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Abstract 
 

Absorption of blue light by proteins featuring the light-oxygen-voltage (LOV) domain triggers 

physiological responses. One of the LOV-containing proteins, the bacterial transcription factor EL222, is 

used here as a model system to study the structural and dynamical changes induced by light. EL222 

regulates gene expression in a light-dependent manner and has been used in optogenetic applications. 

EL222 consists of two domains: a light-sensitive LOV domain and a helix-turn-helix DNA-binding 

domain. In the absence of light, these domains are closely packed, inhibiting DNA binding. However, 

when exposed to light, the flavin mononucleotide (FMN) cofactor, initially non-covalently attached, 

forms a covalent bond with a nearby cysteine residue, triggering conformational changes that enable 

DNA binding. The objective of this study is to uncover the unknown molecular mechanism governing the 

transition between the dark and illuminated states. We utilized a combination of time-resolved 

spectroscopy techniques, advanced kinetic analysis methods, and incorporation of non-canonical amino 

acids (ncAA) as infrared probes of the microenvironment to understand the dynamics of FMN upon light 

illumination and the consequent structural changes. The intrinsic electronic and vibrational changes of 

FMN in aqueous solution were studied using femtosecond stimulated Raman spectroscopy (FSRS). A 

series of ultrafast transitions upon excitation were found, including solvent dynamics in the picosecond 

time scale, followed by singlet state and triplet formation in the nanosecond regime. Most importantly, we 

employed a new setup of broadband FSRS/transient visible absorption spectroscopy to investigate the 

complete excited-state dynamics of FMN bound to EL222 from femtoseconds to milliseconds. These 

experiments indicated that the LOV domain strongly influences the ultrafast dynamics of FMN and 

provided evidence of other unassigned dynamical events. Transient infrared absorption spectroscopy, 

along with computational methods, revealed the key role of the glutamine residue in mediating protein 

structural changes during the formation of the FMN-cysteinyl adduct. The dark-state recovery of EL222 

was unveiled using time-resolved UV-Vis and FTIR measurements, coupled with the site-specific 

incorporation of multiple p-cyanophenylalanine (CNF) ncAA by genetic code expansion technology. 

These investigations suggested the crucial involvement of the N-terminal helical extension in controlling 

the photocycle length of EL222. Overall, our findings provide a detailed view of the non-equilibrium 

photoinduced dynamics of FMN and EL222 protein, which will prove valuable for understanding the 

LOV photocycle and for designing innovative light-responsive proteins.  
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Abstrakt 

Absorpce modr®ho svŊtla proteiny obsahuj²c²mi LOV dom®nu (z anglick®ho light-oxygen-voltage) 

spouġt² fyziologick® reakce. Jeden z proteinŢ obsahuj²c²ch tuto dom®nu, bakteri§ln² transkripļn² faktor 

EL222, je zde pouģit jako modelovĨ syst®m pro studium svŊtlem vyvolanĨch strukturn²ch a dynamickĨch 

zmŊn. EL222 reguluje expresi genŢ z§vislou na svŊtle a je vyuģ²v§n v optogenetickĨch aplikac²ch. EL222 

se skl§d§ ze dvou dom®n: svŊtlo-citlivé LOV domény a DNA vazebné domény helix-loop-helix. V 

nepŚ²tomnosti svŊtla jsou tyto dom®ny ve vz§jemn® bl²zkosti, coģ br§n² v§z§n² DNA. Avġak po vystaven² 

svŊtlu vznik§ kovalentn² vazba mezi flavin mononukleotidem (FMN) a bl²zkĨm cysteinem, coģ spouġt² 

konformaļn² zmŊny umoģŔuj²c² v§z§n² DNA. C²lem t®to studie je odhalit nezn§mĨ molekul§rn² 

mechanismus, kterĨ Ś²d² pŚechod mezi obŊma stavy. K dosaģen² tohoto c²le jsme vyuģili kombinaci 

technik ļasovŊ rozliġen® spektroskopie, pokroļilĨch metod kinetick® analĨzy a zaļlenŊn² nekanonickĨch 

aminokyselin (ncAA). Ty v tomto pŚ²padŊ slouģ² jako infraļerven® sondy mikroprostŚed² pouģit® pro 

porozumŊn² zmŊn vyvolanĨch osvŊtlen²m. VnitŚn² elektronick® a vibraļn² zmŊny FMN ve vodn®m 

roztoku byly studovány pomocí femtosekundové stimulované Ramanovy spektroskopie (FSRS). Po 

excitaci byla pozorov§na Śada ultra-rychlĨch pŚechodŢ, vļetnŊ dynamiky rozpouġtŊdla v pikosekundov®m 

mŊŚ²tku, n§sledovan§ tvorbou singletov®ho stavu a tripletu v nanosekundov®m mŊŚ²tku. Pro 

ġirokop§smovou FSRS/ļasovŊ rozliġenou viditelnou absorpļn² spektroskopii jsme pouģili novĨ 

experiment§ln² pŚ²stup, abychom zkoumali kompletn² dynamiku excitovan®ho stavu FMN v§zan®ho na 

EL222 v rozsahu od femtosekund do milisekund. Tyto experimenty naznaļily, ģe LOV dom®na silnŊ 

ovlivŔuje ultra rychlou dynamiku FMN a poskytly dŢkazy o dalġ²ch neidentifikovanĨch dynamickĨch 

ud§lostech. Tranzientn² infraļerven§ absorpļn² spektroskopie spolu s vĨpoļetn²mi metodami odhalila 

kl²ļovou roli glutaminov®ho residua pŚi mediaci strukturn²ch zmŊn proteinu bŊhem tvorby FMN-

cysteinov®ho aduktu. Obnoven² tmav®ho stavu EL222 bylo odhaleno pomoc² ļasovŊ rozliġenĨch UV-Vis 

a FTIR mŊŚen², spojenĨch s um²stŊn²m specifickĨch ncAA p-cyanofenylalaninu (CNF) pomocí 

technologie expanze genetick®ho k·du. VĨsledky experimentŢ nazaļily kl²ļovou ¼ļast N-terminální 

helik§ln² ļ§sti proteinu pŚi ovl§d§n² d®lky fotocyklu EL222. CelkovŊ poskytuj² naġe zjiġtŊn² podrobnĨ 

pohled na nevyrovnanou fotoindukovanou dynamiku FMN a EL222, coģ bude cenn® pro porozumŊn² 

fotocyklu LOV a pro n§vrh inovativn²ch na svŊtlo reaguj²c²ch proteinŢ.  
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1 Introduction 

 

1.1 Role of light energy 

 
Light, as the fundamental source of energy, has played a pivotal role since the very beginning of life. 

According to the primordial soup theory, light served as the energy source for the formation of simple 

organic compounds (amino acids, sugars, and nucleotides), which could combine and give rise to more 

complex organic molecules [1, 2]. Light energy sources such as lightning, volcanic eruptions, and 

ultraviolet radiation were abundant in the early Earth's environment. These energy sources could have 

catalyzed the chemical reactions necessary for the formation of the first self-replicating structures, 

including RNA, which eventually evolved into the first living organisms [3]. 

Light has been perceived and understood in different ways by various ancient civilizations around the 

world. The ancient Egyptians used sunlight to create their calendars, and their pyramids were designed to 

align with the movement of the sun [4]. The ancient Maya were skilled astronomers and mathematicians, 

and they used the position of the sun and the stars to create calendars and predict astronomical events. 

They believed that light was a powerful force that influenced their daily lives and the fate of their 

civil ization [5]. In ancient China, light was associated with warmth, life, and the power of the sun, and 

was often used in traditional Chinese medicine to treat various ailments [6]. In ancient Greece, light was 

perceived as a fundamental element of the universe, and was often associated with knowledge, wisdom, 

and the divine. Greek philosophers, scientists, and artists explored the nature of light and its properties, 

and developed various theories and beliefs about it [7]. During Iron Age, the Greeks believed that light 

came from the eyes and enabled us to sense the world, but since there are times when it is dark and we 

cannot see anything, they eventually concluded that light must come from an external source and be 

captured by the eyes.  

Light is clearly a part of the universe around us, but the understanding of light's profound mysteries was 

aided by the scientific revolution of the 16th and 17th centuries. In 1652, Christiaan Huygens was 

exploring optical phenomena. He had noted how light travelled though lenses and bounced of mirrored 

surfaces and was particularly interested in the phenomenon of refraction- where the path of light is bent 

when it passes from one medium to another. Huygens noticed that light was often split into the colors of 

the rainbow by his instruments, and sometimes strange patterns of dark and light would be produced. 

Clear evidence to him that light was some sort of wave. In 1672, Robert Hooke also reached a similar 

conclusion about the nature of light. Hooke had observed light travelling through glass and he realized 

that this wavy picture of light could explain many of the phenomena he had seen. Isaac Newton also had 
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an interest in optics and the nature of light itself. In 1704, Newton explained the observation that white 

light could be split into a rainbow when it traverses a prism. Unlike Hooke, Newton interpretation did not 

lean towards light being a form of wave. To Newton light consisted of tiny individual particles, which he 

named ñcorpusclesò.  Newtonôs primary interest lay in the phenomenon of diffraction, wherein waves 

bend around sharp edges. So, he reasoned, light simply could not be a wave. In 1800, polymath Thomas 

Young shone conducted an experiment involving the passage of light through a pair of narrow slits, 

leading to the observation of an interference pattern on a backdrop screen. While not the initial 

demonstration of interference, Young's experiment provided the most distinct illustration of this 

phenomenon. Newtonôs picture of light as a particle was explained by Youngôs observation of 

interference [8]. 

 

Figure 1: The Electromagnetic radiation spectrum illustrating the range of energies displaying wave properties, including 

wavelength and frequency. This figure was taken from [9]. 

In modern physics, the term ñelectromagnetic radiationò (ER) is used to refer to light, which represents a 

small portion of the ER spectrum that is visible to the human eye. As the name suggests, ER is made up 

of oscillating electric and magnetic fields that travel through space. It consists of a wide range of energy 

that varies in wavelength or frequency including radio waves, microwaves, infrared radiation, visible 

light, ultraviolet radiation, X-rays, and gamma rays (Figure 1). The energy and properties of ER depend 

on its wavelength or frequency, with shorter wavelengths having high frequencies and thus higher energy 

levels [10]. In 1900, Max Planck explained that heat radiation is emitted and absorbed in distinct units or 

quanta. In 1905, Albert Einstein utilized Planck's quantum theory to propose the existence of discrete 

energy packets known as photons, which are minute energy packets of electromagnetic radiation. In 1960, 

Theodor Maiman invented laser (Light amplification by stimulated emission of radiation) device using a 
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synthetic ruby crystal as the gain medium and produced coherent red light at a wavelength of 694.3 

nanometers [11]. This accomplishment represented a profound breakthrough in the field of optics and laid 

the foundation for its subsequent utilization across a diverse range of disciplines. 

