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Abstract

Absorption of blue light by proteins featuring tHeght-oxygenvoltage (LOV) domain triggers
physiological responses. One of the LOdtaining proteins, the bacterial transcription factor EL222, is
used here as a model system to study the structural and dynamical changes induced by light. EL222
regulatesgene expression in a ligdependent manner and has been used in optogenetic applications.
EL222 consists of two domains: a ligggnsitive LOV domain and a heliurn-helix DNA-binding

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

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

forms a covalent bond with a nearby cysteine residue, triggering conformational changes that enable
DNA binding. The objectig of this study is to uncover the unknown molecular mechanism governing the
transition between the dark and illuminated states. We utilized a combination ofesioteed
spectroscopy techniques, advanced kinetic analysis methods, and incorporatiorcafiorinal 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 studieising 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 regiménmiglmsantly, we
employed a new setup of broadband FSRS/transient visible absorption spectroscopy to investigate the
complete excitedtate dynamics of FMN bound to EL222 from femtoseconds to milliseconds. These
experiments indicated that the LOV domainosgly 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 Fidfséteinyl adduct. The daidtate recovery of EL222

was unveiled using timeesolved UWVis and FTIR measurements, coupled with the-sitecific
incorporation of multiple fyanophenylalanine (CNF) ncAA by metic code expansion technology.
These investigations suggested the crucial involvement of tieeniNnal helical extension in controlling

the photocycle length of EL222. Overall, our findings provide a detailed view of thequilibrium
photoinduced dyamics of FMN and EL222 protein, which will prove valuable for understanding the

LOV photocycle and for designing innovative liglesponsive proteins.



Abstr&kt

Absorpce modr ®ho svDtla proteiny o0 boymdnwitaged 2 mi L

sougt?2 fyziologick® reakce. Jeden z proteinT obse:
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aminokyselin (ncAA). Ty v tomto pS2padh sloug?2 |
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pohl ed na nevyrovnanou fotoindukovanou dynami ku |
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Abbreviationsand symbols

1FMN* FMN excited singlet state

3FMN* FMN excited tripletstate

A390 Adduct state

AMP Adenosine monophosphate

BLUF Blue light using flavin adenine dinucleotide
bp Base pair

CD Circular dichroism

ChiP-Seq Chromatin Immunoprecipitation Sequencing
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D Average dynamical content

DADS Decay associated difference spectra
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DTT Dithiotreitol

EADS Evolution associated difference spectra
EAS Evolution associated spectra
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ER Electromagnetic radiation
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FIR Farinfrared

FMN Flavin mononucleotide

FP Fluorescence polarization

FRET Fluorescence resonance (or Forster) energy transfer
FSRS Femtosecond stimulated Raman spectroscopy
FT Fourier transform

FTLS Frequencyemperature line slope

FWHM Full width at half maximum

GCE Genetic code expansion

GKA Global kinetic analysis
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IC Internal conversion

IMAC Immobilized metal affinity chromatography
IR Infrared

ISC Intersystem crossing

LDA Lifetime distribution analysis

LOV Light oxygen voltage
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MD Molecular dynamics
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ncAA
NIR
nm
NMR
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PMSF
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SAXS
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TDDFT
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Nuclear magnetic resonance
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Open reading frame
Orthogonal translational system
PerArnt-Sim
Phenylmethylsulfonyl fluoride
Quantum mechanics

Ground state

Excited singlet state

Smallangle neutroscattering
Smallangle Xray scattering
Size-exclusion chromatography
Stimulated Raman spectroscopy
Singular value decomposition

Time

Excited triplet state

Transient absorption

Time-to-amplitude converter

Amber stop codon (RNA sequence in parenthesis)
Time-correlated singl@hoton counting
Time-dependent density functional theory
Transient grating

Ultraviolet

Visible

X-ray diffraction
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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 begitifitng of
According to the primordial soup theory, light served as the energy source for the formation of simple
organic compounds (amino acids, sugars, and atidés), which could combine and give rise to more
complex organic moleculefl, 2]. Light energy sources such as lightning, volcaeraptions and
ultraviolet radiation were abundant in the early Earth's environniéwte energy sources could have
catalyzed the chemical reactions necessary for the formation of the firsealating structures,
including RNA, which eventually evolved into the first living organigBjs

Light has been perceived and understood in different ways by various ancient civilizations around the
world. The ancient Egyptians used sunlight to create their caleraaatsheir pyramids were designed to

align with the movement of the s{d#]. The ancient Maya &re 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
civilization [5]. In ancient China, light was associated with warmth, life, and the power of the sun, and
was often used in tr@bnal Chinese medicine to treat various ailmdgis In arcient 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 varioubeories and beliefs about[i]. During Iron Age, the Greeks believed that light

came from the eyes and enabled us to sense the world, but since there are timesswiaek dnd we

camat see anything, they eventually concluded that light must come from an external source and be

captued by the eyes.

Light is clearly a part of the universe arouns|, but the understanding of light's profound mysteries was
aided by the scientific revolution of the Llénd 17 centuries. In 1652Christiaan Huygens was
exploring optical phenomena. Hadnoted how light travelled though lenses and bounced of mirrored
surfaces and was particularly interested in the phenomenon of refragtiere the path of light ibent

when it passes from one medium to another. Huygens noticed that light was dftanicsghe 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 soswt of wave. In 1672, Robert Hooke also reached a similar
conclusion about the nature ofit. Hooke had observed light travelling through glass and he realized

that this wavy picturef light could explain many of thehenomende had seen. Isaac Newton also had



an interest in optics and the nature of light itself. In 1704, Neexmtained tle observatiorthat white

light could be split into a rainbowhen it traverses a prisrdnlike Hooke, Newtornterpretation did not

lean towards light being a form of wavBo Newton light consisted ¢ihy individual particles, which he
namedfi c or p u s c INeespiimary ifterest lay in the phenomenon of diffraction, wherein waves
bend around sharp edg&®, he reasoned, light simply could not be a wave. In 1800, polymath Thomas
Young shoneconducted an experiment involving the passage of light threughir 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 Newt onds hp ascatpuarret i cf e | w@g s explained by

interferencd8].

+ Increasing Frequency (v)
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Figure 1: The Electromagneticadiation spectrum illustrating the range of energies displaying wave properties, including
wavelength and frequency. This figure wakenfrom [9].
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I n moder n phgetiomagnetich dieat ieo mo i( E RJlight, whichurepeedents a0 r e f e

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

of oscillating electric and magnetic fieldsathtravel through space. It consists of a wide range of energy
that varies in wavelengthr frequencyincluding radio waves, microwaves, infrared radiation, visible
light, ultraviolet radiation, Xays, and gamma raykigurel). The energy and propertie§ ER depend

on its wavelength or frequency, with shorter wavelengths hadigigfrequencies and thigher energy
levels[10]. In 1900, Max Planck explained that heat radiation is emitted and absorbed in distinct units or
guanta. In 1905, Albert Einstein utilized Planck's quantum theory to propose the existence of discrete
energy packets known as photowsjch are minute energy packets of electromagnetic radiatidr60,

Theodor Maiman invented lasdright amplification by stimulated emission of radiajia®vice using a

2



synthetic ruby crystal as the gain medium and produced coherent red lightaaekength of 694.3
nanometer§ll1]. 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 speedof light, which is around 300,000 km/second, remains the ultimate physical limit for the
velocity at which energy or matter can travafht interacts withmatter, includingear t hés ,at mos ph
in various ways such as scattering, reflection, absorptidrrefnaction Moreover, lighthas 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, psychologicabeuetj etc. Overall,

sunlight is essential for the functioning of ecosystamdof many organisms of Earth.



1.2 Light-sensing proteins

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

and transducthis signal into biochemical outputs to elicit cellular respariBggically, asensory domain
senses the light stimuli arah effector domain converts this information into the biochemical response
[12]. Sersor and effector modules may reside in the same or differenicivaponent) protein molecule.
These lightsensitive proteins are found in all the three domains of life (Archaea, Bacteria, and Eukarya)
and play an important role in various biological pssms such as vision, circadian rhythms,

photosynthesis, stomata regulation, phototaetis [13].

A molecule, covalently or norcovalently attached to thephotoreceptar 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 photppodpriate energinteracts with

the chromophore, the molecule absorbs the photm@&ryy, causing the electrons within the molecule to
become excited and move from their ground state to an excited statén Tinia causes a temporary
imbalance of charge distribution within the molecule, leading to a change in its strulcture.
photoreceptors, hese electronic andstructural change in the chromophore are coupled to
structural/functional changes in the protein that eventualfjger a signaling cascadesuling in a

response depending upon the effector domain.

There are variousriteria 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 thetureof theirchromophoregsee Table 1).



Adenosylcobalamine

Light Photoreceptor .
Chromophore sensitivity | class Protein Reference
Tryptophan
UV-B Plant UV UVRS, LITEL [15, 16]
photoreceptorg
p-coumaric acid 5
. 78 Blue Xanthopsins PYP [17]
Flavins i LoV EL222, AsLOV2, | [18][19,
e " /N\(O YtvA 20]
! Blue ,
e W BLUF AppA, PixD [21] [22]
o Cryptochrome Cry2 [23]
Retind
e, en, oo Bacteriorhodopsin
N Blue/Green| Rhodopsins | Channelrhodopsin [24]
2 (ChR2)
Carotenoid
Orange
B e R R R e Blue/Green| carotenoid OoCP [25]
] Canthaxanthin prOteIns(OCP)
Bilins
_ | Phytochroms,
Blue tofar cyanobacterio | PhyA, iLight, Cphl [26] [27,
red 28]
chromes
we® \ " Phytochromobilin
Vitamin B12 derivat/es
UV, Blue, | B12-dependeni CarH 29]
Green photorecept®

Table 1: List of major chromophoreclasseswith the corresponding structuresxcitationlights and protein association$he

flavins R-groupin the case of flavin mononucleotide (FMBYrresponds to ribitgphosphate andh the case of flavin adenine

dinucleotide (FADYo ribitol-phosphatghosphateD-riboseadenine




Water isonly transparent to wavelengthfrom UV-A to red As a result, the earliest lighensitive

pigments primarily absorbed light in this specific range. Blue light plays a significant role in triggering
numerous physiological functions in nature such as photosgist 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 {tighgen

voltagesensitive)including phototropins, and ZEITLUPEs (ZTI[30].

LOV domaincontainirg proteins, BLUF domakgontaining proteins, and cryptochromes share a
common flavin chromophore, but their photochemical responses tdidgdtexcitation differ. Most LOV
domain photoreceptors utilize FMN as the chromophore, whereas BLUF and cryptecprotains
utilize flavin adenine dinucleotide=AD). However,there are some exceptions. For instatice,LOV
domain ofNeurospora crass&VD protein utilizes FAD instead of FMN as the chromophf@g, 3%

33]. In the following section, the LOV domain will be described in greater detail, focusing on the protein
of interest, EL222.



1.3 LOV domain

LOV domainsare part of a larger protein family called PAS domains, which help organisms sense and
respond to their environment. TlaeronymPAS is derived from the initial letters of its thremuhder
members: PER (a clock proteindrosophilg, ARNT (aryl hydrocarbon receptor nuclear translocator, a
transcription factor with a heliturrn-helix motif), and SIM (SingleMinded protein, a regulator of midline

cell lineage inDrosophilg [34]. While the specific structure of the PAS domain can vary between
proteins, it generally consists of approximately -180 amino acids and adopts a globular structure
composed o-heimut éstpraaarddistheet i§ bseallybcomised of four or five strands,

and -helices cah 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 efaents include the NXerminal helix( A § th§ PAS core region, and thet@minal

helix( JU), the latter typically | inks t.ieePASdredo mai r
region is the most conserved region and contains residues critidegaiod binding and proteiprotein
interactiong35].

Figure 3: The crystal structure of LOV2 domain (PDB 7PGX) fréwena sativgphototropinl (AsLOV2) serves as an example
of the PAS fold in LOV domainghis figure was prepared using PyMOL graphical viewer (https://pymol.org).

LOV domains were first discovered in 1995 while studying the phototropism phenomehi@bidopsis
thaliana plant which is characterized by the growth or movement of an organism in response to light

[36]. In higher plantsthese domains also play a role in processes such as chloroplast relocation and



stomatal opening whereas in fungal organisms, they are utilized for regulating the circadian temporal
organization of cells in alignment with daily and seasonal cy8/289]. In bacteria, LOV proteins were

found to be involved in stress resporjd8]. 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 dfiliation with this group of PAS domains, it was named LOV (Light, Oxygen, and Voltage). The

LOV core compesicadd ohdcemmpal sdbthnrgarfdsr e( mam,t i Bbfar aGb e
foumellices (CU, DU, EUR FIlhe EG adnedp i kU ehde liinc eFsi gaurre
b-sheet, creating a pocket that facilitates the-cavalent binding of the flavin chromophore. Within the

highly conserved GXNCRFLQ sequenfghere X stands for any amino agidhe reactive cysteine

invoo ved in adduct formation is | ocated on the EU h
and/or Gterminal extension§ parti cul ar |y A0 ditenaadogtingJalhelicalsserueturdd e | o w)
These regions are believed to serve as connectimgeelts that transmit liglduced signals from the

LOV core to effector domains or interacting partner protgits42]

1.4 Photocycle of LOV domain

Figure 4: Structure and numbering of flavin mononucleotide (FMNhis figure was prepared using Marvin software
(https://chemaxon.com).

