absorbs near UV light and it is a potent 1O2 PS (Φ∆ = 0.17).28 However, W81F shows a 

much higher Φ∆ value (Φ∆ = 0.33) than miniSOG already before photolysis, on account of its 

lower kp value (Equation 5.1), indicating that the potential benefits of producing NFK as 

secondary PS are of minor value as compared to the effect of eliminating a protein quencher. 

All in all, the extensive structural and photophysical characterization of miniSOG have 

allowed the understanding of its complex photochemistry. It has been demonstrated that the 

ability of miniSOG to produce 1O2 is defined by the rate constants kP and kO2, this is in other 

words, by the competition between protein- and O2 quenching. The intriguing observation of 

the dramatic increase in Φ∆ upon photolysis has been finally rationalized. Prolonged irradiation 

leads to the photoinactivation of electron rich residues that are close to the chromophore and 

are therefore potential quenchers of 3miniSOG*. In addition, photolysis also induces the 

photoconversion of the FMN chromophore to LC, which is less susceptible to protein quenching 

and lacks the phosphoribityl tail thereby facilitating the O2 diffusion.  
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5.3. Improving miniSOG: towards a more efficient photosensitizer 

5.3.1. Characterization of novel miniSOG variants 

a) miniSOG Q103V: 

The first variant of miniSOG that succeeded in improving the photosensitizing properties was 

called SOPP.8 It was developed by introducing a single mutation of the parental sequence at the 

position 103, replacing the glutamic acid residue into a leucine (Q103L). This mutation induced 

a remarkable enhancement of the Φ∆ value, from 0.03 to 0.25.8 The improvement was 

rationalized by the positive effect of suppressing competing 3FMN* deactivation channels, 

particularly, electron transfer processes.8 However, this Φ∆ was still far from the value for free 

FMN and the production of other ROS such as O2
•‐ and H2O2 was also increased,8 indicating that 

the competing pathways had not been completely suppressed and leaving room for further 

improvements. 

The development of SOPP was certainly a step in the correct direction. In collaboration with 

the group of Dr. Cristina Flors at the IMDEA Nanociencia in Madrid, Spain, mutagenesis at the 

103 position yielded the miniSOG Q103V mutant,6 in which a valine replaces the glutamic acid 

instead of the leucine residue as in SOPP. Early studies on DAB polymerization photosensitized 

by miniSOG mutants showed improved results for both SOPP and the Q103V variant as 

compared to the original miniSOG. Therefore, it was interesting to further characterize the 

photophysical properties of miniSOG Q103V and particularly assess its ability to produce 1O2. 

The pBAD plasmid encoding miniSOG Q103V was transformed into competent TOP10 E. coli 

cells and protein expression and purification procedures were performed as described in 

Chapter 3. The absorption and fluorescence spectra are shown in Figure 5.10. 

 

Figure 5.10. Normalized absorption (solid lines) and fluorescence (dashed lines) spectra of miniSOG Q103V 
(blue) and of the original miniSOG (orange) for comparison. 
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As previously observed for SOPP, both the absorption and fluorescence spectra showed the 

typical vibronic profile of the flavin chromophore embedded inside the protein but with a 

significant ~ 10 nm blue-shift. It has been suggested that the mutation at the 103 position either 

stabilizes miniSOG ground state or destabilizes 1miniSOG* or both.8 The ΦF value for miniSOG 

Q103V was determined as 0.43, which is similar to the values reported for miniSOG and SOPP 

(ΦF = 0.41 ± 0.04)1,8,10,13,29  

Interestingly, miniSOG Q103V outperformed SOPP in photosensitizing 1O2 by a factor of 

about 1.5, (0.396 vs 0.25 in dPBS, Figure 5.11).  

 

Figure 5.11. Time-resolved 1O2 NIR phosphorescence decays for optically matched dPBS solutions of miniSOG 
Q103V, SOPP and FMN upon laser excitation at 473 nm.  
 

Therefore, the introduction of a more hydrophobic residue such as valine at the 103 position 

yielded a more efficient PS, which actually represented a record for a pure genetically encoded 
1O2 PS at that time.6 Interestingly, this mutant showed a shorter τT than SOPP (i.e., τT ~ 85 μs vs. 

~ 111 μs in air saturated dPBS solutions) and later studies correlated the positive effect on 1O2 

production with more efficient O2 diffusion through the protein matrix,9 which is consistent with 

the structural results described in Section 5.2.2 for miniSOG. 

To determine whether the enhanced 1O2 generation ability correlated with increased cell 

death, photoinactivation experiments were performed using E. coli individually expressing 

miniSOG, SOPP or miniSOG Q103V. E. coli wild-type (wt) (untransformed) were prepared under 

the same conditions as a control. Bacterial cells were grown until OD600 = 0.3 and protein 

expression was induced by addition of 0.2% Arabinose. Two hours later, cells were harvested by 

centrifugation and the growth media was washed three times with sterile PBS. Cells were diluted 

to a final OD600 ~ 0.35 in sterile PBS and protein expression was assayed by fluorescence 

emission, which was comparable for the three FPs, indicating similar protein expression levels. 

Cells were transferred to an optical non-treated sterile glass chamber and irradiated at 
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increasing light fluences with blue light (λ = 457 ± 11 nm, 16 mW·cm-2, Figure 5.12). MiniSOG 

Q103V exhibited the highest photokilling ability, inducing a population reduction of 

approximately 5-log10 in colony-forming units (CFU) per mL after a light fluence as little as 2.7 

J·cm-2. SOPP also showed high phototoxicity although slightly less efficient, reducing 3 to 4-log10 

the number of CFU/mL upon the same light fluence. On the other hand, miniSOG exhibited 

moderate phototoxicity, requiring 40 J·cm-2 to reduce almost 5-log10 in CFU/mL, which is in 

agreement with previously reported data.12 Noteworthy, no phototoxicity was observed for E. 

coli wt at the highest light fluence tested.  

 

Figure 5.12. Light-fluence dependence on bacterial cell death in E. coli expressing miniSOG and the two Q103-
mutated variants. Illumination of untransformed E. coli cells (E. coli wt) under the same light conditions did not 
induce phototoxicity. Example of viability results in dark conditions and upon blue light irradiation is shown for 
comparison. 
 

b) miniSOG W81F: 

The presence of the tryptophan residue in miniSOG had been previously rationalized in our 

laboratory as an electron-rich residue capable of quenching either 3miniSOG* or 1O2.12 For this 

reason, the mutant W81F in which the tryptophan is replaced by a phenylalanine was developed 

and characterized in an early work.12 However, the instruments and techniques available at that 

time led to an underestimation of its photosensitizing capacity, yielding a Φ∆ = 0.01 and 

therefore suggesting that this mutation actually worsen the 1O2 production properties.12  

MiniSOG W81F was conveniently selected for the study of the phototransformations of 

miniSOG discussed previously, and therefore its ability to photosensitize 1O2 was re-evaluated. 

Noteworthy, the characterization was performed using freshly purified protein and the 

optimized 1O2 detection system. E. coli TOP10 cells were transformed with the pBAD plasmid 

encoding miniSOG W81F and the protein expression and purification were carried out as 

described in Chapter 3. Absorption and fluorescence spectra were practically identical to 
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miniSOG (Figure 5.13A). Direct detection of 1O2 NIR luminescence in air-saturated dPBS revealed 

a long τT (~ 265 μs) and high Φ∆ value (Φ∆ = 0.33, Figure 5.13B), which is about 8-fold higher than 

the parental miniSOG. Laser flash photolysis experiments showed τT = 334 μs and 1050 μs in air- 

and argon-saturated dPBS solutions, respectively (Figure 5.13C). These values allowed the 

determination of the rate constants kT
Ar, kT

Air, kp and kO2(Table 5.4). 

Table 5.4. Photophysical properties of miniSOG W81F. 

kTAr/ 103 s-1 kTAir / 103 s-1 kp / 103 s-1 kO2 / 104 s-1 

0.91 2.99 0.61 2.08 

 

Such a long τT could not be properly measured and analyzed in the early 1O2 experiments and 

therefore the reported Φ∆ value for this mutant was underquoted.  

 

Figure 5.13. A) Absorption (blue) and fluorescence (green) spectra of miniSOG W81F. B) 1O2 signal from 
optically-matched miniSOG W81F and FMN at the excitation wavelength λ = 473 nm in air-saturated dPBS 
solutions. Fitting lines in black and Y-axis is in log scale. C) Transient absorption spectrum in air-saturated dPBS 
solution. Fitting line in red. λex = 355 nm; λobs = 715 nm. 
 

The higher Φ∆ value determined for miniSOG W81F confirmed the key role of the tryptophan 

residue on the quenching of 3miniSOG*. The longer τT reflects the suppression of a major O2-

independent deactivation pathway, as reflected with a much lower value of kp. As a 

consequence, a higher fraction of the triplets are quenched by O2 and hence, greater amounts 

of 1O2 are produced. Still, the Φ∆ value is far from the Φ∆ ~ 0.6 determined for the free flavin 

which implies that additional deactivation pathways still occur. Moreover, the long τT reflects 

that O2 accessibility to the chromophore is limited, which also leaves room for improving the Φ∆ 

value. In this regard, experiments on O2 accessibility have been performed with novel miniSOG 

mutants encasing more accessible chromophores, and the results are shown and discussed 

below in Section 5.3.1.  
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c) miniSOG2: 

Random mutagenesis has also been exploited as a tool to develop improved variants of 

miniSOG. Makhijani and coworkers7 created a mutant library and used a ROS sensitive FP named 

IFP1.430 as a sensor to select the prominent candidates. The best mutant obtained by this 

method was called miniSOG2 and its phototoxicity was impressively demonstrated for single 

and multiple-cell ablation in vivo.7 However, miniSOG2 was not photophysically characterized in 

detail and the amount and type of ROS produced were not determined.  

The pBAD plasmid encoding miniSOG2 was transformed into TOP10 E. coli cells and initial 

attempts of protein expression were carried out following the standard procedure used for 

miniSOG and all other FbFPs. However, the yield of protein purification for this variant was 

extremely low. Alternative methods for protein production and purification were tested, 

however, it was not possible to significantly improve the outcome of the process. The soluble 

fraction obtained from the bacterial cell lysate presented an intense yellowish color, however, 

this colored solution was not retained in the Ni-NTA resin and it quickly eluted off the column. 

Spectroscopic evaluation of the eluted fraction revealed the characteristic features of free FMN. 

This would suggest that the mutations introduced in miniSOG2 might weaken the binding of the 

chromophore in the active pocket, and FMN would eventually be expelled when the protein is 

extracted from the cellular environment. For this reason, only little amounts of miniSOG2 could 

be purified and characterized by means of fluorescence excitation and emission techniques 

(Figures 5.14A and 5.14B). Interestingly, excitation spectra showed a ~20 nm hypsochromic shift 

as compared to miniSOG and narrower UV absorbance bands. Fluorescence emission was very 

weak and blue-shifted. Unfortunately, the two valleys in the miniSOG2 absorbance matched the 

wavelength of the two lasers available for 1O2 measurements, which in addition to the tiny 

amounts of protein obtained, did not allow the determination of the 1O2 production.  

 

Figure 5.14. Normalized excitation (A) and emission (B) fluorescence spectra of miniSOG2 (red) and of the 
original miniSOG (blue) for comparison. (Conditions: miniSOG2: λex= 430 nm and λobs = 480 nm; miniSOG: λex = 
450 nm, λobs = 530 nm).  
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d) miniSOG3: 

Since the Q103V mutation greatly increased the photosensitizing capacity of miniSOG and 

the glutamic acid residue is still present in miniSOG2, it was worth developing a new miniSOG2 

introducing a valine to test whether it could further improve the phototoxic properties.  