The speed of light, which is around 300,000 km/second, remains the ultimate physical limit for the 

velocity at which energy or matter can travel. Light interacts with matter, including Earthôs atmosphere, 

in various ways such as scattering, reflection, absorption and refraction. Moreover, light has both direct 

and indirect implications for the living beings on Earth. Sunlight affects life on Earth in many ways 

including climate formation, planetary heating, photosynthesis, psychological well-being etc. Overall, 

sunlight is essential for the functioning of ecosystems and of many organisms of Earth. 
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1.2 Light-sensing proteins 

 
Photoreceptor proteins as their name suggests are proteins that are capable of receiving/absorbing light 

and transduce this signal into biochemical outputs to elicit cellular responses. Typically, a sensory domain 

senses the light stimuli and an effector domain converts this information into the biochemical response 

[12]. Sensor and effector modules may reside in the same or different (two-component) protein molecule. 

These light-sensitive proteins are found in all the three domains of life (Archaea, Bacteria, and Eukarya) 

and play an important role in various biological processes such as vision, circadian rhythms, 

photosynthesis, stomata regulation, phototaxis, etc. [13]. 

A molecule, covalently or non-covalently attached to the photoreceptor, called chromophore is 

responsible for harvesting light. Chromophores have a unique configuration of atoms and electrons that 

enable them to absorb specific wavelengths of light. When a photon of appropriate energy interacts with 

the chromophore, the molecule absorbs the photon's energy, causing the electrons within the molecule to 

become excited and move from their ground state to an excited state. This in turn causes a temporary 

imbalance of charge distribution within the molecule, leading to a change in its structure. In 

photoreceptors, these electronic and structural changes in the chromophore are coupled to 

structural/functional changes in the protein that eventually trigger a signaling cascade resulting in a 

response depending upon the effector domain. 

There are various criteria to classify photoreceptors based on their function, spectral coverage, 

chromophore type, occurrence in the cell, domain structure, overall protein structure, and signal output 

[14]. However, since there is a lot of overlap between the different classification methods, it is easiest to 

categorize them based on the nature of their chromophores (see Table 1). 
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Chromophore 
Light 

sensitivity 

Photoreceptor 

class 
Protein Reference 

Tryptophan 

UV-B 
Plant UV 

photoreceptors 
UVR8, LITE1 [15, 16]   

 

 
p-coumaric acid 

Blue Xanthopsins PYP [17]  

 

 

  
Flavins 

Blue 

LOV 
EL222, AsLOV2, 

YtvA 

[18] [19, 

20] 

 

 
BLUF AppA, PixD [21] [22]  

Cryptochromes Cry2 [23]   

Retinal  

Blue/Green Rhodopsins 

Bacteriorhodopsin, 

Channelrhodopsin-

2 (ChR2) 

 [24] 

 

 

 

 
Carotenoids 

Blue/Green 

Orange 

carotenoid 

proteins (OCP) 

OCP [25]  

 

 

 

 
Bilins  

Blue to far-

red  

Phytochromes, 

cyanobacterio-

chromes 

PhyA, iLight, Cph1 
[26] [27, 

28] 

 

 

 

 

 

 
Vitamin B12 derivatives 

 

 

 

 

 

 

 

 

  

UV, Blue, 

Green 

B12-dependent 

photoreceptors 
CarH [29]  

 

 

 

 

 

 

 

 
 

Table 1: List of major chromophore classes with the corresponding structures, excitation lights and protein associations. The 

flavins R-group in the case of flavin mononucleotide (FMN) corresponds to ribitol-phosphate and in the case of flavin adenine 

dinucleotide (FAD) to ribitol-phosphate-phosphate-D-ribose-adenine. 
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Water is only transparent to wavelengths from UV-A to red. As a result, the earliest light-sensitive 

pigments primarily absorbed light in this specific range. Blue light plays a significant role in triggering 

numerous physiological functions in nature such as photosynthesis, phototropism, stomata opening, 

chloroplast relocation, gametogenesis and many more. The photoreceptors that mediate these processes in 

response to blue light can be categorized into different families, including xanthopsins, BLUF domains 

(blue light using flavin adenine dinucleotide), cryptochromes, LOV protein families (light-oxygen-

voltage-sensitive) including phototropins, and ZEITLUPEs (ZTL) [30]. 

LOV domain-containing proteins, BLUF domain-containing proteins, and cryptochromes share a 

common flavin chromophore, but their photochemical responses to blue-light excitation differ. Most LOV 

domain photoreceptors utilize FMN as the chromophore, whereas BLUF and cryptochrome proteins 

utilize flavin adenine dinucleotide (FAD). However, there are some exceptions. For instance, the LOV 

domain of Neurospora crassa VVD protein utilizes FAD instead of FMN as the chromophore [21, 31-

33]. In the following section, the LOV domain will be described in greater detail, focusing on the protein 

of interest, EL222. 
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1.3 LOV domain 

 
LOV domains are part of a larger protein family called PAS domains, which help organisms sense and 

respond to their environment. The acronym PAS is derived from the initial letters of its three founder 

members: PER (a clock protein in Drosophila), ARNT (aryl hydrocarbon receptor nuclear translocator, a 

transcription factor with a helix-turn-helix motif), and SIM (Single-Minded protein, a regulator of midline 

cell lineage in Drosophila) [34]. While the specific structure of the PAS domain can vary between 

proteins, it generally consists of approximately 100-120 amino acids and adopts a globular structure 

composed of multiple Ŭ-helices and ɓ-strands. The ɓ-sheet is usually comprised of four or five strands, 

and the Ŭ-helices can vary in number and arrangement depending on the specific protein. Within the PAS 

domain, there are several conserved structural elements that contribute to its overall architecture and 

function. These elements include the N-terminal helix (AôŬ), the PAS core region, and the C-terminal 

helix (JŬ), the latter typically links the LOV domain with the associated effector domains. The PAS core 

region is the most conserved region and contains residues critical for ligand binding and protein-protein 

interactions [35]. 

 

Figure 3: The crystal structure of LOV2 domain (PDB 7PGX) from Avena sativa phototropin 1 (AsLOV2) serves as an example 

of the PAS fold in LOV domains. This figure was prepared using PyMOL graphical viewer (https://pymol.org). 

 

LOV domains were first discovered in 1995 while studying the phototropism phenomenon in Arabidopsis 

thaliana plant, which is characterized by the growth or movement of an organism in response to light 

[36]. In higher plants, these domains also play a role in processes such as chloroplast relocation and 
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stomatal opening whereas in fungal organisms, they are utilized for regulating the circadian temporal 

organization of cells in alignment with daily and seasonal cycles [37-39]. In bacteria, LOV proteins were 

found to be involved in stress response [40]. LOV domains share the characteristic structure of PAS 

domains. Upon determining the crystal structure of the first LOV domain, it was found to closely 

resemble a specific subset of PAS photosensors, leading to its classification as a PAS domain. To indicate 

its affiliation with this group of PAS domains, it was named LOV (Light, Oxygen, and Voltage).  The 

LOV core comprises a central ɓ-scaffold comprising five antiparallel ɓ-strands (Aɓ, Bɓ, Gɓ, Hɓ, Iɓ) and 

four Ŭ-helices (CŬ, DŬ, EŬ, FŬ), as depicted in Figure 3. The EŬ and FŬ helices are positioned against the 

ɓ-sheet, creating a pocket that facilitates the non-covalent binding of the flavin chromophore. Within the 

highly conserved GXNCRFLQ sequence (where X stands for any amino acid), the reactive cysteine 

involved in adduct formation is located on the EŬ helix. Adjacent to the LOV core, there are variable N- 

and/or C-terminal extensions (particularly AôŬ and JŬ, see below), often adopting a helical structure. 

These regions are believed to serve as connecting elements that transmit light-induced signals from the 

LOV core to effector domains or interacting partner proteins [41, 42]. 

1.4 Photocycle of LOV domain 

 

Figure 4: Structure and numbering of flavin mononucleotide (FMN). This figure was prepared using Marvin software 

(https://chemaxon.com). 

In dark, the non-covalently attached FMN chromophore exists in its oxidized form and displays 

characteristic spectral absorption peaks at ~450 nm (S0 Sʝ1 transition) and ~360 nm (S0 Sʝ2 transition) 

[43]. Upon exposure to blue light, the FMN undergoes excitation, transitioning from its ground state to 

the excited singlet state (mostly S1). Subsequently, this excited singlet state undergoes intersystem 

crossing, leading to the excited triplet state (mostly T1), which exhibits an absorption peak at ~660 nm 

(S1 Tʝ1 transition) [44]. The triplet evolves into the adduct state, featuring a covalent bond between the 

C4a atom of FMN and the sulfur atom of the nearby cysteine residue, which has an absorption peak at 
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~390 nm [45-48]. Due to the increased basicity of the triplet state, it could abstract an electron and be 

subsequently converted into a radical state through the protonation of FMN at N5 position (see Figure 4). 

This one-electron-reduced radical state of FMN, known as semiquinone FMNHÅ, would rapidly form a 

covalent bond. Proton transfer to the triplet FMN state can occur from the thiol group of the cysteine 

residue or from a nearby acidic group [47, 49-51]. The precise mechanism of the underlying electron and 

proton transfer processes is still not well understood. 

The adduct formation is reversible in the dark and typically the bond breaks within seconds to hours [52, 

53]. Once the recovery of the dark state is done, the LOV domain can undergo another round of 

photocycle (Figure 5). 

 

Figure 5: Photocycle scheme and proposed reaction mechanism for AsLOV2. This figure was prepared using Marvin software 

(https://chemaxon.com). 

It has been postulated that the protonation of FMN-N5 and the adduct formation induce a flip in the amide 

side chain of nearby conserved glutamine residue (Figure 6). This flip alters the hydrogen bonding 

interactions within the LOV core and may trigger a physiological signal [54, 55].  
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Figure 6: Side chain rotation and hydrogen bond switch by Q513 residue in AsLOV2. When exposed to light, the Q513 side 

chain undergoes rotation, causing the hydrogen bond between the Q513 amide nitrogen and the C4 carbonyl of FMN to break. 

Simultaneously, a new hydrogen bond forms between the Q513 carboxamide group (acceptor) and N5H of FMN (donor). This 

figure was prepared using Marvin software (https://chemaxon.com). 

In many LOV domains, an adjoining region known as the Jalpha (JŬ) helix connects the LOV domain to 

its effector domain. This helical region is believed to play a crucial role in transmitting signals from the 

LOV sensor to the effector domain. Partial unfolding or detachment of the JŬ helix can initiate spatial 

rearrangement between the two domains, facilitating the propagation of signals [56, 57]. The AôŬ helix 

extension at the N-terminus has also been found to be important for signal transduction and dimerization 

[55, 58-60]. In the Aureochrome-LOV Domain, the A'Ŭ helix undergoes unfolding upon exposure to light. 

This unfolding specifically occurs when the JŬ helix unfolds, indicating an allosteric regulation where the 

unfolding of one helix influences the unfolding of the other [60]. 

Several exceptions to the above consensus mechanism have been found. Recent studies have 

demonstrated that a LOV photoreceptor lacking the photoactive cysteine can still produce a functional 

response. Interestingly, the studies also found that the photoreduction of flavin to the neutral semiquinone 

radical alone is enough for effective signal transduction [61, 62]. Similarly, LOV proteins lacking 

glutamine are still functional and consistently maintain productive signaling responses, although they are 

often weakened. In the absence of glutamine, water molecules transiently approach the chromophore, 

facilitating the propagation of flavin protonation downstream [63]. 