In dark, the nortovalently attached FMN chromophore exists in its oxidized form and displays
characteristic spectral absorption peaks480 nm (% S transition) and~360 nm ($ S, transition)

[43]. Upon exposure to blue lighthe FMN undergoes excitation, transitioning from its ground state to
the excited singlet statémostly S). Subsequently, this excited singlet state undergoes intersystem
crossing, leading to the excited triplet stateostly T,), which exhibits an absatipn peak at-660 nm

(S Ti transition)[44]. The tripletevolves into the adduct stafeaturing a covalent bond between the

C4a atom of FMN and the sulfur atom of the nearby cysteine residhieh) has an absorption peak at



~390 nm[45-48]. Due to the increased basicity bettriplet stateit could abstracan electron ande
subsequentlgonverted into a radical state througle protonation of FMNit N5 position(see Figure 4).
This oneelectrorreducedradical stateof FMN, known as semiquinone FMMHwould rapidlyform a
covalentbond. Proton transfer to the triplet FMNtatecan occur fromthe thiol group of the cysteine
residue or froma nearby acidic grou7, 4951]. 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 {82ours
53]. Once the recovery of the dark state is dahe LOV domain can undergo another round of

photocycle(Figure 5)

Ground state R Singlet state R

V% peees

Cys

~30s | Recovery

R
|
N

T Y
Adduct format\on
Cys

Adduct state Triplet state

Cys
Figure 5: Photocycle scheme and proposed reaction mechanisAsf@V2. This figure was prepared using Marvin software
(https://chemaxon.com).
It has beemostulatedhat the protonation of FMINI5 and the adduct formation induce a flip in the amide
side chain of nearby conserved glutamine resigkigure 6) This flip altersthe hydrogen bonding

interactions within the LOV core amdaytrigger a physiological sign@4, 55]



Dark state Lit state

R
! 0
HLC N /N\(O HiC N /NY
/ NH ; NH
HyC N | H4C N
—_— <
. WO

s
- | o
0 ’)
N % o
)\ |
o] Qsis /\\
H,N Qs

Figure 6: Side chain rotation and hydrogen bond switch by Q513 residue in AsL@M2n exposed to light, the Q513 side
chain undergoes rotation, causing the hydrogen bond between the Q51 drognand the C4 carbonyl of FMN to break.
Simultaneously, a new hydrogen bdiodms between the Q513 carbamidegroup (acceptoy and N3H of FMN (donol). This
figure was prepared using Marvin softwéintps://chemaxon.com).

In many LOV domains, an adjoining region known as the Jglphdielix 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 udfioy or detachment of théJhelix can initiate spatial
rearrangement between the two domains, facilitating the propagation of §efaf] The A6 U hel i
extension at the fterminus hasalso been found to be imparttfor signal transduction and dimerization

[55, 5860]. In theAureochromeL OV Domain, the A'U helix undergoes
This unfolding specifically occurs when the JU he

unfolding of one helix influences the unfolding of the ofl6€y.

Several exceptions to the above consensus mechanism have been Regedt stuiks have
demonstrated that a LOV photoreceptor lacking the photoactive cysteine can still produce a functional
response. Interestingly, the sieslalso found that the photoreduction of flavin to the neutral semiquinone
radical alone is enough for effective sigriednsduction[61, 62] Similarly, LOV proteins lacking
glutamineare still functionaland 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 downatrd63].

1.5 EL222protein

EL222 is a bludight-sensitive DNAbinding protein containing 222 amino acids, derived from a rod
shaped, gramegative bacterium calle@&rythrobacter litoralis The specific strain of. litoralis,
HTCC2594, was isolated from the Sargasso Sea in the Atlantic Ocean at a depth of 10 meters, and its
genome was sequenced in 2(068]. The genu&rythrobacteris 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 halp@a}s
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( \ Linker

LOV domain

Figure 7: Dark state crystal structure of EL222 (Nadtal.2011 PNAS)This figure was prepared using PyMOL graphical

viewer (ttps://pymol.orgfrom PDB ID 3P7N

The crystal structure of EL222 in its dark statsolved at a resolution of 2.1 A, reveals a-tlomnain

protein (Figure 7). It consists of a sensory LOV domain located at Mwermirus with FMN
chromophoreand an effectohelix-turn-helix (HTH) domain at theC-termirus, connected by a
helix. The LuxRt y pe DNA bindi ng HTH d o mscaffold af the LOWdomanj on e d
resulting in a monomeric closed conformat{@8]. Although the dark state crystal structure provides
valuableatomisticinsights into the interactions between the LOV and HTH domains, the absence of

a high-resolutionlit state structure leaves unanswered questions regarding the activation process and
light-induced changes in the structure of EL222. Solution Nd@Bctroscopyn light induced state
detected alterations near the FMN chromophdre particdar, the analysis of chemical stsft
indicated structural changes extending beyond 15 A from the chromophairdyi n t telix A' U
and the HTH domain[18]. Electrophoretic mobility shift assay (EMSA), size-exclusion
chromatography (SEC) and NMR anagsdemonstrated that EL222, when exposed te biht,

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 binflli&g 52, 66)

The majority of EL222 DNA binding sites identified throudiromatinimmungrecipitationsequencing
(ChIP-Seq are situated in intergenic regions, specifically within 3@&dpair (bp) upstream of the
predicted translational start of open reading frames (ORFs), imdjciat EL222 functions as a

transcription factoandhighlighting itspotential utilityas gene expression tool in optogend#ds72]. In

11



recent developments, a bllight-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 ¢matucing) and activate dnscription upon

exposure to blue light in various eukaryotic syst¢68$.

~ 4 S &
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T =T T | T
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(Inactive) (Active)

Figure 8: EL222 activationmodel 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 homodimeend subsequent DNA binding@his figure was adapted froMdashet 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 proteinsee figureB). The overall pathway leading to the formation of the cysteine
adduct is highly conserved, although there may be slight variatioradtionrates. However, significant
differences are observed in the recovery kinetics following adduct formagjeending o the specific
functional output of the LOV domaifiransientgrating (TG) measuremewf EL222 protein in presence

of specific and noispecific DNA sequencesndicate that binding affinities are mainly controlled by
differences in the dissociation of E2ZZ/DNA complexes and not by the association rgt8s

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

1) Dark State: In the absence of light, EL222 exists in its daate conformation. In this state, the
chromophore FMNs in aground stateelectronic configurationandnon-covalently boundThe
LOV domain is tightly bound to the HTH domain, covering the HTK 4 b d dese$sential
to DNA binding anddimerization respectivelyj18].

2) Activation: Upon exposure to blue light, the ground state FMi)i(SLOV domains undergoes
rapid excitation to the singlet statei:Sn a matter offemtoseconds. Through intersystem

crossing (ISC), the triplet statesfTis then reached, with a typical lifetime oBZhanoseconds. At

12



3)

this stage, the chromophore becomes poised for a hydrogen transfer from a conserved cysteine's
sulfhydryl (-SH) side chin to the N5 isoalloxazine atom, leading to the formation of a
hypotheticalreactive triplet biradical (FH). Subsequentlyat around 0.7 pseconds,cavalent

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

in ~ 4 . 2congsfe6, 74] Protonation at FMMN5S and/or he formation of the covalent bond
initiates a cascade of structural rearrangements witkiprbtein, leading to the attainment of the

lit state conformatiorfor mixture of conformationsf he JU hel i x of the | i
to solvent which reorients the relative spatial positions of the LOV and HTH domains.
Consequently, an open conformatiaould beformed at round 100 psecond$acilitating the
formation of homodimers and subsequent binding to PNA 75]

Recovery: After afew seconds, the covalent bond between the FMN chromophore and the
cysteine residue spontaneously bredkse rate of adduct breaking is dependent upon pH and
temperatureat pH8 and 25A C t he t i me D29 savandsEhis event rdsults in she
dissociation ofEL222 dimers andhe EL222DNA complex, causing the protein to return to its

monomeric dark state conformatifi8].
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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, whilitiactve

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 patternehese spectra provide valuable information about the sample's energy

levels, molecular structure, composition, and other properties.

When electromagnetic radiation interacts with a molecule, theratdesastthree types of transitions

(Figure 9)that ocair:

1)

2)

3)

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 stap Such transitions typically occur ihe ultraviolet (UV) or visible (i)

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

Vibrational transitions: These involve changes in the vibrational energy levels of molecules.
Molecules consisof 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 efeaginetic spectrum.
Molecules absorb specific frequencies of infrared light that correspond to the vibrational energies
required for transitions.

Rotational transitions: These involve changes in the rotational energy levels of molecules.
Molecules can rota 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, vitimal, 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 structureand chemical environmentThe transitions they undergo depend the nature

(energy) of the incident light.

14
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Figure 9: Three types of energy levels in a molecule: electronic, vibrational, and rotafibigfigure was prepared using MS
PowerPoint.

Protein function is intricately tied to its structure. Proiateractswith 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 respe 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 funcimh a range ofpectroscopic
techniques is now accessible to investigate protein properties in both solution and crystalline states.
Examples of these techniques include nuclear magnetic resonance (MM&)onic paramagnetic
resonance (EPREircular dichroism (CD) sgctroscopy, UWis absorption spectroscopy, fluorescence

spectroscopy, infrared (IR) absorption spectroscopy, and Raman scaf#jng.

Dynamic changes in protein structures occur on timescales ranging from femtoseconds (Bitporas

10). Timeresolved spectroscopy enables treaktime 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 diseodery,

the understanding of proteielated diseases.
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Figure 10: Overview of time scales of molecular processes and the spectroscopy techniqués thiethesisto monitor
photoinduced structural dynamiasprotein EL222This figure was prepared usiiS PowerPoint.

The spectroscopy techniquesentioned in figure 1@Gvere 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 vigblens ¢200-700 nm) of

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

or

ref

ected. Absorption occurs when

t he

energy

between the moleculeground and excited statéBigure 11) The relationship between the energy
difference and wavelength is described by the Plarerkuation(Eq 1)

o o -
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In this equation, E represents the energy required to promote an efestrothe ground to an excited

stat e. The variabl es h, 3, c, and & correspond
wavelength, respectively. The Planck equation demonstrates that the amount of energy needed to excite
electrons determines thlweavelength of the absorption band, with longer wavelengths corresponding to

lower energy requirements.

'y
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>

Figure 11: Excitation of an electron from the ground state) (6 the excited state {5 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 regior200-400 nm), highly energetic electronic transitions take

pl ace, | i ke telectroneax woivdndng elextronsolii the visible regior400-800 nm),
transitions involving lower energy processes, such-@srdnsitions in transition metal ions or conjugated
“-electron systems, occur. There are four typeallofvedt r ansi t i ofd$ jd *njamapndry 0

r arranged in order fr omFiduie @) Ehe wavetemgth bf@avea@ted ener

light is determined by how easily electrons can be exgnégd
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Figure 12: Different electronictransitions between the bonding and dmuthdingorbitalswhen light energy is absorbed in UV
Visible spectroscopy.Theoretically, six types of transition are possible, but practically only four types {gotmed) are
allowed, while the rest two (red colored) are forbiddéhis figure was prepared using MS PowerPoint.

Every atom or molecule possesses a unauangement of energy levels, which directly influences the
specific wavelengths of light that can be absorbed-MiBible spectroscopy measures the extent of light
absorption by a sample at different wavelengths, resulting in a distinct absorptionmp&stranalyzing

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 intensiy of th
incident light (b) to the intensity of the transmitted light ((JEq 2) This relationship between

transmittance and absorbance can be expressed using the equation:

0
0 C dé'j% pTIT ¢ &MY Eq (2)

Absorbance measurements ar@mmonly employed to determine the concentration of an unknown
sample, using the Betmambert Law(Eq 3) This law explains how light is attenuated as it passes
through materials. The transmittance and absorbance are directly proportional to the carcéa}rat

mol ar absorptivity (U), and cuvette pathlength (I
0 - wa 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 greadestance through the sample, increasing the number of

molecules encountered and, consequently, the absorfy@jce
1.6.2 Fluorescencepectroscopy

Fluorescence spectroscopy is a type of spectroscopy that analyzes fluordseetight emission after
absorptionfrom 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 ligabergy 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 phospmaeesiteorescence occurs

almost immediately upon excitation and typically lasts for a very short duf@én
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Figure 13: Jablonskienergydiagram ofelectronic and vibrational energy levels of an excited moledtleorescence involves

the emission of light in a very short timescale after absorption, typically in the nanosecond range. The rapid emission
distinguishes fluorescence from other procesigesphosphorescence, which involves a lorljexd excited state (often in the
millisecond to second timescal@his figure was prepared using MS PowerPoint.