To generate the miniSOG2 Q103V variant, hereafter miniSOG3, oligonucleotide primers 

containing the Q103V mutation were synthesized and used for Quick-Change PCR, using pBAD 

vector encoding miniSOG2 as a template. Parental DNA was digested with DpnI prior to 

transformation into Stellar competent E. coli cells. The mutation was confirmed by re-isolation 

of the plasmid from a single colony and subsequent sequencing. Primers: miniSOG2(Q103V)_F: 

5’-CATCGGGGTTGTGCTGGATGGTGAATTCCATCATCAC-3’ and miniSOG2(Q103V)_R: 5’-CACCAT-

CCAGCACAACCCCGATGAAGTACTGC.  

For protein production, the pBAD plasmid encoding miniSOG3 was transformed into TOP10 

competent cells. However, as observed during the purification of miniSOG2, the yellow color 

from the supernatant eluted off the purification column and it was not possible to characterize 

the protein.  

During the course of this work, independent laboratories have recently developed two 

improved miniSOG variants, named SOPP2 and SOPP3 with reported Φ∆ as high as 0.51 and 0.61, 

respectively.9 These mutants circumvent the two main causes for the low Φ∆ observed and 

discussed for miniSOG; (i) the competing oxygen-independent 3FMN* deactivation mechanisms, 

kp, and (ii) the limited O2 diffusion through the protein matrix and accessibility to the 

chromophore, kO2. This was mainly achieved by replacing the electron-rich tryptophan residue 

and including the Q103V mutation, combining the two big improvements that we had been 

already observed individually for miniSOG W81F and miniSOG Q103V.  

 

5.3.2. Encasing riboflavin instead of flavin mononucleotide as the chromophore 

This work has been performed in collaboration with the group of Dr. Antoine Royant. 

Having ascertained the positive effect of removing the tryptophan residue from miniSOG for 
1O2 production (i.e., decreasing kp), it was worth exploring how O2 accessibility affects the 

photosensitizing properties (i.e., varying kO2). The crystal structure of miniSOG shows that the 

ribityl tail lies in the tunnel that connects the chromophore with the external medium and, in 

addition to this, the bulky PO4
2− is located at the surface of the protein and it therefore likely 
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blocks a possible caveat (see section 5.2.1) Noteworthy, PO4
2− presents two negative charges at 

physiological pH, which may also difficult the approaching of external molecules. As discussed 

above, the improvement in the Φ∆ observed upon photolysis of miniSOG occurs concomitantly 

with a substantial shortening of τT. However, the photoproduct LC lacks both the entire 

phosphoribityl tail, so the data obtained from photoconverted miniSOG does not provide 

sufficient information to ascertain the individual contribution of each part of the tail. 

To determine the role of PO4
2−on O2 diffusion, the best option is riboflavin (RF), which is the 

non-phosphorylated flavin that is transformed to FMN by the action of the enzyme riboflavin 

kinase.31 The structure of RF is essentially the same as FMN without PO4
2− and so are the optical 

and photosensitizing properties (Figures 5.14A and 5.14B). Importantly, RF is ubiquitously found 

in living cells, and hence it can also be used as an endogenous chromophore for genetically 

encoded PSs. Therefore, if FMN is replaced by RF in miniSOG it is possible to study the individual 

contribution of PO4
2−. 

 

Figure 5.14. A) Chemical structures of RF and FMN. The phosphate group of FMN is highlighted in brackets. B) 
Absorption (solid lines) and fluorescence (dashed lines) of optically matched PBS solutions at 473 nm of RF 
(blue) and FMN (red). C) Production of 1O2 of RF is slightly higher than FMN, consistent with reported values.14  
 

MiniSOG was purified from E. coli cells, denatured with 6 M guanidine hydrochloride solution 

and reconstituted either with FMN or RF, yielding miniSOG-FMN and miniSOG-RF, respectively. 

The original miniSOG and the two reconstituted variants were characterized in deuterated 
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tris(hydroxymethyl)aminomethane (dTRIS) buffer for better comparison with early photo-

oxidation results obtained previously by collaborators. Interestingly, miniSOG-RF yielded Φ∆ = 

0.11, about 3-fold higher than the value determined for the original miniSOG (Φ∆ = 0.04). 

Moreover, τT decreased to 5.1 μs, which correlates with a more exposed flavin to O2 (Figure 

5.15). On the other hand, miniSOG-FMN exhibited essentially the same properties as the original 

miniSOG, which is not surprising since FMN is the predominant chromophore. Kinetic and Φ∆ 

data are collected in Figure 5.15 and Table 5.5.  

 

Figure 5.15. 1O2 NIR phosphorescence decays of independent samples of comparable absorbance at 473 nm of 
the original and RF- and FMN-reconstituted miniSOG. Y-axis is in log scale. Fitting lines are in black. 
 

The substantial shortening in τT for miniSOG-RF reveals that PO4
2− has indeed a major 

contribution on blocking the path to the chromophore. The fact that the τT is still a bit larger 

than the photoconverted miniSOG may account for the ribityl tail of RF, which is not present in 

LC, and could therefore difficult the diffusion of external molecules. 

Comparison between the original miniSOG and the FMN-reconstituted shows subtle 

differences in τT and Φ∆ that might be in line with the expected effects of RF on miniSOG. The 

original miniSOG shows slightly shorter τT and greater Φ∆ as compared to the FMN-reconstituted 

variant. Interestingly, mass spectrometry assays revealed that about 98.5 % of the original 

miniSOG encases FMN, being RF the remaining 1.5 % chromophore. The presence of small 

amounts of proteins encasing RF may reasonably explain these minor differences on the 

photosensitizing properties. 

With all these results in mind, the group of Dr. Royant sought to assess and replace the key 

amino acids in the miniSOG sequence that stabilize the negative charges of PO4
2− and develop 

mutants that bind predominantly RF over FMN. The positive guanidine group from two arginine 

residues located at positions 41 and 57 in the sequence of miniSOG were found to interact with 

PO4
2− (see Section 5.2.1). Several mutants were engineered replacing R57 to neutral and anionic 
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Protein τΤ / μs Φ∆ 

miniSOG 32 0.039 

miniSOG-RF 5.1 0.110 

miniSOG-FMN 35 0.035 

Table 5.5. 1O2 production and kinetics for miniSOG 
and the RF- and FMN-reconstituted variants. 
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amino acids to prevent the interaction. Glutamine and asparagine (mutations R57Q and R57N, 

respectively) were introduced as neutral residues, whereas glutamic acid and aspartic acid 

(mutations R57E and R57D, respectively) yielded the negative counterparts. Early experiments 

with 1O2 chemical traps were performed by our collaborators in TRIS buffer and better results 

were obtained with neutral substitutions over the negatively charged. Particularly, illumination 

of miniSOG R57Q induced the major fluorescence bleaching of the 1O2 probe ADMA. For this 

reason, this variant was selected and further studied with the direct 1O2 NIR phosphorescence 

detection method. It is worth noting that analysis of the chromophore composition revealed 

80.2 % RF and 20.8 % FMN content, confirming the positive effect of the R57Q mutation to bind 

RF predominantly. However, the 1O2 luminescence results revealed a modest increase in the 1O2 

production, with Φ∆ = 0.05. Interestingly, a short component (τT = 5.7 μs) was observed in the 

triplet decay kinetics (Figures 5.16A and 5.16B), which is comparable to the 5.1 μs determined 

for RF-miniSOG. To further increase the percentage of RF, miniSOG R57Q was denatured and 

reconstituted with RF, yielding miniSOG R57Q-RF, which exhibited 3.6 % FMN and 96.4 % RF 

content. In this case, Φ∆ increased up to 0.07 and the τT decreased to 5.0 μs (Figures 5.16C and 

5.16D). Table 5.6 collects the τ∆ and Φ∆ values for the two miniSOG R57Q. 

miniSOG R57Q 

 

miniSOG R57Q-RF 

 

Figure 5.16. Panels A and C show the absorption (blue) and fluorescence (green) spectra of miniSOG R57Q and 
miniSOG R57Q-RF, respectively. Graphics B and D show the 1O2 signal of optically matched FMN solutions with 
each miniSOG variant, at 473 nm and in air-saturated dTRIS. Fitting lines are in black. Y-axes are in log scale. 
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Table 5.6. Photosensitizing data for the RF-binding miniSOG mutants. 

Protein τΤ / μs Φ∆ 

miniSOG R57Q 5.7 0.05 

miniSOG R57Q-RF 5.0 0.07 

 

These results provide further evidence that O2 diffusion to the chromophore in miniSOG is 

severely restricted due to the blocking effect of PO4
2− from the FMN tail. However, elimination 

of this group does not substantially improve Φ∆. This implies that kp is certainly the major limiting 

factor in the production of 1O2 (Equation 5.1) and therefore, any attempt to design and engineer 

improved variants of miniSOG must focus in suppressing the O2-independent 3miniSOG* 

deactivation pathways. 

 

5.4. miniSOG heterodimers: combining photostability and singlet oxygen production 

FbFPs are gaining much attention for advanced imaging techniques, ranging from 

fluorescence microscopy to photo-oxidation based CLEM. These applications, however, seem to 

require opposing photophysical properties. On the one hand, photostability of the photoactive 

protein is a key factor in fluorescence imaging whereas efficient ROS production to oxidize DAB 

usually leads to rapid photobleaching. Therefore, a protein suitable for fluorescence microscopy 

has typically a limited application in photo-oxidation based imaging techniques and vice versa. 

The active development and characterization of novel FbFPs (see Chapter 4) provides numerous 

alternatives to choose the right protein for each application. 

A different approach has been recently designed by the group of Dr. Flors.32 It relies on the 

engineering of flavoprotein heterodimers, combining the most photostable FbFP known to date 

(PhiLOV2.1, for photostable improved LOV)16 with miniSOG and the improved mutant Q103V as 

the photosensitizing moieties. Therefore, two tandem dimers have been developed: (1) phiSOG 

(for “photostable improved Singlet Oxygen Generator”), which has been constructed by fusion 

of miniSOG and phiLOV2.1 monomers and (2) phiSOG-Q103V, which has been constructed by 

fusion of the improved mutant miniSOG-Q103V with phiLOV2.1. To obtain the flavoprotein 

heterodimers, the sequences of the two monomers have been fused by means of a flexible linker 

(Gly-Ser) in order to avoid possible interactions between fused domains and preserve their 

structural integrity (Figure 5.17).32  
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Figure 5.17. Schematic illustration of the monomeric flavoprotein components that yield the heterodimeric 
tandem: phiSOG and phiSOG-Q103V. 
 

The size of the flavoprotein heterodimers was determined by polyacrylamide gel 

electrophoresis and mass spectrometry. PhiSOG and phiSOG-Q103V heterodimers showed a 

size corresponding to that expected by the addition of their respective monomers (~ 26 kDa).32 

It is worth noting that the resulting size of these novel constructs is still sufficiently small, similar 

to that of a single GFP, which is particularly useful to avoid possible cell function disruptions. 

Absorption and fluorescence spectra of the heterodimers and their monomeric components 

were recorded in PBS (Figures 5.18A and 5.18B). The spectral properties of miniSOG and 

phiLOV2.1 are almost identical, which therefore results in phiSOG also showing similar 

spectrum. On the other hand, and as described above, miniSOG-Q103V is slightly blue-shifted, 

hence the absorption spectrum of phiSOG- Q103V corresponds to the spectral addition of its 

monomeric components, with a maximum at 444 nm and a less pronounced vibronic structure. 

The fluorescence spectrum of PhiSOG is also almost identical to the individual emission of its 

monomers. Interestingly, the emission of phiSOG-Q103V is closer to that of phiLOV2.1, with 

maxima at 497 and 498 nm, respectively, which may reflect resonant energy transfer from blue-

shifted miniSOG-Q103V to phiLOV2.1.  