1.5 EL222 protein 

 
EL222 is a blue-light-sensitive DNA-binding protein containing 222 amino acids, derived from a rod-

shaped, gram-negative bacterium called Erythrobacter litoralis. The specific strain of E. litoralis, 

HTCC2594, was isolated from the Sargasso Sea in the Atlantic Ocean at a depth of 10 meters, and its 

genome was sequenced in 2009 [64]. The genus Erythrobacter is characterized by its aerobic, anoxygenic 

phototrophic nature, and the species "litoralis" derives its name from the Latin word meaning "of the 

shore" or "coastal," indicating its preference for coastal habitats [65]. 
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Figure 7: Dark state crystal structure of EL222 (Nash et al. 2011 PNAS). This figure was prepared using PyMOL graphical 

viewer (https://pymol.org) from PDB ID 3P7N. 

The crystal structure of EL222 in its dark state, resolved at a resolution of 2.1 Å, reveals a two-domain 

protein (Figure 7). It consists of a sensory LOV domain located at the N-terminus with FMN 

chromophore and an effector helix-turn-helix (HTH) domain at the C-terminus, connected by a JŬ linker 

helix. The LuxR-type DNA binding HTH domain is positioned against the ɓ-scaffold of the LOV domain, 

resulting in a monomeric closed conformation [18]. Although the dark state crystal structure provides 

valuable atomistic insights into the interactions between the LOV and HTH domains, the absence of 

a high-resolution lit state structure leaves unanswered questions regarding the activation process and 

light-induced changes in the structure of EL222. Solution NMR spectroscopy in light induced state 

detected alterations near the FMN chromophore. In particular, the analysis of chemical shifts 

indicated structural changes extending beyond 15 Å from the chromophore, mainly in the A'Ŭ-helix 

and the HTH domain [18]. Electrophoretic mobility shift assay (EMSA), size-exclusion 

chromatography (SEC) and NMR analyses demonstrated that EL222, when exposed to blue light, 

binds to its DNA target as a dimer. This observation suggests that the interactions between the HTH 

and LOV domains, which occur in the dark state, inhibit DNA binding [18, 52, 66]. 

The majority of EL222 DNA binding sites identified through chromatin immunoprecipitation sequencing  

(ChIP-Seq) are situated in intergenic regions, specifically within 300 base pair (bp) upstream of the 

predicted translational start of open reading frames (ORFs), indicating that EL222 functions as a 

transcription factor and highlighting its potential utility as gene expression tool in optogenetics [67-72]. In 
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recent developments, a blue light-inducible promoter system has been created for mammalian cells, 

utilizing a modified form of EL222. This engineered version of EL222 has demonstrated the ability to 

swiftly deactivate transcription under dark conditions (non-inducing) and activate transcription upon 

exposure to blue light in various eukaryotic systems [68]. 

 

Figure 8: EL222 activation model by blue light: In the dark, the LOV domain tightly binds to the HTH domain, forming a 

monomeric closed conformation. Blue light induces conformational changes that release the inhibitory LOV/HTH interactions, 

facilitating the formation of homodimers and subsequent DNA binding. This figure was adapted from Nash et al. 2011 PNAS 

[18] and prepared using MS PowerPoint. 

The photocycle of EL222, particularly its activation phase, follows a similar pattern to that of other well-

studied LOV domain proteins (see figure 8). The overall pathway leading to the formation of the cysteine 

adduct is highly conserved, although there may be slight variations in reaction rates. However, significant 

differences are observed in the recovery kinetics following adduct formation depending on the specific 

functional output of the LOV domain. Transient grating (TG) measurements of EL222 protein in presence 

of specific and non-specific DNA sequences indicate that binding affinities are mainly controlled by 

differences in the dissociation of EL222/DNA complexes and not by the association rates [73]. 

The current model of EL222 photoactivation and recovery is as follows: 

1) Dark State: In the absence of light, EL222 exists in its dark state conformation. In this state, the 

chromophore FMN is in a ground state electronic configuration, and non-covalently bound. The 

LOV domain is tightly bound to the HTH domain, covering the HTH 3Ŭ and 4Ŭ helices essential 

to DNA binding and dimerization, respectively [18].  

2) Activation: Upon exposure to blue light, the ground state FMN (S0) in LOV domains undergoes 

rapid excitation to the singlet state (S1) in a matter of femtoseconds. Through intersystem 

crossing (ISC), the triplet state (T1) is then reached, with a typical lifetime of 2-3 nanoseconds. At 
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this stage, the chromophore becomes poised for a hydrogen transfer from a conserved cysteine's 

sulfhydryl (-SH) side chain to the N5 isoalloxazine atom, leading to the formation of a 

hypothetical reactive triplet biradical (T1-H). Subsequently, at around 0.7 µseconds, a covalent 

bond is formed between the cysteine sulfur and the flavin C4a atoms and the triplet state decays 

in ~4.2 ɛseconds [66, 74]. Protonation at FMN-N5 and/or the formation of the covalent bond 

initiates a cascade of structural rearrangements within the protein, leading to the attainment of the 

lit state conformation (or mixture of conformations). The JŬ helix of the linker region is exposed 

to solvent which reorients the relative spatial positions of the LOV and HTH domains. 

Consequently, an open conformation would be formed at round 100 µseconds, facilitating the 

formation of homodimers and subsequent binding to DNA [18, 75].  

3) Recovery: After a few seconds, the covalent bond between the FMN chromophore and the 

cysteine residue spontaneously breaks. The rate of adduct breaking is dependent upon pH and 

temperature, at pH 8 and 25 ÁC the time constant (Ű) is Ḑ29 seconds. This event results in the 

dissociation of EL222 dimers and the EL222-DNA complex, causing the protein to return to its 

monomeric dark state conformation [18].  
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1.6 Spectroscopy 

 
Spectroscopy is a scientific field focused on investigating the interaction between matter and 

electromagnetic radiation. It entails the measurement and analysis of spectra, which are distinctive 

patterns of light emitted, absorbed, or scattered by a sample. The core principle of spectroscopy lies in the 

fact that different atoms and molecules exhibit unique ways of interacting with light, resulting in 

characteristic spectral patterns. These spectra provide valuable information about the sample's energy 

levels, molecular structure, composition, and other properties. 

When electromagnetic radiation interacts with a molecule, there are at least three types of transitions 

(Figure 9) that occur: 

1) Electronic transitions: These involve changes in the electronic energy levels of molecules. Light 

absorption causes electrons to move from lower energy levels (ground state) to higher energy 

levels (excited states). Such transitions typically occur in the ultraviolet (UV) or visible (Vis) 

regions of the electromagnetic spectrum, as these regions provide the necessary energy to excite 

electrons. 

2) Vibrational transitions: These involve changes in the vibrational energy levels of molecules. 

Molecules consist of atoms that are bonded together and can vibrate in different ways. When light 

is absorbed, it can promote its vibrational energy levels, resulting in a change in the vibrational 

motion. These transitions occur in the infrared (IR) region of the electromagnetic spectrum. 

Molecules absorb specific frequencies of infrared light that correspond to the vibrational energies 

required for transitions. 

3) Rotational transitions:  These involve changes in the rotational energy levels of molecules. 

Molecules can rotate around their centers of mass. When light interacts with a molecule, it can 

induce changes in its rotational states. These transitions typically occur in the microwave region 

of the electromagnetic spectrum. 

It is important to note that electronic, vibrational, and rotational transitions often occur simultaneously or 

in rapid succession, as they are interconnected. The energy levels of molecules depend on factors such as 

molecular structure, and chemical environment. The transitions they undergo depend on the nature 

(energy) of the incident light. 
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Figure 9: Three types of energy levels in a molecule: electronic, vibrational, and rotational. This figure was prepared using MS 

PowerPoint. 

Protein function is intricately tied to its structure. Protein interacts with other molecules, such as substrate 

or ligands, through specific binding sites on their surfaces and they can undergo conformational changes, 

where they alter their shape in response to various stimuli or interactions. These changes are often crucial 

for protein function, such as enzymatic activity or signal transduction. Spectroscopy has been of 

fundamental importance in the study of protein structure and function, and a range of spectroscopic 

techniques is now accessible to investigate protein properties in both solution and crystalline states. 

Examples of these techniques include nuclear magnetic resonance (NMR), electronic paramagnetic 

resonance (EPR), circular dichroism (CD) spectroscopy, UV-Vis absorption spectroscopy, fluorescence 

spectroscopy, infrared (IR) absorption spectroscopy, and Raman scattering. [76]. 

Dynamic changes in protein structures occur on timescales ranging from femtoseconds to hours (Figure 

10). Time-resolved spectroscopy enables the real-time investigation of protein dynamics, folding 

pathways, and conformational changes. By uncovering the relationship between protein structure and 

function, these insights prove vital in fields such as structural biology, biochemistry, drug discovery, and 

the understanding of protein-related diseases. 
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Figure 10: Overview of time scales of molecular processes and the spectroscopy techniques used in this thesis to monitor 

photoinduced structural dynamics of protein EL222. This figure was prepared using MS PowerPoint. 

The spectroscopy techniques mentioned in figure 10 were used in this thesis to study the structural 

dynamics of the EL222 protein. 

1.6.1 UV-Visible spectroscopy 

 

UV-Visible spectroscopy involves exposing a molecule to the UV and visible regions (~200-700 nm) of 

the electromagnetic spectrum, where certain light wavelengths are absorbed while others are transmitted 

or reflected. Absorption occurs when the energy of incoming light is equal to the energy difference (ȹE) 

between the molecule's ground and excited states (Figure 11). The relationship between the energy 

difference and wavelength is described by the Planckôs equation (Eq 1): 

 Ὁ  Ὤ’   Eq (1) 
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In this equation, E represents the energy required to promote an electron from the ground to an excited 

state. The variables h, ɜ, c, and ɚ correspond to Planck's constant, frequency, speed of light, and 

wavelength, respectively. The Planck equation demonstrates that the amount of energy needed to excite 

electrons determines the wavelength of the absorption band, with longer wavelengths corresponding to 

lower energy requirements. 

 

Figure 11: Excitation of an electron from the ground state (S0) to the excited state (S1). This figure was prepared using MS 

PowerPoint. 

The absorption of light causes electrons within the molecule to transition from lower energy levels to 

higher energy levels. This phenomenon is known as an electronic transition. These transitions can either 

be allowed or forbidden, depending on selection rules derived from the principles of quantum mechanics 

and conservation laws. In the UV region (~200-400 nm), highly energetic electronic transitions take 

place, like the excitation of ˊ-electrons or non-bonding electrons. In the visible region (~400-800 nm), 

transitions involving lower energy processes, such as d-d transitions in transition metal ions or conjugated 

-́electron systems, occur. There are four types of allowed transitions, namely ůïů*, nïů*, ˊḯ *, and nï

ˊ*, arranged in order from highest to lowest energy absorption (Figure 12). The wavelength of absorbed 

light is determined by how easily electrons can be excited [77]. 



18 
 

 

Figure 12: Different electronic transitions between the bonding and anti-bonding orbitals when light energy is absorbed in UV-

Visible spectroscopy. Theoretically, six types of transition are possible, but practically only four types (green-colored) are 

allowed, while the rest two (red colored) are forbidden. This figure was prepared using MS PowerPoint. 