TCSPC (TimeCorrelated Single Photon Counting) method is used to measure the time delay ble¢ween
excitation of a fluorophore and the subsequent emission of a photon. In TCSPC, a pulsed laser is used to

excite the sample, and a singlboton detector is employed to detect the emitted photons. The timing
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information of each detected photon is relgat with high accuracy using a tifeamplitude 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 adlpnrecise
measurement of fluorescence lifetimes, which are characteristic of different fluorophores and provide
valuable information about molecular interactions, dynamics, and environmental cfv¥h@3

TCSPC has high temporal resolution, typically in the picosecond episabecond range, enabling the
detection and analysis of very fast fluorescence processeswitiély used in various fields, including
biology, chemistry, material science, and biomedical research, for studying molecular interactions, protein
dynamics, distances by fluorescencl-oerster resonance energy transfer (FRET(gjffusion by
fluorescencecorrelation spectroscopy (FCS), rotational dynamics by fluorescence polarizatioar{&P),
other fluorescenecbased 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. Unlikés UV
spectroscopy, IR does not have sufficient energy to induce electronic transitions. Instead, when a
molecule absorbs electromagnetic radiation in the IR redgtonndergoes 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 act{igure 14) Conversely, if the dipole moment remains

unchanged, the molecules are considered IR inactive, meaning they do not absorb IR [a&tijation

O—C—0 O~C—20

Symmetrical stretch Asymmetrical stretch
No change in dipole Change in dipole
therefore, IR inactive therefore, IR active

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

When molecules absorb IR radiation, they undergo excitation from a lower to a higher vibrational level.
As eachvibrational 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 eénegu or wavenumber, enabling the

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

bet ween two vibrational energy |l evels (@E) trigge
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Polyatomic molecules may exhibit multiple fuamdental vibrational absorption bands. The number of
these bandévibrational modesylepends on the degeeef freedom in the molecule, which is determined
by its molecular structure. For linear molecules, the number of fundamental bands is giveB,whdm!

for nonlinear molecules, it is 38 where N ishe 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 motidfégure 15)

(%2}

=
.0

-~

o
>

T}

=
£

S

o
&a Symmetric Asymmetric Rocking
2 + + = ar
.8

-

g

=

>

oo

c

<

(=

@

Scissoring Wagging Twisting

Figure 15: Modesof molecular vibrations: Stretching vibrations and bending vibrations. "+" drayfhbolsdenote movement
towards and away from the plane of the paper, correspondiffylyfigure was prepared using MS PowerPoint.

1) Stretching: This type of vibration inlx@s 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 positiohshe 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 oca@peaific 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 eatinteedusing

Hooke's law, whichielatesthe force constant ofaoscillator(e.g.,two bonded atomswith its vibrational

frequency.
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Suppose two atoms or masses are connected through algmibgnd. In that case, the frequency of
vibration can be representby the following equations:

o ] Eq (4)
- el P e
C C
Her e, 9 represents thiesfoheewavaeastmamer ofcmhie) boad
speed of [|ight, a fEd 5)<€Theireslucdd Imass @mleuthtedc as the proauctsof the
masses of the atoms (m and m ) divided by their
‘ a a a a Eq (5)
A stronger bond is associated with a higher force

or wavenundder (cm T)

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
categoized into three main regions: the naairared (NIR), midinfrared (MIR), and fainfrared (FIR).

Each region is associated with specific types of molecular vibrations, providing distinct information about
the sampleThe midinfrared region of the ele@imagnetic spectrum can be divided into two regions: the
fingerprint region and the functional group region. The fingerprint region, which ranges from ~1%00 cm
to 900 cmt, is so named because the absorption pattern in this region is unique for dgpartiemical
compound. This makes it a valuable tool for identification and validation of compounds. The functional
group region, which ranges from ~4000-tto ~1500 cr, is characterized by the presence of specific
stretching frequencies falifferent functional groups, such as OH, NH, and C=0. This region is useful for

identifying the presence of certain functional groups in a compound.

The midinfrared spectrum of proteins exhibits two prominent features, namely the amide 112600
cm™) and amide Il (approximately 1540 th bands. These bands primarily arise from the C=0
stretching vibration and theiM bending and CN stretching vibrations of the peptide backbone (Fig.
16). The frequency of the amide | band is particularly sensitiehanges in secondary structure, which
depend on various hydrog&onding environments. This property makes IR spectroscopy an invaluable

technique for studying protein structure and aggreg$&8h
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Figure 16: Mid infrared spectrum o& representativ@rotein showingthe Amide | and Amidell bandsat~1650 cmt and 1540
cntl, respectively. (Inset) Enhanceddepiction of the Amide | band, allowing for the separation of its secondary structure
constituentsThis figure wagakenfrom L.M. Miller et al.2013[84].

1.6.4 Raman spectroscopy

Raman spectroscopy,ké 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, Ramamospmsumy relies on the
phenomenon of inelastic scattering of light during its interaction with matter, known as Raman scattering,

rather than absorptigirigure 17)
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Figure 17: (Left) Three types of scattering process that can occur when light interacta mitfecule. (Right)Energylevel
diagram showing the states involvedvibrational Ramanand IR)spectraThis 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 lightscatterwithout any change in energy, known as elastic or Rayleigh
scattering. However, a small portion of the scattered Ijgigically 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 iimrmation 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 vibratiorabyenevels of the molecule.
Conversely, AntiStokes 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 vilational levels. Consequently, the Raman scattered light exhibits a different wavelength
than the incident lighiB5].

Raman scattering occurs when a molecular vibration induces a change in polarizability of the molecule,
and molecules that exhibit this phenomenon are known as Ractige moleculegFigure 18) In
contrast for a molecule to be infraregttive, the vibration must lead to a change in the permanent dipole
moment77].

O—q—C—r—O O—C—o 0-4—(:_..0 Molecular

motion

Polarizability
ellipsoid

Figure 18: A change in the polarizability of a bond is required for a vibrational mode to be Raman &ahis/déigure was
prepared using MS PowerPoint.

Raman spectroscopy and infrared (IR) spectroscopy are complementary techniques that gtongte di
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 regblyore 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 leg#luenced by water interference and enables the analysis of samples
through transparent containeasid millimeter pathlenghtsConversely, IR spectroscopy sgrongly
influenced by water absorption, which overlaps with protdsorption, makingt well-suited for the
analysis of thin films and surfagex aqueous samples contained in short pathlength cells (micrometers),

preferably dissolved in deuterium oxidex(D).
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1.7 Time-resolvedspectroscopy

Steadystate spectroscopy provides quantitative measurenténmnolecular properties of stable systems
whereas timaesolved spectroscopy provides information about the dynamics and kinetics of molecular

processes by measuring the changes in a sample over time.
1.7.1 Transientabsorption spectroscopy

Transient absorpton (TA) spectroscopy, commonly known as flash photolysis, is a-téselved
absorption spectroscopy technique based on the Jpuofge laboratory techniqu@igure 19) It is a
robust technique employed to study and analyze the electronic and structural propertieslivedhort
excited states (transient states) of molecuheshe fields of photochemistryand photophysics. This
technique offers insights into the intetians between light and matter on ultrafast timescales, typically

spanning from femtoseconds (#&econds) to nanoseconds-{Eeconds).

Pump

Detector

Figure 19: Scheme of a typicdtansientabsorption(TA) spectroscopy setp in pumpprobe configurationFirst, 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
absorption between the excited and ground states of the molecule is ktventi@nsient absorption spectrum. This spectrum is
used to determine the lifetinaand featuresf the excited stat& his figure was prepared using MS PowerPoint.

Transient absorption spectroscopy involves the excitation of a fraction of moleculeglextannically
excited state using a pump pulsethe 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 prolie thelse
visible (visTA) or infrared (irTA range which avoids multiphoton/multistep processes, is then passed
through the sample with a delay (elative to the pump pulse. By calculating the difference between the
absorption spectrum of the excited sample and the absorption spectrum of ples isaiime ground state

(pA), a difference absorption spectrum i s obtai
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Figure 20: Pumpprobe experimental schenikhis figure was prepared using MS PowerPoint.

By recording oA spe c t)baweenthe pumg dncpropatses, attimaesmlved e | ay s
A pr of it)) ie gefegaied, svhich 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 procesgFigure 21)86].
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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.

A is the difference WwetWweandt wéet bampl pumpspupsieo

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

resulting in a negative signal in the @A spect

2. Stimulated ent si o n: Emi ssion from the excited state
signal, with a spectral profile following the fluorescence spectrum of the excited chromophore.

3. Excitedstate absorption: Absorption of the probe pulse by excited chromopgnoreotes
transitions to higher excited states, resul ti

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

n

generate transient or lodiyed molecular states, contributingt a posi tive signal

spectrum|[87]

There are several methods that can be utilized to analyze the data from transient absorption spectroscopy.
Some ofthe most common methods include: Global kinetic analysis (GKA), Lifetime distribution
analysis (LDA),bandshape analysis, and saftodelling method488]. 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 usestudy processes such as energy transfer, electron
transfer, excitegtate relaxation, and chemical reactions in systems ranging from small molecules to
complex biological systems. The ultrafast time resolution of this technique enables the investigation
processes that occur on extremely short timescales, providing valuable insights into the fundamental

dynamics of lighimatter interactions.
1.7.2 Femtosecond Stimulated Raman Spectroscopy (FSRS)

Traditional Raman spectroscopy is often referred to as spontaneous Raman spectieisgopy22) It

involves the interaction of incident light photons with a molecule, causing molecular vibrations and the
emission of scattered photons with different frequenciess plocess occurs randomly in terms of
directions and phases, and it is generally weak, often overshadowed by fluorescence and background
signals. To enhance the sighianoise ratio,stimulated Ramarspectroscopy (SRSy)as developedin

SRS, an additionalaser 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 isypically fixed ata specific wavelengtheg. 800 nmor 1064 nmwhile the Stokegprobe)

beam is tuned to the afBitokes 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 #n 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 spel@@pscop

T Virtual State T T

uewey
$3)01S

Ground state
Spontaneous Raman Stimulated Raman
scattering scattering

Figure 22: (Left) Traditional Raman scattering occurs via the spontaneous emissionStbkieetransition. (Right) Stimulated
Raman Spectroscopy uses a separate, energy matching pulse to stimulate the érhissfgure was prepared using MS
PowerPoint.

Femtoseond stimulated Raman spectroscopy (FSRS) is an ultrafast technique for studying vibrational
dynamics with high resolution and timnesolved capabilities. It can track réantprocesses occurring on
timescales ranging from tens of femtoseconds to a fewsesonds, which are relevant to atomic

motions. FSRS operates as a thpetse experimen(Figure 23):

1) Actinic pump (Femtosecond triggering pulse): This initial pulse, usually in the femtoseco#id (10
second) range, is used to initiate a photochemicailtereinduce specific changes in the sample.
It can be tuned to a specific wavelength to excite the sample molecules and bring them to an
electronicallyexcited state.

2) Raman pumplfroadbangicosecond Raman pulse):

3) Raman probeNarrow-bandfemtosecond probe pulse)

The latter two pulsetogether areised to interrogate the sample and measure the changes induced by the
Raman scattering. It provides a tiresolved snapshot of the molecular structure and dynamics at
different points along the reaction pathw#§0] When the difference in frequency between the two
photons (Raman pump and probe) resembles that of a specific astatiansition 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

structuralcharacteristics of the molecules.
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Figure 23 Scheme of a typicalemtosecondstimulated Ramarspectroscopy setp. This figure was prepared using MS
PowerPoint.
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1.7.3 Rapidscan infrared spectroscopy

FTIR spectroscopy involves passing infrared radiation through a sample, causing the sample's molecules
to absork(or scattey specific infrared frequencig&igure 25) The resulting spectrum shows the intensity

of absorbed light plotted against frequemeywavelength. 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 Foamisfiotm
algorithms the interferogram is converted into a spectrum, providing insights into the distribution of
infrared frequencies absorbed by tb@mple,and allowing for the detailed analysis of the sample's

molecular vibrations.

IR Source

Moving Mirror  Beamsplitter sample
[ | |
e

T

Stationary Mirror

Detector

Figure 25: Scheme of Fourier transform infrared (FTIR) spectrom@teis figure was prepared using MS PowerPoint.

Time-resolved rapiescan FFIR spectroscopy involves the rapid scanning of the mobile mirror in the
interferometer. The mirror speed is characterizedhigymodulation of the Hble laser coupled to the
interferometer. The interferogram obtained from the rapid scanning contains information about the
intensity of infrared radiation as a function of tifieégure 26) The time resolution in rapiscan FFIR
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 resolutid®@1®s).
Rapidscan FFIR spectroscopy is also useful for letegm monitoring of spectral changes associated

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

Time resolvd stepscan FTIR spectroscopy is employed to prplmeindynamics from nanosecositb
milliseconds following a perturbation, typically by lightHere, the interferogram is acquired by
incrementily the mirror position step by step, pausing at each step to allow sufficient time for the
interferogram to be measured. Tdtep scan technique is used for timesolved spectroscopy of very fast
(nanosecondskproduciblgrepeatablegvents whereabe apid scan technique is used for tinesolved

spectroscopy alower evergregardless of thenmeversibility[91].