 

Figure 5.18. Normalized absorption (A) and fluorescence (B) spectra for the flavoprotein heterodimers and the 
individual components.  
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We also determined the 1O2 production of all the flavoproteins by detecting directly its NIR 

phosphorescence upon illumination at 473 nm (Figure 5.19 and Table 5.7). PhiLOV2.1 produced 

a lower amount of 1O2 (Φ∆ =0.01), compared to the other two miniSOG monomeric variants. We 

recall here that phiLOV2.1 was developed as a photostable protein, and it is therefore interesting 

to note that its Φ∆ value is still significant, and higher than those measured for GFP-like 

proteins.33 The heterodimer phiSOG shows a Φ∆ = 0.02, approximately averaged between its 

monomers, miniSOG and phiLOV2.1. On the other hand, the Φ∆ of the heterodimer phiSOG-

Q103V is smaller than the average of its monomers (Φ∆ = 0.15) and closer to the value of 

phiLOV2.1. This result reinforces the hypothesis of energy transfer from miniSOG-Q103V to 

phiLOV2.1, which may (partially) compete with ISC to miniSOG-Q103V triplet state and in turn, 

energy transfer to O2 to generate 1O2.  

 

Figure 5.19. Time-resolved 1O2 NIR phosphorescence at 1275 nm for the flavoprotein monomers and the 
corresponding dimer; PhiSOG (panels column A) and PhiSOG Q103V (panels column B) in air-saturated dPBS 
solution. The reference signals for optically matched solutions of FMN in air-saturated dPBS are shown in gray. 
Fitting lines are in black. Y-axes are in log scale. 
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Table 5.7. Photosensitizing data for the FbFP monomers and heterodimers. 

Protein Protein 
construct τT1 / μs τ∆ / μs Φ∆ 

miniSOG monomer 32 41 0.04 

miniSOG Q103V monomer 87 35 0.39 

phiLOV2.1 monomer 8.3 34 0.01 

phiSOG heterodimer 21 45 0.02 

phiSOG Q103V heterodimer 92 22 0.15 

 

Regarding fluorescence photobleaching, both heterodimers showed enhanced photostability 

as compared to the miniSOG monomers alone. The most evident improvement was observed in 

phiSOG-Q103V, considering that miniSOG Q103V is the less photostable protein and further 

supporting energy transfer processes to phiLOV2.1. Table 5.8 shows the relative rates of 

fluorescence photobleaching upon blue light irradiation (450 nm, 45 mW·cm-2). 

Table 5.8. Relative fluorescence photobleaching and DAB polymerization efficiency for all studied flavoproteins. 

Protein 
Relative rate of 

fluorescence 
photobleaching 

Relative ability for DAB 
polymerization 

miniSOG 1.00 1.00 

miniSOG Q103V 2.60 1.20 

phiLOV2.1 0.12 0.27 

phiSOG 0.36 0.51 

phiSOG Q103V 0.52 0.51 

 

To assess the suitability of heterodimeric tandem flavoproteins for their application in CLEM, 

their ability to photo-oxidize DAB was studied by monitoring the increase in optical density at 

440 nm, corresponding to the product of DAB photopolymerization.6,34 polymerization. In 

agreement with previous results,6 miniSOG-Q103V only photo-oxidizes DAB about 20% more 

efficiently than miniSOG upon blue light irradiation (Table 5.8) although their Φ∆ values are 

much different. As a consequence, both heterodimers behave similarly in terms of DAB photo-

oxidation (i. e., are half as efficient compared to miniSOG and twice more efficient compared to 

phiLOV2.1, see Table 5.8). These results confirm that the ability to polymerize DAB does not 

clearly correlate with the efficiency of the photosensitizers to generate 1O2, and that other 

processes such as the participation of radicals or the direct reaction between the PS and DAB 

may occur, as previously discussed in an early work.6 
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In the light of all these results, these heterodimers are a useful addition to the fluorescent 

flavoprotein toolbox for an expanding number of advanced imaging technologies, in which the 

combination of complementary properties including photostable fluorescence, ROS 

photosensitization and/ or DAB photo-oxidation is required.  

 

5.5. Conclusions 

Despite its popularity, the photosensitizing properties of miniSOG are modest and far from 

the authentic capacity of its FMN chromophore. Two main factors account for the limited 

production of 1O2: (1) quenching of 3miniSOG* by the protein (high kp) and (2) poor O2 

accessibility to the chromophore (low kO2). This has been demonstrated by the combination of 

structural and spectroscopic studies. The crystal structure of miniSOG has been solved at a 1.17 

Å resolution and reveals that the chromophore is surrounded by electron-rich amino acids and 

that the phosphoribityl tail limits the O2 diffusion by blocking the tunnel that connects the flavin 

with the external medium.  

The photophysical characterization has allowed key understanding of the photochemistry of 

miniSOG and drawing of the full picture of the processes that occur upon light absorption. 

Moreover, the unknown transformations behind photolysis of miniSOG have been finally 

revealed. On the one hand, FMN is photoconverted to LC, which lacks the phosphoribityl tail and 

it thus facilitates the O2 diffusion and is less susceptible to be quenched by the protein. On the 

other hand, amino acids capable of deactivating 3miniSOG*are inactivated by the 1O2 generated. 

The result of both processes is the decrease in kp and the increase in kO2, which explains the 

dramatic increase in the Φ∆ value. The benefits of abolishing these two processes have been 

tested in novel miniSOG mutants. On the one hand, miniSOG W81F, which lacks the tryptophan 

residue, exhibits a remarkably long τT, which reveals the suppression of O2-independent 

deactivation pathways of 3miniSOG* and produces 1O2 with Φ∆ = 0.33. MiniSOG Q103V 

outperforms the Φ∆ of the Q103L mutation in SOPP by a factor of 1.5, which has been 

rationalized by a more efficient O2 diffusion through the protein. The highly phototoxic 

miniSOG2 has been used as a template to introduce the Q103V mutation and generate 

miniSOG3. Apparently, these two variants do not bind FMN tightly, and the chromophore is 

released during the protein purification process.  

On the other hand, the effect of O2 diffusion through the protein matrix has been assessed 

by replacing the FMN for RF, which lacks the bulky PO4
2−. RF-encasing miniSOG shows a 
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significantly shorter τT (~ 5 μs), which is consistent with a more exposed chromophore. MiniSOG 

variants have been engineered aiming at fostering the preferential binding of RF over FMN. 

MiniSOG R57Q was found to encase RF efficiently and showed promising results in indirect 1O2 

measurements. However, direct detection methods revealed a modest increase in 1O2 

production (Φ∆ = 0.05 vs 0.04 for the original miniSOG). Reconstitution of miniSOG R57Q with 

RF further improved the Φ∆ to 0.07. Nevertheless, this value is still far from the Φ∆ obtained 

upon suppressing the quenching pathways of 3MiniSOG* by the protein, indicating the major 

contribution of kp in the modest overall Φ∆ of miniSOG.  

Finally, flavoprotein heterodimers that combine complementary properties such as 

photostability and ROS photosensitization have been developed. PhiLOV2.1-miniSOG and 

phiLOV2.1-miniSOG-Q103V have shown improved photostability and preserved high levels of 
1O2 production. Moreover, the resulting size is still small which renders them convenient and 

powerful alternatives for a growing number of imaging techniques.  
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CHAPTER 6 
 

 

 

Imaging cell photodamage induced by 
miniSOG derivatives  

 

 

 

Visualizing cell damage processes and the activation of cell death mechanisms in 

real-time is fundamental to identify the cell structures that are affected and the 

biomolecules involved. Most of the reporting systems developed so far are based 

on FRET processes and using externally administered cytotoxic drugs. However, this 

approach shows several limitations. The combination of genetically encoded PS 

with cell death fluorescent reporters offers tremendous potential for the study of 

the phototoxic effects of ROS with high spatiotemporal resolution. Novel 

fluorescent reporters suitable for imaging diverse cell events, including ROS-

mediated photodamage induced by genetically encoded PSs, are characterized.  

 

 

 

Things happen for a reason.  

Raj, Miao, Zairan and Rahaf 
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6.1. Introduction 

Since the ultimate goal for a molecular or biological PS in the context of PDT is to induce fatal 

damage to the cell, it is fundamental to have tools that allow (1) to distinguish between live and 

dead cells, (2) to provide information on the mechanisms or processes involving cell death and 

(3) to identify the damaged biomolecules that play key roles in the fate of the cell. As described 

in previous chapters, biological PSs are the best option to spatiotemporally control the 

production of cytotoxic species and the induction of cellular damage and are therefore ideal 

tools to study the oxidative effect from the very generation site and its propagation to the 

molecules nearby. Typical assays for cell death studies are performed with organic dyes that 

need to be added exogenously and, noteworthy, most of them involve the killing of the cells for 

data readout. This, of course, limits the real-time visualization of the activation of cell death 

mechanisms and determination of the biomolecules involved. For this reason, there is a growing 

interest in developing protein-based fluorescent reporters for the study of cell death processes. 

Therefore, the combination of the phototoxic action of biological PSs with genetically encoded 

reporters for cell death processes arise as a powerful tool that might provide valuable data for 

the study of such mechanisms and identification of the biomolecules involved in a real-time 

manner. To our knowledge, however, this system comprising fully genetically encoding actuator 

and reporter has not been explored so far. 

Most fluorescent reporters have been traditionally engineered based on FRET process. FRET 

is a distance-dependent radiationless transfer of energy from an excited donor fluorophore to a 

suitable acceptor fluorophore.1 The use of FPs as a FRET tandem under the appropriate 

conditions allows the genetic introduction of the fluorophores at the target tissue or cellular 

compartment and the precise study of protein-protein interactions and protease activity.2 These 

reporters are useful for imaging events such as activation of caspase proteases during apoptosis 

in cultured cells, however, their in vivo application has been limited because of poor signal to 

noise ratio and their small dynamic range due to small fluorescence change of the donor and 

acceptor fluorophores.3,4 Additionally, fluorescence imaging of living animals is challenging 

because of tissue autofluorescence, cell heterogeneity and rapid shape and/or position changes. 

To overcome limitations of FRET-based reporters, different alternatives have been 

developed. For example, the group of Dr. Xiaokun Shu at the University of California, San 

Francisco (UCSF), USA, has been actively working on engineering novel reporters that are initially 

non-fluorescent or barely fluorescent but become highly fluorescent upon activation by reaction 

with a cellular or exogenous component,5,6 including proteases involved in apoptosis processes 
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such as caspase-3 or apoptosis-modulating factors such as rapamycin.7 In this work, two novel 

approaches developed by the group of Dr. Shu have been studied. One relies on the splitting of 

a FP into fragments that are individually non-fluorescent but become highly fluorescent upon 

recombination. The second consists of the formation of bright fluorescent droplets based on the 

FKBP and Frb system which does not interact by itself but it forms a ternary complex upon 

addition of rapamycin.8  

To assess the suitability of the new approaches and explore their potential to report 

photodamage induced by biological PSs, the kinetics of the recombination of the two parts for 

three novel GFP-like reporters and the droplet formation of an FKBP-Frb conjugate have been 

studied. For photokilling studies, miniSOG2,9 an improved variant of miniSOG has been selected 

as the biological PS. The phototoxicity of miniSOG2 expressed in mammalian cells has been 

firstly evaluated using an exogenously added organic dye for apoptosis imaging and with the 

fully genetically encoded reporter. 

 

6.2. Experimental section 

6.2.1. Instrumentation  

Absorption and fluorescence spectra for protein reconstitution experiments were recorded 

on an Infinite M1000 microplate reader (Tecan) in PBS buffer pH 7.4 and at 37°C as maintained 

by the microplate reader. Fluorescence quantum yields were measured using an LS-55 

fluorometer (PerkinElmer). Imaging was conducted using a spinning-disk confocal microscopy 

(Nikon). The confocal scanning unit was equipped with the following emission filters: 525/50 nm 

for GFP imaging and 610/60 nm for mCherry and caspase-3 dye imaging. Images were processed 

using NIS-Elements and ImageJ (NIH). 