Every atom or molecule possesses a unique arrangement of energy levels, which directly influences the 

specific wavelengths of light that can be absorbed. UV-Visible spectroscopy measures the extent of light 

absorption by a sample at different wavelengths, resulting in a distinct absorption spectrum. By analyzing 

this absorption spectrum, valuable information regarding the concentration, purity, and structural 

properties of the sample can be obtained. 

A UV-Visible spectrometer quantifies the transmittance of a sample by comparing the intensity of the 

incident light (I0) to the intensity of the transmitted light (I) (Eq 2). This relationship between 

transmittance and absorbance can be expressed using the equation: 
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Eq (2) 

 

Absorbance measurements are commonly employed to determine the concentration of an unknown 

sample, using the Beer-Lambert Law (Eq 3). This law explains how light is attenuated as it passes 

through materials. The transmittance and absorbance are directly proportional to the concentration (c), 

molar absorptivity (Ů), and cuvette pathlength (l) of the sample: 

 

 ὃ  ‐ὧὰ Eq (3) 
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The degree of light absorption by the sample is influenced by the number of molecules it interacts with. 

Higher concentrations result in more molecules present, leading to increased absorbance. Similarly, a 

longer pathlength allows light to travel a greater distance through the sample, increasing the number of 

molecules encountered and, consequently, the absorbance [78]. 

1.6.2 Fluorescence spectroscopy 

 

Fluorescence spectroscopy is a type of spectroscopy that analyzes fluorescence, i.e., light emission after 

absorption, from a sample. This technique is used to study the properties of molecules, including their 

structure, dynamics, and interactions with other molecules. Fluorescence is a phenomenon in which a 

molecule or atom absorbs light energy of a specific wavelength and then promptly emits light at a longer 

wavelength (Figure 13). It is a type of photoluminescence, which involves the absorption of photons and 

subsequent emission of photons with a lower energy level. Unlike phosphorescence, fluorescence occurs 

almost immediately upon excitation and typically lasts for a very short duration [79]. 

 

Figure 13: Jablonski energy diagram of electronic and vibrational energy levels of an excited molecule.  Fluorescence involves 

the emission of light in a very short timescale after absorption, typically in the nanosecond range. The rapid emission 

distinguishes fluorescence from other processes like phosphorescence, which involves a longer-lived excited state (often in the 

millisecond to second timescale). This figure was prepared using MS PowerPoint. 

TCSPC (Time-Correlated Single Photon Counting) method is used to measure the time delay between the 

excitation of a fluorophore and the subsequent emission of a photon. In TCSPC, a pulsed laser is used to 

excite the sample, and a single-photon detector is employed to detect the emitted photons. The timing 
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information of each detected photon is recorded with high accuracy using a time-to-amplitude converter 

(TAC) or similar devices. By accumulating the arrival times of the photons, a fluorescence decay curve is 

obtained, which represents the fluorescence intensity as a function of time. TCSPC allows for precise 

measurement of fluorescence lifetimes, which are characteristic of different fluorophores and provide 

valuable information about molecular interactions, dynamics, and environmental changes [79, 80]. 

TCSPC has high temporal resolution, typically in the picosecond or sub-picosecond range, enabling the 

detection and analysis of very fast fluorescence processes. It is widely used in various fields, including 

biology, chemistry, material science, and biomedical research, for studying molecular interactions, protein 

dynamics, distances by fluorescence/Foerster resonance energy transfer (FRET), diffusion by 

fluorescence correlation spectroscopy (FCS), rotational dynamics by fluorescence polarization (FP), and 

other fluorescence-based phenomena. 

1.6.3 Infrared spectroscopy 

 

Infrared spectroscopy is used for the identification of functional groups in pure compounds, determination 

of chemical composition, and characterization of molecular structure in a sample. Unlike UV-Vis 

spectroscopy, IR does not have sufficient energy to induce electronic transitions. Instead, when a 

molecule absorbs electromagnetic radiation in the IR region, it undergoes vibrational or rotational 

transitions, resulting in a net change in the molecule's dipole moment. Molecules that exhibit this change 

in dipole moment are referred to as IR active (Figure 14). Conversely, if the dipole moment remains 

unchanged, the molecules are considered IR inactive, meaning they do not absorb IR radiation [81]. 

 

Figure 14: A change in dipole moment is required for a vibrational mode to be IR active. This figure was prepared using MS 

PowerPoint. 

When molecules absorb IR radiation, they undergo excitation from a lower to a higher vibrational level. 

As each vibrational energy level is quantized, only specific wavenumbers of IR light are absorbed by the 

molecules. The energy difference between these vibrational levels relies heavily on the nature of the 

bond. Consequently, each bond absorbs a distinctive frequency or wavenumber, enabling the 

determination of the functional group. Absorption of radiation with energy equal to the difference 

between two vibrational energy levels (ȹE) triggers a vibrational transition. 
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Polyatomic molecules may exhibit multiple fundamental vibrational absorption bands. The number of 

these bands (vibrational modes) depends on the degrees of freedom in the molecule, which is determined 

by its molecular structure. For linear molecules, the number of fundamental bands is given by 3N-5, while 

for non-linear molecules, it is 3N-6 where N is the number of atoms. 

When compounds are exposed to IR light, the energy is absorbed by the bonds within the molecule, 

leading to various types of vibrational motions (Figure 15). 

 

Figure 15: Modes of molecular vibrations: Stretching vibrations and bending vibrations. "+" and "-" symbols denote movement 

towards and away from the plane of the paper, correspondingly. This figure was prepared using MS PowerPoint. 

1) Stretching: This type of vibration involves the increase or decrease in the distance between two 

atoms while they remain on the same bond axis. Stretching vibrations can be either symmetric or 

asymmetric, depending on the motion of the atoms. 

2) Bending: Bending vibrations occur when the positions of the atoms change with respect to the 

original bond axis. Different types of bending vibrations include scissoring, wagging, and 

twisting, which involve specific patterns of atom movement. 

The various stretching and bending vibrations of a bond occur at specific quantized levels, and bending 

vibrations generally have lower wavenumbers compared to stretching vibrations due to their lower energy 

requirements. The value of the stretching vibrational frequency or wavenumber can be estimated using 

Hooke's law, which relates the force constant of an oscillator (e.g., two bonded atoms) with its vibrational 

frequency. 
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Suppose two atoms or masses are connected through a spring-like bond. In that case, the frequency of 

vibration can be represented by the following equations: 
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Eq (4) 

 

Here, ə represents the force constant of the bond,  is the wavenumber (cm ĭ), ɜ is the frequency, c is the 

speed of light, and ɛ is the reduced mass (Eq 5). The reduced mass is calculated as the product of the 

masses of the atoms (m  and m ) divided by their sum: 

 ‘  ά ά ά ά  Eq (5) 

 

A stronger bond is associated with a higher force constant (ə), resulting in a greater frequency of vibration 

or wavenumber (cm ĭ) [82]. 

The infrared (IR) region of the electromagnetic spectrum is positioned between visible light and 

microwaves, with wavelengths ranging from approximately 0.7 to 1000 micrometers. It can be further 

categorized into three main regions: the near-infrared (NIR), mid-infrared (MIR), and far-infrared (FIR). 

Each region is associated with specific types of molecular vibrations, providing distinct information about 

the sample. The mid-infrared region of the electromagnetic spectrum can be divided into two regions: the 

fingerprint region and the functional group region. The fingerprint region, which ranges from ~1500 cm-1 

to 900 cm-1, is so named because the absorption pattern in this region is unique for a particular chemical 

compound. This makes it a valuable tool for identification and validation of compounds. The functional 

group region, which ranges from ~4000 cm-1 to ~1500 cm-1, is characterized by the presence of specific 

stretching frequencies for different functional groups, such as OH, NH, and C=O. This region is useful for 

identifying the presence of certain functional groups in a compound. 

The mid-infrared spectrum of proteins exhibits two prominent features, namely the amide I (1600ï1700 

cm--1) and amide II (approximately 1540 cmī1) bands. These bands primarily arise from the C=O 

stretching vibration and the NïH bending and CïN stretching vibrations of the peptide backbone (Fig. 

16). The frequency of the amide I band is particularly sensitive to changes in secondary structure, which 

depend on various hydrogen-bonding environments. This property makes IR spectroscopy an invaluable 

technique for studying protein structure and aggregation [83]. 
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Figure 16: Mid infrared spectrum of a representative protein showing the Amide I and Amide II bands at ~1650 cm-1 and 1540 

cm-1, respectively.  (Inset) Enhanced depiction of the Amide I band, allowing for the separation of its secondary structure 

constituents. This figure was taken from L.M. Miller et al. 2013 [84].  

1.6.4 Raman spectroscopy 

 

Raman spectroscopy, like infrared spectroscopy, is a vibrational spectroscopic technique that offers 

comprehensive insights into the chemical composition, molecular structure, and bonding characteristics of 

a substance. However, in contrast to infrared spectroscopy, Raman spectroscopy relies on the 

phenomenon of inelastic scattering of light during its interaction with matter, known as Raman scattering, 

rather than absorption (Figure 17). 

 

Figure 17: (Left) Three types of scattering process that can occur when light interacts with a molecule. (Right) Energy-level 

diagram showing the states involved in vibrational (Raman and IR) spectra. This figure was prepared using MS PowerPoint. 
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In Raman spectroscopy, a sample is exposed to a monochromatic light source, typically a laser. The 

majority of the incident light scatter without any change in energy, known as elastic or Rayleigh 

scattering. However, a small portion of the scattered light (typically 0.0000001 %) undergoes energy 

shifts as it interacts with the sample's vibrational or rotational modes, resulting in inelastic scattering. 

These energy shifts, referred to as Raman shifts, correspond to specific molecular vibrations and offer 

distinctive spectral information about the sample. Raman Stokes lines represent scattered photons with 

reduced energy compared to the incident photons that interacted with the molecule. The extent of energy 

reduction in the scattered photons is proportional to the vibrational energy levels of the molecule. 

Conversely, Anti-Stokes lines correspond to scattered photons with increased energy relative to the 

incident photons. The degree of energy increase in the scattered photons is proportional to the energies of 

the molecule's vibrational levels. Consequently, the Raman scattered light exhibits a different wavelength 

than the incident light [85]. 

Raman scattering occurs when a molecular vibration induces a change in polarizability of the molecule, 

and molecules that exhibit this phenomenon are known as Raman-active molecules (Figure 18). In 

contrast, for a molecule to be infrared-active, the vibration must lead to a change in the permanent dipole 

moment [77]. 

 

Figure 18: A change in the polarizability of a bond is required for a vibrational mode to be Raman active. This figure was 

prepared using MS PowerPoint. 

Raman spectroscopy and infrared (IR) spectroscopy are complementary techniques that provide distinct 

information about molecular vibrations and structures. Raman spectroscopy is sensitive to changes in 

polarizability. In contrast, IR spectroscopy is sensitive to changes in dipole moment. By combining both 

techniques, overlapping peaks can be resolved more accurately, enabling precise identification of 

functional groups and molecular structures. 