31



1.8 Infraredprobes

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 3vibrational modesAs 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 obtzspesite
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 piotein absorption bands, such as the Amide
bands, and interfere with protein spectral analyBigure 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 proteirspesitic
vibrational probes are employed.

0]
o I G
z R?
_ ; A " T/

0.05 -

0.15 - " v ;

3 A.mide‘l Amide Il
g vibration vibration
m i r

8 0.0

| =

©

o]

[

o

[72]

e}

<

-0.05 T T Y T v T T T J T J 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 27: Absorption spectrum of the EL222 protdblack) and water molecul@ed) The main absorption bands protein
arise from the C=0 stretching vibration of amldend the combination of NH bending and CN stretching vibrations of diide
The water molecule bending band interferes with the amide | band of the piidieittansparent frequency region slaet
exhibit any signal from the proteifihis figure was prepared using OriginPro (https://www.originlab.com).
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The sitespecific IR probes for proteins can be categorized into two broad groups: backhdnsde
chainbased probes

1) Backbonebased infragd probes

The protein backbone's vibrational modes, notably the amide | (ig8@Qd 1,700 cm?) primarily
attributed to C=0O stretching vibration, have been extensively utilized in investigations of protein
conformation[92-95]. Isotope editing is a preferred method for introducing aspeific amide |

probe into the protein backbone. This involves replaciféCa'°0 group with eithe*C=%0 or
13C=180, resulting in a red shift of the vibrational frequentgotopeedited arnide | 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 @alnd binding, and examination of interactions with
peptidemembranesFurthermore, 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 @mbination of isotope editing with techniques such asdimmensional (2D) IR spectroscopy

and molecular dynamics (MD) simulations enables the determinatioesiofuespecific dynamics.
Nonetheless, a cautious approach is imperative, considering tlzamithe | band of an isotogetited
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 ofC, the *C=!%0 labeling technique might not be optimal for larger proteins.
Nevertheless, notwithstanding these constraints, the extensively applied-sditeoeamide | mode

has proven valuable in comprehensive investigations of localized protein surgsinali
conformational modificationg96].

2) Side chairbased infrared probes

The inherentand straightforwardchemical structure of protein backbooenstrainsts capacityfor
hosting a diverse range of IR prob#scontrast, the chemical variability present within protein side
chains offers the opportunity to generate a broad spectrum of IR probes basesemidbehains
Additionally, the methods for incorporating roanonical amino acids into proteins have been
greatly improved, making it easier to utilize side cHaased IR probes in studying the structural

dynamics of peptides and proteins.
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Name Freqlzgrr:](_:l))/ range
Nitriles p-cyanephenylalanine | 2,2202,250
Cyanocysteine 2,1502,180
5-cyanctryptophan 2,2102,240
Cyanate 2,2202,300
Azides Azidohomoalanine 2,1002,140
p-azidophenylalanine | 2,1062,140
3-picolyl azideadenine | 2 0802,160
dinucleotide
Carbonyls Ketone carbonyl 1,66G1,700
Ester carbonyl 1,6901,770
Carboxylic acid 1,7001,775
Carboxylate 1,5551,600
Metal carbonyls CpRe(CO) 2,0162,030
CORM-2 2,0402,100
Others Carbon deuterium 2,1002,400
Cysteine thiol 2,5502,600
Phosphate 1,2001,300
Fluorocarbon 1,200
Table 2: Overview of sitespecific infrared probe$96]
1.8.1 p-cyanophenylalanine (CNF) IR probe
The frequency range of the nitrile (CIBQQcmtretchi

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 environmentjuding 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 prot¢@¥%102]. Moreover, nitrile stretching
vibrational probes are readily available commercially, making thernnvenientchoice among side

chainbased IR probes for investigating biological processes.
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Figure 28: (Left) Structure of 4yanceL-phenylalanindCNF). (Right) Absorption band of CNF illustrating peak shifts in protic
(H20) and aprotic(DMSO) solvents.This figure was prepared using Marvin software (https://chemaxon.com) and OriginPro
software fittps:/mww.originlab.com.

p-cyanophenylalanine (CNF) isr&cAA containing anitrile stretching vibrational probe that exhibits an
absorption peak ranging from 2220 to 2250cfRigure 28) It possesses a phenylalanine amino acid
backbone, with the cyano group (CN) substituting phea position (designated ag") of the phenyl
ring. CNF has a molecul ar weight of 190. 20 g/ mol
vibration of adkyl nitriles in water isD50 cm® M™%, but when attached to aromatic group its extinction
coefficient significantly increases. CNF hB220 cm! M'! extinction coefficient in watef96]. The
advantage of CNF as an IR probe lies in its strong absorption peak relative to its size, causing minimal
perturbation in protein@rigure 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, carbdeuteriumbased IR probes are nperturbative but display weak

peak intensity96].
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Figure 29: IR difference spectra of CNF incorporated EL222 prot€iNF exhibits a prominent absorption peak around 2225cm
1, whereas the peaks associated with the secomstiaigture are located within the range @0acm? to 1500cm?. This figure
was prepared using OriginPratips://www.originlab.comand PyMOL graphical viewer (https://pymol.org)

Several methods are available for incorporating nitriles into proteins at specific sites. One method
involves directly incorporating a cyasterivatized amino acid duringeptidesynthesis , which can then

be integrated into a larger protein through sentlsgsis using native chemichidation or expressed

protein ligation[103]. However, this approach can be themnsuming low efficiency and expensive,
particularly for larger proteins. Another strategy @stanodifying cysteine residues chemically to
generate thiocyanates, offering a relatively straightforward pathway for nitrile incorpofadh
Nonetheless, proteins with multiple cysteine residues require extensive mutagenesis to create a unique
cysteine site to achieve selective labeling at spmedidications. Alternatively, the skgelective
introduction of nitriles into proteins can be accomplished by incorporatm@gpophenylalanine (CNF)

using the amber codon suppressor metfd@b]. This technique enables the introduction of CNF at

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

There are 2@enetically encodedanonical 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 dificial amino acids with specific properties offers great potential for discovering and
producing proteins with novel functions. Geneaticle expansion (GCE) technology involves reassigning
the meaning of an existing coddypically the amber stop codoftJAG), to encodea norcanonical

amino acid (ncAA). This method is knownamsber codon suppression technique.
1.9.1 Amber codon suppression technique

The ribosome decodes the mRNA to synthesize polypeptige pairing triplet codons withthe
anticodons ohminoacylated tRNAs. There are 64 different triplet coddhseeof them do not code for

an amino acid but signal the ribosome to stop protein synthesis. These codons are called stop codons and
are namedsochre JAA), opal UGA), and amberlAG). Among thesgthe amber codon is the least

used inE. coli (~7%) and rarely terminates the protein synthesis. The stop codons normally cause the
termination of translation by recruitment of one of two releasefscRF1, 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, Methan@aldococcus jannaschiintroduces tyrosine at a UAG codon. ThigosyHRNA
synthetaseand tRNA pair from M. jannaschij have been modified and used with great success to
introduce ncAA into proteins ik. coli. To enable this process, the evolution of an orthogonal tRNA and

its cognateaminoacyitRNA synthetase is necessary so ttie latterno longer recognizes a natural

amino acid, but instead recognizes a ncAA of choice. The amintRisM synthetase must be
orthogonal tothe expression host to prevent the crasading 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 techniqg(iegure 30)

1. Modification of the target gene: The gene encoding the target protein is modified to contain an
ambertriplet (TAG) at a specific position where the incorporation of the ncAA is desired. This is
typically done through genetic engineering techniques susitesdirected mutagenesis.

2. Expression of protein: The orthogonal tRNA, aminoacyl tRNA synthetase and the modified
target protein gene encoded in their respective plasmids -@nepcessetby the host

3. Supply of ncAA: Chemically synthesized ncAA (CNF) psovided 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 dunitgsomemediated
translation.

4. Protein synthesis: During anslation, when the ribosome encounters the amber codon in the
MRNA sequence, the orthogorahinoacylatedRNA recognizes it and delivers the ncAA to the
ribosome. The ncAA is incorporated into the polypeptide chain, extending its sequence.

Standard . Non-canonical
amino acid amino acid

l l aminoacyl-tRNA
synthetase
. . Amber Y
TAG Endogenous suppressor
tRNA tRNA
EL222 : oT1S
plasmid it

plasmid

Ribosome

Transcription *,
\

+ Translation
1

v
w Protein

Amber codon suppression technique

Figure 30: A scheme of an-canonical amino aci(hcAA) incorporation by amber codon suppressibine cells are transfected

with the orthogonal translational system (OTS) plasmid, which encodes the amber suppressor tRNA, the evolved-aminoacyl
tRNA synthetase (aaRS) atlte 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, theRNA 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 cHais.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 withouturther purification. To prepare FMN samples, a 45 mM FMN stock solution was
prepared in MilkQ water with a pH of 5.9. For experiments invgsting 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 1Inmpathlength cuvettes to achieve the appropriate optical density at
400 nm. Specifically, the OD at 400 nm was adjusted to 0.5 for TA experimerit§,51ldy higher for

FSRS experiments, and between 0.6 and 0.8 for statty absorption experiments. Bwoid the

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

2.2 Expression and purification of wiltype EL222 protein:

The plasmid used for protein expression contained-sariNinal EL222 protein sequence followed by a
C-terminal inteinCBD-12his purification tagEscherichia colBL21 (DE3) cells were utilized to express

the EL222 proteinThe EL222 plasmid was a gift from Kevin H. Gardner and the r@&8D-12His

plasmid was a gift from Edward A. Lemk&he cells were grow in LB medium supplemented with
carbenicillinat 37°C until reaching an optical density of 0.6 at 6&@ Subsequently, the temperature

was reduced to 20°C, and gene expression was induced by adding IPTG to achieve a final concentration
of 0.5mM. The cds were then grown for 16 hours in the dark and harvested by centrifugation aj 6000

for 15 minutes. The cell pellet was resuspended ini A 50 mM pH = 8 NaCl 100 mM PMSF
(phenylmethylsulfonyl fluoride) 1 mM. Cell disruption was achieved through dication of sonication

and the microfluidizer method. After centrifugation at 60Q0@r 30 mins, the supernatant was purified

by immobilized metal affinity chromatography (IMAC) with qliresin. Loosely bound proteins were
removed with 40 mM imidazole whes and fusion proteins were eluted with 500 mM imidazole. To
remove the histidine tag from EL222, the protein was subjected to the inteitiessifige technique,
involving incubation in a buffer containing the reducing agent RTT00 mM Subsequentlya 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 stepote re
EL222 aggregatesThe purified protein samplegere 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 usinyididle spectroscopy and mass spectrometry.
The purified protein was concentrated with Sartorius centrifugal concentrators with a 10 kDa cutoff to
about25mgmt, fl ash frozen in |liquid nitrogen and stor

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

To introduce the nowanonical amino acid CNF into EL222, the amber codon suppression technology
was employed. Through sitBrected mutagenesis, the selected original amino acid encoding codon was
replaced with the amber codon (TAG). The plasmid contgitite ampicillinresistant TAGmutated
EL222 gene was etansformed with the pDule@CNF plasmid, which encoded a spectinomycin
resistant OTS consisting of a polyspecific aminoacyl tRNA synthetase and suppressor tRNA, into
Escherichia coliBL21 (DE3) usig the electroporation method (2.5 kV for 5 ms in a 2 mm-[@athth
cuvette). The transfored cells were spread onto plates containing both antibiotics and incubated
overnight at 37°CSubsequently, aingle bacterial colony was selectatlpwed to growovernight in LB
medium, andthen stored as a glycerol stock €0°C for future tilization. The bacteria were then
cultured in terrific broth (TB) media at 3T until reaching an optical density of 0.4 at 600. At this

point, CNF (dissolvedfreshly in 3 M NaOH) was introducedto the medium achieving a final
concentration of InM. 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 iPTiR® dark The protein

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

2.4 Steadystate U\tVisible spectroscopy:

The steadystate U\AVisible spectra were obtained using a Specord 50 Plus spectrometer (Analytik Jena)
and a quartz cuvett@Hellma Analytics) having a path length of I@m. The measurements were
conducted in dark and at a temperature ofQQvith a sample volume of 4dl. The absorbance spectra
were measured within the range of 320 to 550 nm. The protein sampledilwtre with MES buffer to
achieve an approximate absorbance value of 0.5 ah#bQesulting in a protein concentration 80

MM. The same buffer was used as reference.

2.5 Time-resolved U\Visible spectroscopy:

The same spectrometer mentioned in the als@otion was utilized for conducting tirnesolved 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 thro&6gh a 4

nm LED (M450L1, Thorlabs), delivering an approximateadiance of 25 mW/cm?2. 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 secomdsb®-based experiments, the spectra were
continuously measured for 10 minutes, while ipOEBbased experiments, the measurement duration

extended to 15 minutes.