6.2.2. Protein production and purification 

Expression vectors encoding all the proteins studied were individually expressed with a 

polyhistidine tag on pBAD expression vector (Invitrogen) and transformed into competent 

TOP10 E. coli cells (Invitrogen). Bacterial cells were grown from a single colony in 250 mL LB 

medium supplemented with 100 µg/ml ampicillin (Sigma). Protein expression was induced by 

addition of 0.02 % (wt/vol) L-arabinose (Sigma). Cells were harvested by centrifugation and the 

His6-tagged proteins were purified using the Ni-NTA purification system (Qiagen). The elution 

fraction containing the fluorescent proteins was loaded on a PD-10 column (GE Healthcare) for 
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buffer exchange and elimination of imidazole. Protein solutions were assayed by LDS-PAGE using 

NuPAGE Novex4%–12%Bis-Tris protein gels (Life Technologies) and the protein concentration 

was determined by the BCA Assay (Pierce).  

6.2.3. Phototoxicity experiments in mammalian cells 

The HEK293T/17 stocks were obtained from ATCC. Cells were passaged in DMEM 

supplemented with 10% fetal bovine serum, non-essential amino acids, penicillin (100 units/mL), 

and streptomycin (100 mg/mL). Cell transfection was performed in 35 mm glass-bottom dish 

suitable for imaging, mixing 4 μg of plasmid DNA with 71 mL of 1x Hank’s balanced salt buffer 

and 4.3 μL of 2.5 M CaCl2. Cells were then incubated at 37°C and 5 % CO2 for 24 hours before 

photoablation experiments. Cells expressing the photoactive protein were illuminated with blue 

light (λ = 450 nm, ~ 0.8 W/cm2) for 1 min. The activation of caspase-3 was imaged two hours 

after the light treatment using the Image-iT™ LIVE Red Caspase-3 and -7 Detection Kit 

(ThermoFisher). After illumination, cells were returned to the incubator. One hour before the 

intended time point for imaging, the reagent for apoptosis imaging was added at 1x to the cell 

culture medium. Cells were then incubated for 60 min under existing culture conditions. 

Afterward, cells were washed twice with the apoptosis wash buffer provided by the detection 

kit and imaged in PBS (without fixation) using the confocal microscope. For photokilling 

experiments using a genetically encoded reporter, a plasmid encoding miniSOG2 fused to 

mCherry was co-transfected with the GFP cell death reporter. Illumination was performed as 

described above and cells were imaged for six hours. 

 

6.3. GFP-based novel reporters for the study of cell death processes 

6.3.1. FlipGFPs: kinetics and early phototoxic experiments 

Because cell autofluorescence is a major problem in fluorescence imaging, the absence of 

background fluorescence is essential for fluorogenic cell reporters. A good reporter should 

ideally be non-fluorescent and become bright fluorescent upon activation of a specific cellular 

event. The group of Dr. Shu has smartly prevented the formation of the fluorescent 

chromophore by rational splitting a GFP into two parts, named ZipGFP, rendering two non-

fluorescent fragments – that only become luminescent upon recombination (Figure 6.1).6 

ZipGFP achieved 10-fold fluorescence increase upon protease activation and thus allowed 

visualization of apoptosis in the developing zebrafish embryo.6  
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Figure 6.1. Illustration of the formation of a ZipGFP upon recombination of two dark fragments, from Ref. 6. 
 

In the present work, this strategy has been further exploited and improved with a novel GFP-

based fluorogenic protease reporter, called FlipGFP. It has been rationally designed by splitting 

the eleven β strands that constitute the GFP protein10,11 into three parts. One part contains nine 

β strands (β1-9), a second part contains the 10th β strand (β10) and the third part contains the 

11th β strand (β11). β1-9 contains the three amino acids that form the chromophore,12 whereas 

β11 contains the highly conserved Glu222 residue that catalyzes the chromophore maturation.13 

However, it has been shown that when β10 and β11 are linked together or are in close proximity, 

they rapidly bind to β1-9, and the green fluorescence develops within several tens of minutes.14 

The key point introduced in this approach was to prevent β10-11 binding to β1-9 until protease 

activation by flipping β11, rendering it parallel to β10 and thus hampering the proper fitting to 

β1-9 (Figure 6.2A). To flip β11, heterodimerizing coiled coils E5 and K5 were used.15 In detail, 

β10 and β11 were linked with the E5 coiled coil, and β11 was followed by the K5 coiled coil. The 

protease cleavage sequence was inserted between β11 and K5 (Figure 6.2B). Upon protease 

activation cleavage, β11 is able to flip back forming an anti-parallel structure with β10, which 

enables self-assembly with β1-9 and leads to the development of fluorescence. This approach 

has been successfully tested and FlipGFP-based protease reporter increased fluorescence 100-

fold after activation and visualized apoptosis in the midgut of Drosophila and in live zebrafish 

embryos with spatiotemporal resolution.  

In addition, this strategy has been further employed to design fluorogenic protease reporters 

with blue and red light fluorescence emission, allowing to cover a broad part of the visible 

spectrum and providing new tools for multicolor imaging of biological processes in living cells. 

The kinetics of the recombination of individual fragments of FlipGFP (green), FlipCherry (red) 

and FlipBFP (blue) have been characterized in solution. Each protein fragment was expressed in 

E. coli cells, purified and mixed with the corresponding counterpart. A brief description of the 

experimental procedure, as well as the protein recombination results, are shown below. 
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Figure 6.2. A) Structural model of reconstituted tripartite GFP and schematic diagram showing self-assembly of 
β10-11 and β1-9. (B) Illustration of rationally designed FlipGFP and its working mechanism. β10-11 is “flipped” 
by the heterodimerizing coiled coils E5 (gray) and K5 (yellow). The protease cleavage sequence is shown in pink.  
 

a) FlipGFP 

The two non-fluorescent parts were individually expressed in E. coli, purified and mixed in a 

total volume of 100 μL in a 96-well black plate. The green fluorescence of the reconstituted 

protein was recorded over time using the microplate reader, upon excitation at 460 nm (Figure 

6.3A). FlipGFP emission increased with time to half-maximal fluorescence (t1/2) of ~40 min, 

which is similar to the previously reported kinetics of ZipGFP6 and the split GFP self-assembly.16 

In control experiments, the two dark parts were analyzed individually under the same 

experimental conditions, and no increase in fluorescence emission was observed (Figure 6.3B). 

The ΦF for the reconstituted FlipGFP was determined (ΦF = 0.66 ± 0.03) by comparing the AUC 

of the emission spectra of optically matched solutions of the purified mature protein and 

fluorescein (ΦF = 0.925).17 Thus, FlipGFP is significantly brighter (2.6-fold) than ZipGFP. 

 

Figure 6.3. A) Fluorescence emission evolution of re-assembled GFP over time. B) Evolution of the AUC for the 
mixed and individual protein parts over time.  
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b) FlipCherry 

The two non-fluorescent parts were also individually expressed and purified from E. coli cells. 

Protein re-assembling experiments were carried out on the microplate reader, in a total volume 

of 100 μL and upon light excitation at 545 nm. The red fluorescence increased with t1/2 of ~55 

min, which is a bit longer as compared to GFP. The results of protein reconstitution kinetics are 

shown in Figures 6.4A and 6.4B.  

 

Figure 6.4. A) Fluorescence emission evolution of re-assembled FlipCherry over time. B) Evolution of the AUC 
for the mixed and individual protein parts over time.  

 

c) FlipBFP 

Similarly, the two non-fluorescent parts were purified from E. coli cells and mixed in a total 

volume of 200 μL. The fluorescence spectra were recorded on the fluorometer instead of the 

microplate reader because this protein is much less fluorescent18 and it required higher light 

intensity at the excitation wavelength (λ = 375 nm). The results are shown in Figures 6.5A and 

6.4B and reveal that the formation of the chromophore in BFP is less efficient and takes longer 

maturation times (t1/2 ~ 85 min) as compared to the previous FlipGFPs. 

 

Figure 6.5. A) Fluorescence emission evolution of re-assembled FlipBFP over time. B) Evolution of the AUC for 
the mixed protein parts over time. 
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The suitability of these three FlipGFP proteins as fluorescent reporters has therefore been 

demonstrated in solution. Before testing their performance in living cells, it was pertinent to 

find an appropriate biological PS. Early studies on miniSOG2 had demonstrated its superior 

photokilling capacity as compared to other miniSOG variants.9 Inspired in these previous 

experiments, the phototoxic properties of miniSOG2 were evaluated in mammalian cells and 

compared with the photosensitizing protein SOPP,19 another variant of miniSOG, which 

produces more 1O2 than miniSOG and had been reported to outperform the parental 

flavoprotein in cell ablation experiments.20 Because miniSOG2 is barely fluorescent, nuclear-

targeted H2B-miniSOG2 (fused to histone 2B) was co-expressed in HEK293 cells with a green 

fluorescent marker (H2B-EGFP) to allow identification of transfected cells. Illumination was 

performed with blue light and two hours after the treatment many cells showed caspase-3 

activity (Figure 6.6). As a comparison, only a few cells that expressed SOPP were caspase-3 

positive, confirming the grater phototoxicity of miniSOG2. Control cells expressing only H2-GFP 

did not show caspase-3 activation. 

 

Figure 6.6. Comparison of miniSOG2 with SOPP in cell photokilling upon blue light illumination. 
 

Once the prominent photodamaging capacity of miniSOG2 had been demonstrated with an 

organic dye, this protein was selected to test the applicability of the novel GFP reporters for 

apoptosis activation. Among the three GFP-like reporters characterized, the green fluorescent 

variant was chosen since it had been already expressed in mammalian cells with success and it 

had shown the brightest luminescence and stability. HEK293 cells were co-transfected with an 

miniSOG2
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H2B-GFP rationally designed to report apoptosis processes – which becomes fluorescent upon 

activation of caspase-3 – and miniSOG2, which in turn had been fused to mCherry to help to 

visualize the protein location. Cells were illuminated under the previously described light 

conditions and imaged over time. Several cells that were initially dark developed bright green 

fluorescence (Figure 6.7), indicating the activation of apoptotic mechanisms. Unfortunately, 

cells were imaged only for 6 hours after the light treatment, and only a few cells turned positive. 

Because the activation of apoptosis may require longer times to occur as well as for the 

recombination process of the GFP reporter to yield the mature FP, it is therefore reasonable to 

expect that the number of green cells would eventually increase over time. These results are 

thus preliminary and further experiments are needed to consolidate the suitability of these 

novel genetically encoded reporters. However, these results provide encouraging data of their 

potential for the study of the light-induced cell death mechanisms, particularly in combination 

with photoactive proteins as PSs. 

 

Figure 6.7. Time-lapse microscopy of HEK293 cells co-expressing miniSOG2-mCherry and the GFP reporter for 
caspase-3 activation. White arrows show some of the individual cells or groups of cells that have developed 
green fluorescence upon blue light illumination. (mCherry channel, λex = 561 nm; GFP channel, λex = 488 nm). 

 

6.3.2. EGFP-based fluorescent droplets  

The group of Dr. Shu has recently developed a different strategy called SPARK.21 It is based 

on the formation of fluorescent droplets of EGFP upon activation of a particular cellular process 

(Figure 6.8). This is achieved by introducing homo-oligomeric coiled coils (HOTag3 and HOTag6) 

that are rationally designed to interact with each other only under appropriate conditions.21 
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Figure 6.8. Time-lapse images of cells expressing EGFP upon the addition of rapamycin. Histograms are shown 
corresponding to the dashed arrow in the fluorescence images Figure from Ref. 9. 

 

EGFP-HOTag3 and EGFP-HOTag6 were individually expressed and purified from E. coli cells. 

Aqueous solutions of each protein system were observed both separately and mixed under the 

confocal microscope (Figure 6.8). In any case, fluorescent droplets were observed. However, 

bright droplets were readily formed (~20 -30 s) in the mixture solution upon addition of 500 nM 

rapamycin (Figure 6.9).  

 

Figure 6.9. Fluorescent droplets are readily formed upon addition of rapamycin to the mixture solution 
containing EGFP-HOTag3 and EGFP-HOTag6. White arrows show some of the fluorescent droplets. 