Raman spectroscopy is highly suitable for the analysis of samples in different states (solid, liquid, gas) 

and complex matrices. It is less influenced by water interference and enables the analysis of samples 

through transparent containers and millimeter pathlenghts. Conversely, IR spectroscopy is strongly 

influenced by water absorption, which overlaps with protein absorption, making it well-suited for the 

analysis of thin films and surfaces, or aqueous samples contained in short pathlength cells (micrometers), 

preferably dissolved in deuterium oxide (D2O). 
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1.7 Time-resolved spectroscopy 

 
Steady-state spectroscopy provides quantitative measurements of molecular properties of stable systems 

whereas time-resolved spectroscopy provides information about the dynamics and kinetics of molecular 

processes by measuring the changes in a sample over time. 

1.7.1 Transient absorption spectroscopy 

 

Transient absorption (TA) spectroscopy, commonly known as flash photolysis, is a time-resolved 

absorption spectroscopy technique based on the pump-probe laboratory technique (Figure 19). It is a 

robust technique employed to study and analyze the electronic and structural properties of short-lived 

excited states (transient states) of molecules in the fields of photochemistry and photophysics. This 

technique offers insights into the interactions between light and matter on ultrafast timescales, typically 

spanning from femtoseconds (10-15 seconds) to nanoseconds (10-9 seconds). 

 

Figure 19: Scheme of a typical transient absorption (TA) spectroscopy set-up in pump-probe configuration. First, the pump laser 

excites the sample and then the probe laser pulse measures the absorption of the sample as a function of time. The difference in 

absorption between the excited and ground states of the molecule is known as the transient absorption spectrum. This spectrum is 

used to determine the lifetime and features of the excited state. This figure was prepared using MS PowerPoint. 

Transient absorption spectroscopy involves the excitation of a fraction of molecules to an electronically 

excited state using a pump pulse in the UV-Visible range (Figure 20). The fraction of excited molecules 

typically ranges from 0.1% to tens of percents, depending on the experiment. A weak probe pulse in the 

visible (visTA) or infrared (irTA) range, which avoids multiphoton/multistep processes, is then passed 

through the sample with a delay (t) relative to the pump pulse. By calculating the difference between the 

absorption spectrum of the excited sample and the absorption spectrum of the sample in the ground state 

(ȹA), a difference absorption spectrum is obtained. 
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Figure 20: Pump-probe experimental scheme. This figure was prepared using MS PowerPoint. 

By recording ȹA spectra at different time delays (t) between the pump and probe pulses, a time-resolved 

ȹA profile (ȹA(ɚ,t)) is generated, which provides information about the kinetics and mechanisms of 

photochemical reactions, the excited state dynamics of molecules, and the properties of transient species 

formed during these processes (Figure 21) [86]. 

 

Figure 21: (Left) Main photophysical process that can be probed using transient absorption spectroscopy. (Right) Typical 

transient absorption spectrum for a given time. This figure was prepared using MS PowerPoint. 

ȹA is the difference between the sample absorption with and without pump pulse. ȹA spectrum includes 

contributions from various processes (Figure 21): 
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1. Ground-state bleach: Excitation decreases the population of molecules in the ground state, 

resulting in a negative signal in the ȹA spectrum. 

2. Stimulated emission: Emission from the excited state to the ground state leads to a negative ȹA 

signal, with a spectral profile following the fluorescence spectrum of the excited chromophore. 

3. Excited-state absorption: Absorption of the probe pulse by excited chromophore promotes 

transitions to higher excited states, resulting in a positive signal in the ȹA spectrum. 

4. Absorption from photoproducts or reaction intermediates: Reactions following excitation may 

generate transient or long-lived molecular states, contributing to a positive signal in the ȹA 

spectrum. [87] 

 There are several methods that can be utilized to analyze the data from transient absorption spectroscopy. 

Some of the most common methods include: Global kinetic analysis (GKA), Lifetime distribution 

analysis (LDA), band-shape analysis, and soft-modelling methods [88]. The former two methods are 

explained in the methods section. 

Transient absorption spectroscopy can be applied to various fields, including chemistry, physics, 

materials science, and biology. It has been used to study processes such as energy transfer, electron 

transfer, excited-state relaxation, and chemical reactions in systems ranging from small molecules to 

complex biological systems. The ultrafast time resolution of this technique enables the investigation of 

processes that occur on extremely short timescales, providing valuable insights into the fundamental 

dynamics of light-matter interactions. 

1.7.2 Femtosecond Stimulated Raman Spectroscopy (FSRS) 

 

Traditional Raman spectroscopy is often referred to as spontaneous Raman spectroscopy (Figure 22). It 

involves the interaction of incident light photons with a molecule, causing molecular vibrations and the 

emission of scattered photons with different frequencies. This process occurs randomly in terms of 

directions and phases, and it is generally weak, often overshadowed by fluorescence and background 

signals. To enhance the signal-to-noise ratio, stimulated Raman spectroscopy (SRS) was developed. In 

SRS, an additional laser beam is used to stimulate the Raman scattering process, leading to an 

amplification of the Raman signal. SRS employs two laser beams: a pump beam and a Stokes beam. The 

pump beam is typically fixed at a specific wavelength, e.g. 800 nm or 1064 nm, while the Stokes (probe) 

beam is tuned to the anti-Stokes frequency associated with that particular vibrational mode. When the 

pump and Stokes beams interact with the sample, they generate a coherent population of vibrationally 

excited states, resulting in an increased Raman scattering signal and amplification of the Raman shift 
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frequency. By measuring the intensity of the stimulated Raman signal, a more significant and easily 

detectable Raman signal can be obtained compared to spontaneous Raman spectroscopy [89]. 

 

Figure 22: (Left) Traditional Raman scattering occurs via the spontaneous emission of the Stokes transition. (Right) Stimulated 

Raman Spectroscopy uses a separate, energy matching pulse to stimulate the emission. This figure was prepared using MS 

PowerPoint. 

Femtosecond stimulated Raman spectroscopy (FSRS) is an ultrafast technique for studying vibrational 

dynamics with high resolution and time-resolved capabilities. It can track reaction processes occurring on 

timescales ranging from tens of femtoseconds to a few nanoseconds, which are relevant to atomic 

motions. FSRS operates as a three-pulse experiment (Figure 23): 

1) Actinic pump (Femtosecond triggering pulse): This initial pulse, usually in the femtosecond (10-15 

second) range, is used to initiate a photochemical event or induce specific changes in the sample. 

It can be tuned to a specific wavelength to excite the sample molecules and bring them to an 

electronically excited state. 

2) Raman pump (broadband picosecond Raman pulse):  

3) Raman probe (Narrow-band femtosecond probe pulse).  

The latter two pulses together are used to interrogate the sample and measure the changes induced by the 

Raman scattering. It provides a time-resolved snapshot of the molecular structure and dynamics at 

different points along the reaction pathway. [90] When the difference in frequency between the two 

photons (Raman pump and probe) resembles that of a specific vibrational transition of the sample, the 

occurrence of this transition is resonantly enhanced, stimulating Raman scattering and causing a shift in 

the frequency of the scattered photons. This shift provides information about the vibrational modes and 

structural characteristics of the molecules. 
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Figure 23: Scheme of a typical femtosecond stimulated Raman spectroscopy set-up. This figure was prepared using MS 

PowerPoint.  
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1.7.3 Rapid-scan infrared spectroscopy 

 

FTIR spectroscopy involves passing infrared radiation through a sample, causing the sample's molecules 

to absorb (or scatter) specific infrared frequencies (Figure 25). The resulting spectrum shows the intensity 

of absorbed light plotted against frequency or wavelength. An interferometer, a crucial component of an 

FTIR spectrometer, splits the incoming infrared beam into sample and reference paths, generating an 

interferogram that captures the intensity of infrared radiation over time. By applying Fourier transform 

algorithms, the interferogram is converted into a spectrum, providing insights into the distribution of 

infrared frequencies absorbed by the sample, and allowing for the detailed analysis of the sample's 

molecular vibrations. 

 

Figure 25: Scheme of Fourier transform infrared (FTIR) spectrometer. This figure was prepared using MS PowerPoint. 

Time-resolved rapid-scan FT-IR spectroscopy involves the rapid scanning of the mobile mirror in the 

interferometer. The mirror speed is characterized by the modulation of the He-Ne laser coupled to the 

interferometer. The interferogram obtained from the rapid scanning contains information about the 

intensity of infrared radiation as a function of time (Figure 26).  The time resolution in rapid-scan FT-IR 

spectroscopy depends on the speed of the mirror and the required spectral resolution. The technique 

allows for the investigation of dynamic processes in proteins with millisecond resolution (10-100 ms). 

Rapid-scan FT-IR spectroscopy is also useful for long-term monitoring of spectral changes associated 

with protein dynamics. Overall, it provides valuable information about protein kinetics [91]. 
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Figure 26: Scheme of a rapid scan FTIR experiment. This figure was prepared using MS PowerPoint. 

Time resolved step-scan FTIR spectroscopy is employed to probe protein dynamics from nanoseconds to 

milliseconds following a perturbation, typically by light. Here, the interferogram is acquired by 

incrementing the mirror position step by step, pausing at each step to allow sufficient time for the 

interferogram to be measured. The step scan technique is used for time-resolved spectroscopy of very fast 

(nanoseconds) reproducible (repeatable) events whereas the rapid scan technique is used for time-resolved 

spectroscopy of slower events regardless of their reversibility [91]. 
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1.8 Infrared probes 

 
Vibrational spectroscopy is a powerful technique used for studying the structure and conformational 

changes of proteins because it provides valuable information about their secondary structure, folding, and 

interactions by probing the vibrational modes of the protein backbone and functional groups. However, 

there are a few limitations to this technique. For instance, proteins are composed of numerous atoms, and 

a molecule with N atoms has 3N-6 vibrational modes. As a result, the resulting peaks in the IR spectrum 

can be broad and overlapping, making it challenging to accurately assign specific bands to individual 

protein components. This makes it difficult, and in some cases impossible, to obtain site-specific 

information regarding protein structure and dynamics. Additionally, the IR spectra of proteins are 

influenced by the surrounding environment, including the solvent. In particular, liquid water exhibits 

strong absorption bands in the IR region that overlap with protein absorption bands, such as the Amide 

bands, and interfere with protein spectral analysis (Figure 27). These complexities contribute to the 

challenges associated with interpreting FTIR spectra of proteins. To overcome this limitation and improve 

the structural and spatial resolution of vibrational spectroscopy particularly in proteins, site-specific 

vibrational probes are employed. 

 

Figure 27: Absorption spectrum of the EL222 protein (black) and water molecule (red): The main absorption bands in protein 

arise from the C=O stretching vibration of amide I and the combination of NH bending and CN stretching vibrations of amide II . 

The water molecule bending band interferes with the amide I band of the protein. The transparent frequency region does not 

exhibit any signal from the protein. This figure was prepared using OriginPro (https://www.originlab.com). 
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The site-specific IR probes for proteins can be categorized into two broad groups: backbone- and side-

chain-based probes. 