2.6 Steadystate FTIR spectroscopy:

We acquired the steadyate infrared spectra of all EL222 iaants 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 centrifgation at 18,000 g for 15 minutes to eliminate any precipitates. The substitutie® of D
buffer was achieved through a centrifugal concentration approach utilizing 10 kDa cutoff filters. To
optimize signal intensity without oversaturating the detector,aperture value was adjuste@rotein
samples with 2 mM concentration were introduced into a temperatangrollable demountable liquid

cell equipped with Cafwindows. The temperature was set to 20°C for each measurement. The volume of
sample loaded to the cell varied depending on the buffer used, path length and specific region of the
spectrum. For measurements targeting the "transparent window" nedie® buffer or in the fingerprint
regionwith D,O buffer, a volume of 2§l of the sample waladed into a cell with a 50m path length.
Conversely, for measurements in the anlidegion using HO buffer, a volume of 1@l of the sample

was loaded into a cell with ajén path length. For every sample, three spectra (dark, lit and difference)
were measured and an average of-300 scans was obtained with the spectral range of 4000 to 990 cm
with a resolution of 2 crh The protein lit state was induced by illuminating blue light from a 450nm
LED with power of 25mW/cn¥ on the sample throughotlte measurement. Both dark and lit samples
were measured with the buffer as a background, wh
for the difference spectra. In the frequeniesnperature line slope (FTLS) experiment, spectra were
recordedat 5°C, 15°C, 25°C and 35°C averaging over 300 scans at a resolutiamdf 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 allowedilioratg for 10 minutes before the

measurements were taken.

2.7 Time-resolved rapiescan FITR spectroscopy:

The timeresolved rapigscan FTIR experiments were conducted using the same spectrometer mentioned
earlier. In the nitrile region (transparent window)4.50 um bandpass filter was utilized. The sample
volume, concentration, path length, and temperature remained consistent with theststeadifIR
experiments. For the amidi@l regiors, no filter was applied, and a path length of 6 um was emplayed t

minimize water absorption contributions. The spectral resolution was set t3.£Daming 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 subjediedontinuous 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 bD-based experiments and of 15 minutes fgdhased experiments.

2.8 Femtoseond stimulated RamaspectroscopyFSRS)

Time-resolved Raman spectroscopy experiments were carried out using a-budt@atup based on the
spectral watermark technique. For the initiation of photoreactions, a 1 pJ pulse of 475 nm light from the
TOPAS system was employed as the actinic pumpuEaneously, the 1450 nm sighal beawas
directedfrom a second TOPAS system onto a moving Gd&te, resulting in the generation of a white

light supercontinuum used as the probing lijgid.serve as the Raman pump, the 800 nm femtosecond
pulses from tie second amplifier were directed through a specially designed pulse shaper, producing a
series of frequenclocked picosecond pulses. The energy of the Raman pump was set at 5 J. A total of 53
time delays, exponentially spaced between 100 femtoseconds&milliseconds, were implemented to
capture the photoinduced dynamics of flavin molecules within different environni@ntdiminate the
influence of orientational relaxation, all experiments were conducted under the-angtgccondition
(54.7°). To nitigate the potential impact of photodamage during measurements, a flow rate of 6.0 mL/min
(30 rpm) was maintained to continuously flush the santfe protein samplesitrogen gas was purged
during measurements to minimize the generation of harmfutiveaoxygen species that can emerge

from the reactive triplet state.

2.9 Global kinetic analysis (GKA):

Global analysis involves simultaneous fitting of the entire figsolved spectrum or dataset using
mathematical models or algorithms. This approach assuha the system can be represented by a
limited number of discrete states or componenish modeled as a single exponential dethg primary
objective is to determine the kinetic parameters associated with these components, including lifetimes,

amplitudes, and spectral properties.

In this study, all the timeesolved spectroscopy data was analyzed using global kinetic modeling
implemented in the Glotaran software. Initially, the data matrix underwent singular value decomposition
(SVD) analysis. SVD isa 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 arfalysequently, a sequential

or parallel model was selected to extract the evoltagsociated difference spectra (EADS)decay
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associated difference spectra (DADS), respectivatyl characteristic times from the raw daEKAs
facilitates the identi€ation 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\Wsible spectrosapy, a parallel model was utilized.

2.10 Lifetime distribution analysigLDA):

We used ifetime distribution analysis based on maximum entropy metbatkterminea probability
distribution of lifetimes given limited information by maximizing the entropy, whits 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 abbthe system is available. In contrast to GKA, which reliesaon
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 adiéetiihe

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 sffuared amplitudes across all frequencies. This calculation yields a lifetime
distribution referred to as the "average dynamical content," denotedEs ® The amplitudes of the D
lifetime distributions visually summarize the magnitude of spectrosadmages at a particular time

constant.

0 111 ht Eq 6

Here D is the average dynamical content calculated from the 2D lifetime density maps as the integral
(summation) over t he)fdkagvenrfreqdency (opwavelengtd) eerval ( ¥

For FTIR data, the D lifetime distributions was obtaifi@dthree spectral subranges: (a) 1730680
cm?, primarily featuring the two bands originating from FMN carbonyls) 1,6801,600 cmnt,
characterized by bands mainly associated with the protein backbone amide, lammbde) 1,6001,500
cm?, showcasgig a blend of contributions from the protein backbone amide Il bands and FMN ring
modes For EL222 U\Vis data, the D lifetime distributions was obtained from-880nm rangewhich

corresponds to FMN.
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3 Aims andobjectives

The goal of thigloctoral 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, negoived vibrational

spectroscopy assisted by genetically encodeecaonnical amia acids (nCAA).
Specific objectives:

1. To elucidate the inherent electronic and vibrational changes of the free FMN chromophore in
agueous solution upon phegacitation.

2. To elucidate the intrinsic electronic and vibrational changes of the FMN chromophere wh
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 signalngduction for stabilizing the structural changes during
the formation of the FMMysteinyl adduct.

4. To elucidate the mechanism and kinetics by which EL222 undergoes photorecovery after the
cessation of blue light illumination.

To accomplish the first objaee, timeresolved 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 theoltfeadive, transient

infrared absorption spectroscopy and quantum mechanics (QM) cluster calculations were employed.
Finally, for the fourth objective steagyate and timeesolved UWVis and FTIR techniques were
employed in combination with vibrationaporters of local environment (electric fieldsddnding) in the

form of p-cyanophenylalanine (CNF).
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4 Results

4.1 Publication 1 Femtosecondio-nanosecond dynamics of flavin mononucleotide
monitored by stimulated Raman spectroscopysamailations.

BACK GROUND:

Flavins are yellowcolored, lightabsorbing organic compountisat can act as a redox agent in enzyme

catalyzed reactions or as a photoredudiié¢ogical chromophorén photoreceptorsThey are structured

by a tricyclic isoallomzine 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 rildickain. 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 lightoxygenvoltage (LOV) domains, BLUF sensors, and cryptochromes. Flavins undergo reversible
photoreduction upon excitation by blue lightght-sensingflavoproteins rely on flavin photochemistry

for their molecular mechanism of action, making a comprehensigerstanding of the flavin photocycle
crucial for advancing the field.

In the dark statéd;MN is norrcovalently attached to the LOV domain of EL222 protein. When exposed to
blue light, FMN undergoes a photocycle that includes a series of intermediate Siate no systematic
dual computationaéxperimentaktudy of FMN has been carried out before, our objective in this work
was to investigate isolated FMN in an agueous solutiontanghravel the inherent electronic and
vibrational changes of the chroptmre upon excitation. The ultrafast transitions of excited FMN were
monitored using a combination of experimental techniques, includiny/ldMle spectroscopy, transient
UV-Vis absorption(visTA), transientfemtosecond stimulated Raman spectroscopy, taneresolved
fluorescence spectroscopy parallel, quantum chemical calculatiossch as tim@lependent density
functional theory(TDDFT), and spirorbit coupling calculations were employed. The study further
explored the pH dependence of FMN usingateéht 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 FWN.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 measuredOn(d¢e Fig. 31at two distinct pH
values,specifically pH 6 and pH )8 Global kinetic analysis of thevisTA datayielded five evolution
associated spectra (EAS) al ong wi t H"compoeentrwasc or r e s
attributed to a measurement artifact arising from the ovédapeen the pump and probe pulsHse F

c o mp o ni& 0.6 ps)vdslinked to the solvent's delayed reaction to the solute's vertical excitaion
distinct red-shift in the stimulated emission (SE) band between thantl 2¢ componentsuggests the
occurrenceof the solvation process occurring in Sate. The 2 and 3 components have similar EAS

but different time constants. Th&2omponent, occurring within a few tens of picoseconds, is associated
with slight relaxation processes inboflavin surrounded by waterMolecular dynamics calculations
suggest that thpotentialfolding andunfolding of the ribitytphosphate moiety towards the isoalloxazine
ring within FMN takes place within a 100 ps timeframe, explaining the presence ¢f ttmertponent due

to a hydrogen bonfibrmationat the N position with a solvent molecule. Th& 8omponentonstitutes to

the fully equilibratedS; state having a lifetime slightly exceeding the confines of the experimental
timeframe( s(& 9.1 ns)whereashe "c o mponent 6 s t ilinkes to the phesphmrescence a s
| i f et i me,=ald psFand\repfedénts the mberaying contribution within the time scale of the
experiment. The®3EAS bears a strong resemblancette lowest triplet absorpticspectrum dcumented

in earlierexperimeng involving FMN and riboflavin[50, 108]while the components®ito 39 describe
distinctrelaxation phases of the lowest singlet state. The plots of the latter four componeigplayed

in Fig. 31c (top); the time constants from global fitting are included in F(r&fht).
The UV-Visible transient absorptiofTA) spectra exhibit five distinct features, as depicted in Fig. 31c.

1 Region I: It shows the excitestate absorption (ESA) band, starting at approximately 390 nm and
gradually shifting to 401 nm in the last component.

1 Region II: Centered around 442 nmeth is a groundtate bleach (GSB) observed in all
components. This indicates a decrease in grataig (9 population and corresponds to the
stationary absorption band at 445 nm. In tl@msecond timescale, this band undergoes a red
shift to 454 nm.

1 Region lll: It represents a broad ESA band fromn SS,, located at approximately 511 nm. In the
later components (from ps tws), this band undergoes a blue shift of 9 nm and increases in

intensity from the %to the 3 component.
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1 Region IV: This region feares a belowbaseline stimulatedmission band, ranging from 558 nm
to 570 nm (3 ). Although it exhibits a red shift, it broadly corresponds to the spontaneous
fluorescent band observed in the stationary spectrum at 528 nm.

1 Region V: This region sparisom 700 nm to 900 nm and showsraad band present in thé& tb
3 components. In the last componerif)(4t is replaced by another broad band with a maximum
at 712 nm, which is intense due to the absence of SE.
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Figure 31 Transientabsorption (TA) spectra recorded from the FMN molecule in an unbuffered water sgap@lentour plot
illustratingthe TA spectra at different time delaf@lowing 400 nm photoexcitatiar(b) Utilizing a sequential kinetic model for

global fitting, theap | i t udes of four distinct components are depicted,
ps (in red), U3 = 9.1 ns (in blue), and the U4 = illopssms compo
and logarihmic thereafter(c) Evolutiorassociated spectra (EAS) of the four T@mponentsplottedalongwith the stationary

absorption (grey) and fluorescence (grey, dashed) spectra. The wavelengths of the Raman and actinic pumps al® indicated

black linesNotable features of the TAbserved are designated with Roman numéglalg) [109].

Femtosecond stimulated Raman spectroscopy of the free FMN

The normalized FSRS spectra in the Riggguency region are shown in Fig 32. The Raman datzely
aligns with the TA observationsyrevealing the emergence of five components throGiA. The
timescales of thes1to 39 components werbeld constantor allowed to vary. Fixing the™BEAS to the

fluorescence lifetimgielded onlyminor differentiation only in the!" componentspectrum.Consistent
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with the TA results, we disregard the initial Oth component, attributing the component witle a tim

me d iTher® and EABayed r
exhibit analogouspectral features with slight shifts of approximatel @m*. Peaks sensitive to solvent
influenceswere identified by comparing ¢hT™ and 3 components, including pminentshifts at 1192

1200, 14081417, and 1493500 cmt. Within the triplet 4" component significant peak shifts are
observedsuch as 1250274, 13841362, 14171396, 15001521, and 1571622 cm'. Additionally, in

the 11501250 cm' region, the intensity of the 1200 peakminishes, relocating to 1188m™.

Normalized plots of thestito 4" components, labeled with the mentioned peaks, are provided in Fig. 6c.

constant (U1 = 0.6 ps)

The intensity of all peaks decreases from EAS4Lin the unnormalized spectra.
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Figure 32 Time-resolved femtosecorstimulated Raman (FSRS) speategorded fronFMN moleculein anunbuffered water
sample utilizing an800 nm Raman pumfa) Contour plotllustratingthe Stokes FSRS spectra at différiéme delay<ollowing

400 nm photoexcitation. (bYtilizing a sequential kinetic model for global fitting, the amplitudes of four distinct Raman
components are depicted, characterized
10 ms component (in green). The time scale in both (a) and (b) is linear until 1 ps, and logarithmic th@eblftemalised
evolutionassociated spectra (EA&)rresponding tthe fouraforementionedomponent$109].