 

To estimate the protein concentration in the fluorescent droplets, EGFP was expressed in E. 

coli cells, purified and aliquoted at various concentrations. The protein concentration was 

determined by both the BCA Assay and by absorption measurements (Ɛ = 56.000 M-1·cm-1, at 

488 nm).22 The protein samples were then imaged under the confocal microscope. The 

fluorescence brightness was recorded, corresponding to EGFP concentration (Figure 6.10). The 

plotted line was then used to estimate EGFP concentration in living cells based on the 

fluorescence brightness.21 
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Figure 6.10. Relationship of EGFP fluorescence brightness and concentration. 
 

These results demonstrate that the HOTag system is also a working alternative for the real-

time reporting of cellular events. it has been successfully employed for the study of kinase 

dynamics and signaling in living animals.21 However, it could not be tested in combination with 

biological PSs to report cell death processes, which leaves a promising road open to be explored.  

 

6.4. Conclusions 

The combination of genetically encoded reporters with biological PSs emerges as a powerful 

tandem for the study of photodamage with high spatiotemporal resolution. Besides the widely 

used FRET-based systems, novel fluorescence reporters are being actively developed for the 

study of cellular processes in real-time. Two novel approaches have been rationally designed by 

the group of Dr. Shu and part of its characterization and proof of concept covered within this 

thesis. The first strategy is called FlipGFP and it relies on the recombination of two non-

fluorescent fragments that yields a fluorescent entity upon activation of proteases. Three novel 

variants of FlipGFP reporters, including blue, green and red light emitting proteins, have been 

produced in E. coli cells and characterized. The kinetics of protein self-assembling have been 

determined in solution. The ability of FlipGFP to report ROS-induced activation of apoptosis has 

been preliminarily tested in living mammalian cells with the photosensitizing protein miniSOG2. 

Early results showed the development of FlipGFP green fluorescence in blue light irradiated cells, 

as a result of the activation of apoptosis processes. The second strategy is named SPARK and it 

is based on the formation of bright fluorescent droplets of EGFP upon activation of a cellular 

process or signaling pathway. This approach has been assessed with purified proteins in solution 

using rapamycin to induce the droplet formation. Moreover, solutions of EGFP at different 

protein concentrations have been imaged under the confocal microscope. The relationship 

between fluorescence brightness and EGFP concentration has been determined, which has been 

used for the estimation of protein concentration in the fluorescent droplets in living cells.   
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CHAPTER 7 
 

 

 

Exploring the potential of miniSOG for 
photodynamic therapy of melanoma  

 

 

 

The application of PDT for the treatment of melanoma remains one of the main 

challenges in the biomedical sciences. Melanoma skin cancer is generally 

considered to be resistant to PDT due to pigmentation and its intrinsic antioxidant 

defense mechanisms. Genetically encoded PSs may offer a working alternative to 

conventional molecular PSs owing to the superior targeting potential conferred by 

the genetic control of cell expression and subcellular localization. The potential of 

miniSOG for the treatment of melanoma is evaluated. 

 

 

 

 

Sí arrisca’t. 
Aquesta és sempre la resposta. 
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7.1. Introduction 

Melanoma is the most dangerous skin cancer, the incidence of which continues to rise in 

western populations at an alarming rate; only in the last 20 years, the number of cases 

worldwide has doubled.1 This type of cancer arises from melanocytes, which are the cells that 

produce melanin, the pigment responsible for skin and hair color. If diagnosed early, melanoma 

can be cured by surgical resection, however, prognosis decreases severely once metastasis 

occurs since melanoma is inherently resistant to traditional forms of chemotherapy and 

radiotherapy.2 During the last years, various strategies have been developed and explored to 

treat melanoma, including immunotherapy, radiotherapy and gene therapy.3 In addition, recent 

discoveries in cell signaling have provided significant understanding of the biology of melanoma, 

and these advances are being exploited to provide targeted drugs and new therapeutic 

approaches.3 Although some of these therapies have progressed to human clinical trials, their 

outcomes remain poor.  

PDT has also been explored for the treatment of melanoma as an adjuvant therapy alone or 

in combination with current therapeutics. However, the application of PDT for the treatment of 

melanoma remains one of the main challenges in the area. The resistance of melanoma to light 

therapy mainly arises from pigmentation and its intrinsic antioxidant defense mechanisms4,5 

Attempts to apply PDT to melanoma with conventional molecular PSs have been met only with 

limited success so far. In this regard, the use of organic dyes as PSs has been typically limited 

from poor water solubility, low cellular uptake and off-target PS localization.  

Genetically encoded PSs may offer a working alternative to overcome the oxidative stress 

defense of melanoma cells by producing acute and very precise damage to vital organelles. In 

addition, the superior targeting potential conferred by the genetic control of cell expression 

provides higher selectivity towards the tumor cells, which is crucial for avoiding injury to the 

surrounding healthy tissue. On the other hand, the filter effect of melanin in the blue and green 

regions of the visible spectrum can be circumvented by 2PA PDT, which uses longer wavelength 

lights that are barely absorbed by the pigment.  

In this work, the genetically encoded approach has been explored with miniSOG, since it has 

been reported that is capable of killing mammalian cells upon blue light illumination6 (Figure 

7.1). In that geminal study, the authors engineered three target vectors to express miniSOG at 

different subcellular localizations (i.e., plasma membrane, mitochondria and chromatin) and 

used lentiviruses to generate stable cells lines expressing the photosensitizing flavoprotein at 

each site.6 Upon blue light irradiation, they observed pronounced cell death in cancer cells 
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expressing each of the miniSOG constructs developed, reaching nearly 100% for miniSOG 

targeted to the membrane, and could therefore demonstrate the phototoxicity of miniSOG in 

cancer cells for the first time.6 Of note, the percentage of dead cells in non-illuminated control 

cells was low in miniSOG-expressing cell lines, although somewhat higher compared to control 

non-transduced cells. 

 

Figure 7.1. Time-lapse microscopy of miniSOG targeted to mitochondria. The numbers indicate the time after 
illumination in minutes. White arrows point dying cells. Image from Ref. 6. 

 

The study of miniSOG in melanoma cells has been conducted in collaboration with Dr. Àngels 

Fabra from the Institut d’Investigació Biomèdica de Bellvitge (IDIBELL) in the framework of a 

research project awarded by Fundació la Marató de TV3. The primary goal of the project was to 

provide scientific basis for the suitability of the genetically encoded PSs approach for the 

treatment of cutaneous melanoma. As a proof of concept, the phototoxic properties of miniSOG 

were initially tested in non-pigmented (amelanotic) melanoma cell lines.  

 

7.2. Strategies to express miniSOG in melanoma cells 

7.2.1. Production of lentiviral particles 

The three lentiviral vectors expressing miniSOG at the cell membrane (miniSOG-mem), 

mitochondria (miniSOG-mito) and chromatin (miniSOG-H2B) were kindly provided by the group 

of Dr. Lukyanov from the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry in Moscow, 

Russia. Competent DH5α E. coli cells were transformed with each construct to amplify the 

plasmid. Mammalian cell transfection and lentiviral transduction were performed as described 

in the literature,6 with minor changes. Briefly, lentiviral particles were generated by 

polyethylenimine (PEI):DNA complex7 transient transfection of host HEK293FT cells. The total of 
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5.3 μg and 9.7 μg of the two packaging plasmids pMD2 and psPAX2, respectively, and 15 μg of 

transfer vector plasmid (miniSOG-mem, miniSOG-mito or H2B- miniSOG or) were used for 

transfection. Additionally, 3.25 μg of pCSEA2 was added for expressing a green fluorescent 

protein as a control for transfection efficiency in the host cell. All plasmids were mixed with PEI 

polymer at 3 μL/μg DNA, the solution was incubated for 20 minutes and used for transfection. 

Twenty-four hours afterward, the medium containing the lentiviral vector particles was filtered 

(0.45-μm filter). A fraction of the supernatant was mixed with lentivirus transduction enhancer 

and used for the initial transduction of four amelanotic melanoma cell lines: SK-Mel 131, WM 

793, M# 238 and M# 249. To enhance the transduction efficiency, the rest of the vector 

containing supernatant was mixed with 8.5 % polyethylene glycol (PEG) solution, incubated for 

24 hours at 4 °C.8 Subsequently, the mixture was pelleted by centrifugation, the pellet containing 

the lentiviral particles was resuspended in 300 μl PBS and used for transduction of melanoma 

cells.  

 

7.2.2. Evaluation of miniSOG expression on transduced melanoma cells 

Epifluorescence microscopy of the virus producers cells HEK293FT showed strong green 

fluorescence, revealing the successful transfection of the initial DNA complex. In addition, the 

pellet obtained upon centrifugation of the supernatant also confirmed the formation of the viral 

particles. However, none of the miniSOG constructs in none of the melanoma cell lines 

transduced showed fluorescence under the microscope. Moreover, only SK-Mel 131, WM 793 

survived the lentiviral process. Many attempts were performed in order to enhance the 

transduction efficiency, such as increasing the concentration of the viral particles or carrying out 

successive rounds of infection using the highly concentrated lentivirus-PEG pellets, up to six 

rounds. In addition to the melanoma cell lines, miniSOG transduction was also tested in other 

mammalian cells, including HEK293 and HeLa cells; this latter being the cell line used in the 

reference work of miniSOG in cancer cells that had shown successful results.6 However, it was 

not possible to reproduce the reported results and the fluorescence of miniSOG could not be 

detected for any of the lentiviral vectors expressing miniSOG nor in any of the cell lines assayed. 

Noteworthy, quantitative PCR (qPCR, also known as Real-Time PCR) revealed the presence of 

large amounts of mRNA from the three miniSOG constructs in all infected melanoma cells, 

confirming that the lentiviral particles had been produced and the plasmid vectors delivered. Of 

note, miniSOG RNA was not detected in non-transduced cells. With these results in mind, several 

hypotheses were made to try to rationalize the absence of miniSOG’s emission. First, it was 
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suggested that miniSOG could be misfolded or in a dark state for any reason, which would 

hamper its detection by means of spectroscopic or microscopy techniques. However, it was not 

possible to assess the expression of miniSOG in melanoma cells by western blot analysis because 

the appropriate antibodies were not available. For this reason, initial efforts were made aiming 

to detect any emission miniSOG by increasing the sensitivity of the fluorescence detection 

techniques. In particular, control (non-transduced) and transduced melanoma cells of the cell 

lines SK-Mel 131 and WM 793 were carefully examined by emission and excitation fluorescence 

spectroscopy. Cells were trypsinized, washed thoroughly with PBS and finally resuspended in 

PBS buffer. Normalization of the fluorescence emission spectra revealed essentially the same 

emission profile for both control and transduced cells, which in turn resembled very much the 

emission spectra of flavin molecules that are present in cellular systems (Figure 7.2). 

Normalization of the fluorescence excitation spectra showed little differences between the 

melanoma cells, however, the broad shape of the bands was not likely attributable to miniSOG, 

which shows a structured profile. Furthermore, cells were lysed, pelleted by centrifugation and 

the soluble fraction was also analyzed spectroscopically. Again, no significant differences 

between the control and the transfected cells were observed. 

 
Figure 7.2. Normalized fluorescence emission (A, B) and excitation (C, D) spectra of SK-MEL 131 and WM 793 

melanoma cells, respectively, resuspended in PBS. λex = 430 nm. λobs = 540 nm. Control denotes non-transduced 
melanoma cells of the corresponding cell line. Mem, mito and H2B denote the miniSOG construct used for 
transduction.  
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As for the dark state hypothesis, it is worth noting that miniSOG itself is not green fluorescent 

in the apo state (i.e., without the chromophore), and it is the molecule of FMN encased in the 

protein that bestows the photophysical properties discussed in previous chapters. Thus, in case 

of lacking FMN in the cellular system, the protein could be expressed, but it would be silenced 

for optical detection techniques. This hypothesis was tested by supplementing the cellular 

growth medium of the transduced cells with 0.8 μM and 10 μM FMN. Before analysis, cells were 

washed thoroughly with PBS to remove any excess of the free flavin. However, the fluorescence 

of miniSOG could not be observed either by epifluorescence microscopy nor by fluorescence 

spectroscopy.  