1) Backbone-based infrared probes 

The protein backbone's vibrational modes, notably the amide I mode (1,600ï1,700 cmī1) primarily 

attributed to C=O stretching vibration, have been extensively utilized in investigations of protein 

conformation [92-95]. Isotope editing is a preferred method for introducing a site-specific amide I 

probe into the protein backbone. This involves replacing a 12C=16O group with either 13C=16O or 

13C=18O, resulting in a red shift of the vibrational frequency. Isotope-edited amide I probes have 

proven versatile in applications, spanning the investigation of protein local environments, exploration 

of conformational shifts, analysis of hydration dynamics, assessment of protein folding 

thermodynamics and kinetics, exploration of ligand binding, and examination of interactions with 

peptide-membranes. Furthermore, the technique of vibrational coupling between two or more labeled 

carbonyl groups has been harnessed to furnish structural insights at the secondary or tertiary level. 

The combination of isotope editing with techniques such as two-dimensional (2D) IR spectroscopy 

and molecular dynamics (MD) simulations enables the determination of residue-specific dynamics. 

Nonetheless, a cautious approach is imperative, considering that the amide I band of an isotope-edited 

backbone carbonyl entity could potentially coincide with vibrational bands originating from diverse 

side chains, including arginine, glutamic acid, and aspartic acid. Furthermore, owing to the inherent 

prevalence of 13C, the 13C=16O labeling technique might not be optimal for larger proteins. 

Nevertheless, notwithstanding these constraints, the extensively applied isotope-edited amide I mode 

has proven valuable in comprehensive investigations of localized protein surroundings and 

conformational modifications [96]. 

2) Side chain-based infrared probes 

The inherent and straightforward chemical structure of protein backbone constrains its capacity for 

hosting a diverse range of IR probes. In contrast, the chemical variability present within protein side 

chains offers the opportunity to generate a broad spectrum of IR probes based on these side chains. 

Additionally, the methods for incorporating non-canonical amino acids into proteins have been 

greatly improved, making it easier to utilize side chain-based IR probes in studying the structural 

dynamics of peptides and proteins. 
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Name 

Frequency range 

(cm-1) 

Nitriles p-cyano-phenylalanine 2,220-2,250 

Cyano-cysteine 2,150-2,180 

5-cyano-tryptophan 2,210-2,240 

Cyanate 2,220-2,300 

Azides Azidohomoalanine 2,100-2,140 

p-azido-phenylalanine 2,100-2,140 

3-picolyl azide adenine 

dinucleotide 
2,080-2,160 

Carbonyls Ketone carbonyl 1,660-1,700 

Ester carbonyl 1,690-1,770 

Carboxylic acid 1,700-1,775 

Carboxylate 1,555-1,600 

Metal carbonyls 
CpRe(CO)3 2,010-2,030 

CORM-2 2,040-2,100 

Others Carbon deuterium 2,100-2,400 

Cysteine thiol 2,550-2,600 

Phosphate 1,200-1,300 

Fluorocarbon 1,200 

 

Table 2: Overview of site-specific infrared probes. [96] 

1.8.1 p-cyanophenylalanine (CNF) IR probe 

 

The frequency range of the nitrile (CſN) stretching vibration is typically between 2,100 and 2,300 cmī1, 

which falls within the transparent region of the protein IR spectrum without overlapping with other 

vibrational absorptions commonly found in proteins. This nitrile stretching frequency is highly sensitive 

to subtle changes in the local environment, including interactions with metal ions and involvement in 

hydrogen bonding. As a result, the nitrile group has been extensively utilized as a probe to study ligand 

binding, local environment, and electric field effects in proteins [97-102]. Moreover, nitrile stretching 

vibrational probes are readily available commercially, making them a convenient choice among side 

chain-based IR probes for investigating biological processes. 
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Figure 28: (Left) Structure of 4-cyano-L-phenylalanine (CNF). (Right) Absorption band of CNF illustrating peak shifts in protic 

(H2O) and aprotic (DMSO) solvents. This figure was prepared using Marvin software (https://chemaxon.com) and OriginPro 

software (https://www.originlab.com). 

p-cyanophenylalanine (CNF) is a ncAA containing a nitrile stretching vibrational probe that exhibits an 

absorption peak ranging from 2220 to 2250 cm-1 (Figure 28). It possesses a phenylalanine amino acid 

backbone, with the cyano group (CN) substituting the para position (designated as "p") of the phenyl 

ring. CNF has a molecular weight of 190.20 g/mol. The extinction coefficient of the CſN stretching 

vibration of alkyl nitriles in water is Ḑ50 cmī1 Mī1, but when attached to aromatic group its extinction 

coefficient significantly increases. CNF has Ḑ220 cmī1 Mī1 extinction coefficient in water [96]. The 

advantage of CNF as an IR probe lies in its strong absorption peak relative to its size, causing minimal 

perturbation in proteins (Figure 29). While azide-based IR probes exhibit even stronger absorption peaks, 

due to Fermi resonance phenomenon their peaks have many components making them complex to 

interpret. On the other hand, carbon-deuterium-based IR probes are non-perturbative but display weak 

peak intensity [96].  
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Figure 29: IR difference spectra of CNF incorporated EL222 protein. CNF exhibits a prominent absorption peak around 2225cm-

1, whereas the peaks associated with the secondary structure are located within the range of 1700cm-1 to 1500cm-1. This figure 

was prepared using OriginPro (https://www.originlab.com) and PyMOL graphical viewer (https://pymol.org). 

Several methods are available for incorporating nitriles into proteins at specific sites. One method 

involves directly incorporating a cyano-derivatized amino acid during peptide synthesis , which can then 

be integrated into a larger protein through semisynthesis using native chemical ligation or expressed 

protein ligation [103]. However, this approach can be time-consuming, low efficiency and expensive, 

particularly for larger proteins. Another strategy entails modifying cysteine residues chemically to 

generate thiocyanates, offering a relatively straightforward pathway for nitrile incorporation [104]. 

Nonetheless, proteins with multiple cysteine residues require extensive mutagenesis to create a unique 

cysteine site to achieve selective labeling at specific locations. Alternatively, the site-selective 

introduction of nitriles into proteins can be accomplished by incorporating p-cyanophenylalanine (CNF) 

using the amber codon suppressor method [105]. This technique enables the introduction of CNF at 

desired sites within the protein through genetic encoding. 
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1.9 Genetic Code Expansion (GCE) technology 

 
There are 20 genetically encoded canonical amino acids that are sufficient for synthesizing all naturally 

occurring proteins, which are essential for the survival of living cells and organisms. However, the ability 

to introduce artificial amino acids with specific properties offers great potential for discovering and 

producing proteins with novel functions. Genetic code expansion (GCE) technology involves reassigning 

the meaning of an existing codon, typically the amber stop codon (UAG), to encode a non-canonical 

amino acid (ncAA). This method is known as amber codon suppression technique.  

1.9.1 Amber codon suppression technique 

 

The ribosome decodes the mRNA to synthesize polypeptides by pairing triplet codons with the 

anticodons of aminoacylated tRNAs. There are 64 different triplet codons. Three of them do not code for 

an amino acid but signal the ribosome to stop protein synthesis. These codons are called stop codons and 

are named as ochre (UAA), opal (UGA), and amber (UAG). Among these, the amber codon is the least 

used in E. coli (~7%) and rarely terminates the protein synthesis. The stop codons normally cause the 

termination of translation by recruitment of one of two release factors, RF1, and RF2. However, in certain 

Archaea species, the amber codon is not used as a stop codon but rather to insert an amino acid. For 

example, Methanocaldococcus jannaschii introduces tyrosine at a UAG codon. This tyrosyl-tRNA 

synthetase and tRNA pair from M. jannaschii, have been modified and used with great success to 

introduce ncAA into proteins in E. coli. To enable this process, the evolution of an orthogonal tRNA and 

its cognate aminoacyl-tRNA synthetase is necessary so that the latter no longer recognizes a natural 

amino acid, but instead recognizes a ncAA of choice. The aminoacyl-tRNA synthetase must be 

orthogonal to the expression host to prevent the cross-loading of canonical amino acid onto the tRNA. 

[105-107] 

The following process is typically involved in incorporating ncAA in the target protein through amber 

codon suppression technique (Figure 30): 

1. Modification of the target gene: The gene encoding the target protein is modified to contain an 

amber triplet (TAG) at a specific position where the incorporation of the ncAA is desired. This is 

typically done through genetic engineering techniques such as site-directed mutagenesis. 

2.  Expression of protein: The orthogonal tRNA, aminoacyl tRNA synthetase and the modified 

target protein gene encoded in their respective plasmids are co-expressed by the host. 

3.  Supply of ncAA: Chemically synthesized ncAA (CNF) is provided to the cell culture. The 

orthogonal aminoacyl tRNA synthetase specifically charges the orthogonal tRNA with the ncAA, 
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enabling its incorporation into the growing polypeptide chain during ribosome-mediated 

translation. 

4. Protein synthesis: During translation, when the ribosome encounters the amber codon in the 

mRNA sequence, the orthogonal aminoacylated tRNA recognizes it and delivers the ncAA to the 

ribosome. The ncAA is incorporated into the polypeptide chain, extending its sequence. 

 

Figure 30: A scheme of non-canonical amino acid (ncAA) incorporation by amber codon suppression. The cells are transfected 

with the orthogonal translational system (OTS) plasmid, which encodes the amber suppressor tRNA, the evolved aminoacyl-

tRNA synthetase (aaRS) and the target protein plasmid with the amber (TAG) codon. First, the ncAA is synthesized and supplied 

to the growth medium. Subsequently, the aaRS facilitates the acylation of the amber suppressor tRNA with the ncAA. During 

translation in the ribosome, the mRNA carrying the amber codon is recognized by the amber suppressor tRNA charged with the 

ncAA, leading to the incorporation of this amino acid into the growing polypeptide chain. This figure was prepared using 

Biorender tool (https://www.biorender.com/). 
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2 Methods 

 
Only the methods that were the primary focus of my experimental work are listed in this section. 

2.1 FMN sample preparation: 

 
FMN (riboflavin-5-monophosphate sodium salt hydrate) was obtained from Cayman Chemical Company 

and used without further purification. To prepare FMN samples, a 45 mM FMN stock solution was 

prepared in Milli-Q water with a pH of 5.9. For experiments investigating pH influence, FMN samples 

were prepared in two different solutions: 10 mM Tris (pH 8.0) and 10 mM MES (pH 6.0). The 

concentration of FMN samples varied depending on the experimental method. For visible TA and FSRS 

experiments, FMN was diluted in 1 mm path-length cuvettes to achieve the appropriate optical density at 

400 nm. Specifically, the OD at 400 nm was adjusted to 0.5 for TA experiments, 1.0ï1.5 or higher for 

FSRS experiments, and between 0.6 and 0.8 for steady-state absorption experiments. To avoid the 

reabsorption effect, FMN was further diluted to 10 mM for fluorescence experiments. 