CONCLUSION:

by

I (fetbmee) UlamdOt B

The global analysis of transientisible absorption ¥isTA) and femtosecond stimulated Raman
spectroscopy (FSRS) data provideduable insights. The first evolutieassociated 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 procegsobablyassociated with the folding of thibityl-phosphate moiety. The
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third EAS, with a time constant of 9.1 ns, represents the fully equilibratst@t® The fourth EAS, with

a fixed time constant of 10 ps, indicates partial evolution of thstdte. Intersystem crossing (ISC) is
observed between-2 ns. Assigning thdriplet EAS was facilitated by incorporating presonance
enhancements to the computed intensities atTawavelength of 775 nm, resulting in an intensity
calculation of 863 nm. Raman shifts between the first and third EAS arencdiddoy solvensensitive

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 wehdasting
measurements of steadiate U\tVisible and fluorescence spectroscopy.
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Flavin mononucleotide (FMN} belongs to the large family of flavins, ubiguitous yellow-coloured
biological chromophores that contain an isoalloxazine ring system. As a cofactor in flavoproteins, it is
found in various enzymes and photosensory receptors, like those featuring the light-oxygen-voltage
(LOV) domain. The photocycle of FMN is triggered by blue light and proceeds via a cascade of
intermediate states. In this work, we have studied isolated FMN in an agueous solution in order to
elucidate the intrinsic electronic and vibrational changes of the chromophore upon excitation. The
ultrafast transitions of excited FMN were monitored through the joint use of femtosecond stimulated
Raman spectroscopy (FSRS) and transient absorption spectroscopy encompassing a time window
between 0 ps and 6 ns with 50 fs time resolution. Global analysis of the obtained transient visible
absorption and transient Raman spectra in combination with extensive guantum chemistry calculations
identified unambiguously the singlet and triplet FMN populations and addressed solvent dynamics
effects. The good agreement between the experimental and theoretical spectra facilitated the
assignment of electronic transitions and vibrations. Our results represent the first steps towards more
complex experiments aimed at tracking structural changes of FMN embedded in light-inducible proteins
upon photoexcitation.

photochemistry, a detailed understanding of the flavin photo-
eycle is essential to further the field. The large family of flavins,

Flavins are important chromophores that elicit biological functions
either alone or as part of enzymes and photosensory proteins.'
Flavin-binding photoreceptors include the light-oxygen-voltage
(LOV) domains,” the sensors of blue light using FAD {BLUF)®
and cryptochromes.* Interest in such bluelight-sensitive sensory
photoreceptors is increasing as they serve as building blocks
in optogenetics and synthetic biology applications.” Since the
molecular mechanism of action of flavoproteins relies on flavin
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6538 | Phys. Chem Chem. Phys., 2020, 22, 6538—-6552

containing a dimethyl-substituted isoalloxazine ring system,
includes flavin mononucleotide (FMN) which is the subject of
this study (Fig. 1), flavin adenine dinucleotide {FAD), riboflavin
{or vitamin B,) and its photolysis product lumiflavin. The latter
two members as well as the riboflavin analogue roseoflavin® are
typical systems to study computationally” ™ and experimentally,'***
being less substituted in the Ny, position than FMN/FAD,'*'® which
reduces the complexity and size of the system. Recently, a number
of timeresolved electronic and vibrational spectroscopy studies
have tried to tackle flavins either in isolation’ ™ or in their native
protein environments.” ** Among various time-resolved techniques,
femtosecond stimulated Raman spectroscopy (FSRS)*™* has
the unique capability to observe the ultrafast evolution of
biological chromophores upon optical excitation.**? However,
the use of FSRS to probe flavin photodynamics is still in its
infancy.'>**

In short timescale experiments {0-up to 10 ns), flavin chromo-
phores, either free in solution or within proteins, can be thought
of as closed systems.'” Further intermediates such as adduct

This journal is© the Owner Societies 2020
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Fig. 1 Structure and numbering of flavin mononucleotide (FMN) in the
neutral form.

formation or photooxidation/photoreduction products occur at
longer timescales, so within the experimental time window, the
fluorescing singlet system is only linked to a {phosphorescing)
triplet. It is assumed that the initial hot states are depopulated
within ~160 fs to the 8, state via an internal conversion process
(1C).3*% From there, within 5 ns, the system either fluoresces
back to the ground state, or undergoes intersystem crossing (ISC)
via an ni* state to the first triplet {T,).*” Then, depending on the
pulse configuration of the experiment, higher triplet states
become accessible,™ or phosphorescence to the ground state
(So) occurs within several ps.***® Triplet formation has typical
quantum yield values of 0.61 [>0.5]"%*" for riboflavin and a rate
constant of 7 x 10’ s ' [1.3 x 10% s "] {values in brackets for
isolated FIMN).?*** The triplet-state population increases steadily
along the duration of the experiment, with reported ISC time-
scales as fast as 2.8 ns in flavoproteins.** The photocycle of
flavins inside protein cages is more elaborate. For instance, LOV
proteins feature adduct formation between the excited FMN
triplet state and a nearby cysteine residue, possibly with the
involvement of radical intermediates.*>™®

FMN in contrast to riboflavin and FAD carries additional
complexity because of the free phosphate group. The charge of
the phosphate moiety is pH-dependent, with pK, values of
0.7 and 6.2 for the first and second deprotonation, respectively.*”
At extreme alkaline conditions {(pH values over 10.2), the iso-
alloxazine N; atom is also deprotonated to give a total FMN
charge of —3. Therefore, at physiological pH values, FMN in
solution is expected to have either —1 or —2 charge which is usually
balanced by sodium cations. Additionally, the ribityl-phosphate
chain of FMN is flexible enough to form intramolecular hydrogen
bonds with the isoalloxazine ring atoms"® competing for those with
the solvent shell molecules.

The absorption spectra of free flavins display two characteristic
bands at approximately 4, = 450 nm and 4, = 350 nm assigned to
S; and S, n* transitions, respectively. The transition from singlet
to triplet state is postulated to be mediated by either singlet
or triplet nn* states located mainly on the heteroatom lone
pairs of the isoalloxazine ring.'**
literature report accurate assignments of FSRS spectra by

Recent contributions in the
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theoretical calculations, either by relying on ground-state spectra or
including resonance enhancements to the computed intensities.**>"
To the best of our knowledge, no systematic study of FMN has been
undertaken to date and encouraged by the above-mentioned works
we present here a joint experimental and computational study of
free FMN in an aqueous solution. Stationary UV-visible, time-
resolved transient absorption, FSRS, and fluorescence spectro-
scopy experiments were carried out on FMN water samples. The
pH dependence of FMN was probed with the inclusion of MES
{pH = 6) and Tris {pH = 8} buffers in additional water samples
and the results were interpreted with the aid of time-dependent
density functional theory (TDDFT), real-time TDDFT {RT-TDDFT)
and spin-orbit coupling {SOC) calculations. The extended {6 ns)
time window of the experiments allowed the partial evolution of
the FMN triplet species to be monitored by FSRS.

2. Methods

2.1. Experimental details

2.1.1. Samples, conditions, pH etc. FMN (riboflavin-5"-mono-
phosphate sodium salt hydrate) was purchased from Cayman
Chermical Company and used without further purification. The
Tris and MES buffers were provided from Sigma-Aldrich. FMN
samples were prepared from a 45 mM FMN stock solution
dissolved in Milli-Q water {pH = 5.9). Two buffers were used to
study the influence of pH: 10 mM Tris {pH 8.0) and 10 mM MES
{pH 6.0). For visible TA and FSRS experiments, FMN was diluted
to a final optical density appropriate for the experiment at
400 nm in 1 mm path-length cuvettes. Specifically, the OD at
400 nm was adjusted to 0.5 in case of the TA experiments,
1.0-1.5 or more for the FSRS experiments, and between 0.6
and 0.8 for the steady-state absorption experiments. For the
fluorescence experiments, FMN was further diluted to 10 pM to
avold the reabsorption effect. All experiments were conducted
at 296 K.

2.1.2. Raman and transient absorption (TA) setup. The
schematic layout in Fig. 2 represents the Raman setup employed
in the current study, based on a similar setup described else-
where.”*” 'The setup is pumped by a commereial Ti:Sapphire laser
{Femtopower, Spectraphysics) that emits pulses centred at 800 nm
with a pulse duration of ~20 fs at a 1 kHz repetition rate.

The beam is split in three different paths, deseribed as
follows. In the FSRS experiments, as probe, a broad white light
supercontinuum beam was employed, created by focusing the
output of a home-built noncollinear optical parametric amplifier
{NOPA) onto a sapphire plate. The 1400 nm driving pulse was
suppressed by a dichroic filter. The resulting probe spectrum
spans from 1400 nm to 380 nim and has a very flat spectral profile
in the 800-1100 nm region, therefore allowing the detection of
even vely low Raman frequencies near the 800 nm Raman purmp.
This also applies for the high frequencies that are often obscured
by low probe intensities. In our configuration where the 800 nm
Raman sighal was probed by the supercontinuum generated at
1400 nm, vibrations in the range of 60-3800 em * can be readily
observed at the same time.

Phys. Chern. Chem Phys., 2020, 22, 65386552 | 6539
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Fig. 2 Schematic layout of the stimulated Raman setup employed in this study with a folded-geometry 4-f pulse shaper in the Raman path

The 400 nm actinic purnp was generated by second harmonic
generation {SHG) in a BBO cystal (Eksma) and adjusted to
2 pJ at the sample area. The Raman pump pulse was generated
in a pulse shaper where a specially designed chopper blade acts
as a wavelength-narrowing and wavelength-modulating element at
the same time.” I this particular setup, 96 Raman pump
wavelengths slightly shifted in the interval 760-840 nm were
periodically recorded. The presented Raman spectra resulted from
their recombination via a spectral watermarking approach.”” The
Raman pulse power was adjusted to be 3 pJ at the sample. The
Raman pump and/or the actinic pulse were then focused and
overlapped in the sample vig a convex lens with 500 mm focal
length. The probe pulse was focused by a concave spherical
mirror with focal length 200 mm to ensure a smaller spot size.
The Raman spectrum was resolved {red box in Fig. 2) by two
commercial imaging spectrographs {Acton SP2150i) each observing
half of the reported Raman spectrum with a spectral resolution of
approximately 2 cm '. The sample was circulated through a
commercial pump (HNP Mikrosysteme) at a speed of 0.4 mL s
i€, 120 um ms * for the specific flow cell used below. This is
ensuring that fresh sample is present for each new laser shot.
The cuvette was a 1 mm path length thick quartz commercial
flow cell (Hellma).

Transient absorption experiments were performed on a
home-built set-up installed also at the ELI Beamlines laser
facility. The main beam was split into excitation and probe
beams by a dielectric beam splitter. The same pump and probe
pulse source as in the FSRS experiment was used, however the
white-light supercontinuum was generated in a 2 mm thick
CaF, plate that was continuously translated in the beam to ease
the heat deposition in the generation spot. A dichroic mirror
with 350-1064 nm reflectivity {Semrock) was used to partially
separate the supercontinuum from the strong driving energy at
1400 nm that was mostly transmitted. The spectrum ranging
from 350 to 1000 nim was resolved by a home-built quartz prism
spectrograph that allowed imaging of the entire probe spectra
on the detector array without overlapping higher-order diffractions
that would happen with a grating spectrograph and otherwise
prevent reliable recording of spectra beyond the full octave range
{e.g second-order diffraction at 500 nm overlaps with first-order
diffraction at 1000 nm). Excitation and probe pulses were focused
and overlapped on the sample with spot sizes measured to be
about 40 um for the probe and about 120 pm for the pump.
The pump-probe polarization configuration was set at the magic

6540 | Phys Chem. Chem. Phys., 2020, 22, 6528-8552

angle {54.7°). Two choppers for the probe (500 Hz) and pump
{250 Hz) beams were used to record pumped and not pumped
signal as well as to minimise the ambient and pump-related
background. The temporal delay between pump and probe
pulses was adjusted by a remote-controlled optical delay line
inserted in the excitation path. For each delay the absorption-
difference spectra (A4) were calculated and averaged over 500 pump
pulses. The time window of the TA was 5 ns, while Raman spectra
acquisition reached up to & ns.

2.1.3. Stationary UV-vis, stationary and time-resolved fluores-
cence. A spectrum of the sample before and after each time-
resolved measurement was taken with a commercial spectro-
meter {(UV-1900 Shimadzu), to ensure the sample was not
damaged during the time-resolved experiment, and to provide
the stationary spectra of the FMN samples that were used as
reference. The stationary and time-resolved fluorescence spectra
were measured with an Edinburgh Instruments FLS1000 fluores-
cence spectrometer. For the determination of fluorescent life-
times via the time-correlated single photon counting (TCSPC)
technique,™ FMN was excited with a pulsed diode laser emitting
at 405 nm. Fluorescence decays were fitted with a single expo-
nential model in order to calculate the fluorescence lifetime (zg).

