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Computational Modeling of Structural Changes in Selected
Optically Regulated Proteins and Ligands

ABSTRACT

Although electromagnetic radiation is a harmful factor that degrades most organic

macromolecules, someproteins canprofit from interactionwith light. Furthermore, these

proteins have essential functions in all living organisms. Direct interaction with light in

these proteins is possible because they contain a small light-sensitive molecule called a

chromophore. After absorbing a photon, this molecule changes its spatial conformation,

triggering a series of structural changes in the protein and influencing its function and

the course ofmetabolic processes in cells.

The dissertation explores the application of molecular modeling methods to examine

the mechanisms underlying light-induced conformational changes in two photoactive

systems and to investigate the potential for optical regulation of the receptor P2X7, which

plays a crucial role in glioma development. In the first photoactive system – bacterial

phytochrome – advanced molecular dynamics (MD) methods were used to overcome

high-energy barriers and study conformational changes induced by biliverdin photoi-

somerization. Previously unknown metastable states were revealed, and two signal

transduction pathways from the chromophore-binding pocket to the remote protein

domains were identified. The second photoactive system – photoactive yellow protein

(PYP), which contains the chromophore para-coumaric acid, was studied using a new

machine learning technique called spectralmap. Data from theMD simulationwere used

to train neural networks and to construct slow collective variables that describe confor-

mational changes upon light absorption. In the purinergic P2X7 receptor, the binding

affinities of light-sensitive ligands to the orthosteric pocket were studied usingmolecular

docking. The results showed that the compounds fit the receptor pocket sufficiently well,

demonstrating that using photoactive ligands to regulate chromophore-free proteins is a

promising novel drug development approach.

v



Komputerowemodelowanie zmian strukturalnychw
wybranych białkach i ligandach regulowanych optycznie

ABSTRAKT

Chociaż promieniowanie elektromagnetyczne jest czynnikiem szkodliwym, który

degraduje większość makrocząsteczek organicznych, niektóre białka mogą czerpać

korzyści z interakcji ze światłem. Ponadto białka te pełnią istotne funkcje we wszystkich

organizmach żywych. Bezpośrednia interakcja tych białek ze światłem jest możliwa,

ponieważ zawierają one małą cząsteczkę wrażliwą na światło, zwaną chromoforem. Po

absorpcji fotonu cząsteczka ta zmienia swoją konformację przestrzenną, wywołując

szereg zmian strukturalnychwbiałku i wpływając na jego funkcję oraz przebieg procesów

metabolicznychw komórkach.

Rozprawa przedstawia wyniki zastosowania metod komputerowych do badania zmian

konformacyjnych indukowanych światłem w dwóch białkowych układach fotoakty-

wnych oraz badania możliwości optycznej regulacji receptora P2X7 istotnego w rozwoju

glejaka. Zmiany konformacyjne zachodzące w fitochromie bakteryjnym powodowane

fotoizomeryzacją biliwerdyny badane były przy wykorzystaniu metod wzmocnionego

próbkowania. Odkryto nieznane wcześniej stany metastabilne i zidentyfikowano dwa

szlaki przekazywania sygnału z kieszeniwiążącej chromofor dopozostałychdomenbiałka.

Fotoaktywne białko żółte (PYP), posiadające jako chromofor kwas para-kumarowy, jako

układ modelowy, zbadane zostało przy zastosowaniu nowej metody, opartej o uczenie

maszynowe, zwanej mapą spektralną. Dane uzyskane z symulacji dynamiki molekularnej

wykorzystano do trenowania sieci neuronowych i konstruowania wolnych zmiennych

kolektywnych. Dokowaniemolekularne zastosowanodobadania powinowactwa ligandów

fotoizomeryzujących do kieszeni ortosterycznej receptora purynergicznego P2X7. Wyniki

pokazały, że związki fotoaktywne wiążą się do kieszeni tego receptora wystarczająco do-

brze. W efekcie stwierdzono, że stosowanie fotoaktywnych ligandów do regulacji kanałów

jonowych i receptorów stanowi obiecującąmetodę opracowywania nowych leków.

vi
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1.1 Purpose and Scope of the Thesis

Each chapter of the thesis focuses on a different research problem related to the study of

optically regulated proteins.

1. Introduction
Based on the publication by Czach et al. [1] and presents a comprehensive review of
current knowledge on the biochemistry and biophysics of photoactive proteins, as
well as computer methods used to study these systems. The aim of this chapter is
to describe and explain the structure and mechanisms that are responsible for the
function of photoactive proteins. The text outline the challenges associated with
studying such systems and review computational methods that address these chal-
lenges, making it possible to study the mechanisms of conformational changes in
photoactive proteins.

2. Bacteriophytochrome and biliverdin IXα.
The aim of this chapter is to examine, using enhanced sampling molecular dy-
namics simulation, the initial stages of mechanical signal transduction in the
bacteriophytochrome-biliverdin complex, as well as the metastable states of the
photoproducts Pr and Pfr. This chapter presents evidence of significant differences
in the free energy landscape between the Pr and Pfr conformers. It also emphasises
the importance of the protein environment in forming and expanding metastable
states.

3. Photoactive Yellow Protein and p‐coumaric acid.
The main goal of this chapter was to investigate a well-known system of photoac-
tive yellow protein using new methods based on machine learning, called spectral
map. Data obtained from the series of molecular dynamics simulation were used
to train neural networks, construct slow collective variables and the corresponding
free-energy landscapes, and explain the relation between fluctuations in the chro-
mophore pocket and large structural rearrangements observed in PYP.

4. Light‐induced regulation of proteins, photoactivated ligands of P2X7 receptor.
In this chapter, the potential use of photoactive compounds for regulating the
purinergic ion channel P2X7 was investigated through a series of molecular dock-
ing experiments. This chapter presents a homology model of the human receptor,
based on the human sequence and the structure of the rat receptor. The binding
affinity of photoactive compounds for theATP-bindingpocket of thehomologyP2X7
receptor was evaluated in relation to the docking results for the native ligand, ATP.
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A LTHOUGH there are over 500 naturally occurring amino acids, only 22 α-amino

acids play a central role in the formation of proteins, making them themost bio-

logically important. Theseα-aminoacids are thebasic buildingunits of proteins,

and theirunique sequencesandstructural arrangementsdetermine thewide rangeof bio-

logical functions theyperform. Forexample, thehumanproteomecontainsat least 20,000

mostwell-studied human protein structures, each ofwhich is involved in essentialmolec-

ular and cellular processes such as enzymatic catalysis, signal transduction, immune re-

sponse, and structural support [2–5].

The spatial organization of amino acids in proteins is not fixed or rigid; rather, proteins

are highly dynamic structures that constantly adapt to their environment. This adaptabil-

ity is primarily due to conformational changes, which are structural rearrangements that

occur in response tovariousexternal and internal factors. Thesechangesare fundamental

to the regulation of metabolic processes and the overall functionality of living organisms.

Several external factors can affect the conformation of proteins, including changes in en-

vironmental pH, interactions with other biomolecules (such as substrates, inhibitors, tox-

ins, and drugs), and exposure to physical agents such as electromagnetic radiation. These

structural changes can enhance or inhibit protein activity, ultimately affecting biochemi-

cal pathways, cells condition, and body homeostasis [2,6–8].

Understanding the dynamic properties of proteins is crucial to fields such as biochem-

istry, molecular biology, and pharmacology, as it provides insights into disease mecha-

nisms, drug design, and the development of new therapeutic treatments. Biophysics re-

search groups pay a lot of attention to protein dynamics.

Electromagnetic radiation iswidely recognized for its ability todamageand irreversibly

denature most proteins and nucleic acids. According to the principles of molecular biol-

ogy, suchdamagecan lead tochanges inproteinandnucleic acids structure, potentially re-

sulting in mutations. However, a unique class of proteins exhibits remarkable resistance

to light-induced damage. Rather than being harmed by exposure to light, these proteins

have evolved to detect and process light signals, thereby triggering specific biological re-

sponses.

At the core of this ability is the presence of a chromophore, an organic molecule em-

bedded in the protein structure that enables the absorption of electromagnetic radiation.

This absorption often initiates a process known as photoisomerization, which forms the

basis of light-activatedmolecular switches. When light is absorbed, the chromophore un-

dergoes conformational changes, which in turn trigger a cascade of structural transitions

bothwithin the protein itself and in its immediate environment. These structural changes

can be transmitted to other macromolecules, affecting entire metabolic pathways within
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the cell [9–13].

A key feature of this light-responsive system is its ability to revert to its original state,

allowing the cycle to be repeated. This dynamic transition between active and inactive

states, known as photocycling, which is the foundation of the function of thesemolecular

switches, allows organisms to harness light for various biological processes.

A large number ofmetabolic processes critical to the proper functioning of all living or-

ganisms are pathways that depend on the interaction of biological macromolecules with

light. Themost importantof theseprocesses isphotosynthesis. However, theyalso include

pigmentation and phototaxis in prokaryotes and plants, vision and circadian regulation,

and light-dependentgeneexpressionandDNArepair. Light-regulatedproteinsarealso in-

volved incell aggregationandcolony formation inbacteria. Becauseof theirpredictable re-

sponses to light, theyhaveapplications in fields suchasoptogenetics, bioimaging, biotech-

nology, andmedicine [13–18].

Current knowledge about optically regulated proteins is primarily based on structural

and spectroscopic data. High-resolution crystallography and cryo-electron microscopy

data provide access to the detailed structures of many photoreceptors. Moreover,

the monitoring of light-induced processes is made possible by time-resolved spec-

troscopy [19–21]. However, a full microscopic characterization of the photoactivation

process of multiple photoreceptors remains out of reach. This is due to the difficulty of

experimentally reconstructing photoactivation at different timescales. These range from

the ultrafast timescales of femtoseconds and picoseconds, which are characteristic of

photochemical events, to the slower millisecond timescale of protein conformational

changes. Capturing all ultrafast intermediate states and understanding the interactions

between chromophore dynamics and protein conformational changes is a significant

challenge. The complexity of researching light-induced reactions stems primarily from

the fact that they occur in excited states [22]. The gap in knowledge about themechanisms

of photoactive systems resulting from the limitations of experimental methods can be

overcome by using atomistic computational approach [13]. Methods that have been

developed to explore organic photoactive systems include bioinformatics [23–25], molec-

ular dynamics (MD) [17], enhanced sampling MD [26–29], and hybrid quantum-classical

(QM/MM) MD [30, 31]. The current trend in computational studies is directed towards

the use of machine learning (ML) methods to analyze organic systems, including those

that are light-regulated. The limitations of current computational techniques when it

comes to predicting dynamics across multiple time scales, coupled with the need for a

deeper understanding of photoactive proteins in their excited states, are driving the rapid

development of new computationalmethods [32–35].
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1.2 Overview of Photoactive Proteins

Photoactive proteins have the unique ability to absorb light at a specific wavelength, trig-

gering precise biological activation. Absorption of light provides the energy necessary to

overcome high activation barriers, allowing proteins to undergo conformational changes.

These changes can be reversible. Proteins can return to their original structural state after

fulfilling their role, allowing themtorespondrepeatedly to light stimuli. Thiscyclicprocess

ensures that these proteins can function effectively throughmultiple cycles of activation,

allowing them to periodically interact with other molecules and regulate various cellular

processes, as shown in Figure 1.1.

Figure 1.1: Schematic representation of the action of photoactive proteins (protein in the dark state with chro‐
mophore in ground state PDB: 4O0P, protein in illuminated state with chromophore in excited state PDB: 4O01).

Photosensitive proteins can be classified into several groups based on the chemical

structure of the chromophore and their mechanism of action [12]. Table 1.1 and Figure 1.2

show the emerging classification of the proteins reported in the literature into seven fam-

ilies: xanthopsins [36, 37], phytochromes [38], rhodopsins [39, 40], cryptochromes [41],

phototropins [42], blue light using flavin (BLUF) proteins [43], and fluorescent pro-

teins [44].

https://www.rcsb.org/structure/4O0P
https://www.rcsb.org/structure/4O01
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Table 1.1: Classification and overview of photoactive protein families: presentation of protein families, chro‐
mophore types, representative examples of chromophores, and photochemical mechanisms underlying light‐
driven biological processes.