With the qPCR results still in mind, further hypotheses to explain the lack of fluorescence in 

melanoma cells were formulated. One suggested the eventual excretion of miniSOG to the 

external medium. However, this hypothesis was experimentally ruled out upon centrifugation 

and analysis of the growth medium. Another explanation pointed to the plausible interaction of 

miniSOG with any intrinsic cellular component(s) which could eventually quench miniSOG’s 

excited states. If this would be the case, miniSOG would absorb the light delivered to the cells, 

but the energy would be then transferred to a nearby compound without the emission of a green 

photon. This process however was unlikely since many studies have observed the fluorescence 

of miniSOG in mammalian cells. Because the primary goal of this project was to explore the 

phototoxic properties of miniSOG in melanoma cells, it was worth starting photoirradiation 

experiments and test whether high doses of blue light were sufficient to induce some degree of 

cell damage, despite the lack of fluorescence emission.  

First attempts of photokilling experiments were carried out using six rounds of virus-infected 

melanoma cells and having supplemented the growth medium with FMN, which was washed 

out before the irradiation. Cells were illuminated with blue light (460 nm, 16 mW/cm2) for 30 

and 60 minutes in transparent PBS to avoid filter effects from the colored components that are 

present the cellular growth medium. Afterward, PBS was removed and cells were and incubated 

in cell culture medium for 72 hours. Cell death was assayed by the WST-1 colorimetric method, 

which revealed cell viability higher than 99 % in all cases, by comparing irradiated samples with 

non-transduced cells and dark controls, concluding the unsuitability of the first approach. 

 

7.2.3. New miniSOG constructs 

For a new set of experiments, two commercial miniSOG plasmids for transient transfection 

were purchased. One, named mCherry-miniSOG-CDC42-C-10 (Addgene number 55087) 
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engineered for cell membrane targeting, hereafter miniSOG-MEM, and the second named PA-

mCherry-miniSOG-Mito-7 (Addgene number 57795) for mitochondria targeting, hereafter 

miniSOG-MITO. Importantly, both plasmids also encoded (1) a red fluorescent protein (mCherry) 

fused to miniSOG and (2) resistance to the antibiotic geneticin (G418). Therefore, the new 

constructs were expected to overcome two of the major problems encountered in the first 

approach. First, mCherry is excited with green light which is not absorbed by miniSOG and its 

red fluorescence should be brighter and easier to detect without disturbing miniSOG. 

Furthermore, the antibiotic resistance provides a powerful tool to select the transfected cells 

and therefore ensures that all of them carry the plasmid encoding the proteins of interest by the 

time of the irradiation experiment.  

Competent E. coli DH5α cells were used to amplify the two miniSOG constructs. Transient 

transfection was optimized using the lipofectamine method9 for two melanoma cell lines, SK-

Mel 131 (amelanotic, not pigmented) and SK-Mel 128 (melanotic, pigmented). (Transfection of 

the pigmented cell line was performed to test whether it was possible to excite and detect 

mCherry in spite of the presence of melanin. No fluorescence could not be detected). As a 

control to the effectiveness of the cell transfection protocol, an extra batch of SK-Mel 131 cells 

was co-transfected with a plasmid encoding GFP. The green fluorescence of GFP could be clearly 

visualized under the epifluorescence microscope. This observation confirmed that transient 

plasmids were positively and highly efficiently delivered to melanoma cells.  

Of note, the red emission was observed under the epifluorescence microscope for the SK-

Mel 131 cell line, which therefore confirmed the correct transfection and expression of the 

proteins. However, the red fluorescence was very weak, almost undetectable in cells expressing 

the miniSOG-MITO construct. In addition, it was realized that the intensity of the emission 

dramatically decreased over time, and ultimately disappeared within two to three weeks after 

transfection. The eventual expelling of the transient plasmid could explain this observation; 

however, it would also imply the loss of the antibiotic resistance and the concomitant death of 

the cells soon after. This was not the case since cells survived even after many cell passages in 

medium supplemented with 500 μg/mL G418. Therefore, it can be safely assumed that the 

transient plasmid remained inside the cells and hence other unknown events should account for 

the bleaching of red fluorescence.  

On the other hand, extremely dim green fluorescence could be detected under the 

epifluorescence microscope. However, it was only observed in round-shaped unhealthy 

melanoma cells and not in healthy ones. To determine whether the green emission could be 
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attributable to miniSOG, SK-Mel 131 cells expressing miniSOG-MITO and miniSOG-MEM were 

imaged by confocal microscopy. However, despite the higher laser power and resolution from 

the confocal microscope as compared to the epifluorescence one, miniSOG’s emission was not 

observed when illuminating with blue light, in any of the melanoma cell lines nor with any of the 

miniSOG constructs used for transfection.  

On the other hand, the confocal microscope allowed visualizing the red fluorescence of 

mCherry targeted either to the mitochondria or to the cell membrane. Hence, revealing the 

correct expression and subcellular localization. However, the intensity of the emission was 

extremely low and most of the cells were not fluorescent (Figure 7.3). Again, this latter is 

particularly surprising since cells were always grown and kept in medium supplemented with 

high concentrations of G418 to ensure the selective survival of transfected cells. Of note, 

imaging experiments were carried out on cells that had been transfected three weeks before, 

to ensure the complete action of the antibiotic (i.e., at least seven to ten days are typically 

required for G148 to efficiently kill non-transfected cells).10 However, the fluorescence of 

mCherry had already decreased significantly by this time when visualized under the 

epifluorescence microscope, which raises an apparent incompatibility between high 

fluorescence intensity and antibiotic selection, which severely limits the optimal study of this 

system. 

 

Figure 7.3. SK-Mel 131 melanoma cells expressing miniSOG-mCherry localized at mitochondria and at the cell 
membrane. 

mCherry channelBrightfield
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Despite miniSOG’s fluorescence could not be observed, photokilling experiments were 

carried out since the red fluorescence of mCherry guaranteed the correct expression and 

localization of the protein construct. As proceeded previously, cells were incubated 24 hours in 

medium supplemented with G418 and FMN and washed with PBS right before irradiation to 

remove the excess of free flavin. Cells were illuminated in buffer solution for 45 minutes and 90 

minutes with blue light. After irradiation, cells were observed under the bright field microscope. 

Cells expressing either miniSOG-MITO or miniSOG-MEM showed pronounced round shape, 

(typical morphological indicator of cell damage), while non-transfected cells used as controls 

showed healthier morphology. Then, the PBS from the wells was exchanged by fresh medium 

and cells were incubated for 72 hours. At this point, cells were observed under the bright field 

microscope and surprisingly, all of them had recovered from the irradiation effects and exhibited 

a normal and healthy morphology. Cell viability was determined by the WST-1 assay and 

revealed no significant differences between the irradiated cells expressing the photosensitizing 

protein, the non-transfected cells and the dark controls. 

 

7.3. Novel strategies to improve the photodynamic outcome 

Although blue light irradiation did not induce sufficient cell damage to lead to cell death, the 

morphological changes detected after the treatment apparently reflected some degree of 

photodamage. This observation would be in agreement with reported studies on photodynamic 

therapy of melanoma using molecular PSs, where strong resistance of this type of cells towards 

light therapy has been observed and large light fluences have been required to induce cell 

death.4 In attempts to improve the outcome of the photodynamic treatment, three strategies 

were proposed. (1) To perform successive irradiation cycles to increase the light fluence 

delivered without exposing the cells out of the incubator for too long times. (2) To design and 

build a powerful blue light source to increase the fluence and reduce the irradiation time. (3) To 

mutate the original miniSOG from the commercial constructs to produce the novel mutant 

named miniSOG Q103V,11 which has been developed and characterized recently and which 

photosensitizes 1O2 10-fold more efficiently, with a reported Φ∆ = 0.3911 (See Chapter 5). 

Regarding the first strategy, six cycles of 90 minutes of blue light illumination (460 nm and 

16 mW/cm2) were carried out in combination with 30 minutes of dark recovery inside the 

incubator. Cell viability was assayed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) tetrazolium (MTT) method and revealed that all the cells were dead, including the non-

transfected ones. Additional attempts were performed using the same batch of transfected cells 
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(upon the corresponding cell passages) and reducing the irradiation time out of the incubator. 

However, none of the experiments showed conclusive results when comparing miniSOG-MEM, 

MITO and non-transfected controls. The main limitation for all these experiments was that the 

expression of the proteins could not be ascertained at any time by means of fluorescence or 

microscopic techniques. Having in mind the fact that fluorescence intensity of mCherry greatly 

diminishes over time, it was also reasonable to expect the concomitant reduction of the 

photoactive protein miniSOG. Unfortunately, it was not possible to assess the presence of the 

fluorescent proteins in the cells before performing the photokilling experiments. In addition, the 

time required for the antibiotic to select the transfected cells also hampered the study of the 

cells shortly after cell transfection.  

As for the second strategy, a new powerful LED was designed and built up (Figure 7.4). The 

irradiance of the new LED was ~340 mW/cm2, about 21 times higher than the previous light 

source used for cell irradiation. This time, irradiation was performed on different batches of cells 

that had been transfected 7, 6 and 5 days before the experiment. Admittedly, this time is too 

short for G418 to fully select the transfected cells. However, this approach was performed in 

attempts to study cells expressing the maximum amount of photoactive proteins. The new blue 

LED was used for irradiation and it provided sufficient intensity to supply more than 300 J/cm2 

in less than 15 minutes (reported photokilling experiments with miniSOG in cancer cells6 were 

achieved at 280 J/cm2). Unfortunately, the observation of black spots in the cell cultures 

prepared for the photokilling experiment as well as in the original flasks of transfected cells 

revealed apparent contamination which masked the MTT results and all cells had to be 

discarded.  

It has not been possible to further test the new LED for additional experiments by the time 

of writing this thesis. However, its development now provides a powerful tool with great 

potential future attempts using blue light-absorbing PSs. 

 

Figure 7.4. Image of the self-customized super bright blue LED emitting with maxima at 455 nm. 
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Finally, the third approach consisted of performing site-directed mutagenesis of the 

sequence encoding miniSOG in the commercial plasmids in order to replace the glutamine 

residue in the position 103 for a valine. The Q103V mutant photosensitizes 1O2 more efficiently 

and it is also slightly more fluorescent than its precursor, which might be advantageous for its 

detection. To perform the mutagenesis, it was first necessary to determine the nucleotide 

sequence of the miniSOG encoded in the commercial constructs, because it was not provided 

by the depositor laboratory. Since the genetic code is described as degenerate, or redundant, 

meaning that a single amino acid may be coded by more than one codon, many possible 

sequences encode miniSOG. For this reason, DNA primers complementary to the most used 

miniSOG sequence were synthesized and tested for sequencing. However, it turned out that the 

nucleotide sequence was not the one expected. Luckily enough, one of our primers allowed the 

reading of the miniSOG-MITO construct. Thus, new primers suitable for the miniSOG MITO 

construct and containing the Q103V mutation were synthesized. Plasmids were amplified by the 

polymerase chain reaction (PCR) and the initial methylated template plasmid was afterward 

digested with the restriction enzyme DpnI. Competent E. coli DH5β cells were transformed and 

used for plasmid amplification and isolation. Sequencing confirmed the correct mutation and 

the construct was named miniSOG Q103V-MITO. Primers: mSOG_F: AAGCTTCGTGATTACT-

GACCCGC; mSOG_R: CCGATGAAGTACTGCAGCTCACC. 