2.1.4. Data analysis, methods and Glotaran. A home-built
software based on LabView was employed to read the signal
from the spectrometers and a home-built software (written in
Matlab) to transform it in order to extract the Raman spectra.
Enough data were acquired to ensure appropriate statistics,
typically twenty thousand spectra per each time point. The data
were then averaged by wavelet processing””” using a normalised
Hadamard matrix as a basis set. The scaled and shifted pre-zero
ground-state signal was subtracted from the difference Raman
signal to correct for an artefact generated by Raman pulse
scattering into the detected area. The residual background was
then subtracted by fitting a polynomial with the least absolute
value residual.

Global fitting of the transient absorption and transient
Raman spectra was carried out with the Glotaran program
{version 1.5.1).°> A five-component sequential model was used
to fit the transient spectra, of which the fast Oth component
{ro < 100 fs) is used to remove the coherent artefact generated
when 400 and 800 nm pulses overlap in time. A long component
of 10 ps, corresponding to the phosphorescence lifetime of aqueous
FMN,>* is used to fit the non-decaying component lying outside
the experimental time window {6 ns for FSRS and 5 ns for TA).
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It proved non-trivial to separate the negative portion of the
Raman signal from the excited positive signal, therefore it is
excluded from the analysis.

2.2. Computational details

The initial model of FMN in its oxidised form was obtained
from the crystal structure of the LOV protein EL222.°* Sub-
sequently, the molecule was treated with molecular dynamics
{(MD) with the Cuby4 program using an all-valence electron
semi-empirical PM6-D3H4 potential®**® with the Berendsen
thermostat algorithm®” at a constant temperature of 300 K for
100 ps. A dielectric constant ¢ of 78.3 was applied throughout
the MD run approximating a water medium via the COSMO
module.*® The molecular dynamics were carried out on both
the ground and the S, state of FMN. The bulk of the calculations
were performed with the Gaussian program (G16 Rev. B.01).>°
The hybrid B3LYP®™*" and the def2-TZVP*** combination of
DFT functional and basis set was used. For all calculations
dispersion corrections were included.® Solvation by water was
applied via the polarisable continuum model (PCM)**™7 for
ground-state optimisations and through its implementation for
excited states,®® and non-equilibrium corrections via the external
iteration scheme were added to the ground-state and fluores-
cence bands.®*”® The non-equilibrium scheme employs an
optical dielectric constant {r”) to the continuum instead of
the actual dielectric constant {g) to recalculate the point
charges. These corrections give a better description to the very
fast vertical processes of absorption and fluorescence where the
electronic state of the solute changes rapidly to the new state
while its nuclei and surrounding solvent molecules retain the
previous state geometries, Vertical excitations, simulations of
ground-state UV-vis spectra, and excited state optimisations
were carried out with the TDDFT formalism with the same
functional and basis set combination mentioned above and
were solved for a total of forty states.®®”** All but few of the
excited-state optimisations located minima on the first S, and
S, singlet excited-state potential energy surfaces (PES) of FMN
as well as the first triplet excited state, T,. The latter were
performed by normal optimisation by setting the multiplicity to
3. Raman spectra were obtained for all stationary points located
in the ground-state {GS) and excited-state PESs; pre-resonance
Raman intensities were computed by solving the dynamic
coupled-perturbed Hartree-Fock equations {CPHF).”*“’® For
all Raman curves a half-width at half-height peak value of
14 em ' (HWHM) was used to match the experimental curve
shapes {0.12 eV for absorption spectra), and all frequencies
were scaled by 0.97 as per the recommended value for the level
of theory and basis set.”® The excited state absorption (ESA) was
calculated via the real-time TDDFT method’” as implemented
in NWChem 6.8.1.”% Excited state optimisations were repeated
in NWChem for forty states at a more modest basis set {(B3LYP-D/
6-31G*) without solvation corrections for both the S; and S,
manifolds. An additional RT-TDDFT gradient calculation was
performed on the §; manifold with ground-state geometry to
obtain a spectrum near the vertical excitation, which was corrected
for zero field. All RT-TDDFT simulations were propagated for
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~12 fs with a time step of 0.2 a.u. using a delta function
electric field with an intensity of 0.001 a.u. Extending the
propagation to 24 fs or reducing the time step to 0.1 a.u. did not
produce any visible differences in the spectra. Spin orbit coupling
terms {SOCs) were computed for the Sy, S, and S, geometries via
the PySOC code’™ which was interfaced to the Gaussian outputs.
PySOC calls the MolSOC code®® to calculate the atomic integrals
and evaluates SOCs between singlet and triplet states using the
single-electron Breit-Pauli (BP) operator with an effective charge
approximation.

Additionally, the protonation state of the phosphate group
was sampled ranging from an overall neutral FMN for extremely
acidic (pH < 0.7), to doubly negative total charge for basic
conditions (6.2 < pH < 10.7).* For the models within the
range 0.7 < pH < 6.2, the total charge of the system was either
left negative or balanced by a Na* counter-ion to describe two
distinctive solvation scenarios of the cation with respect to the
FMN molecule.

3. Results and discussion

3.1. Transient absorption, excited-state calculations and fits

The stationary spectra used as a reference (Fig. 3¢, bottom),
show two absorption bands at 445 nm and 372 nm, assigned to
Se — 8 and Sy — 8, respectively, and the fluorescence
spectrum displays a broad band at 528 nm typical of 5; — 5,
emission. The chosen wavelength of the actinic pump at 400 nm
ensured that adequate populations of both 8, and S, states were
reached, since it lies between their excitation wavelengths. At
the given pump wavelength, 20 fs pulses produce a bandwidth
wide enough to ensure this with a detectable FWHM of
~30 nm. The transient absorption {TA) spectrum of FMN in
H,0 is shown in Fig. 3a, with additional spectra of the H,O:MES
{pH 6) and H,O:Tris (pH 8) samples included in the ESI}
(Fig. 81). The different pH samples were prepared in order to
determine the effect of altering the protonation state, and
therefore the extent of negative charge, of the FMN phosphate
group oh the observed photodynamics. Global analysis of the
raw TA data resolved five evolution-associated spectra {EAS)
and its associated lifetimes (z). The very first 0th component
{to < 100 fs, not shown) was used to model the coherent artefact
when pump and probe pulses overlap. The 1st component
{z1 = 0.6 ps) is attributed to the delayed solvent response to
the solute vertical excitation. A noticeable dynamical red-shift of
the stimulated emission {SE) band between the 1st and 2nd
components is typical of the S;-state solvation process.® The
2nd and 3rd components are nearly identical in the measured
spectral range but exhibit two very different time constants. A
component such as the 2nd, at few tens of picoseconds, has
been identified previously, and was assigned to minor relaxation
processes in aqueous riboflavin.'? The MD caleulations showed
that the folding/unfolding of the ribityl-phosphate moiety towards
the isoalloxazine ring in FMN occurs within a 100 ps time window
(Fig. S6, ESIt); then the 2nd component could be attributed
to a hydrogen bond at the N, position with a solvent molecule,
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Fig. 3 Transient absorption (TA) spectra of FMN in the unbuffered water solution, (a) TA contour plot at different delays after 400 nm photoexcitation.
(b) Amplitudes from global fitting using a sequential kinetic scheme showing four components at 7 = 0.6 ps (black), 12 = 100 ps (red), 73 = 9.1ns (blue), and the
74 = 10 ps component (green). In (@) and (b) the time scale is linear up to 1 ps and logarithmic thereafter, () Evolution-associated spectra (EAS) of the latter four
TA components plotted together with the stationary absorption (grey) and fluorescence (grey, dashed) spectra. The wavelengths of the Raman and actinic
pumps are indicated with black lines. The most notable features of the TA described in the main text are labelled here with Latin capital nurmerals (1-V)

while the intramolecular O, ,-H- - -N; bond would be present in
the 3rd component. The 3rd component represents the fully
relaxed S, state with a lifetime slightly outside the experimental
window {z3 = 9.1 ns), whereas the 4th component’s time
constant was set to the phosphorescence lifetime of FMN
{z, = 10 ps) and represents the non-decaying contribution within
the time scale of the experiment.®® The 4th EAS resembles very
closely the lowest triplet absorption spectrum described in
previous experiments on FMN and ribofavin®*®' while the
components 1st to 3rd describe different relaxation phases of
the lowest singlet state. The plots of the latter four components
are shown in Fig. 3¢ (top); the time constants from global fitting
are included schematically in Fig. 3b and their values are listed
in Table 1. Fixing the 3rd component to the fluorescent lifetime
of FMN measured by time-resolved fluorescence spectroscopy
(s = 4.8 ns for the aqueous sample) yielded similar EAS (see

6542 | Phys. Chem. Chem. Phys., 2020, 22, 6538-6552

Fig. 82 for the measurement and Fig. S5a for the EAS comparison,
ESIt) suggesting that the transient spectra of the 4th component are
barely affected by possible errors in the detenmination of its lifetime.

The UV-visible TA spectra can be described by five distinct
features {(highlighted in Fig. 3c). Region I the excited-state
absorption (ESA) band around ~390 nm progressively shifting
to 401 nm in the last component. Region II: centred around 442 nim,
the ground-state bleach (GSB), common for all components, which
signifies diminishing ground-state (S,) population and corresponds
to the stationary absorption 445 nm band; this band shifts to the
red {454 nm) in the microsecond time seale. Region III: the broad
S; — S, ESA band at ~511 nin; This band blue-shifts by 9 nm in
the late-ps-to-ns components as it increases in intensity from 1st
to 3rd. Region IV: the below-baseline stimulated-emission band
at 558-570 nm (S; — S,) which is red-shifted but broadly
corresponds to the spontaneous fluorescent band of the stationary
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Tablel Time constants from global fitting of the transient absorption and
Raman spectra. The Oth and 4th components were fixed during the fit,
Other components were kept either fixed or free as indicated

EAS: Oth 1st 2nd 3rd 4th
Transient absorption fit
H,0 67 fs® 0.6 ps 138 gzb j’é 2? 10 ps®
. " 230 ps 4.7 ns .
H,O:MES 67 fs 0.9 ps 226 pr 1.7 ng 10 ps
e " 108 ps 9.5 ns .
H,0:Tris 67 s 0.6 ps 150 psb 1.7 ns® 10 ps
Raman fit
99 ps* 9.1 ns®
H,0 67 fs” 0.6 ps° 130 ps 4.8 ns” 10 ps®
140 ps*
100 ps 7.0 ns
H,0:MES 67 fs® 0.9 ps ot ppsb e 10 ps®
0.6 ps° 108 ps° 7218
H,O:Tris 67 fs* 0.9 ps 124 ps 9.5 ns’ 10 ps®
1.7 ps” 120 ps® 4.7 ns”

“ Fixed values. ? 3rd EAS fixed to the fluorescence lifetime of S;. © Fixed
to the TA fit.

spectrum at 528 nm. Region V: the 700-900 nm region, where a
broad band is present in components 1st to 3rd. 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.
Such a broad band is pre-resonant with the Raman pump
wavelength at 800 nm, which explains why excited-state FSRS
signals are stronger than the ground-state signals. The H,O:MES
and H,O:Tris samples produced almost identical EAS to the
unbuffered sample only varying by their different lifetimes.
Therefore, small variations of pH around neutrality do not
significantly influence the evolution of excited FMN molecules.

Turning over to the computational results, as mentioned
above, FMN displayed a rapid fold of the ribityl-phosphate
moiety well within the 100 ps of the MD run. This occurred
both for the ground-state and S, state simulations (Fig. S6,
ESIT). After optimisation of the most stable structure obtained
in the ground state, several models were devised to reflect the
conditions of the samples studied experimentally (see description in
the ESI} and Fig. S7). From those, models 2’ and 2" {Fig. 4} were
chosen as default for comparison, to match the pH of the aqueous
unbuffered sample {measured at 5.9). Optimisation of the
Na'-balanced model {2”) resulted in a bidentate structure with
equidistant contacts (2.4 A) to the two unprotonated phosphate
oxygens (Fig. 4, right). However, it is known from studies
compiling crystal structure data that Na" prefers monodentate
coordination to the negatively charged phosphate oxygen.®”
For this reason, analysis of 2" was made in tandem with the
unbalanced charge equivalent model 2’ (Fig. 4, left). Ground-
state UV-vis spectra were calculated for all the models of Fig. 4
and Fig. S7 {ESI¥) and were compared to the stationary absorption
spectrumm. The computed excitation wavelengths to the S, and S,
states are shown in Table 2, along with their oscillator strengths,
participating orbitals, percentage contributions, excited state
dipole moments and assignments. In a few of the models (2, 3),
the Sy — S, band was found to consist of two similar excitations,
so the most intense of the two is given. The §; — S, excitation
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Fig. 4 Structural models of micro-solvated FMN optimised in the water
polarisable continuum (PCM) with B3LYP-D/def2-TZVP. The negatively
charged model 2’ with a deprotonated phosphate oxygen is shown on the
left, and the Na*-balanced equivalent (2”) is shown on the right. The
dashed red lines show the intramolecular hydrogen bonding network
while the black the intermolecular. Atoms are coloured as follows, C:
grey, H: white, N: blue, O: red, Na: violet.

measured experimentally at 445 nm was best matched by 2 and
3’ with an error below 12 nm. With regards to the S, band, the
spectra of all micro-solvated models deviate by less than 10 nm.
The calculations of the neutral models 1, 1’ and 2" predicted
larger dipole change |A/] in the S, than the 8, transition, with
2" being the closest to the experimental values for FMN.®** An
unbalanced charge in the phosphate group introduces a large
error in the computed absolute |{| and |Ag| values (Table 2,
models 2, 2, 3, and 3'). The percentage contributions of
canonical orbitals involved in the two excitations are tabulated
in the 6th and 7th columns of Table 2 {only excitations of over
2% are listed). Images of the orbitals are depicted in Fig. $8-510
{(ESI¥) for the micro-solvated models. When the phosphate
group carries a negative charge (2, 2°) the excitations to the S,
and S, states are predicted with increased nr* character, which
in turn signifies a charge-transfer {CT) transition not present in
the neutral, doubly negative or cation-balanced models (see
description in the Section S3, ESIt). The described nn* states
should not be confused with the nn* states involving lone pairs
of the isoalloxazine ring heteroatoms which are reported to
mediate the ISC in isoalloxazine systems."**” Nevertheless, the
possibility that the phosphate molety can modulate the n*
character of the excited singlet state cannot be ruled out, which
would be a unique feature of FMN. This statement is more
supported by the computed spin-orbit coupling terms for the
nn* states of 2 which are presented further below, rather than
the CT of the S; state which can be attributed to the self-
interaction error of the unscreened phosphate charge in 2 and 2'.
The singlet n* states involving isoalloxazine heteroatom lone
pairs are predicted to the blue of the S, band {351 and 353 nm
for 2" and 2", respectively) with oscillator strengths {f) close
to 0. The equivalent triplet nn* states are calculated at 558
and 706 nm for 2’ and 2", respectively, again with very small
f values. Other important triplet-triplet excitations will be
highlighted in the following section.