Protein family Chromophore Chromophore example Mechanism

Xantophins Polyenes

p‐Coumaric acid

Trans–cis photoisomerization

Phytochromes Tetrapyroles

Biliverdin

Trans–cis photoisomerization

Rhodopsins Polyenes
Retinal

Trans–cis photoisomerization

Cryptochromes Aromatic

Flavin adenine dinucleotide

Electron transfer

Phototropins Aromatic

Flavin adenine mononucleotide

Cysteinyl adduct formation

BLUF proteins Aromatic

Flavin adenine dinucleotide

Proton transfer

Fluorescent proteins Amino acids

Serine, tyrosine, glycine

Fluorophore formation
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Figure 1.2: Visible light spectrum and visualization of the structures of representative proteins from each
family with information on the wavelength to which the chromophore reacts (xantophins PDB:1TS6 [45],
cryptochromes PDB:5T5X [46], phytochromes PDB:4O0P [47], phototropins PDB:8QI8 [48], BLUF proteins
PDB:1X0P [49], rhodopsins PDB:3UG9 [50], fluorescent proteins PDB:1GFL [51]).

https://www.rcsb.org/structure/1TS6
https://www.rcsb.org/structure/5T5X
https://www.rcsb.org/structure/4O0P
https://www.rcsb.org/structure/8QI8
https://www.rcsb.org/structure/1X0P
https://www.rcsb.org/structure/3UG9
https://www.rcsb.org/structure/1GFL
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Mechanism of actions can differ within each protein family. Xanthopsins, phy-

tochromes, and rhodopsins act by photoisomerization of the chromophore. Cryp-

tochromes are activated by electron transfer, BLUF proteins by proton transfer, and

phototropins require the formation of cysteinyl adducts. Unlike the families mentioned

above, fluorescent proteins have a different mechanism of responding to light. A flu-

orophore is located within the protein structure. In green fluorescent protein (GFP), it

consists of three amino acids (serine, tyrosine, glycine) that undergo transformations in

the environment of the protein: cyclization and dehydration, leading to the formation of a

fluorescent system of conjugated double bonds [52,53].

Xanthopsins are a group of photosensitive proteins characterized by the presence of

para-coumaric acid (pCA) a derivative of hydroxycinnamic acid as a chromophore. This

molecule is covalently bound to the conserved cysteine residue through a thiol ester bond,

forming a Schiff base. Photoactive yellow protein (PYP), which was initially discovered in

the halophilic purple bacteria Halorhodospira halophila, is a well-studied example of the

xanthopsin family. PYP has a characteristic α/β fold, as shown in the Figure 1.3, which

was used as the structural basis for the definition of the Per-Arnt-Sim (PAS) domain. This

domain, characterized by a central five-stranded β-sheet flanked by α-helical regions,

plays a crucial role in biological signaling in all life forms [11,36].

Figure 1.3: PYP in pG state on the left and pB state on the right, above both structures, the chromophore p‐
coumaric acid is shown in states corresponding to the structures (PDB:1TS6.) [45].

The chromophore is located within a well-defined hydrophobic binding pocket, which

https://www.rcsb.org/structure/1TS6
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is formed by residues that stabilize pCA through hydrogen bonding and hydrophobic in-

teractions. The thiol-ester linkage between pCA and cysteine and the hydrogen bonds in-

volving tyrosine and glutamine in the case of PYP are key aspects that stabilize the depro-

tonated phenolate form of pCA in the dark state. The surrounding protein environment

controls the protonation state of pCA and its ability to respond to light [11, 54, 55]. In the

dark state, the absorptionmaximum typically takes place around 446 nm (in the blue light

region). When light is absorbed, the chromophore undergoes trans–cis isomerization, ini-

tiating thephotocycle. Thephotocycle involves a transition from theground state, through

an intermediate state to a signal state, and finally the recovery of the system. This tran-

sition is associated with changes to the hydrogen bond network and the structure of the

protein [55,56].

This process enables xanthopsins to act as photoreceptors, allowing microorganisms

to respond to light signals from their environment. They are involved in regulating

phototaxis, protecting against photooxidative stress and regulating signaling pathways

that affectmetabolism and gene expression [12,57].

Phytochromes are a family of photoreceptor proteins that act as molecular switches and

enable organisms to detect and respond to light in the red and far-red regions of the

electromagnetic radiation spectrum (typically covering wavelengths from ~600 to 750

nm). They play a crucial role in regulating cellular processes in response to environ-

mental light signals [47, 58, 59]. In plant cells, proteins from the phytochrome family

regulate fundamental physiological processes, including photosynthesis, seed germina-

tion, flowering, and phototaxis. In bacteria, these proteins regulate various intracellular

processes, including gene expression, protein phosphorylation, and protein degradation.

They are also thought to play a role in the transport of calcium and other ions [60–64].

Phytochromes are classified according to their origin, structure, spectral properties,

and photochemical behavior. Although they all play a similar role as red/far-red light

photoreceptors using a linear tetrapyrrole chromophore, phytochromes differ signifi-

cantly in terms of their architecture and biological function. Tetrapyrroles are a class of

compounds that contain four pyrrole or pyrrole-like rings. These rings can be connected

either linearly or cyclically; in either case, a double bond pattern is formed that allows for

the absorption of electromagnetic radiation. They exhibit a response to light within the

red and far-red range of the visible spectrum. As molecular switches, they occur in two

forms: Pfr, which is triggered by far-red light (~705–740 nm), and Pr, which is responsive

to red light (~650–670 nm)(Figure 1.2) [65–68].

Figure 1.4 shows a representative protein from the phytochrome family: a bacterial phy-
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tochrome (BphP), which contains a biliverdin IXα (BV) molecule as a chromophore. The

BphP photosensor’s basic module has a three-part region architecture consisting of well-

conserved domains: PAS, GAF, and PHY [59,68].

Figure 1.4: Structural features of the BphP‐BV complex. The photoisomerization of biliverdin from the ZZZ state
to the ZZE state (top). Bacterial phytochrome in the Pr state on the left and in the Pfr state on the right [59]
(protein in the dark state with chromophore in ground state PDB: 4O0P, protein in illuminated state with chro‐
mophore in excited state PDB: 4O01). Structures colored by secondary structures with chromophore in stick
representation in black.

Rhodopsins are a group of proteins that include visual rhodopsins, found in Eukaryotes, as

well as ion-transporting rhodopsins and proton pumps, found in Prokaryotes andArchaea.

Furthermore, some rhodopsins function as sensory proteins involved in signaling path-

ways, which can be found in all organisms [69–73].

Eukaryotic rhodopsin is a membrane protein and amember of the G-protein-coupled

receptor (GPCR) class, characterized by seven transmembrane helices that form a ligand-

binding region. It has two main components: the opsin protein and the chromophore

11-cis-retinal (in ground state), which is covalently linked to Lys296, form of a protonated

Schiff base, located in the seventh transmembrane domain. The chromophore absorbs

radiation in the visible light range, at a wavelength of approximately 498 nm. Following

the absorption of a photon, the chromophore undergoes photoisomerization from 11-

cis-retinal to all-trans-retinal, resulting in conformational changes in the protein and

https://www.rcsb.org/structure/4O0P
https://www.rcsb.org/structure/4O01
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activation of the photoreceptor [74, 75]. Due to their role in vision, eukaryotic rhodopsins

are particularly important andwell-studied photoactive proteins.

In contrast, rhodopsins derived from prokaryotic organisms and algae have found ap-

plication in biotechnological processes as they lack coupling with G proteins and have a

simpler activation mechanism than their eukaryotic equivalents. One such rhodopsin is

the channelrhodopsin (ChR) subfamily, which acts as a light-gated ion channel. These pro-

teins perform the role of photoreceptors in unicellular green algae, controlling their pho-

totaxis responses [70].

Figure 1.5: At the top, photoisomerization of the chromophore from trans‐retinal to 13‐cis‐retinal. Below are
the structural changes in the protein. On the left, the ground state protein with the chromophore in the trans
state (PDB: 7C86) and on the right, the protein with 13‐cis‐retinal (PDB: 7E71) from Chlamydomonas reinhardtii.
Structures colored by secondary structures with chromophore in stick representation in black.

Thefirstproteinsbelongingto thissubfamily tobediscoveredweretheChannelrhodopsin-

1 (ChR1) and Channelrhodopsin-2 (ChR2) proteins derived from the model organism

Chlamydomonas reinhardtii. A chimera between ChR1 and ChR2, the recombinant hy-

brid protein is also used in research. Non-eukaryotic variants are also composed of

seven transmembrane α-helices. They contain a chromophore that is covalently linked

to the rest of the protein, forming a protonated Schiff base. In the ground state, this

chromophore is all-trans-retinal (Figure 1.5) (unlike in eukaryotic rhodopsins, where it is

11-cis-retinal) [50, 76–78]. ChRs, when expressed in cells of other organisms, enable the

light control of electrical excitability, ion flow, and other cellular processes using light, a

https://www.rcsb.org/structure/7C86
https://www.rcsb.org/structure/7E71
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method known as optogenetics [79–82].

Figure 1.6: Schematic representation of the photocycle by which channelrhodopsin acts. The protein is shown
in purple in its ground state with the all‐trans chromophore. When radiation is absorbed, the hydrogen bond
network rearranges and the protein transitions to an open formwith the 13‐cis chromophore via an intermediate
state. Return to the ground state can occur in two ways: directly, via thermal reversion, or via an intermediate
state. [83]

ChRs form ion channels directly, and, since they do not require coupling with a G pro-

tein for activation, cell depolarization involving them occurs very efficiently. Photocycle

is initiated by the absorption of blue light with a maximum wavelength of 480 nm by the

chromophore molecule in the ground state (Figure 1.6). This leads to a conformational

change fromall-trans-retinal to 13-cis-retinal. After isomerization, the chromophore and

local side chains relax. As the system progresses towards the intermediate state, small

shifts in nearby helices and rearrangement of hydrogen bonding occur. These initial

relaxations create the conditions necessary for proton transfer [84, 85]. From a chemical

perspective, the key step is the deprotonation of the retinal Schiff base, which results in

the formation of a blue-shifted intermediate. The main pore opening in ChR2 is usually

triggered by Schiff base deprotonation [86, 87]. Signal propagation leads to larger confor-

mational changes in transmembrane helices, with the opening of internal gates allowing

more water to penetrate the internal region. This process results in the formation of the

red-shifted intermediate, which correlates with the open state. These structural changes
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then propagate through the protein, leading to the opening of the channel and allowing

ions to flow. [83, 88]. The conducting red-shifted state is transient and can decay in two

ways: it can return to the dark ground state through thermal recovery, or it can pass into

a long-lived desensitized intermediate state that is spectrally distinct and less conduct-

ing [83,89]. Thedarkchromophorecanbe regenerated throughreprotonationof theSchiff

base. Withina fewmilliseconds, the retinal relaxesandreturns to its groundall-trans form.

Structural changes thencause the channel to close again, blocking the ionflow [50,76–78].

Cryptochromes are proteins that can be categorized as flavoproteins (pigment proteins),

which mostly operate as blue light receptors. The term ’cryptochrome’ comes from the

Greekwordskryptos,meaning ’hidden’, and chroma,meaning ’color’. This reflects their ini-

tially ’hidden’ role as photoreceptors. Although they exhibit structural similarities to DNA

photolyases (bacterial enzymes activated by light and involved in repairing UV-induced

DNA damage), they do not demonstrate effective DNA repair activity. Cryptochromes are

highly conserved proteins that can be found in all kingdoms of life [90–93]. In plants, blue

light photoreception is a mechanism by which developmental signals, such as hypocotyl

elongation, seed germination, and pigment accumulation, can be transmitted [94, 95]. In

animals, cryptochromes participate in processes involving circadian clock regulation and

may play a role in navigation andmagnetoreception [93,96].

Cryptochromes typically consist of two domains: an N-terminal photolyase homology

region (PHR) of around 500 amino acids and a cryptochrome C-terminal extension (CCE)

domain of varying size. The PHR domain is highly conserved in plants, animals, and

insects. It is involved in binding the chromophore flavin adenine dinucleotide (FAD) and,

in somecases, a secondary chromophore site binds 5,10-methenyltetrahydrofolate (pterin

or MTHF). The CCE domain plays a key role in protein-protein interactions and signal

transduction. While it often exhibits a disordered structure in solution, it undergoes

conformational rearrangements upon light activation in plant cells. Differences in this

domain between species determine functional diversity [92, 94, 97, 98]. Light in the 320–

500 nm range is primarily absorbed by the main chromophore: FAD. In some organisms,

particularly plants, MTHF or other pterins can act as antennas, harvesting photons and

transferring excitation energy to FAD. In Arabidopsis thaliana, the flavin resting state in

cryptochromes is the oxidized (FAD) form. Light absorption induces the accumulation of

a mixture of radical (FADH◦) and reduced (FADH−) flavin. This triggers electron transfer

through a conserved chain of tryptophan residues, known as the ’Trp triad’ electron

transport pathway. Light-induced redox changes in FAD cause conformational changes in

theprotein structure, converting cryptochromes froman inactive to a signaling state. This
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is followed by the reorganization of the hydrogen bond network near the chromophore

binding pocket. The PHR and CCE domains then reorient and expose protein-protein

interactionmotifs [93,99–103].