On the other hand, the nucleotide sequence in the commercial miniSOG-MEM was so 

different to our primers that the membrane-targeted construct could not be initially read nor 

determined. Hence, it was not possible to perform PCR for miniSOG-MEM and the mutant 

miniSOG Q103V-MEM could not be obtained. Several sequencing attempts were performed 

afterward to identify the nucleotide sequence and it has been finally uncovered, which now 

enables mutagenesis experiments with this plasmid.  

The new construct encoding the improved version of miniSOG targeted to mitochondria 

could not be tested in melanoma cells by the time of writing this thesis. The potential of this 

novel mutant for the PDT of melanoma remains to be evaluated, however, its superior 

photosensitizing ability offers a promising alternative to explore the suitability of the miniSOG 

approach. 

 

 



 Exploring the potential of miniSOG for photodynamic therapy of melanoma 

155 
 

7.4. Conclusions 

The use of biological PSs for the PDT melanoma may offer advantages over molecular PSs 

owing to their greater biocompatibility and their superior targeting capacity to specific 

organelles. MiniSOG has been selected to assess the viability of the genetically encoded 

approach because it was the reference photosensitizing flavoprotein at the beginning of the 

project and its ability to kill cancer cells had been already demonstrated. Lentiviral transduction 

of melanoma cells was performed similarly as reported in the abovementioned study. However, 

the green fluorescence of miniSOG was not observed in any of the conditions, miniSOG 

constructs or cell lines tested. In addition, preliminary phototoxicity experiments revealed cell 

viability about 99 %.  

In a second approach, commercial plasmids encoding miniSOG fused to mCherry were used 

for transient transfection of melanoma cells. The red fluorescence of mCherry could be 

detected, albeit very dim in all cases and it gradually bleached over time elapsed after cell 

transfection. Because the complete action of the antibiotic G418 typically requires at least seven 

days to be effective, cell selection turned out to be inconvenient for preserving the fluorescent 

properties of the photoactive proteins. Confocal microscopy revealed that only a few cells in 

medium supplemented with G418 were expressing mCherry. Unfortunately, it was not possible 

to monitor the expression levels of the cells before the phototoxicity experiments, and 

illumination of the cells did not provide evidence of photodamage. Attempts to enhance the 

outcome of the light treatment included the combination of successive irradiations with dark 

recovery periods inside the incubator, the build-up of a powerful blue LED to increase the light 

fluence delivered in a shorter irradiation time, and the site-directed mutagenesis of the 

commercial miniSOG constructs to produce an improved version of the flavoprotein. None of 

the strategies carried out has yielded positive results so far, and it has not been possible to draw 

conclusions on the suitability of biological PSs for the treatment of melanoma. Nevertheless, the 

successful development of both the LED and the MITO construct encoding the miniSOG Q103V 

provides valuable alternatives with potential to improve the results in future experiments.  
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CHAPTER 8 
 

 

 

General discussion 
 

 

 

An overview of the entire work presented in the previous chapters is given herein. A 

general discussion of the main results is provided, whilst offering insights regarding 

the further development of the use of flavoproteins for PDT, aPDT and in advanced 

imaging techniques. 
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8.1. General discussion and future perspectives 

The promising predictions formulated over the last decades about the potential of PDT are 

now a real and consolidated alternative in modern medicine and surgery. PDT is currently 

applied for the treatment of solid tumors and microbial infections with remarkable success.1 

However, drug delivery and better selectivity towards malignant cells are unsolved drawbacks 

that still preclude its wider application and are a matter of intense research.  

The work performed along the previous chapters is devoted to exploring the suitability of a 

new family of PSs to circumvent the limitations associated with conventional molecular light-

sensitive drugs. The new method relies on biological PSs that are genetically produced by the 

host cell without the addition of any exogenous compound. The genetic approach provides 

unprecedented control of the ROS production and the corresponding oxidative cellular damage 

in time and space. These advantages are gaining much attention and are being actively exploited 

for cutting-edge optogenetic applications. Because a few natural-occurring chromophores are 

present in both bacterial and mammalian cells, strategies to develop a fully genetically encoded 

PS are limited. In the present work, the potential of proteins from the LOV natural blue light 

receptors has been characterized and evaluated for PDT and aPDT applications. In nature, this 

family of proteins encases a molecule of FMN which is not photoactive due to the formation of 

a covalent adduct between a conserved cysteine residue and the excited flavin.2 The 

photophysical properties of the chromophore were rationally restored by replacing the active 

cysteine by an unreactive alanine or glycine,3,4 and opened up a new road of possibilities of 

flavin-binding FPs for a wide range of applications.5,6 

The number of new fluorescent flavoproteins is actively increasing.7 A palette of FbFPs 

derived from different organisms were generated from collaborators, and the photophysical, 

photosensitizing and antimicrobial properties were characterized. Early results showed 

promising capacity of 1O2 production, outperforming the reported Φ∆ of miniSOG in most cases. 

However, the underlying mechanisms for the photosensitization of 1O2 were more complex than 

previously described examples and involved two independent populations of excited 

chromophores.8 The properties of the singlet and triplet excited states for the total of eight 

FbFPs were initially characterized in detail. However, unexpected phototransformations led to 

marked changes in their photosensitizing properties, and therefore, the spectroscopic results 

obtained thus far for those samples did not describe with certainty their putative characteristics 

and were disregarded. 
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This situation motivated the development of a new protocol for the in-house expression and 

purification of the photoactive proteins, enabling the study of fresh flavoprotein samples. A total 

of 21 proteins from the FbFP-family have been characterized throughout the present work. The 

photophysical and photosensitizing properties have been determined, which expands the 

number of available options in the flavoprotein arena and provide a valuable guide for choosing 

the best option for a given experiment. It is worth noting that besides the spectroscopic data 

collected, this work also describes the difficulties associated with the study of biological PSs, and 

aims to help the scientific community that is working with similar systems. It is essential to avoid 

any light exposure to the photoactive proteins – even white room light – to prevent undesired 

phototransformations, which are particularly critical for long-term stored samples. 

Direct detection of 1O2 NIR phosphorescence revealed that all the FbFPs tested are capable 

of generating 1O2 upon blue light illumination, although to a different extent. The smallest Φ∆ 

was determined for PhiLOV2.1, which is reasonable since this protein was engineered aiming to 

enhance the photostability of FbFPs.9 On the other hand, the highest Φ∆ values were observed 

in SOPP, an improved version of miniSOG developed specifically for photosensitization 

purposes10 and for the two DsFbFP proteins isolated and derived from the marine α 

proteobacterium Dinoroseobacter shibae.7,11 Interestingly, although all the proteins encase the 

same chromophore, the properties of the excited triplet state and therefore, the ability and 

kinetics of 1O2 production, dramatically change from one protein to another. For example, the 

lifetime of the excited triplet states ranges from dozens to hundreds of microseconds. This 

provides valuable structural information on both the accessibility to the chromophore from 

external molecules and the interactions with the amino acids that surround it.  

The antimicrobial properties of FbFPs have also been studied. E. coli cells individually 

expressing each flavoprotein were illuminated with blue light and cell death was induced in a 

light dose-dependent manner. Other ROS have also been detected upon light exposure to the 

flavoproteins. This was also to be expected since the FMN chromophore is capable of generating 

ROS other than 1O2 when illuminated with blue light.12 However, the production of 1O2 correlates 

with the photokilling rate observed in bacteria, indicating the key role of 1O2 in the fatal damage 

of the cells. 

The photosensitizing and photophysical properties of miniSOG have been characterized in 

detail to provide a more in-depth understanding of the processes that modulate the fate of its 

triplet excited state and that affect the ultimate production of 1O2. The crystalline structure has 

been finally solved in high resolution, and the factors that limit its modest ability to generate 1O2 
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have been rationalized, in agreement with recently published results.13 On the one hand, 

oxygen-independent protein quenching efficiently deactivates 3miniSOG*, decreasing the 

number of triplets that can react with O2. This observation is reflected by the high kp value 

determined for miniSOG. On the other hand, the phosphoribityl tail of FMN makes tortuous the 

path for O2 to diffuse through the protein matrix and reach the chromophore, which is consistent 

with the lower kO2 value obtained.  

The effects of extended photolysis of miniSOG have been elucidated: (1) production of LC, a 

known photodegradation product of riboflavin which lacks the phosphoribityl tail, absorbs at 

shorter wavelengths and is capable of photosensitizing 1O2 in high yield, and (2) photo-oxidation 

of tryptophan and other electron-rich residues. The higher O2 accessibility to the chromophore 

increases the kO2 value, whereas the inactivation of protein quenching pathways decreases kp. 

The sum of the two processes explains the dramatic enhancement in the Φ∆ value for the 

photoconverted miniSOG observed when it is excited at 355 nm, but not at 473 nm LC barely 

absorbs. 

Other miniSOG variants have been developed and characterized aiming to improve the 

modest Φ∆. Inspired by the good results observed for the Q103L mutation in SOPP (Φ∆ = 0.25),10 

the Q103V mutant was engineered and yielded Φ∆ = 0.39.14 The increase in 1jO2 production was 

also reflected in higher phototoxicity of the protein expressed in E. coli cells. For the miniSOG 

W81F mutant, which lacks the single tryptophan residue that is present in miniSOG, Φ∆ = 0.33 

was determined, hence confirming the positive effect of removing this electron rich amino acid 

on the 1O2 generation (hence decreasing kp). On the other hand, attempts to characterize the 

photophysical properties of the highly phototoxic miniSOG2,15 could not be achieved due to the 

apparent loss of the flavin chromophore throughout the purification process. Attempts to 

combine the excellent results of 1O2 production from miniSOG Q103V and the impressive 

photokilling ability of miniSOG2 yielded the mutant miniSOG2 Q103V, called miniSOG3. 

However, as observed in miniSOG2, the flavin-protein interaction is apparently weak and this 

protein could not be purified and characterized in solution. 

The effect of O2 accessibility to the chromophore in the production of 1O2 (i.e., kO2) has been 

studied in miniSOG derivatives encasing the non-phosphorylated RF instead of FMN. MiniSOG 

denatured and reconstituted with RF showed almost identical optical properties, however, its 

ability to photosensitize 1O2 increased by 3-fold (Φ∆ = 0.11). Importantly, the triplet lifetime 

decreased from ∼30 μs to ∼5 μs, which is consistent with a more exposed flavin to the molecules 

from the solvent. This effect has been further demonstrated by the rational design of mutants 
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that bind RF predominantly. One of the mutants, called miniSOG R57Q, was shown to encase RF 

in 74.4 %, confirming the positive effect of the mutation on the RF binding. Analysis of the 1O2 

signal revealed a short component (τT ∼ 5.7 μs), in agreement with encasing a major proportion 

of the accessible RF. However, the higher accessibility to the chromophore was not reflected in 

the Φ∆ value, which barely improved (Φ∆ = 0.05). Denaturation and RF reconstitution of miniSOG 

R57Q increased the amount of encased RF up to 96.4 %, which resulted in a further shortening 

of the triplet lifetime (τT ∼ 5.0 μs) and a slight enhancement in the Φ∆ value (Φ∆ = 0.07). However, 

Φ∆ was still far from the improvements observed upon removing protein quenchers, suggesting 

the major contribution of kp on the limited production of 1O2 by miniSOG. 

The photostability of PhiLOV2.1 and the photosensitizing properties of miniSOG and miniSOG 

Q103V have been smartly combined for the engineering of flavoprotein heterodimers suitable 

for fluorescence microscopy and photooxidation-based CLEM.16 The two heterodimers, named 

PhiSOG and PhiSOG Q103V, respectively, endured photodegradation significantly, approaching 

the photostability of phiLOV2.1 while preserving high levels of 1O2 photosensitization.16 Indeed, 

the positive effect of merging the complementary properties of the heterodimers has been 

demonstrated by their ability to polymerize DAB while preserving the emission suitable for 

fluorescence imaging. In addition, the size of the tandem heterodimers is still small, similar to 

that of a single GFP, which facilitates its genetic introduction into living cells without significant 

perturbation of the surrounding cell components. For all these reasons, the development of 

fluorescent heterodimers opens an alternative and unexplored road which further expands the 

possibilities of the FbFP family for photosensitization and imaging applications.  