An attempt to locate all stationary points in the excited state PES
was made including all S,, S, (both S, excitations when applicable)
and T, states. No excited singlet states were located for the 3’
model with —2 charge, while the optimisation of the S, state of 3
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Table 2 Calculated vertical excitations ve {in nm), oscillator strengths (f), dominant orbitals with percentage contributions, excited state dipole
moments |Zi| and |E:] in Debye (with |AfZl in brackets) and assignments. The relevant orbitals are depicted in Fig. 58-510 (ESI)

veS,  f(S) veS, f(S)  Orbitals§, Orbitals S, Gl [ALD &l [AG] S S
118 - 120 86.4%
1 4157 0147 3628 0373 o T EOBIR 119 - 12084%  26.4[00] 27.5[1.1] T ot
- 119 - 121 2.3%
115 - 12041% 112 — 120 23.4%
2 4184 0179 3567 0467 118 — 12059.8% 114 — 120 183%  51.5[7.2] 456131 (wWert (et
119 — 12033.7% 115 — 120 39.5%
107 - 120 2.6%
3 4205 0183 3542 oade o0 70N 441 100363%  7is[ess]  e2afr7s]  an nr*
: 112 - 120 52.9%
138 — 140 85.4%
v 4283 0133 3713 oa1z  ja T MO0O% 439 L 1a005%  26.4[04] 27.2[1.2) Tt ot
27 139 - 141 2.3%
135 —» 1403.0% 135 — 140 82.6%
2 433.0 0089 3644 0243 138 — 140432% 136 — 14051%  43.3[15.0]  446[13.7]  nu* t
139 — 14052.9% 138 — 140 4.5%
140 - 145 2.8%
y 142 - 145 6.0% 142 — 145 84.8%
2 4305 0167 3661 0353  |gx ~ 14560 o oo 0 Le  13.8[13] 19.0 [1.5] T et
144 — 146 2.4%
131 - 1405.4% 128 — 140 3.8%
3 4339 0167 3650 0313 135 - 1404.3% 131 — 140 86.9%  — - n* ot
136 — 140 89.1% 136 — 140 4.2%
Exp.  445° 372° 6.1[1.1] 12.3[1.6)°

“ This work. * At 66° taken from ref. 83.

yielded an unreliable structure. The energies in keal mol *
relative to the corresponding ground state, of all obtained excited
state species, together with the vertical excitation energies are
summarised in Table 81 {(ESIT). As expected, the lowestenergy
excited species are the triplet T, followed by the S, states.
The optimised S, states are predicted between 0.8 (2') to
12 (2") keal mol * higher in energy than the S, ones. Optimisa-
tion of the excited states yielded somewhat similar structures
with only hydrogen-bond rearrangement in the micro-solvated
species. The difference noted above with respect to the S, — S,
excitations of 2/ and 2" was not reflected in their obtained
S, structures. Geometries, relative energies to S, and charge
distributions point to similar wn* states for both models. The
largest differences in bond lengths between the GS and excited
micro-solvated species are collected in Table 82 (ESIT). The
major perturbation from the ground state geometry is located
in the isoalloxazine ring, around the Cg, C;, Cy,, and Ns atoms,
and lie in the 2nd decimal place with an average bond increase
of ~0.04 A. Larger differences are found in inter- and intra-
molecular hydrogen bonds. A shortening of the N;---H-OH
hydrogen bond by ~0.1 A is evidenced in the 1'-3 excited
states, which is in agreement with increased N basicity."® The
strongest H-bond is predicted in the triplet state in both 2’ and
2" (shortening by 0.10 and 0.13 A, respectively). This result is in
agreement with the increased susceptibility of excited FMN to
hydrogen transfer by the conserved cysteine residue in the LOV
protein environment. The opposite trend is evidenced for the
intramolecular bond at Ny, which is predicted weaker in the
triplet state by 0.04-0.06 A, with the exception of 2/ (—0.07 A).
For symmetrical FMN absorption-emission bands such as those
displayed in Fig. 3c, the 0-0 transition {S,) can be determined,
approximately, by the intersection between the absorption and
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fluorescence bands {or the midpoint of the Stokes shift).%* The
0-0 transition of FMN is determined at 492 nm which is in
excellent agreement with the computed values of 494 nm for
models 2’ and 2" (Table 83, ESIF).

In order to gain insight on the ISC of FMN, spin-orbit coupling
terms were computed for model 2" and are shown in Table S5
(ESIT). They were determined for the ground state geometry and the
two optimised excited states obtained (S, and S,). Overall,
modest couplings are predicted between the singlet and triplet
states of FMN with values around ~30-40 em * for the strongest of
those. For comparison, thiobases display SOCs of over 100 em *,%
and are known to exhibit ultrafast intersystem crossing within
femtoseconds,”®
The strongest couplings are expected between singlet-triplet
n* states involving phosphate oxygen lone pairs, and this is
maintained for both GS and ES geometries.

To aid the interpretation of the TA results, further excitations
to higher states were computed from the T, state for all the
models studied. These were augmented with real-time TDDFT
calculations to the 8; and S, state of 2", The strongest bands at
each of the regions I-V are listed in Table S4 {ESI}). From the
experimental findings, intense ESA bands from the low-lying
excited singlet state are expected between 500-530 nm {region III)
and ~400 nm {region I). Most of the triplet T-T excitations are
expected as per the literature,®" within 600-800 nm (region V).

To link the key TA components (1st, 3rd and 4th) with the
calculations, difference absorption spectra of 2" were devised,
as shown in Fig. 5. Each difference spectrum was constructed
by combining three of the constituent plots: first, an excited
state calculation {(RT“TDDFT for S, or TDDFT for T,) as a
positive signal, describing the ESA portion of the spectrum.
Second, the ground state absorption S, — S; band with a

a result which is consistent with the above.
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Fig. 5 Calculated difference absorption spectra of model 2”. (i) The black
curve, simulates the experimental 1st EAS of Fig. 3c. The excited-state
(positive) portion is constructed by a zero-field corrected RT-TDDFT (S
gradient calculation employing the GS geometry, To form the negative
portion of the spectrum, the S5 — 31 band is subtracted with a non-
equilibrium correction (red arrow, 11 nm), together with the fluorescence
band (516 nm). (i} The blue curve, simulating the experimental 3rd EAS, is
constructed using the positive signal of the RT-TDDFT $; calculation in its
optimised geormetry. The ground-state S5 — S; band (431 nm) is subtracted
together with the fluorescence band, which includes a non-equilibriurm
correction (red arrow, 67 nm). (i) The green curve, sirmulating the experi-
mental 4th EAS, includes the TDDFT Ty state calculation as positive signal
while only the ground-state S5 — S; band (431 nm) is subtracted. The
oscillator strengths and wavelengths of the constituent spectra are shown
with sticks of corresponding colour. Labels denote bands of the constituent
spectra and transition assignments of the observable bands, and the Latin
numerals correspond to the regions of Fig. 3¢. The intensities of the difference
spectra were multiplied by three with respect to the constituent spectra and a
FWHM of 0.12 eV was introduced to ensure distinguishable peaks

negative sign to simulate the ground-state hleach {GSB). And
third, the calculated fluorescence band, also with a negative
sign to reproduce the stimulated emission (SE). The fluores-
cence band was not subtracted from the T, plot {green line).
The constituent plots are shown in the ESIT with the addition of
the S, spectrum and the S; absorption at the B3LYP-D/6-31G* level
(Fig. 512, ESIT), and their wavelengths and oscillator strengths are
represented with sticks in Fig. 5. To ensure comparable intensities
between the gas phase and PCM calculations, the ground-state
Sy — 8, band was used as a reference. The intensity of the
gas phase band was set to the oscillator strength of the PCM
calculation (Table 2, f = 0.167) from an original value of f = 0.055
and all other gas phase bands were adjusted accordingly.

In particular, the 3rd component spectrum (blue line) was
constructed from a RT-TDDFT calculation of the optimised §;
structure of 2", Since a state near the vertical emission is described,
the state-specific corrected fluorescence band (583 nm) was sub-
tracted from the above, together with the ground-state absorption
spectrum without state-specific correction. It should be noted that
the RT-TDDFT spectrum includes both the stimulated emission
band at 604 nm and a ground-state bleach signal at 480 nm
(Fig. 512, ESIt). Nevertheless, only the positive part of the
spectrum was included, while the negative signals were described
more fittingly by the PCM calculations. The 2nd component
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{black line) was constructed from a RI“TDDFT calculation of 2"
using the ground state geometry and computing the gradient for
the S, excitation including a fieldfree reference correction.
Similarly, only the positive part of the spectrum was included while
the GSB and SE bands were simulated by the PCM calculations
{Table S4, ESIT). Since this state is close to the vertical excitation, the
ground-state absorption spectrum with state-specific correction for
the S, — S; band was subtracted, together with the fluorescence
band with no state-specific correction (516 nm, Table S3, ESIT).
Finally, the 4th component {green) was constructed by combining
the absorption spectrum of the T, state of 2" obtained by TDDFT
and subtracting only the ground state absorption spectrum.

The simulated ESA plots agree well with the features of the
regions I-V of the experimental spectra. The ESA band in region
I is predicted slightly shifted to 538 nm. The blue-shift of the
511 nm band in region III is reproduced by the non-equilibrium
scheme, and the broad intense band in the 4th component
{712 nm) is described by computed bands of the T, state at
655-775 nm. The non-equilibrium fluorescence shift of 67 nm
complies with the apparent shift of the SE band between the 1st
and 3rd component. It should be stressed here that the
produced non-equilibrium correction to the SE band reports
only on solvation affecting the shift, while it is documented
that multiple factors such as vibronic coupling to dark nm*
states are contributing.'”%*#” The real-time TDDFT calculation
places the SE band even more to the red, albeit using a more
modest basis set in the gas phase.

On the other hand, region V singlet-singlet excitations are
predicted more intense by the calculations than the broad band
of the 1st to 3rd components. These denote singlet states with
energy differences of 34-38 keal mol * from the S, state. The
S; — S, transition is not expected in that region, since the computed
adiabatic energy difference would place it in the near-IR region for 2"
{Table S1, ESIT). Also, in the spectrum simulating the 4th EAS,
calculations predict the region I band to blue-shift to 358 nm,
and the 512 nm band is absent {region I11).

with regards to the computed S, state, transitions to higher
singlets are expected at 337, 516 and 663 nm (Fig. 512, ESIt),
indicating that - provided an adequate population exists - S, would
register in the global analysis. Unfortunately, time delays below
160 fs, where the signal from S, and higher singlet states visible,
were dominated by coherent artefacts and could not be analysed.

From the TA findings and the calculations, it is surmised
that the first three components are reporting on the 8, population
with the 1st is capturing the solvent response to the excitation.
This is corroborated by the increase in intensity of the ESA band at
~500 nm. The last component {4th) reports on triplet formation,
with ISC observed as early as ~ 2 ns, manifest by the appearance
of the 712 nm band and the disappearance of the stimulated
emission band.

3.2. Femtosecond stimulated Raman spectroscopy -
calculated Raman spectra

The FSRS spectra were split into high {1700-1100 ecm ') and
low {150-1050 cm ') frequency regions due to a sharp bend in
the background around 1050 cm *, though global analysis was
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