Phototropins are blue light photoreceptor proteins (flavoproteins) that exhibit kinase

activity. They are primarily found in plants and algae, where they regulate a variety

of light-dependent physiological processes. They are not found in animal cells. The

name comes from their key role in phototropism. They are also responsible for opening

the stomata, moving the chloroplasts, and positioning the leaves [104, 105]. Evolution

occurred through proteins containing the LOV (Light, Oxygen, Voltage) domain, which

are widespread among bacteria, fungi, and plants. In plants, they have probably adapted

to specialized functions related to light perception. They share a similar structure to

proteins from the PAS sensory domain family [106, 107].

The overall protein organization includes a photosensitive N-terminal region con-

taining two LOV domains, LOV1 and LOV2. It also features a C-terminal signaling region,

comprising a serine-threonine protein kinase domain. The composition of each LOV

domain is approximately 100–120 amino acids, and there is structural similarity with

PAS domains. A conserved chromophore-binding pocket in each LOV domain binds one

flavin mononucleotide (FMN) molecule non-covalently. The LOV1 domain serves as both

a stabilizer and a regulatory element. It participates in dimerization, thereby increasing

the stability of photoreceptors and light sensitivity. The LOV2 domain is the main pho-

toreceptor and functions as amolecular switch. Light absorption triggers conformational

changes, leading to kinase activation [108–111]. In the phototropin structure, FMN acts

as a light-absorbing co-factor that absorbs blue light (at around 450 nm). When excited,

FMN forms a covalent adduct with the conserved cysteine residue in the LOV domains.

This covalent bond between the cysteine residue and FMNrepresents the signal state. The

return to the dark state occurs spontaneously within a few seconds. In the dark state, the

kinase is auto-inhibited. In the signaling state, structural changes in LOV2 (includes the

unfolding of one of the helices) release the inhibition and trigger kinase activity [111–115].

Blue Light Using Flavin (BLUF) Proteins are a diverse family of photoreceptors that facili-

tate light perception and signaling in a variety of organisms [116]. The BLUF domain is a

conserved light-sensing module composed of 100–150 amino acids. It is usually linked

to an effector domain that determines the function of the protein. Proteins containing

this domain act as light-regulated switches, converting photon energy into biochemical

or structural signals that influencemetabolic pathway function [117, 118]. In the early 21st
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century, BLUF domains were identified independently by different research groups in

two different organisms: the single-celled flagellate Euglena gracilis [119] and the purple

bacterium Rhodobacter sphaeroides [120]. These discoveries followed research into

other flavin-dependent photoreceptors, such as cryptochromes and LOV proteins, which

demonstrated that flavin molecules can mediate a variety of light responses in different

organisms. Early spectroscopic and mutagenesis studies confirmed that BLUF domains

use FAD as a chromophore and exhibit unique, reversible photochemistry that differs

from that found in LOV systems and cryptochromes [118, 121]. BLUF sensors regulate

various processes in the cells of bacteria, cyanobacteria, algae, and some fungi, including

behavioral and metabolic processes that are often related to adapting to changing light

conditions. The outcome of BLUF activation depends on the effector domain linked to the

BLUF sensor and the organism’s ecological environment [12, 118].

Due to their ability to easily bind to a wide range of effector domains, proteins contain-

ing the BLUF domain can perform a variety of functions [122,123]. Theymay be involved in

regulatingphototaxis [124]and influencing thecircadianrhythm[49]. Theycanactas light-

regulated transcription factors, controlling gene expression in response to blue light [125].

They often act as light-controlledmolecular switches, modulating interactions with other

proteins [126] and enzymatic reactions [127]. In non-photosynthetic bacteria such as E.

coli, BLUFphotoreceptors contribute to the regulationof biofilm formationandadaptation

to stress [128–130]. In photosynthetic bacteria, however, they control processes related

to photosynthetic efficiency [131]. Due to their small size, fast response, and reversibility,

BLUF domains are increasingly used as optogenetic tools. In biotechnology, they are used

to create synthetic light-activated proteins by combining them with various signaling or

enzymatic domains [132, 133].

A BLUF protein is amodular flavoprotein that consists of a BLUF sensor domain linked

to an effector domain. The BLUF domain has a compact α/β structure consisting of five

β-sheets surrounded by α-helices on both sides. The N- and C-terminal regions of the

BLUF domain often contribute to structural stability and may facilitate communication

between domains. Blue light absorption and signaling in BLUF proteins is carried out

by the chromophore FAD. This chromophore is situated in a conserved hydrophobic

pocket near the β-sheet and is stabilized by multiple hydrogen bonds and van der Waals

interactions. The amino acid residues forming the chromophore-binding pocket in the

BLUF domain include the following: Tyr, Gln, Trp, Asn, and Met [117, 118, 123, 124, 131].

Photoactivation causes changes in the network of hydrogen bonds surrounding FAD.

Electrons and protons are transferred between the conserved Tyr, Trp, and Gln residues.

This results in tautomerization and rotation of the glutamine residue, altering its hydro-
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gen bond pattern [134–136]. These changes lead to the formation of a light-activated

signaling state, which is spectrally separate from the dark state (typically exhibiting a

red shift in absorption). This signaling state persists for milliseconds to seconds, after

which it returns thermally to the dark state, enabling reversible light detection. Small

local changes propagate throughout the protein, leading to global structural changes. The

C-terminal cap region typically experiences the greatest movement, transmitting the

signal to the effector domain [123, 137–139].

Fluorescent Proteins (FPs) have the ability to emit light after absorbing radiation. Asmost

knownproteins can be attached to FP, the FPs can be used asmarkers to observe biochem-

ical events in living cells. Various organisms can be genetically encoded with green fluo-

rescent protein (GFP). This enables real-timemonitoring ofmetabolic pathways [140].

Figure 1.7: Schematic representation of the formation of the GFP fluorophore [51,141].

The example of this type ofmacromolecule that is best studied andmostwidely used is

the GFP found in the jellyfish Aequorea victoria [44]. GFP has a typical β-barrel structure,

consisting of several antiparallel β-sheets formed into a cylindrical shape (see Figure 1.2).

It has a fluorophore made up of three amino acids (serine, tyrosine, and glycine), which

canundergocyclizationanddehydration to formasystemof conjugateddoublebonds that

causes fluorescence, as shown at the Figure 1.7. The fluorophore is excited at 395 nm and

475 nm, with the emitted light having awavelength of 509 nm [44,51, 142–145].

Many quantum effects have been investigated in GFP, such as coherent dynamics,
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where electronic and nuclear motions synchronize after photoexcitation [146], and pho-

tonic entanglement, which occurs during fluorescence emission [147]. Several mutations

of GFP have been developed due to their potential for various applications, including

colormutants such as blue, cyan, and yellowfluorescent protein. Thesemodified proteins

exhibit broad radiation absorption and emission allowing the study of the activity of

several different proteins and metabolic pathways simultaneously [51, 148, 149]. Addi-

tionally, fluorescent proteins may exhibit unique properties when they contain other

chromophores. For example, UnaG is a ligand-activated fluorescent protein that interacts

with bilirubin. These features include red-shifted emissions occurring above 600nm, and

photoconversion from green to red emission [150].

Optical Regulation of Non‐Photoactive Proteins is an exciting and rapidly developing field
within modern photobiology and bioengineering. Non-photoactive proteins are proteins

that do not respond directly to light due to the absence of an integral chromophore or

light-sensitive domain. Optical regulation involves linking light-responsive components

to these proteins in order to control their structure, activity or interactions. Optical

regulation can be accomplished through genetic, chemical, or hybrid bioengineering

approaches [151–153].

The process of fusion with natural photoactive domains involves attaching a light-

sensitive domain to a non-photoactive target protein. When exposed to light, the

photoactive domain undergoes a conformational change which is transmitted to the

target andmodulates its activity [154–157].

Light-controlled protein regulation can be achieved by introducing photoswitches or

chromophores (e.g. azobenzeneor resveratrol) via covalent bonding to specific aminoacid

residues in the protein, or by inserting them into native ligand-binding pockets without

forming chemical bonds [158–162].
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1.3 Computational Methods for Studying Photoactive Proteins

Photoactive proteins are crucial for the functioning of living organisms. However, under-

standing themechanisms underlying the activation process of light-sensitive proteins re-

mains challenging, as achieving the required temporal and spatial resolution is highly dif-

ficult in an experimental setting. Therefore, computational studies are themain source of

knowledge about photoreceptor activation mechanisms. The following section provides

an overview of the computational research methods employed in the study of biological

systems that interact with light.

1.3.1 Bioinformatics

The analysis of protein sequences and the obtaining of valuable information about their

structure, evolution, and interactions is made possible by bioinformatics. These tools en-

able sequence alignment, structure prediction, and evolutionary analysis. They provide

key insights into thepropertiesandmechanismsof actionof awidevarietyofproteins [23–

25].

Analyzing the order in which sequence parts are arranged and how they are con-

nected can help to identify regions that are similar across different sequences. This

process also enables the identification of key sites, such as where the chromophore is

attached. This process can also reveal functional motifs and characteristic domains

that are common to other photoactive proteins, highlighting evolutionary links between

protein families [163]. Useful tools for comparing protein sequences with known se-

quences available in databases include BLAST (Basic Local Alignment Search Tool) [164]

and Clustal Omega [165]. In bioinformatics, functional annotation is a crucial method.

It helps to identify sites of post-translational modification and interaction regions by

detecting functional domains. This can be achieved using tools such as InterPro [166]

and UniProt [167, 168]. The application of functional annotation to photoactive proteins

can reveal the potential impact of mutations in the protein sequence on functionality.

Moreover, it makes it possible to predict particular features associated with photoactiva-

tion, such as light absorption and signaling [163, 169]. Bioinformatics tools can be used

to track the evolution of light-sensitive proteins and identify adaptations that enable

them to interact with light [170]. Tools such as MEGA [171] and PhyML [172] are used for

evolutionary research. These tools enable phylogenetic analysis and the creationof family

trees, facilitating the determination of evolutionary relationships between members of

photoactive protein families [173].

Inrecentyears, significantprogresshasbeenmade inpredictingthethree-dimensional
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structure of proteins based on their amino acid sequence. The importance of thesemeth-

ods is evidenced by the fact that researchers were awarded the 2024 Nobel Prize in

Chemistry [174, 175]. This has been made possible by tools such as AlphaFold [176],

Rosetta [177] and the SWISS-MODEL server [178, 179]. The primary limitation of these

methods is their current inability to predict light-induced structural changes in proteins.

However, they do allow the ground state structure to be obtained. In combinationwithMD

methods, this enables the study of conformational changes induced by light absorption,

such as chromophore conformational changes and signaling pathways to other parts

of the protein. Methods based on ML and artificial intelligence (AI) are continuously

being developed to overcome these limitations, with an increasing number of techniques

emerging that aim to predict the structures and dynamics of biological systems [180–184].

The full complexity of protein responses to light cannot be captured by a single layer of

data (whether that data is from a gene, a transcript, or a protein). Bioinformatic integra-

tion brings together multiple ’omic’ datasets to provide insight into how photoreceptor-

encoding genes are regulated and expressed, howphotoactive proteins fold and assemble,

how they interact with signaling partners and influence downstreammetabolic networks

and physiological responses [163].

Kyndt et al. [169] have published an article demonstrating how bioinformatics can be

used to analyze photoactive systems. In this study, the authors used BLAST to perform

sequence alignment and analysis, comparing protein sequences (e.g., aligning bacterial

rhodopsins and PYPs to detect conserved regions and functional residues). They also

conducted phylogenetic analysis to infer evolutionary relations between phytochrome-

related proteins in different bacterial species. A new family of carotenoid proteins was

identified and characterized using bioinformatics tools [185,186]. Furthermore, sequence

alignment allowed the construction of a phylogenetic tree, the classification of protein se-

quences, and the prediction of the functional roles of bacteriophytochrome-like proteins,

asdemonstratedbyNadella et al. [187]. Hasegawaet al. [188]havealsousedbioinformatics

to show that the genome of cyanobacteria may contain genes that encode rhodopsins,

suggesting that these proteinsmay have evolved in photoautotrophic organisms.