Aside from studying the photosensitization properties of FbFPs and understanding their 

underlying mechanisms to develop better photoactive proteins, the genetically encoded 

approach is also a powerful tool for reporting the effects of oxidative damage in living cells. Two 

novel strategies for living cells imaging have been recently engineered and characterized. 

Regarding the first approach, a novel split GFP called FlipGFP has been developed. The kinetics 

of the formation of the fluorescent reporter have been studied for three FlipGFP proteins, which 

emit at different parts of the visible spectrum and therefore provide multiple opportunities to 

keep track of several cell events simultaneously. FlipGFP has been co-expressed with the 

phototoxic protein miniSOG2 in mammalian cells, and the green fluorescence of the reporter 

has been observed after blue light illumination, revealing the activation of apoptosis 

mechanisms. Still in its infancy, the fully genetically encoded approach for both cell actuators 

and reporters offers tremendous potential for reporting cellular photodamage processes in high 

spatiotemporal resolution. The second approach is called SPARK and it relies on the formation 
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of fluorescent protein droplets upon activation of a cellular process.17 SPARK has allowed robust 

and direct visualization of kinase signaling in living animals.17 In addition, the correlation 

between fluorescence intensity under the confocal microscope and the concentration of the 

fluorescent protein has been used to estimate the protein concentration in the fluorescent 

droplets in living cells.17 

PDT of melanoma remains an elusive goal due to the resistance mechanisms conferred by 

the presence of melanin and high levels of antioxidant compounds.18 The biological PSs 

approach has shown promising results in other types of cancer cells19 of less complexity than 

melanoma cells. In this work, the potential of genetically encoded 1O2 PSs in amelanotic cells 

been tested with miniSOG. Attempts to express the photoactive flavoprotein in melanoma have 

been performed by both lentiviral transduction and transient transfection processes. 

Unfortunately, it has not been possible to ascertain its correct expression by microscopy or 

spectroscopic techniques in any of the explored cell lines, miniSOG constructs and protocols 

tested, which has prevented further study and the possibility drawing any conclusions It is 

necessary to develop novel plasmid constructs and have tools available to visualize the 

production of the PSs and to assess the optimal time for illumination experiments. The road for 

the PDT of melanoma with biological PSs is still open, and the potential of this approach is 

starting to be explored as reflected by early reports that are currently emerging.20  

Altogether, the results presented in this work unambiguously demonstrate the capacity of 

FbFPs to photosensitize 1O2 upon blue light illumination. The combination of these abilities with 

the genetic control offers tremendous potential which can be exploited for a wide array of 

applications, including CALI, PDT, advanced imaging techniques, theranostics and optogenetics. 

The characterization of the photophysical and photosensitizing properties of the novel 

flavoproteins provides a palette of alternatives that may be useful to select the appropriate 

protein for each study. These results will contribute to consolidate and expand the growing and 

glowing toolbox of photoactive flavoproteins in the biomedical sciences. 

Of particular relevance are the phototoxic properties of the FbFP against bacterial cells. In 

the actual context of an inevitable move toward the end of the antibiotic era, the development 

of alternative therapies is urgently needed. Amongst other strategies, aPDT is gaining much 

attention and firmly progressing to become a reality shortly. In this regard, biological PSs are 

expected to further improve the outcome of the treatment by increasing the selectivity and 

reducing the light dose required. The photokilling ability of flavoproteins has been 

demonstrated, even against Gram-negative bacteria, which are typically more resistant to aPDT. 
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For all these reasons and in light of the results presented in this work, the use of FbFPs as 

biological PSs may find a niche in the photodynamic approach to treat microbial infections. On 

the other hand, the applicability of flavoproteins as genetically encoded PS in mammalian cells 

has yet to be consolidated. To date, only a few studies have been reported for flavoproteins 

expressed in mammalian cells, and early experiments in melanoma cell lines performed in this 

work have not shown positive results. Novel methods to deliver the plasmid selectively and 

efficiently into cells of high complexity are therefore desired. Particularly interesting is an 

eventual step towards the development of red-light absorbing optogenetic proteins, which 

would mitigate the inherent competition from endogenous chromophores for the incident light.  

From a structural and mechanistic point of view, it is fascinating how a single mutation 

changes dramatically the behavior of proteins encasing the same chromophore. It has been 

shown that the specific amino acid sequence exerts a remarkable effect on the properties of the 

triplet excited state chromophore, and as a consequence, their ability to generate 1O2. The 

elucidation of the crystal structure of miniSOG and the transformations that occur upon 

photolysis provide sound answers to long-awaited open questions. The new mechanistic insights 

on the formation of 1O2 also allow to rationalize the factors affecting the modest Φ∆ of miniSOG 

as compared to the free flavin and offer useful information for the rational development of novel 

flavin-based proteins as biological PSs. Particularly relevant is the participation of the tryptophan 

residue in the quenching of 3miniSOG*. FbFPs lacking this amino acid exhibited long triplet 

lifetimes and remarkable yield of 1O2 production. Therefore, we anticipate that removing the 

tryptophan residues from the proteins intended for 1O2 applications may enhance the 

photosensitizing properties. Interestingly, with the exception of the two DsFbFP variants and 

miniSOG W81F, all other 18 FbFPs studied contain a single tryptophan residue, and thus it would 

be very interesting to study the consequences of replacing this amino acid. Increasing the O2 

accessibility to the chromophore also has a positive effect on the 1O2 generation. In this regard, 

the photoconversion of FMN to LC inside the protein unlocks the path for O2 to easily reach the 

chromophore. All this information may be useful to expand the toolbox of flavoproteins as 

reporters for imaging techniques or as biological PSs for the photoablation of malignant cells. 

The combination of both may therefore result in the development of fully genetically encoded 

systems that allow both the induction and reporting of cellular photodamage, which has great 

potential for modern cell biology studies. However, to our knowledge, the potential of this 

tandem remains unexplored.  
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Conclusions  

1. The photophysical, photosensitizing and antimicrobial properties of eleven flavin-binding 

fluorescent proteins derived from different organisms have been characterized. All proteins 

are capable of producing 1O2 and most of them are highly phototoxic when expressed in E. 

coli cells. Despite all proteins encase the same FMN chromophore, remarkable variations in 

quantum yields of fluorescence and singlet oxygen production, as well as in triplet lifetimes 

and photostability have been found. These observations reveal the strong influence of the 

specific amino acid sequence of each protein on the optical properties of the chromophore. 

2. The photochemistry of miniSOG has been explained. Its modest ability to produce singlet 

oxygen a consequence of the competition between protein and oxygen quenching of the 

chromophore. Oxygen quenching is limited by the phosphoribityl tail, which blocks the 

access tunnel connecting the chromophore with the external aqueous phase. Protein 

quenching is due to electron transfer from nearby electron-rich amino acids and is favored 

by hydrogen-bonded residues that affect the electronic structure of the FMN chromophore.  

3. The puzzling light-induced increase in miniSOG’s ability to produce singlet oxygen has been 

clarified. Upon light exposure, the FMN cofactor in miniSOG is converted to lumichrome, 

which absorbs at shorter wavelengths, photosensitizes singlet oxygen in higher yield and 

lacks the phosphoribityl tail. In addition, electron-rich amino acids are inactivated by singlet 

oxygen, which also contributes to enhancing the photosensitizing ability.  

4. Novel miniSOG mutants have been developed and characterized, including variants lacking 

electron-rich residues or encasing more accessible chromophores. As expected, higher 

values of singlet oxygen production have been determined and the improvement has been 

rationalized in terms of kp and kO2, establishing the bases for the rational design of the 

improved genetically encoded singlet oxygen photosensitizers. Mammalian cells expressing 

miniSOG and the novel mutants are killed upon blue light illumination, confirming the 

potential of biological photosensitizers for optogenetic applications. 

5. Two novel fluorescent reporters have been developed, characterized and tested in solution 

and in living cells. FlipGFP has been successfully demonstrated to monitor apoptosis 

triggered by exposure of miniSOG mutants to blue light, while SPARK is capable of visualizing 

kinase signaling. The fully genetically encoded approach is a powerful tool both for 

mechanistic and protein-protein interaction studies with high spatiotemporal resolution. 
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6. Attempts to use miniSOG as a biological photosensitizer for the treatment of melanoma 

have not led to positive results. Although several strategies for mammalian cell transduction 

and transfection have been tested, it has not been possible to detect miniSOG’s green 

fluorescence in any melanoma cell line, which casts doubts about its expression and stability 

in melanoma cells. 
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List of abbreviations  

1O2 Singlet oxygen  
1PS0 Ground state photosensitizer 
1PS* Singlet excited state photosensitizer 
1PS1* First singlet excited state photosensitizer 
1miniSOG* miniSOG’s singlet excited state 

2PA Two photon absorption 

2PE Two photon excitation 

3FMN* Flavin mononucleotide’s triplet excited state  
3miniSOG* miniSOG’s triplet excited state 
3PS* Triplet excited state photosensitizer 
3PS1* First triplet excited state photosensitizer 

Ala Alanine 

aPDT Antimicrobial photodynamic therapy  

Ara Arabinose 

a.u. Arbitrary units 

AUC Area under the curve  

BFP Blue fluorescent protein 

BLUF Blue-light receptor using FAD 

CALI Chromophore-assisted light inactivation 

CLEM Correlated light and emission microscopy 

cm Centimeter 

CRY Cryptochrome 

Cys Cysteine 

D2O Deuterium oxide 

DIC Differential interference contrast 

DNA Deoxyribonucleic acid 

dPBS Deuterated phosphate buffered saline 

dTRIS Deuterated tris(hydroxymethyl)aminomethane 

DAB Diaminobenzidine 

E. coli Escherichia coli 

EGFP Enhanced green fluorescent protein 

ET Energy of the triplet excited state 

FAD Flavin adenine dinucleotide 
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FbFP Flavin-binding fluorescent protein 

FLIM Fluorescence lifetime imaging microscopy 

FMN Flavin mononucleotide 

FP Fluorescent protein 

FRET Förster resonance energy transfer 

GFP Green fluorescent protein 

Gly Glycine 

GPC Gated photon counting 

h Hours 

H2O2 Hydrogen peroxide 

HBDI 4-hydroxybenzylidene-1,2-dimethylimidazoline 

HEK Human embryonic kidney 

HeLa Henrietta Lacks 

HO• Hydroxyl radical 

HOTag Homo-oligomeric tag 

IC Internal conversion 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

IRF Instrument response factor 

ISC Intersystem crossing 

J Joule 

kDa Kilo Dalton 

kJ Kilo Joule 

L Litre 

LB Luria-Bertani 

LC Lumichrome 

LFP  Laser flash photolysis  

LOV Light, oxygen and voltage 

M Molar 

MCS Multichannel scaling 

min Minutes 

mL Milliliter 

mM Millimolar 

ms Milliseconds 

mW Milliwatt 

mRNA Messenger ribonucleic acid 
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NIR Near-infrared  

nm Nanometer 

Ni-NTA Nickel- nitrilotriacetic acid 

ns Nanosecond 

O2 Molecular oxygen  

O2
•‐ Superoxide 

OD Optical density 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PDB Protein data bank 

PDI Photodynamic inactivation 

PEG Polyethylene glycol 

PEI Polyethylenimine 

PMT Photomultiplier tube 

PNS 1H-phenalen-1-one-2-sulphonate 

PI Propidium iodide 

PO4
2− Phosphate group 

PS Photosensitizer  

ps Picosecond 

𝑃𝑃T
O2  Fraction of triplets quenched by molecular oxygen 

RB Riboflavin 

Ref Reference 

RFP Red fluorescent protein 

RNA Ribonucleic acid 

ROS Reactive oxygen species  

s Seconds 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

Ser Serine 

SPARK Separation of phases-based activity reporter of kinase 
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