2.2 Expression and purification of wild-type EL222 protein: 

 
The plasmid used for protein expression contained an N-terminal EL222 protein sequence followed by a 

C-terminal intein-CBD-12his purification tag. Escherichia coli BL21 (DE3) cells were utilized to express 

the EL222 protein. The EL222 plasmid was a gift from Kevin H. Gardner and the intein-CBD-12His 

plasmid was a gift from Edward A. Lemke. The cells were grown in LB medium supplemented with 

carbenicillin at 37°C until reaching an optical density of 0.6 at 600 nm. Subsequently, the temperature 

was reduced to 20°C, and gene expression was induced by adding IPTG to achieve a final concentration 

of 0.5 mM. The cells were then grown for 16 hours in the dark and harvested by centrifugation at 6000 g 

for 15 minutes. The cell pellet was resuspended in TrisïHCl 50 mM pH = 8 NaCl 100 mM PMSF 

(phenylmethylsulfonyl fluoride) 1 mM. Cell disruption was achieved through a combination of sonication 

and the microfluidizer method. After centrifugation at 60000 g for 30 mins, the supernatant was purified 

by immobilized metal affinity chromatography (IMAC) with Ni2+ resin. Loosely bound proteins were 

removed with 40 mM imidazole washes and fusion proteins were eluted with 500 mM imidazole. To 

remove the histidine tag from EL222, the protein was subjected to the intein self-cleavage technique, 

involving incubation in a buffer containing the reducing agent DTT at 100 mM. Subsequently, a second 

passage through IMAC column was conducted to separate the cleaved protein from the uncleaved protein. 

Finally, size exclusion chromatography was employed as the concluding purification step to remove 

EL222 aggregates. The purified protein samples were stored at 4°C in 50 mM MES buffer with a pH of 

6.8, supplemented with 100 mM NaCl. The purity of the purified proteins was confirmed through SDS-
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PAGE, while their characteristics were assessed using UV-Visible spectroscopy and mass spectrometry. 

The purified protein was concentrated with Sartorius centrifugal concentrators with a 10 kDa cutoff to 

about 25 mg mlī1, flash frozen in liquid nitrogen and stored at ī80 ÁC. 

2.3 CNF incorporation, expression, and purification of EL222 protein: 

 
To introduce the non-canonical amino acid CNF into EL222, the amber codon suppression technology 

was employed. Through site-directed mutagenesis, the selected original amino acid encoding codon was 

replaced with the amber codon (TAG). The plasmid containing the ampicillin-resistant TAG-mutated 

EL222 gene was co-transformed with the pDule2-pCNF plasmid, which encoded a spectinomycin-

resistant OTS consisting of a polyspecific aminoacyl tRNA synthetase and suppressor tRNA, into 

Escherichia coli BL21 (DE3) using the electroporation method (2.5 kV for 5 ms in a 2 mm path-length 

cuvette). The transformed cells were spread onto plates containing both antibiotics and incubated 

overnight at 37°C. Subsequently, a single bacterial colony was selected, allowed to grow overnight in LB 

medium, and then stored as a glycerol stock at -80°C for future utilization. The bacteria were then 

cultured in terrific broth (TB) media at 37 °C until reaching an optical density of 0.4 at 600 nm. At this 

point, CNF (dissolved freshly in 3 M NaOH) was introduced to the medium, achieving a final 

concentration of 1 mM. Following an additional 30 minutes of growth, the temperature was lowered to 

20°C, and gene expression was triggered by the addition of 0.5 mM IPTG in the dark. The protein 

purification process was carried out following the procedure mentioned in the previous section. 

2.4 Steady-state UV-Visible spectroscopy: 

 
The steady-state UV-Visible spectra were obtained using a Specord 50 Plus spectrometer (Analytik Jena) 

and a quartz cuvette (Hellma Analytics) having a path length of 10 mm. The measurements were 

conducted in dark and at a temperature of 20 °C with a sample volume of 70 µl. The absorbance spectra 

were measured within the range of 320 to 550 nm. The protein samples were diluted with MES buffer to 

achieve an approximate absorbance value of 0.5 at 450 nm, resulting in a protein concentration of ~30 

µM. The same buffer was used as reference. 

2.5 Time-resolved UV-Visible spectroscopy: 

 
The same spectrometer mentioned in the above section was utilized for conducting time-resolved UV-

Visible spectroscopy measurements. The dark state recovery kinetics in EL222 protein variants were 

evaluated by first subjecting the sample to continuous illumination with blue light emitted through a 450 

nm LED (M450L1, Thorlabs), delivering an approximate irradiance of 25 mW/cm². Following the 

illumination period, the LED light was turned off, and subsequent spectra were measured. Each spectrum 
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was acquired over a duration of approximately 7 seconds. In H2O-based experiments, the spectra were 

continuously measured for 10 minutes, while in D2O-based experiments, the measurement duration 

extended to 15 minutes. 

2.6 Steady-state FTIR spectroscopy: 

 
We acquired the steady-state infrared spectra of all EL222 variants using a Bruker Vertex 70v FTIR 

spectrometer, which was equipped with a globar source, KBr beamsplitter, and a photoconductive liquid 

nitrogen cooled mercury cadmium telluride (MCT) detector. Before measurements, the protein samples 

underwent centrifugation at 18,000 g for 15 minutes to eliminate any precipitates. The substitution of D2O 

buffer was achieved through a centrifugal concentration approach utilizing 10 kDa cutoff filters. To 

optimize signal intensity without oversaturating the detector, the aperture value was adjusted. Protein 

samples with 1-2 mM concentration were introduced into a temperature-controllable demountable liquid 

cell equipped with CaF2 windows. The temperature was set to 20°C for each measurement. The volume of 

sample loaded into the cell varied depending on the buffer used, path length and specific region of the 

spectrum. For measurements targeting the "transparent window" region in H2O buffer or in the fingerprint 

region with D2O buffer, a volume of 25 µl of the sample was loaded into a cell with a 50 µm path length. 

Conversely, for measurements in the amide I region using H2O buffer, a volume of 10 µl of the sample 

was loaded into a cell with a 6 µm path length. For every sample, three spectra (dark, lit and difference) 

were measured and an average of 200-300 scans was obtained with the spectral range of 4000 to 900 cm-1 

with a resolution of 2 cm-1. The protein lit state was induced by illuminating blue light from a 450nm 

LED with power of 25 mW/cm2 on the sample throughout the measurement. Both dark and lit samples 

were measured with the buffer as a background, while the proteinôs dark state was set as the background 

for the difference spectra. In the frequency-temperature line slope (FTLS) experiment, spectra were 

recorded at 5°C, 15°C, 25°C and 35°C averaging over 300 scans at a resolution of 1 cm-1. The first step 

involved measuring the buffer spectrum as the background for each temperature, followed by the 

measurement of the protein samples. The samples were allowed to equilibrate for 10 minutes before the 

measurements were taken. 

2.7 Time-resolved rapid-scan FITR spectroscopy: 

 
The time-resolved rapid-scan FTIR experiments were conducted using the same spectrometer mentioned 

earlier. In the nitrile region (transparent window), a 4.50 µm bandpass filter was utilized. The sample 

volume, concentration, path length, and temperature remained consistent with the steady-state FTIR 

experiments. For the amide I/II  regions, no filter was applied, and a path length of 6 µm was employed to 

minimize water absorption contributions. The spectral resolution was set to 4 cm-1. During a single time 
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point, 10 scans were averaged, and for the cyano region, an additional three rounds of averaging were 

performed. The samples were initially subjected to continuous irradiation for 3 minutes to accumulate the 

lit state. Subsequently, the LED was turned off, and the recovery kinetics were recorded over a duration 

of 10 minutes for H2O-based experiments and of 15 minutes for D2O-based experiments. 

2.8 Femtosecond stimulated Raman spectroscopy (FSRS): 
 

Time-resolved Raman spectroscopy experiments were carried out using a custom-built setup based on the 

spectral watermark technique. For the initiation of photoreactions, a 1 µJ pulse of 475 nm light from the 

TOPAS system was employed as the actinic pump. Simultaneously, the 1450 nm signal beam was 

directed from a second TOPAS system onto a moving CaF2 plate, resulting in the generation of a white 

light supercontinuum used as the probing light. To serve as the Raman pump, the 800 nm femtosecond 

pulses from the second amplifier were directed through a specially designed pulse shaper, producing a 

series of frequency-locked picosecond pulses. The energy of the Raman pump was set at 5 J. A total of 53 

time delays, exponentially spaced between 100 femtoseconds and 0.8 milliseconds, were implemented to 

capture the photoinduced dynamics of flavin molecules within different environments. To eliminate the 

influence of orientational relaxation, all experiments were conducted under the magic-angle condition 

(54.7°). To mitigate the potential impact of photodamage during measurements, a flow rate of 6.0 mL/min 

(30 rpm) was maintained to continuously flush the sample. For protein samples, nitrogen gas was purged 

during measurements to minimize the generation of harmful reactive oxygen species that can emerge 

from the reactive triplet state. 

2.9 Global kinetic analysis (GKA): 

 
Global analysis involves simultaneous fitting of the entire time-resolved spectrum or dataset using 

mathematical models or algorithms. This approach assumes that the system can be represented by a 

limited number of discrete states or components each modeled as a single exponential decay. The primary 

objective is to determine the kinetic parameters associated with these components, including lifetimes, 

amplitudes, and spectral properties. 

In this study, all the time-resolved spectroscopy data was analyzed using global kinetic modeling 

implemented in the Glotaran software. Initially, the data matrix underwent singular value decomposition 

(SVD) analysis. SVD is a mathematical operation that separates the data contribution into linearly 

independent vectors, scaled by numbers. The SVD analysis enables a rough estimation of the required 

number of rate constants or lifetimes to describe the data in the global analysis. Subsequently, a sequential 

or parallel model was selected to extract the evolution-associated difference spectra (EADS) or decay-
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associated difference spectra (DADS), respectively, and characteristic times from the raw data. GKAs 

facilitates the identification and tracking of specific species or spectral features that appear, disappear, or 

undergo transformation over time. For time resolved FSRS, transient IR spectroscopy data, a sequential 

model was employed. For rapid scan FTIR and UV-Visible spectroscopy, a parallel model was utilized. 

2.10 Lifetime distribution analysis (LDA): 

 
We used lifetime distribution analysis based on maximum entropy method to determine a probability 

distribution of lifetimes given limited information by maximizing the entropy, which is a measure of 

uncertainty, while satisfying certain constraints derived from available data. The concept behind the 

maximum entropy method is to choose the probability distribution which is the least biased or most 

certain when limited information about the system is available. In contrast to GKA, which relies on a 

given model assuming a predefined number of components and their connectivity, LDA is essentially 

model free as it does not require a predefined number of components. LDA produces a lifetime density 

map in which each point corresponds to the exponential amplitude for a specific lifetime and frequency 

(or wavelength). To summarize the information contained in the lifetime density map, one can calculate 

the square root of the sum of squared amplitudes across all frequencies. This calculation yields a lifetime 

distribution referred to as the "average dynamical content," denoted as D (Eq 6). The amplitudes of the D 

lifetime distributions visually summarize the magnitude of spectroscopic changes at a particular time 

constant. 

 Ὀ  ɫ†ȟ  Eq 6 

 

Here D is the average dynamical content calculated from the 2D lifetime density maps as the integral 

(summation) over the squared amplitudes Ŭ(ɤi, Űk) for a given frequency (or wavelength) interval. 

For FTIR data, the D lifetime distributions was obtained for three spectral subranges: (a) 1,750ï 1,680 

cm-1, primarily featuring the two bands originating from FMN carbonyls, (b) 1,680ï1,600 cm-1, 

characterized by bands mainly associated with the protein backbone amide I mode, and (c) 1,600ï1,500 

cm-1, showcasing a blend of contributions from the protein backbone amide II bands and FMN ring 

modes. For EL222 UV-Vis data, the D lifetime distributions was obtained from 320-550nm range, which 

corresponds to FMN. 
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3 Aims and objectives 

 
The goal of this doctoral thesis is to understand the structural and chemical changes that occur in the light 

sensitive EL222 protein, both under the presence and absence of light, by time-resolved vibrational 

spectroscopy assisted by genetically encoded non-canonical amino acids (ncAA). 