1.3.2 Molecular Dynamics (MD)

MDsimulationshavebecomeaneffectivewayofcomplementingexperimental resultsand

gaining new insights into complex systems at a microscopic level. MD is fundamentally a

computational method used to analyze the physical motion of atoms and molecules, as

well as their deformation and interaction, over timescales that are often inaccessible in

experiments [189–191].
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Table 1.2: The major categories of MD computational approaches used to study biological systems [1].

Approach Physics Level Time Scale Key Application in Photoactive Proteins

Classical MD Classical ns–µs Structure stability and dynamics

Enhanced Sampling Classical µs–ms Rare events, conformational transitions

Quantum Calculations Quantum fs–ps Charge transfer, absorption spectra

Hybrid QM/MMMethods Quantum + Classical ps–ns Light‐induced reactions in proteins

Nonadiabatic Dynamics Quantum + Classical fs–ps Ultrafast photochemistry

This section describes the main categories of computational approaches (shown in

Table 1.2 used inMD to study biological systems, including photoactive proteins.

Classical MD Simulations can be used to simulate the behavior of a molecular system as a

function of time. Integrating a set of differential equations derived from classical dynam-

icsenables the trajectory inphase space (i.e., the spaceofpositionsandmomenta) tobeob-

tained. MD simulations are based on classical Newtonianmechanics in order to describe

the motion of atoms. Each atom is treated as a point mass characterized by its position,

velocity, and acceleration [192–194].

Figure 1.8: The total potential energyU can be expressed as a sum of bonded and nonbonded interaction terms,
including harmonic bond stretching, harmonic angle bending, periodic torsional (dihedral) rotations, Lennard–
Jones, van der Waals interactions, and Coulombic electrostatic interactions. Molecular cartoons depict the cor‐
responding structural degrees of freedom associated with each term. Based on 2013 Nobel Lecture [195,196].
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In MD simulations, the potential energy function of a system is derived from empirical

force fields (FF). In the case of MD of proteins, the term ’force field’ is used to describe

the mathematical formulas and parameters that are employed to calculate the energy

of a protein as a function of its atomic coordinates [197]. The elements of typical FF

include various parameters (shown in the Figure 1.8), such as bond strain (a harmonic

potential that approximates Hooke’s law), angular deflection (a harmonic potential for

angles between bonds), dihedral torsion (periodic functions for rotation around bonds)

and non-bonded interactions (van der Waals: Lennard-Jones potential and electrostat-

ics: Coulomb’s law) [198–201]. Examples of popular force fields include CHARMM [202],

AMBER [203], OPLS [204], and GROMOS [205].

Popular software that uses the above-mentioned force fields to study protein stability,

conformational dynamics of biological systems [206], and protein-protein or protein-

ligand interactions [207,208] include GROMACS [209], NAMD [210], and AMBER [211].

As analytical solutions are impossible for large systems, numerical integration algo-

rithms such as Verlet, leapfrog and velocity-Verlet advance the system in discrete time

steps. These algorithms provide updated positions and velocities, producing a trajectory

of atomic motion. The aim is to achieve stability, accuracy and energy conservation with

minimal computational cost [212].

• Verlet integration is one of the longest-standing and most widely used schemes in

MD. The algorithmupdates positions using those fromprevious time steps [213]:

r(t+ ∆t) = 2r(t) − r(t− ∆t) + a(t)∆t2 (1.1)

The advantages of this algorithm are its simplicity, reliability and reversibility over

time. However, it requires additional reconstruction of the velocities [213].

• In Leapfrog, integration velocities are defined at half-step increments [214]:

v(t+ ∆t
2

) = v(t− ∆t
2

) + a(t)∆t (1.2)

r(t+ ∆t) = r(t) + v(t+ ∆t
2

)∆t (1.3)

This algorithm provides high numerical accuracy. Velocities ’leapfrog’ over posi-

tions to ensure optimal energymanagement. This is a common option inmanyMD

software packages. Interpolation is necessary because velocities are not available

at the same time point as positions [214].

• Velocity Verlet integration method combines the advantages of the Verlet method
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with the use of explicit velocity updates [213]:

r(t+ ∆t) = r(t) + v(t)∆t+ 1
2

a(t)∆t2 (1.4)

v(t+ ∆t) = v(t) + 1
2

[a(t) + a(t+ ∆t)]∆t (1.5)

The algorithmprovides high levels of accuracy and stability. Velocities andpositions

are defined within the same time step. It also facilitates coupling with thermostats

and barostats [213].

Free energy landscapes illustrate the thermodynamic stability and accessibility of

molecular conformations. They are based on the idea that biomolecular function is regu-

lated by transitions between different energy minima. They provide a multidimensional

representation of folding pathways, binding/unbinding transitions, and conformational

changes (escapingmetastable states) [215].

The whole procedure is more complicated in terms of photoactive systems, which, in

addition to the protein component modeled via force fields, also include non-standard

chromophore molecules requiring additional parametrization. This involves additional

quantum chemical calculations to provide essential information about the molecule,

such as bond lengths and angles, dihedral angles, and charge, as well as the connection

between the chromophoremolecule and the protein component [216–219].

Enhanced Sampling Techniques are used in situations where classical MD exhibits perfor-

mance issues related to the efficient sampling of conformational space. This problem is

caused by rough energy landscapes withmany localminima that are separated by energy

barriers higher than the thermal energy. These limitations may result in an inaccurate

representation of the system’s conformational states, which can hinder the analysis and

understanding of its functional properties. In order to correctly characterize the dynam-

ics and function of a system, MD simulations must cover all of its relevant states [27–29].

Such challenges are oftenovercomeusing enhanced sampling techniques, such as replica

exchange [220], umbrella sampling [221], and metadynamics [222]. These methods are

implemented in the PLUMED library, which can interface with many MD software pack-

ages [223–225].

The conformational space of biomolecular systems can be efficiently explored using

a classical enhanced sampling method known as replica exchange molecular dynamics

(REMD). This is achieved by performing a series of simulations (replicas) of the systemun-

derdifferent conditions, periodically exchangingconfigurationsbetween them. Thishelps
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to avoid local minima and sample a broad area of the energy landscape [226, 227]. For in-

stance, REMDhas beenused to efficiently sample PYP conformations inwork byVreede et

al. [228]. Moreover, REMD simulations of the LOV protein successfully reproduced essen-

tial structural changes associated with the light activation process observed experimen-

tally [229].

Umbrella sampling (US) is the first enhanced sampling method to apply an additional

bias potential to enhance the fluctuations of significant degrees of freedom [221]. In

the work of Bondanza et al. [230], the US-REMD approach was used to investigate the

molecular mechanisms of activation in orange carotenoid proteins. Furthermore, Not-

toli et al. [231] have combined a polarizable quantum mechanical approach with US to

demonstrate excited state intramolecular proton transfer in solvated 3-hydroxyflavone.

Toaccelerate the samplingofhigh-energyorpoorly visited states, time-dependentbias

potentials along a functionof a fewselecteddegrees of freedom, called collective variables

(CVs), are used [232–234]. CVs are selected parameters (e.g., torsion angles, distances, or

coordinates) that capture conformational transitions particularly relevant for the system

dynamics. Inmetadynamics, the bias potential is constructed by accumulating Gaussians

in CV space to improve the sampling and unravel the free-energy landscape (schematic

representation shown in Figure 1.9).

F(z)

CV z

Figure 1.9: Schematic representation of the conformational flooding scheme for computing the kinetics for the
transition from state A to state B [234]. Modified from https://atomistic-cookbook.org/.

CVs z are given by a set of d functions of the system coordinatesR:

z(R) = (z1(R), z2(R), ..., zd(R)). (1.6)

The bias potential at time t can be given by the following formula (based on theAlessan-

https://atomistic-cookbook.org/
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dro Barducci paper [232]):

VG(z, t) =
∫ t

0
dt′ ω exp

(
−

d∑
i=1

(zi(R) − zi(R(t′)))2

2σ2
i

)
, (1.7)

whereω is a rate of energy (expressed asGaussian heightW divided by a deposition stride

τG) and σi is the width of the Gaussian for the ith CV.

Gaussians effectively ’fill in’ localminima in the free energy landscape,making it easier

for the system to escape and explore new regions as illustrated in Figure 1.9. As the bias

accumulates, the system is pushed away frompreviously visited states, allowing it to over-

come energy barriers.

After the biased passage of the system through variousminima and energy barriers in

the free energy landscape, the free energy surface of the system must be reconstructed.

The bias potential is used as an approximation of the free energy of the system [232]:

VG(z, t → ∞) = −F (z) + C, (1.8)

whereC is an additive constant and the free energyF (z) canbedefined as following [232]:

F (z) = − 1
β

ln
(∫

dR δ(z − z(R))e−βU(R)
)
, (1.9)

whereβ = (kBT )−1,kB is theBoltzmannconstant, T is the temperatureof the systemand

U(R) is the potential energy function.

This methodology was employed to investigate the photoregulation mechanism of or-

ange carotenoid protein (OCP), which is linked to the carotenoid chromophore. This study

examined the conformational changes in OCP that facilitate carotenoid translocation and

interaction with the light-harvesting antenna [235]. Metadynamics has also been used to

design themolecular structures of photoswitches by efficiently exploring their conforma-

tional space, as demonstrated by Raucci et al. [236].

Another enhanced sampling technique used for the study of photoactive proteins

is variational enhanced sampling (VES) [237]. This technique has been employed to

study themechanism of phytochrome photoisomerization, with a particular focus on the

biliverdin IXα (BV)-bacteriophytochrome system and signal transduction pathways, as

well as thermal transitions [59]. This has been described in detail in Chapter 2.

Quantum Chemical Calculations significantly improve our understanding of photoactive

systems by providing detailed insights into the electronic structure and photochemical



111

1.3. COMPUTATIONAL METHODS FOR STUDYING PHOTOACTIVE PROTEINS | 25

properties of their chromophores [17]. Characterizing light absorption, excited-state

dynamics, and photoinduced reactions at the atomic level is possible with methods such

as time-dependent density functional theory (TD-DFT) [238,239] andmulti-configuration

approaches (e.g., CASSCF) [240]. Quantum calculations are crucial for understanding the

interactions between chromophores and their protein environments, including charge

transfer and polarization effects. These methods also support classical techniques by

providing amechanistic understanding of processes such as isomerization, fluorescence,

and energy transfer in photoactive proteins [241,242].

TD-DFT is a method that can be used to simulate how the electronic density of a sys-

tem responds to external factors, such as light absorption. Valuable insights into absorp-

tion spectra and excited-state properties are offered by its accurate description of elec-

tron transitions between ground and excited states [243,244]. The primary use of TD-DFT

is in the analysis of both absorption spectra and processes such as fluorescence and en-

ergy transfer. Understanding how protein environments affect the absorption spectrum

is also made easier by predicting shifts in the absorptionmaximum. The reliability of the

application of TD-DFT is dependent on the appropriate choice of detailed methodology.

In particular, DFT functionals should be benchmarked on molecules similar to the chro-

mophore [245].

Another approach, complete active space self-consistent field (CASSCF), is a wave

function-based method. It considers part of the electron correlation within a defined

active space, such as the static correlation energy, which goes beyond the single Slater

determinant approximation [246]. The active space for photoactive systemsencompasses

the crucial orbitals and electrons that participate in photochemical reactions, such as

the π and π∗ orbitals of the chromophore. The CASSCF wave function is obtained by

initially dividing the space of molecular orbitals into three separate categories: inactive

orbitals, active orbitals, and secondary orbitals. The active orbitals can be occupied in

any way, as long as the overall spin and spatial symmetry of the wave function are main-

tained [247, 248]. When optimizing the wave function, it is assumed that inactive orbitals

are doubly occupied and that secondary orbitals are empty. Post-Hartree-Fock methods

that include both static and dynamic electron correlation effects, such as CASSCF/CASPT2

and coupled cluster (CC) methods, are frequently applied to study photoactive phenom-

ena [249–252]. It is particularly important to include dynamic correlation effects if

accurate vertical excitation energies are to be correctly predicted for a chromophore

embedded in a protein environment. Methods for accurately modeling excited states

in small molecules, such as CC2 [253], and those related to the second-order algebraic

diagrammatic construction ADC(2) [254], are impractical for studying complex systems,
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including largemolecules of chromophores or proteins [255].

Due to the computational cost of quantum calculations for complex systems, the study

hasmainly focused on chromophores that can undergo photochemical reactions, such as

biliverdin [256–258], p-coumaric acid [259–261], and retinal [262,263].

Hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) Methods of simulations

are an essential tool for understanding photoreceptor proteins, since it is not possible

to study such large systems effectively using quantum calculations as the only method.

QM/MM enables the modeling of chromophores and their immediate surroundings. This

is achieved by applying more expensive quantum methods to describe the chemically

active parts of chromophores and their local environments. Classical MDmethods can be

used to study the rest of the system, which is the proteinmacromolecule [31, 195,264,265].

In order to apply such hybrid methods, the system under consideration must be divided

into twomain regions: the QM region, which contains the atoms that are directly involved

in themolecular process (e.g. the chromophore and the neighboring amino acids that sta-

bilize the chromophore’s position and form critical hydrogen bonds), and the MM region,

which covers the environment surrounding of the QM region (e.g. the remaining amino

acids that comprise the protein and the solvent). The QM part is treated using quantum

mechanical techniques (e.g., DFT and post-Hartree-Fock), while theMMpart is calculated

using classicalmolecularmechanics techniques based on predefined FF. The software for

QM/MM simulations is available in various packages, such as ORCA [266], Gaussian [267],

or ChemShell [268]. Programs such as AMBER-Gaussian [269], GGROMACS-CP2K [270,271],

AMBER/NAMD/GROMACS-TeraChem [272, 273] provide interfaces between classical and

quantum calculations.

The interface between the quantum and molecular regions is the primary challenge

when implementing these methods [248, 274]. Interaction between the two mentioned

regions is usually direct, so the total energy of the system cannot be defined as the sum of

the contributions of its component energies [275, 276]. The coupling between the QM and

MMregions determines the extent towhich the two subsystems interact and contribute to

the total energy of the hybrid system. This coupling can involve non-bonded interactions

(such as electrostatic and van derWaals) and bonded interactions (such as covalent bonds

crossing the QM-MM boundary). The total energy of the QM/MM system as a whole is ex-

pressed as [271,277]:

Etotal = EQM + EMM + EQM/MM, (1.10)

whereEQM is theenergyof theQMregion, calculatedusingaquantummechanicalmethod,

EMM is the energy of the MM region, calculated using a classical force field, andEQM/MM is
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the interactionenergybetween theQMandMMregions [271,278]. Several typesofQM/MM

coupling schemes canbedistinguished, suchasmechanical, electrostatic, andpolarizable

embedding [248,279].

In QM/MM systems, particularly those involving covalent bonds crossing the interface,

the boundary between the QM andMM regions is crucial. Failing to handle this boundary

properly can lead to nonphysical results. Non-covalent boundaries are usually treated us-

ing the electrostatic embedding coupling scheme, while van der Waals interactions are

handled classically using the MM force field. However, the treatment of boundaries pass-

ing through a covalent bond ismore complicated and can be achievedusing several strate-

gies, such as hydrogen capping, frozen orbitals, localizedmolecular orbitals, and effective

core potentials [280–283].

QM/MMmethods can be used to study light-induced processes in biomolecules. This

is an area of research that has grown in popularity in recent years [284–288]. The use of

QM/MMhasbeenparticularlywidespread in thestudyofPYP, coveringaspects suchaspro-

tonation, hydrogen bonds, and the absorption spectrum [273, 289–292]. Hybrid approach

has also been used to study other photoactive systems, such as channelrhodopsin [293],

rhodopsin [294–296], retinal [297,298], and biliverdin [258,299–302].

Nonadiabatic Dynamics (NAMD) methods allow the study of light-induced processes,

including excited-state dynamics, internal conversion, and photochemical reac-

tions [303, 304]. Photoactive proteins convert light energy into structural changes by

exciting embedded chromophores. Photochemical events, especially those near conical

intersections (CIs), involve strong coupling between electronic and nuclear motions,

resulting in nonadiabatic transitions. When a photon is absorbed, the system transitions

from the ground electronic state (S0) to one or more excited states (S1, S2, ...). Relax-

ation then occurs via nonadiabatic transitions, i.e. transitions between electronic states

that are coupled by nuclear motion and electronic–nuclear interactions. However, the

Born–Oppenheimermolecular dynamics approach, which assumes that electrons adjust

instantly to nuclear motion, is not applicable in such cases because the electronic and

nuclear degrees of freedom are strongly coupled [305–307]. The goal of nonadiabatic

dynamics is to simulate the time evolution of the nuclei and electrons simultaneously.

This involves tracking the population transfer between the electronic states and the

structural relaxation that leads to photochemical outcomes [308,309].

The mathematical framework of NAMD is based on solving the time-dependent

Schrödinger equation (TDSE). This is usually achieved by using the Born–Oppenheimer

approximation and othermethods formodeling complexmolecular systems [307].
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Asmentioned, NAMD’s description begins with TDSE:

ℏ
∂Ψ
∂t

= Ĥ(r,R)Ψ(r,R, t), (1.11)

where: ℏ is the reduced Planck constant, Ĥ(r,R) is Hamiltonian operator describing the

system’s total energy, andΨ(r,R, t) is the total wavefunction (electronic r and nuclearR
coordinates) [307,310].

In terms of Born–Oppenheimer Expansion the total wavefunction Ψ(r,R, t) is ex-

panded in terms of a basis set, which involves electronic and nuclear wavefunctions in

either the adiabatic (ψa) or the diabatic (ϕa) representation [307,310]:

Ψ(r,R, t) =
∑

a

ψa(r,R)χa(R, t) =
∑

a

ϕa(r)χ′
a(R, t), (1.12)

where: ψa(r,R) is the electronic wavefunction in the adiabatic representation, ϕa(r) is
the electronic wavefunction in the diabatic representation,χa(R, t), andχ′

a(R, t) are the
corresponding nuclear wavefunctions [307,310].

The adiabatic electronic wavefunctionsψa(r,R) and their corresponding eigenvalues,
Ea(R) (the Potential Energy Surfaces, PESs), are obtained by solving the static electronic
Schrödinger equation. Using this expansion in the TDSE provides coupled differential

equations for the nuclear wavefunctionsχa(R, t) [311].
The coupling between different electronic states is mathematically described by the

non-adiabatic coupling vector dab(R) (NACR).

dab(R) = ⟨ψa(r,R) | ∇Rψb(r,R)⟩r. (1.13)

This coupling is the result of the nuclear kinetic energy operator acting on the electronic

wavefunctions. When the adiabatic energy gap |Eb(R)−Ea(R)| becomesmarginal (near

avoided crossings or conical intersections), the NACR terms couple the PESs, indicating a

breakdown of the Born–Oppenheimer approximation. The NACR can be explained using

theHellmann–Feynman theorem [312,313].

As the exact solution to the nuclear TDSE is computationally challenging for large

systems due to its exponential scaling with dimension, NAMD relies on approximations,

primarily mixed quantum-classical methods. This methodology employs a classical

approach to the treatment of nuclei, while electrons are handled within the framework

of quantum mechanics. The two most popular mixed quantum-classical methods are:

Ehrenfest dynamics [314,315] and fewest switches surface hopping (FSSH) [316,317].
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1.3.3 Machine Learning Base Methods

ML have become a revolutionary approach in the computational study of photoactive

proteins (see Table 1.1 and Figure 1.2), which undergo complex photoinduced processes

such as electronic excitation, isomerization and proton or electron transfer. In order to

model these events with high accuracy, it is essential to calculate electronic and nuclear

degrees of freedom. This is usually achieved through QM and MD simulations. However,

such approaches remain computationally demanding for large protein–chromophore

systems and for capturing the broad range of relevant timescales. To overcome these

limitations,ML offers a data-driven approach that complements and enhances traditional

simulation techniques [318,319].

ML models can learn potential energy surfaces (PESs) and associated forces directly

from QM reference data [318, 320]. They can accelerate molecular simulations by replac-

ing or augmenting costly electronic-structure calculations [321], predict photophysical

properties such as excitation energies, fluorescence lifetimes and spectral shifts with

near-quantumaccuracy [322,323], andautomate theanalysisof large-scalesimulations to

reveal structure–function relationships [324, 325]. By combining statistical learning with

theoretical principles, ML-based approaches offer an effective fusion of computational

efficiency and physical accuracy. This synergy is transforming the field of computational

photobiology by enabling the investigation of photoactive systems on a scale that was

previously beyond the scope of conventional theoretical frameworks [318,319,326].

ML is a broad field of computer science that includes a variety of algorithms which en-

able computers to extract patterns and make predictions from data. In photoactive pro-

tein modeling, ML approaches can be categorized into three main types: supervised, un-

supervised and reinforcement learning. Each type offers unique advantages for analyzing

structure–function relationships and light-driven dynamics [327–329]. Supervised learn-

ing involves training a model using labeled datasets, where the desired output is known

for each input. The algorithm learns the relationship betweenmolecular descriptors and

targetpropertiesbyminimizingpredictionerrors in the trainingdata [330–332]. Unsuper-

vised learning aims to identify hidden patterns, clusters or reduced-dimensional repre-

sentations within unlabeled data. As thesemethods do not require explicit target outputs,

they are especially effective at discovering novel features in high-dimensional molecular

simulations [328, 333]. Reinforcement learning is a concept that describes how an algo-

rithm learns to make choices through interaction with an environment. Rather than rely-

ing on labeled data, themodel receives feedback in the form of rewards or penalties, opti-

mizing strategies that achieve long-term objectives [334–337].

A variety ofML frameworks have been developed and adapted for the study of different
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types of protein. These frameworks differ in terms of their learning objectives, data

requirements and integration with physical modeling approaches [338]. Neural network

potentials (NNPs) are one of the most commonly implemented ML approaches for accu-

rately reproducing potential energy surfaces (PESs). When trained on datasets obtained

from ab initio calculations, NNPs learn the mapping between atomic configurations and

their associated energies or forces [339–341]. Frameworks such as Behler–Parrinello

neural networks [342], and ANI [343] have demonstrated great versatility across differ-

ent chromophore environments. Graph neural networks (GNNs) treat molecules and

proteins as networks of nodes and edges, where the nodes represent atoms and the

edges represent bonds or spatial relationships. This representation intuitively captures

both chemical topology and the impact of the local environment [344]. Kernel-Based

and Gaussian Process Models offer a mathematically transparent alternative to deep

neural networks. These models interpolate between known quantum chemical data

points to predict energies, forces, and spectroscopic observables while also providing

uncertainty estimates [345, 346]. Generative models have become increasingly popular

in inversemolecular design. By learning the relationships between sequences, structures

and properties, these models can suggest new chromophores, predict the effects of

mutations, and design synthetic variants with specific photoresponses. This can support

the development of new optogenetic tools and photoactive drug compounds [347–349].
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2.1 Introduction

B ACTERIOPHYTOCHROMES (BphPs) belong to the phytochromes family (Table 1.1).

BphPs have been found in both photosynthetic and non-photosynthetic bacteria.

This indicates that their function is not restricted to photosynthesis, but also

involves general environmental light sensing. They are present in purple phototrophic

bacteria, cyanobacteria, and green sulfur bacteria [350–352]. Their function is to optimize

photosynthetic and metabolic processes by perceiving light. They also help with chro-

matic acclimation, which involves adjusting the light-harvesting complexes in response

to environmental light conditions. They can often regulate light-dependent behavioral

or pathogenic responses, such as adhesion to surfaces, migration, colony formation, and

gene expression [353–356]. BphPs are light-sensitive proteins that act as a molecular

switch. They transition between two forms: the dark state (Pr, which absorbs red light at

around 660 nm) and the illuminated state (Pfr, which absorbs far-red light at around 700

nm). They have covalently bound a linear tetrapyrrole chromophore, which is typically

biliverdin IXα (BV) [47,58,59].

2.1.1 Structure of Bacteriophytochromes

Figure 2.1: Structure of bacteriophytochrome A) in the Pr state, B) in the Pfr state with PAS domains in indigo,
GAF in dark green, and PHY in purple, biliverdin in stick representation colored according to atom type with
carbons in lime. The sites of the greatest conformational changes in both structures are marked with circles.

Bacteriophytochromes (BphPs) are sensory proteins that exist as dimers, composed of a

highly conserved photosensory core and variable output domains. Their structure allows
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them todetect red and far-red light via a biliverdin chromophore, and to convert this infor-

mation into biological responses through structural changes and enzymatic activity. The

Photosensory CoreModule (PCM) comprises three highly conserved domains arranged in

a linear order: PAS–GAF–PHY (as shown in Figure 2.1) [351,357–359].

The PAS Domain is present in all living organisms [360]. The PAS domain name refers to

the threeproteins inwhich thedomainwas first discovered: Per (period circadianprotein),

Arnt (aryl hydrocarbon receptor nuclear translocator protein), and Sim (single-minded

protein) [19]. The core architecture of the PAS domain was first characterized in the

structure of the photoactive yellow protein (PYP) in 1998 (see Chapter 3 for more details).

The PAS domain functions as a molecular sensor, binding small compounds and other

proteins. In BphP, it stabilizes the orientation of the chromophore-binding domain (GAF)

by acting as a structural scaffold (Figure 2.1 illustrates the spatial orientation of both

domains).

The GAF Domain, the same as in the case of the PAS domain, it was named after the

proteins it is found in: cyclic guanosine monophosphate (cGMP), phosphodiesterase–

Adenylate, and cyclase–FhlA [361]. The GAF domain is a highly conserved site among all

phytochromes. It plays a crucial role in determining the spectral properties and kinetics

of photoswitching. It is the location of the primary chromophore binding site, where

biliverdin IXα is covalently linked with a conserved cysteine residue (the Chromophore

Binding Domain (CBD) as illustrated in Figure 2.3. The pocket formed by the amino acids

stabilizes the chromophore and plays a role in photoisomerization [362–365].

The PHY Domain is the phytochrome-specific part of the protein. It contains a flexible

’tongue’ region that undergoes a major conformational change during photoconversion.

This improves the efficiency of the photocycle’s reversibility and thermal reversion [366–

368].

The Output Domains which are located C-terminal to the PCM, exhibit species-specific

variation and define the functional role of BphP in cellular signaling. Examples of com-

mondomains includehistidinekinases [369,370], diguanylatecyclases [367], guanylatecy-

clases [371], phosphatase domains [366], andDNA-binding transcription factors [372,373].

The ability of phytochromes to combine different domains enables them to perform vari-

ous functions in response to light.

2.1.2 Chromophore ‐ Biliverdin IXα

Biliverdin IXα (C33H34N4O6, 582.65 g/mol) (BV) is the main light-absorbing chromophore

found in most bacteriophytochromes. It plays a key role in the perception of red and far-

red light, converting photon energy into a structural change that initiates signaling path-
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ways [59,367]. It consists of fourpyrrole rings (A–D) inanopen-chainconformation,which

are connected by methine bridges (illustrated in Figure 2.2). Of the four possible isomers

(IXα, IXβ, IXγ, and IXδ), only IXα is biologically relevant in phytochromes. Biliverdin IXα

is formed as a result of enzymatic heme cleavage by heme oxygenase (HO). The IXα iso-

mer is formed by cutting the α-methine bridge between pyrrole rings A and D, as shown

in Figure 2.2 [352,374,375].

Figure 2.2: The structure of biliverdin A) in the Pr state in the ZZZ form, B) in the Pfr state in the ZZE form. The
angles (Ψ and Φ) around which rotations resulting from photoisomerization occur are marked with arrows on
the structures.

BV’s strong light-absorbing characteristics are a result of extensive π-electron delocal-

ization along the methine bridges. The action of BphP is based on the unique properties

of BV related to its reaction to light. BV exists in a ground state (Pr) that absorbs radiation

in the red spectrum (~660 nm). Upon absorbing red light, BV undergoes ZZZ→ ZZE (trans

→ cis) isomerization in the C15=C16 double bond (between rings C and D). This results in

D-ring rotation and the formation of an illuminated state (Pfr), which absorbs radiation in

the far red range (~730 nm). The absorption peaks differ depending on the protein envi-

ronment in which the chromophore is located, especially the GAF domains, as well as on

specific interactionswithaminoacid residuespresent in thechromophorebindingpocket.

Over time, the light-induced Pfr state can revert to the Pr state through a process of ther-

mal reversion (thekineticsofwhichdependon theproteinenvironment). This reversibility

enables cells to detect and respond to light dynamically [59,351,352,367,374].
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2.1.3 Chromophore‐Protein Interaction

The function of phytochromes is determined by the interaction between the BV

chromophore and the amino acids surrounding the CBD. This determines the chro-

mophore’s position, photoconversion efficiency, and signal transmission to the output

domains [366].

Figure 2.3: Clope‐up view on chromophore binding pocket A) of BphP in the Pr state with biliverdin in the ZZZ
form, B) of BphP in the Pfr state with biliverdin in the ZZE form. The semi‐transparent protein structure is colored
according to domains, while the structures of amino acids forming the CBD are colored according to atom type,
amino acid carbons in gray, and biliverdin carbons in black.

In theGAFdomainofBphPproteins, BV is located in theCBDand isboundviaa thioether

bond between ring A of BV and the thiol group of conserved cysteine Cys24. This can be

seen in Figure 2.3 [59]. Additionally, the chromophore is stabilized by a network of hydro-

gen bonds and electrostatic interactions. Stabilizing hydrogen bonds typically form be-

tween the side chains of histidine, aspartate, tyrosine, and serine, and the side chains of

propionate (rings A and D), pyrrole nitrogen atoms, andmethine bridge atoms. Other sta-

bilizing interactions are also identified, includingπ−π stacking and hydrophobic interac-

tions. Aromatic residues (e.g., phenylalanine, tyrosine, and tryptophan) interact with the

flat arrangement of tetrapyrrole rings via π − π interactions [351,358,362,376–378].

2.1.4 Photocycle and Mechanism of Signal Transduction

The ground state of the protein before radiation absorption is the Pr statewith a covalently

bound chromophore in theZZZ conformation. This complex is sensitive to radiation in the

red light range (~660nm). Following theabsorptionof radiationbyBV,photoisomerization

occurs, changing the conformation fromZZZ in thePr state toZZE in thePfr state. Thepho-

toconversion of BV from Z to E takes place around the double bond between C15 and C16,

which results in the rotation of the D [301, 367]. Additionally, there are indications that a

single bond between C14 and C15 may be able to rotate [379]. Conformational changes in
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the chromophore induced by exposure to red light induce a rearrangement of the hydro-

genbondnetworkpattern inCBDandchanges in thepositionof theremainingaminoacids

of the GAF domain [59, 350, 357]. The signal of conformational changes then propagates

through the helical spine according to Isaksson et al., 2021 [380] and through the tongue

region according to Takala et al., 2014 [47]. The chromophore undergoes a conformational

change upon photon absorption, resulting in significant alterations to the protein’s sec-

ondary structure. Specifically, the secondary structure of the PHY ’tongue’ region shifts

from a β-sheet (Pr) to an α-helix (Pfr). This changes the orientation of the PHY domain in

relation to the PAS–GAF region [47, 59, 380]. Changes caused by the photoisomerization

of BV result in the formation of Pfr states that are sensitive to far-red radiation (~700 nm).

The reversible transition betweenphytochrome forms is essential for the proper function-

ing of the protein and the occurrence of metabolic processes. After absorbing the far-red

photon, a transition from thePfr state to the Pr state occurs. In the absence of far-red light,

Pfr can thermally revert to Pr over time. Protein conformational switches, triggered by sig-

nal transmission,modulate biological processes such as gene expression, enzymeactivity,

andmotility [58,351,381]. A diagram in Figure 2.4 illustrates the described photo cycle.

Figure 2.4: The reversible photocycle of phytochrome. Illuminating Pr phytochrome with red light produces the
primary photoproducts: lumi‐r and meta‐r. These are subsequently converted to Pfr. Pfr can be converted into
Pr by illumination with far‐red light to produce lumi‐fr and meta‐fr, which then convert to Pr, or via a subsequent
thermal process known as dark thermal reversion, which is known to occur in canonical phytochromes.

2.1.5 Purpose and Scope of the Chapter

This chapter aims to investigate the early stages of mechanical signal transduction in the

canonicalBphP-BVcomplexand themetastable statesof thephotoproductsPrandPfr. MD

simulations with enhanced sampling were conducted to overcome the high free energy

(FE) barrier of the initial photoisomerization event. This allowed the non-equilibriumcon-

figurations visited by the BphP-BV complex in the Pr and Pfr conformations to be sampled
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effectively. The simulations focused on the Pr and Pfr conformers, beginning with their

equilibrium configurations, i.e., the state of Pr before photoisomerization and the state of

Pfr after the initial photochemical event.

This chapter presents evidence that the Pr and Pfr conformers have notably differ-

ent free energy (FE) landscapes. Metastable states within these landscapes allow for

temperature-dependent transitions associated with dark thermal reversion. These tran-

sitions proceed via an intermediate state (Pfr), which is caused by the rotation of Arg466,

His467, and Ser468 from the tongue region.

This study also highlights the key thermodynamic role of the protein environment in

the formation and expansion of importantmetastable states in Pfr.

Additionally, it was observed that enhanced local fluctuations of the BV chromophore

contribute to nanoscale conformational movements in BphP, consistent with two experi-

mentally determined signal transduction pathways (Takala et al., 2014 [47] and Isaksson et

al., 2021 [380]).
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2.2 Materials and methods

2.2.1 Models

EachMDsimulationwasperformedusing theGROMACS2018.1 code [209]with thePLUMED

2.8 plug-in [224, 382]. X-ray structures of Pr and Pfr were used as the starting models of

BphP-BV complexes (Figure 2.1): Pr (PDB 4O0P [47], dark state; ~660 nm red light absorp-

tion) and Pfr (PDB 4O01 [47], illuminated state; ~700 nm far-red light absorption). The

models consist of PAS-GAF-PHYdomains (linking the PAS-GAF to the PHYdomain via two

ways: a long α-helical spine and the so-called tongue region [47, 380]). They also have a

chromophore covalently attached to CYS24 in the form of a biliverdin IXαmolecule (the

mentioned structures shown in the Figure 2.2).

The GROMACS topology for BV originates from Modi et al. work [301], where the au-

thors performed ab initio quantum chemical calculations to parameterize BV in the ZZZ

and ZZE states. The chromophore BV is modeled with protonation of all nitrogen atoms,

as suggested in the reference work [301]. The complexes were solvated with TIP3P water

molecules model [383] in a box with water margin of the 0.7 nm along all axes. The sys-

temswereneutralizedwith a concentration ofNa+ andCl− ions of 0.15M. The simulations

were performed using the AMBER03 force field [384]. In each simulation, an integration

time step of 2 fs was used. Periodic boundary conditions were applied. LINCS [385] was

used to constrain hydrogen bonds, including those between heavy and hydrogen atoms in

the protein and chromophore, as well as O−H and artificial H−H bonds in the rigid TIP3P

water model. Long-range electrostatic interactions are handled using the particle-mesh

Ewald method [386] with cutoffs of 1.2 nm for both electrostatic and nonbonded van der

Waals interactions. The complexes wereminimized for 5000 steps until convergencewas

achieved. Then, the systemswere equilibrated using a velocity rescaling thermostat [387]

at 300Kwith a relaxation time of 1 ps to simulate the canonical ensemble (NVT). Next, 200

ns of unbiasedMD simulations were performed for each protein-chromophore system to

check the level of thermal fluctuation in the equilibriummetastable state.

2.2.2 Enhanced Sampling Simulations

Enhanced MD simulations were performed using variationally enhanced sampling [237]

(VES), which is part of amodule VES implemented in PLUMED 2.8 [224,382].

https://www.rcsb.org/structure/4O0P
https://www.rcsb.org/structure/4O01
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Variationally Enhanced Sampling (VES)

In the canonical ensemble, themicroscopic coordinatesR are sampled from the Boltz-

mann distributionP (R) ∝ e−βU(R), where β is the inverse temperature andU(R) is the
potential energy function. Since molecular systems are multidimensional (3N , whereN

is the number of atoms), a small set of collective variables (CVs), z(R), has been identified
to reduce their dimensionality. Themarginal equilibrium of the distribution of z can to be
expressed as follows:

P (z) =
∫
dRδ[z − z(R)]P (R) = ⟨δ[z − z(R)]⟩U , (2.1)

where δ[z − z(R)] is the Dirac delta function and ⟨δ[z − z(R)]⟩U is the ensemble average

under the potentialU(R).

In systems with sampling issues, (i.e., systems characterized by the presence of

metastable states), the free energy (FE) landscape,F (z) = − 1
β logP (z), consists of many

metastable states separated by energy barriers higher than thermal energy. The system

remains kinetically trapped and unable to explore the CV space on a timescale that can be

simulated. In such cases, it is extremely difficult to achieve convergence using standard

MDmethods.

Enhanced sampling methods based on CV can be used to alleviate the sampling

problem. These approaches introduce a bias potential V (z) that acts in the z space. This

changes the sampling probability fromP (z) to the following:

PV (z) =
⟨
δ[z − z(R)]

⟩
U+V

. (2.2)

Therefore, this approach is referred to as non-Boltzmann sampling.