Specific objectives: 

1. To elucidate the inherent electronic and vibrational changes of the free FMN chromophore in 

aqueous solution upon photo-excitation. 

2. To elucidate the intrinsic electronic and vibrational changes of the FMN chromophore when 

bound to the EL222 protein upon photoexcitation, and to study the resulting modifications in the 

protein structure. 

3. To elucidate the role of the conserved glutamine residue in the FMN binding pocket of EL222, 

understanding its significance in signal transduction for stabilizing the structural changes during 

the formation of the FMN-cysteinyl adduct. 

4. To elucidate the mechanism and kinetics by which EL222 undergoes photorecovery after the 

cessation of blue light illumination. 

To accomplish the first objective, time-resolved femtosecond stimulated Raman spectroscopy (FSRS) and 

transient visible absorption spectroscopy methods were employed. For the second objective, a broadband 

FSRS/transient visible absorption spectroscopy setup was utilized. For the third objective, transient 

infrared absorption spectroscopy and quantum mechanics (QM) cluster calculations were employed. 

Finally, for the fourth objective steady-state and time-resolved UV-Vis and FTIR techniques were 

employed in combination with vibrational reporters of local environment (electric field, H-bonding) in the 

form of p-cyanophenylalanine (CNF).  
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4 Results 

 

4.1 Publication 1: Femtosecond-to-nanosecond dynamics of flavin mononucleotide 

monitored by stimulated Raman spectroscopy and simulations. 

 
BACK GROUND: 

Flavins are yellow-colored, light-absorbing organic compounds that can act as a redox agent in enzyme-

catalyzed reactions or as a photoreducible biological chromophore in photoreceptors. They are structured 

by a tricyclic isoalloxazine ring system. Flavins are primarily found in the form of riboflavin, flavin 

mononucleotide (FMN), and flavin adenine dinucleotide (FAD). Riboflavin, also known as vitamin B2, 

consists of the isoalloxazine ring system with methyl groups and a ribitol side chain. FMN is derived 

from riboflavin through the addition of a phosphate group. FAD is formed by further adding an adenosine 

monophosphate (AMP) group to FMN. The flavin group acts as a cofactor in photoreceptors, including 

the light-oxygen-voltage (LOV) domains, BLUF sensors, and cryptochromes. Flavins undergo reversible 

photoreduction upon excitation by blue light. Light-sensing flavoproteins rely on flavin photochemistry 

for their molecular mechanism of action, making a comprehensive understanding of the flavin photocycle 

crucial for advancing the field. 

In the dark state, FMN is non-covalently attached to the LOV domain of EL222 protein. When exposed to 

blue light, FMN undergoes a photocycle that includes a series of intermediate states. Since no systematic 

dual computational-experimental study of FMN has been carried out before, our objective in this work 

was to investigate isolated FMN in an aqueous solution and to unravel the inherent electronic and 

vibrational changes of the chromophore upon excitation. The ultrafast transitions of excited FMN were 

monitored using a combination of experimental techniques, including UV-Visible spectroscopy, transient 

UV-Vis absorption (visTA), transient femtosecond stimulated Raman spectroscopy, and time-resolved 

fluorescence spectroscopy. In parallel, quantum chemical calculations such as time-dependent density 

functional theory (TDDFT), and spin-orbit coupling calculations were employed. The study further 

explored the pH dependence of FMN using different buffers. The purpose of preparing samples with 

different pH levels was to investigate the impact of altering the protonation state and the resulting 

negative charge extent on the phosphate group of FMN. The experimental time window of 6 ns allowed 

for the monitoring of the evolution of FMN's triplet species. 
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RESULTS AND DISCUSSION: 

Transient absorption spectroscopy of free FMN  

The transient absorption spectrum of free FMN was measured in H2O (see Fig. 31) at two distinct pH 

values, specifically pH 6 and pH 8). Global kinetic analysis of the visTA data yielded five evolution-

associated spectra (EAS) along with their corresponding lifetimes (Ű). The initial 0th component was 

attributed to a measurement artifact arising from the overlap between the pump and probe pulses. The 1st 

component (Ű1 = 0.6 ps) was linked to the solvent's delayed reaction to the solute's vertical excitation. A 

distinct red-shift in the stimulated emission (SE) band between the 1st and 2nd components suggests the 

occurrence of the solvation process occurring in S1 state. The 2nd and 3rd components have similar EAS 

but different time constants. The 2nd component, occurring within a few tens of picoseconds, is associated 

with slight relaxation processes in riboflavin surrounded by water. Molecular dynamics calculations 

suggest that the potential folding and unfolding of the ribityl-phosphate moiety towards the isoalloxazine 

ring within FMN takes place within a 100 ps timeframe, explaining the presence of the 2nd component due 

to a hydrogen bond formation at the N1 position with a solvent molecule. The 3rd component constitutes to 

the fully equilibrated S1 state, having a lifetime slightly exceeding the confines of the experimental 

timeframe (Ű3 = 9.1 ns), whereas the 4th componentôs time constant was linked to the phosphorescence 

lifetime of FMN (Ű4 = 10 µs) and represents the non-decaying contribution within the time scale of the 

experiment. The 4th EAS bears a strong resemblance to the lowest triplet absorption spectrum documented 

in earlier experiments involving FMN and riboflavin [50, 108] while the components 1st to 3rd describe 

distinct relaxation phases of the lowest singlet state. The plots of the latter four components are displayed 

in Fig. 31c (top); the time constants from global fitting are included in Fig. 31c (right). 

The UV-Visible transient absorption (TA) spectra exhibit five distinct features, as depicted in Fig. 31c. 

¶ Region I: It shows the excited-state absorption (ESA) band, starting at approximately 390 nm and 

gradually shifting to 401 nm in the last component.  

¶ Region II: Centered around 442 nm, there is a ground-state bleach (GSB) observed in all 

components. This indicates a decrease in ground-state (S0) population and corresponds to the 

stationary absorption band at 445 nm. In the nanosecond timescale, this band undergoes a red 

shift to 454 nm. 

¶ Region III: It represents a broad ESA band from S1 Sn, located at approximately 511 nm. In the 

later components (from ps to ns), this band undergoes a blue shift of 9 nm and increases in 

intensity from the 1st to the 3rd component. 
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¶ Region IV: This region features a below-baseline stimulated-emission band, ranging from 558 nm 

to 570 nm (S1 S0). Although it exhibits a red shift, it broadly corresponds to the spontaneous 

fluorescent band observed in the stationary spectrum at 528 nm. 

¶ Region V: This region spans from 700 nm to 900 nm and shows a broad band present in the 1st to 

3rd components. In the last component (4th), it is replaced by another broad band with a maximum 

at 712 nm, which is intense due to the absence of SE. 

 

Figure 31: Transient absorption (TA) spectra recorded from the FMN molecule in an unbuffered water sample. (a) Contour plot 

illustrating the TA spectra at different time delays following 400 nm photoexcitation. (b) Utilizing a sequential kinetic model for 

global fitting, the amplitudes of four distinct components are depicted, characterized by lifetimes Ű1 = 0.6 ps (in black), Ű2 = 100 

ps (in red), Ű3 = 9.1 ns (in blue), and the Ű4 = 10 ms component (in green). The time scale in both (a) and (b) is linear until 1 ps, 

and logarithmic thereafter. (c) Evolution-associated spectra (EAS) of the four TA components, plotted along with the stationary 

absorption (grey) and fluorescence (grey, dashed) spectra. The wavelengths of the Raman and actinic pumps are indicated by 

black lines. Notable features of the TA observed are designated with Roman numerals (IïV) [109]. 

Femtosecond stimulated Raman spectroscopy of the free FMN 

The normalized FSRS spectra in the high-frequency region are shown in Fig 32. The Raman data closely 

aligns with the TA observations, revealing the emergence of five components through GKA. The 

timescales of the 1st to 3rd components were held constant or allowed to vary. Fixing the 3rd EAS to the 

fluorescence lifetime yielded only minor differentiation only in the 4th component spectrum. Consistent 
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with the TA results, we disregard the initial 0th component, attributing the component with a time 

constant (Ű1 = 0.6 ps) to the medium's delayed response to the optical excitation. The 2nd and 3rd EAS 

exhibit analogous spectral features with slight shifts of approximately 1-2 cm-1. Peaks sensitive to solvent 

influences were identified by comparing the 1st and 3rd components, including prominent shifts at 1192-

1200, 1408-1417, and 1495-1500 cm-1. Within the triplet 4th component, significant peak shifts are 

observed, such as 1250-1274, 1384-1362, 1417-1396, 1500-1521, and 1570-1622 cm-1. Additionally, in 

the 1150-1250 cm-1 region, the intensity of the 1200 peak diminishes, relocating to 1189 cm-1. 

Normalized plots of the 1st to 4th components, labeled with the mentioned peaks, are provided in Fig. 6c. 

The intensity of all peaks decreases from EAS 14 in the unnormalized spectra. 

 

 

Figure 32: Time-resolved femtosecond-stimulated Raman (FSRS) spectra recorded from FMN molecule in an unbuffered water 

sample, utilizing an 800 nm Raman pump. (a) Contour plot illustrating the Stokes FSRS spectra at different time delays following 

400 nm photoexcitation. (b) Utilizing a sequential kinetic model for global fitting, the amplitudes of four distinct Raman 

components are depicted, characterized by lifetimes Ű1 = 0.6 ps (in black), Ű2 = 99 ps (in red), Ű3 = 9.1 ns (in blue), and the Ű4 = 

10 ms component (in green). The time scale in both (a) and (b) is linear until 1 ps, and logarithmic thereafter. (c) Normalised 

evolution-associated spectra (EAS) corresponding to the four aforementioned components [109]. 

CONCLUSION: 

The global analysis of transient visible absorption (visTA) and femtosecond stimulated Raman 

spectroscopy (FSRS) data provides valuable insights. The first evolution-associated spectrum (EAS) with 

a time constant of 0.6 ps is attributed to solvent dynamics. The second EAS, lasting 100 ps, corresponds 

to a minor relaxation process probably associated with the folding of the ribityl -phosphate moiety. The 
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third EAS, with a time constant of 9.1 ns, represents the fully equilibrated S1 state. The fourth EAS, with 

a fixed time constant of 10 µs, indicates partial evolution of the T1 state. Intersystem crossing (ISC) is 

observed between 2-3 ns. Assigning the triplet EAS was facilitated by incorporating pre-resonance 

enhancements to the computed intensities at a T-T wavelength of 775 nm, resulting in an intensity 

calculation of 863 nm. Raman shifts between the first and third EAS are influenced by solvent-sensitive 

modes, while shifts between the third and fourth EAS are attributed to structural and electronic changes in 

the triplet state. 

MY CONTRIBUTION :  

I was responsible for preparing the FMN sample for the FSRS experiments, as well as conducting 

measurements of steady-state UV-Visible and fluorescence spectroscopy. 
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