In the VES method developed by Valsson and Parrinello [237], a functional dependent

on the bias embedded in the CV space z, is optimized:

Ω[V ] = 1
β
log

(∫
dz e−β[F (z)+V (z)]∫

dz e−βF (z)

)
+
∫
dzpT (z)V (z), (2.3)

where pT (z) is the target distribution towhich the sampling is biased. Equation 2.3 shows

that, up to an immaterial constant,F can be given as follows:

F (z) = −V (z) − 1
β

log pT (z), (2.4)

when V is such thatΩ[V ] is stationary. If we assume that pT is uniform, we simply obtain

F = V . In this case, findingF (z) is possible byminimizingΩ[V ]. Another option to calcu-
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lateF (z) is the standard umbrella-sampling reweighting [221]:

F (z) = − 1
β

log
⟨

eβV (z) δ[z − z(R)]
⟩
, (2.5)

where the statistical weights associatedwith z are given by eβV (z). The VES approach typi-

cally involves representing V (z) as a linear combination of basis functions [237].

Simulations

The parameters used to run the simulation remained unchanged (the same as in the

case of unbiased simulations in the previous subsection 2.2.1). Enhanced sampling simu-

lationswere carried out for 500ns for the Pr and Pfr forms of the BphP-BV complex. While

simulations of BV chromophores, without a protein environment in ZZZ and ZZE confor-

mations,wereperformed for 200ns. Thebias in the simulationsperformedwaspresented

as a Fourier series:

Vα(z) =
∑

k

αk eikz (2.6)

where α = [α−N , ..., αN ] are real variational coefficients and z ≡ (Φ,Ψ) and represents
the set of the biased variables (Figure 2.2). The expansion orderwas used asN = 10, the pe-

riodic domain of the basis set as [−π, π], and k ≡ [k1, k2, ...], where each term goes from

−N to N [17, 237, 301]. A uniform pT distribution was used as the target probability dis-

tribution, which should be obtained after simulation convergence. The functional [V α] (a
detailed definition and description can be found in the section on Variationally Enhanced

Sampling (VES) 2.2.2) was optimized using stochastic gradient descent (SGD) [388] with a

learning rate of µ = 0.1 and a step size of 1000.

2.2.3 Data Analysis and Visualization

GROMACS2018.1 [209]with thePLUMED2.8plug-in [224,382]wereused toanalyzeall atom-

istic trajectories. To avoid statistical weights eβV imbalance caused by the initial rapid

changes in deviation values, the first 10 ns of the simulationwere discarded from the anal-

ysis. The remaining samples are used to create free energy landscapes. The weights are

scaled to a range from0 to 1 to avoid numerical problems.

ThequantitativedifferencesbetweenFEPrandPfr landscapeswere calculatedbyusing

integrating over themetastable aggregate probabilities:

∆F = − 1
β
log

(∫
k
dz e−βF (z)∫

l
dz e−βF (z)

)
, (2.7)

where integration domains correspond to the regions in the CV space that represent
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the metastable states k and l, respectively. Calculating FE differences required selecting

CV samples from metastable states. Therefore, only CV samples belonging mainly to

metastable states were initially selected, using a threshold value to filter out CV samples

with high statistical weights. The rest of the samples are not important because their

weight decreases significantly with energy, according to the Boltzmann factor. The

important CV samples are then grouped into metastable states using clustering. The

calculation of FE differences between the corresponding metastable states in Pr and Pfr

was performed based on the following scheme.

1. A histogram of CV samples was created and transformed into an FE landscape us-
ing F (z) = −β−1 logP (z). The histogram was reweighted with statistical weights
w(z) = eβV (z).

2. CV samples above the threshold value (70 kJ/mol) were rejected in order to prepare
a training data set for clustering. CV samples had negligible value ofw(z) = eβV (z).

3. The remaining CV samples were grouped for different numbers of clusters, and sil-
houette analysis was used to find the optimal number of clusters. Silhouette analy-
sis is amethodused to evaluate thequality of clusteringbymeasuringhowwell each
data point fits within its assigned cluster compared to other clusters.

4. The FE differences between pairs of metastable states were calculated using the
equation 2.7.
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2.3 Results

2.3.1 Collective Variables for Enhanced Chromophore Dynamics

The aimwas to investigate how themechanical signal propagateswithin the protein struc-

ture in Pr and Pfr conformations. Therefore, only the chromophore dynamics were en-

hanced. The first stepwas selecting the relevant degrees of freedom for the chromophore

embedded in the CBD region of the BphP protein. For this reason, a set of generalized vari-

ables was created to describe the chromophore’s dynamics quantitatively in the CBD re-

gion of the BphP protein. CVs are the term used to describe these generalized variables.

The main change in the BV chromophore upon the transition from ZZE to ZZZ occurs be-

tween the C- and D-ring pyrroles (shown at Figure 2.2). Therefore, the first CV considered

was the dihedral angleΦ (highlighted in the Figure 2.2), which is involved in the rotation of

theD-pyrrole ringaround thedoublebondbetween the twocarbons (C15=C16) [47,65]. Due

to its potential involvement in the photoisomerization of the chromophore, the dihedral

angle Ψ (Figure 2.2) describing the rotation of the D-pyrrole ring around a single carbon

bond (C14-C15) was chosen as the next CV [376,389].

Once the CVs were identified, a 200 ns of unbiased MD simulation was performed at a

temperature of 300 K to verify the stability of the Pr and Pfr forms. The equilibrium fluc-

tuations of the CVs in the Pr and Pfr X-ray conformations were also observed during the

simulation. Within 200 ns, it was found that the systems are kinetically trapped in X-ray

structure basins, and thermal fluctuations of Pr and Pfr do not allow for the exploration of

othermetastable states. The enhanced sampling simulations were the subject of the next

part of the study. These simulations were conducted at a temperature of 300 K for 500 ns

for both of the protein-chromophore complex conformations and for 200 ns for the chro-

mophore in solution, excluding the protein environment.

2.3.2 Thermodynamical Landscapes from Variational Sampling

Figure 2.8 illustrates the FE landscapes estimatedusing theumbrella reweightingmethod.

FEprofilesof thesystemswerecalculatedby integratingoutunusedCVsalong thedihedral

anglesΦ andΨ. The deepest FEminimumwas placed at 0 kJ/mol in each landscape. This

was done by analyzing the difference between global FE minima and maxima in both Pr

and Pfr.

To evaluate the convergence of the enhanced sampling simulations, itwasnecessary to

verify whether the simulations effectively explore the CV space. For BphP-BV, both simu-

lations repeatedly intersected the CV space after 500 ns, as shown in Figure 2.5. The simu-
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lation’s convergence is achieved earlier in the case of the BV chromophore when it is in a

solvent without a protein environment (Figure 2.6).

Figure 2.5: Time‐series of theΦ andΨ CVs for the Pr and Pfr conformers for the chromophore in protein envi‐
ronment. The first 10 ns are not shown because the statistical weights were not equilibrated (from Rydzewski
et al. [59]).

Figure 2.6: Time‐series of theΦ andΨ CVs for the Pr and Pfr conformers for the chromophore in solvent. The
first 10 ns are not shown because the statistical weights were not equilibrated (from Rydzewski et al. [59]).

In the final stageof the simulation, transitions inCVspaceoccurmuchmore frequently

because the deviation potential causes the dynamics to behave similarly to diffusion.
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Figure 2.7: (a) Statistical distance, DF [F (z), F (z)], used to compare FE landscapes on a global scale. Here,
the FE landscapes Pr and Pfr are used as F (z) and F ′(z), respectively. FE landscapes are calculated based on
samples up to time t. (b) FE differences between the correspondingmetastable states in Pr and Pfr are calculated
using Equation 2.7. The names of the metastable states are shown on the x‐axis (from Rydzewski et al. [59]).

Figure 2.8 shows the FE landscapes associated with CV deviation for both states of the

system: Pr and Pfr. The white dots visible in the diagrams correspond to X-ray structures

from the original PDB files (Pfr, 4O0P, and Pr, 4O01). In addition, Figure 2.8 shows the FE

landscapes of the ZZZ and ZZE conformations of the BV chromophore without the protein

environment. The FE profiles along each CV are shown in Figure 2.9.

Figure 2.8: Free energy calculated by biasing the dihedral angles Φ and Ψ (in radians) using variationally en‐
hanced sampling (VES) for different photoactive conformers of BphP‐BV: (a) the Pr form (PDB:4O01 [47]) and
(b) the Pfr form (PDB:4O0P [47]). The X‐ray structures from the PDB are represented by white dots. In the
lower part, FE landscapes for the chromophore in solvent are shown in (c) ZZZ and (d) ZZE (from Rydzewski et
al. [59]).

https://www.rcsb.org/structure/4O01
https://www.rcsb.org/structure/4O0P
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Figure 2.9: The first column shows the free energy profiles for the Pr and Pfr conformers of the BphP‐BV complex,
and the second column shows the free energy profiles for the chromophore without the protein environment.
These profiles were calculated from the FE landscapes of the Pr and Pfr conformers in dihedral angle space (Φ,
Ψ) in radians (from Rydzewski et al. [59]).

Figure 2.10: Naming convention: the labels visible next to the structures of BV correspond to the names of the
metastable states used for Pr and Pfr and the respective conformations: corner Sc, vertical Sv , horizontal Sh,
and middle Sm (from Rydzewski et al. [59]).

Figure 2.10 shows the naming convention used in this work, which illustrates BV con-

formations corresponding to locations on the FE landscape of BV in solution. Metastable

states are designated in the followingorder: Sm (middle),Sv (vertical),Sh (horizontal), and

Sc (corner). The Sh and Sm metastable states have also been identified as the X-ray struc-

tures of the Pr and Pfr states, respectively. The metastable state of Sm is defined as a sin-

gle superstate, rather than two separate states. However, it consists of two substates with

a relatively low energy barrier and frequent conformational transitions (as illustrated in

Figure 2.8 and Figure 2.10).
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AsshowninFigure2.8andFigure2.10, theEF landscapes for thePrandPfr statesconsist

of fourmetastable states located in similar CV regions, separated by high energy barriers.

Uponcloser analysis of Figure 2.8, it becomesevident that there arenoticeable differences

between the FE Pr and Pfr stateswhen a chromophore is bound to the protein. The change

in theFE landscapesof thechromophore-proteincomplex is causedby the interactionsbe-

tween the BV chromophore and the amino acids that form the CBD, as shown in the Pr and

Pfr crystallographic structures. Furthermore, as shown in Figure 2.8, the FE landscapes

of the chromophore itself in the solvent do not demonstrate any differences between the

ZZZ andZZE forms. Despite the initial samplingofSm, it is clear that theZZE chromophore

form transitions at 0 kJ/mol to themore preferredmetastable state,Sh. It can also be seen

that the ZZZ and ZZE chromophore forms have the highest FE barrier in the solvent, at ap-

proximately 125 kJ/mol (as shown in Figure 2.8). The calculated FE barriers are higher for

BV in a protein environment than for the chromophore in solution alone. The presence of

amino acids in the protein environment appears to provide interactions that restrict the

rotation of the D ring, thereby increasing the energy barriers. The FE barrier is highest for

Pr at approximately 140kJ/mol, and forPfr at approximately 125kJ/mol (seeFigure2.8). The

highest free energy (FE) barriers of the Pfr and Pr forms of the chromophore in the solvent

are similar to thePfr state barriers of the chromophore-protein complex. This observation

suggests that the chromophore may exhibit a wider range of conformational freedom in

the Pfr form of CBD compared to the Pr form. Figure 2.11 shows that the BphP-BV complex

in the Pfr form has lower FE barriers than the isolated BV chromophore. Based on the FE

landscapes (Figure 2.8) and FE profiles (Figure 2.9), it is clear that both CVs are necessary

to distinguish all distinctmetastable states.

Figure 2.11: Protein constraint effect on FE landscapes of the Pr and Pfr conformers estimated by calculating
differences between FE landscapes of the protein‐chromophore complex and the isolated chromophore (from
Rydzewski et al. [59]).
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2.3.3 Metastable States

Despite the fact that the metastable states containing the X-ray structures of the Pr and

Pfr conformations are located in the same CV regions (Figure 2.8), they differ significantly

from each other. As Figure 2.8 shows, this difference is indicated by a change in the

metastable X-ray states, i.e., states that are filled with X-ray chromophore conformations.

It is important to note that the Pr X-ray state is slightly shifted relative to the FE basin

minimum. For the Pr conformer, the Sm state is characterized by low FE values. On the

other hand, the crystallographic state for Pfr is themetastableSm state.

The change in X-ray states can be reduced to a rotation of the dihedral angle, denoted

byΦ, of approximately 180degrees. The linear approximation of this transition shows that

there is almost no change in the dihedral angleΨ.

Upon analyzing the Figure 2.7b, significant FE differences were found between Pr and

Pfr. DifferencesarecalculatedbycomparingPrwithPfr. Anegativevalue indicates that the

state ismore predominant in Pr, and a positive value indicates that the state ismore com-

mon in Pfr. The largest FE difference happens between states Sm and is about 25 kJ/mol.

Thismetastable state has a lower FE basin in Pfr than in Pr. This can be justified by the fact

that theX-ray structureof Pfr belongs to theSm state. Minordifferences (15–20kJ/mol) are

observed in the case of Sh and Sc. This is especially interesting since Sh is the X-ray state

of Pfr. Theonly statemore favorable toPr isSc, which is definedbya lowerFE thanSc in Pfr

(Figure 2.7b). These findings support previous analyses (Figure 2.8) and suggest that the FE

landscapes of Pr and Pfr are substantially different.

2.3.4 Crossing Free Energy Barriers and Dark Thermal Reversion

In canonical phytochromes, in addition to photoconversion occurring between the Pr and

Pfr states, a one-way thermal pathway is often seen that makes it possible to return from

the Pfr state to the Pr state [65,367]. Only BV-binding BphPs with a resting Pr state exhibit

Pfr structural heterogeneity of the chromophore, which is determined by a temperature-

dependent equilibrium. Thismay be related to the chromophore’s ability to undergo ther-

mal isomerization and revert to its original state, Pr. This dark reversion is a rare event. It

occurs over a specific timescale that depends on the type of phytochrome. This process

can take anywhere fromminutes to hours [390,391].

As mentioned earlier, the Pfr form (Sm) crystallographic state has two substates that

frequently transition between each other. The first substate includes the X-ray conforma-

tion of Pfr, while the second substate is divided from theX-ray substate by a low FE barrier

(as shown in Figure 2.8). This is in opposition to the Sm state of Pr, which is unpopulated
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compared to its X-ray state (Sh). One possible pathway involves the X-ray substate of Pfr,

which goes through the intermediate state and the Sh metastable state. This metastable

state has a similar FE to that of the X-ray state of Pr. This kind of shift relates to the dark

thermal reversion fromPfr to Pr. It ismore likely than the conversion from the X-ray state

of Pr to the Sm metastable state, since the FE barrier separating these states is consider-

ably higher for Pr.

Furthermore, the time scales for the thermal reversions are in the range of seconds for

the dark thermal reversion of Pfr to Pr and hours for the thermal reversion from Pr to Pfr.

These timescales indicate that theprobabilityofobserving the thermal reversion incanon-

ical phytochromes is higher for the Pfr to Pr transition. For bathy phytochromes, though,

this trendmay reverse, as thePfr form is themaingroundstate conformation for suchphy-

tochromes (Figure 2.4) [381,392].

Figure 2.12 shows the intermediate state of Pfr compared to theX-ray state of Pfr. Based

on the visible conformations, it can be concluded that a hydrogen bondwith Ser468 stabi-

lizes the D ring of BV in the X-ray state of Pfr. However, in the intermediate state of Pfr, the

stabilizing hydrogen bond is broken. A change in the hydrogen bond pattern is followed

by a shift of the tongue region away from the chromophore position (Figure 2.12b) and a

clockwise rotation of Arg466, His467, and Ser468. Thesemovements suggest that the con-

served amino acid triad in the tongue region significantly impacts the BV in the CBD and

likely influences the structural change from anα-helix to a β-sheet.

Figure 2.12: Representative BphP‐BV structures of the Pfr conformer in (a) the X‐ray FE basin and (b) the in‐
termediate state crucial for the dark thermal reversion toward Pr. The tongue region of the protein is shown
in magenta and the chromophore structure is illustrated in black. Amino acids important for the transition are
labeled. The dihedral anglesΦ andΨ are shown in radians (from Rydzewski et al. [59]).

This intermediate state may be an important step in the thermal dark reversion of Pfr

to Pr. These results also suggest that clockwise triad movement is more likely to occur in
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the Pr form. The next section analyzes how themovement of the catalytic triad influences

the secondary structure change of the tongue region and the conformational constraints

and freedomof the BV chromophore in the CBD.

The followingtransitionmodelwasadopted in theFE landscapetoexplain the transition

between the Pr state and the Pfr state, and vice versa. In the Pr-Pfr transition, dynamics

begin in the X-ray Pr state (Sh), propagate upward (Figure 2.8), and overcome the FE bar-

rier of approximately 100 kJ/mol. Then, the transition continues downwards and reaches

the FEminimumof 30 kJ/mol. The systemundergoes a series of intermediate transitional

states [62,393–396] (Figure 2.4) that cannot be detected due to the limitations of themeth-

ods used. Then, it reaches the FE Pfr basin (0 kJ/mol). When the transition occurs in the

reverse direction (fromPfr to Pr), the systembegins to exhibit dynamics in theX-ray FE Pfr

basin (0 kJ/mol). It then overcomes the FE barrier at approximately 75 kJ/mol and reaches

themetastableSh FEstate viaPfr transitional conformations at approximately0kJ/mol. In

this case, the FE basin has comparable depths (as can be seen in Figure 2.8).

Based on the previous information, the FE barriers estimated in this work are compa-

rable to the absorption spectra of Pr and Pfr. Upon analyzing the results, it was found that

the transition from Pr to Pfr requires higher energy than the opposite transition from Pfr

to Pr. This is demonstrated by the FE landscape of Pr in the chromophore-protein case

along Ψ (Figure 2.8), where the barrier between the Sh and Sm states of Pr is wider and

higher than the barrier between the Sm and Sh states of Pfr. Thus, the energy required to

change the conformation of Pfr is lower. This outcome aligns with the behavior observed

in the transition between Pr and Pfr. Asmentioned in the introduction to this chapter, the

Pr-Pfr transition occurs when a red photon is absorbed. A far-red photon, which carries

lower energy, is required to trigger the reverse transition. The Q absorption band of phy-

tochromes ranges from 660 to 700 nm, equivalent to an energy range of around 155 to 181

kJ/mol. Figure 2.8 shows that the FE barrier required for the Pr transition fromSh toSm is

approximately 100kJ/mol, compared toapproximately 75kJ/mol for thePfr transition from

Sm toSh. These observations align with the expectation that a higher excitation energy is

necessary to reach the excited state, which leads to the transformation of Pr into Pfr via

conical intersection [397, 398]. The dissipation of energy within the proteinmay be a con-

tributing factor to the observed variations in transition energies, particularly in instances

where heat is transferred to the surroundings [399].

2.3.5 Mechanical Signal Transduction

Various conformational changes in protein environment are caused by their ligandfluctu-

ation and diffusion [208,400–408]. In the simulations analyzed in this study, the FE land-
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scape for chromophore photoisomerizationwas determined by the local enhancement of

chromophore fluctuations, primarily in the D-ring pyrrole of the BV bound with the pro-

tein. This enabled evaluation of the hypothesis thatmechanical signal propagation across

the BphP-BV complex could be initiated by local structural changes in the chromophore.

These changes could trigger a series of conformational shifts in the amino acids of the

CBD, which would eventually propagate to the GAF and PHY domains. During propaga-

tion from the CBD to the PHY domain, the signal amplifies, leading to significant confor-

mational changes in the PHY domain, but on timescales longer than those examined in

this study [47,380,409,410].

Figure 2.13: RMS descriptors of the enhanced sampling trajectories. (a) RMSD values calculated by first fitting
the Cα of the PAS‐GAF region to a reference structure. (b) RMSF values calculated for each residue of Pr state
and Pfr state of the protein. Dots indicate RMSF values for most fluctuating residue regions (from Rydzewski et
al. [59]).

Figure 2.13a shows the RMSD values calculated for the Pr(Pfr) trajectory obtained using

VES, plottedagainst thePr(Pfr)X-ray state. TheaverageRMSDvaluesarearound0.5nmfor

Pfr and0.7 nm for Pr. Initially, thefluctuations of theBVDring are low, up to roughly 150ns.

After this time, the RMSD values begin to rise. The conformational change in the PHY re-

gionsoccurs simultaneously for thePr andPfr conformers. The changes inPHYoccurwith

a considerable delay because, at this stage, the chromophores in the Pr and Pfr conform-

ers pass through the CV spacemultiple times (as shown in Figure 2.5). Figure 2.13b shows

the RMSF values for each BphP amino acid. Three notable peaks are visible, indicating in-

creased fluctuations in three regions: the PAS region (residues 30–70), the small α-helix

at thePAS-GAFdomain interface (residues 120–170), and the tongue region (residues450–

490) close to the chromophore. As suggested in the work of Isaksson et al., 2021 [380], the

main part in signal transduction in phytochromes is the PAS-GAF spine helix. The results

presented here indicate that the Pr form ismore stable.
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Figure 2.14: Occurrence of pairwise close contact during the enhanced sampling simulations for the Pr and
Pfr conformers. a) Black and white‐headed arrows indicate regions of the tongue region and the helix spine.
Putative signal transduction pathways are shown in red as the regions with the greatest difference (> 0.7) in
pairwise contact frequency between the Pr and Pfr models (from Rydzewski et al. [59]).

Figure 2.15: Structures of (a) Pr and (b) Pfr with residues colored by B‐factor values calculated from RMSF. The
main difference lies in the PAS‐GAF helix spine that is more flexible in the Pfr conformer than in the Pr conformer
(from Rydzewski et al. [59]).

Furthermore, the frequency of close residue-residue contacts (i.e., within a distance

of 0.35 nm) during simulations with enhanced sampling was analyzed (the results are il-

lustrated in Figure 2.14). By investigating the most frequent residue-residue contacts, we

were able to identify where structural changes took place and whether these conforma-
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tional changes could be related to enhanced chromophore dynamics. Figure 2.15 shows

that, based on these results, there are two distinct structural pathways: one via the par-

tially disordered tongue region, and the other associatedwith spine helixmotions.

The results of this study indicate that by enhancing the fluctuations of the BV chro-

mophore in the CBD, the mechanical signal may be partly transmitted via the tongue

region (as suggested in work of Takala et al., 2014 [47]) and the spine helix connecting

the PAS-GAF domains to the terminal part of the PHY domain (as demonstrated by NMR

in the work of Isaksson et al., 2021 [380]). These subtle reorganizations in the CBD may

contribute to the propagation ofmechanical signals throughboth pathways. This suggests

that both paths are biologically relevant and can operate together.

2.3.6 Interactions in the Chromophore‐Binding Domain

To examine the interactions between the chromophore and the protein, the number of hy-

drogen bonds between BV and the amino acids that compose the CBD were calculated in

the Pr and Pfr states (see Figure 2.16).

Figure 2.16: The histogram of the number of hydrogen bonds formed during the VES simulations for the Pr and
Pfr conformers (from Rydzewski et al. [59]).

Theobtained results suggest that forPr, theaveragehighestnumberofhydrogenbonds

between the protein and the chromophore is approximately twice that of Pfr. This sug-

gests that, in the Pfr state, the chromophore is more likely to fluctuate. However, in the

Pr form, the amino acid environment of the CBD restricts the chromophore’s movements

more (see Figure 2.11). This is supported by the results of the FE landscape calculations,

which show that the Pfr conformer has wider FE basins than Pr (Figure 2.8). The distribu-

tion of H-bonds is significantly different, suggesting that the arrangement of these bonds

between the chromophore and the photosensory core may be a crucial factor. This ar-
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rangement could influence the protein’s structure, affecting the Pr and Pfr conformers in

distinct ways.

Analysis of the hydrogen bonding pattern shows that the most stabilizing hydrogen

bonds for Pr occur between rings C and B as well as by bonds with Ser274, Arg254, Tyr216,

and Ser257. This is also reflected in the frequency of close contact between residues. For

Pfr, the stabilizing hydrogen bonds are nearly identical. These propionate side-chain in-

teractions are unaffected by the enhanced simulations, suggesting that the chromophore

photoisomerization has a small impact on the CBD. This is consistent with the findings of

related studies [301].

Figure 2.17 illustrates the noticeable rearrangement of amino acids in the CBD that in-

teract frequentlywith theBVchromophore. TheBV-BphPstructures shownare taken from

X-raymetastable basins: Sh for the Pr conformer andSm for the Pfr conformer. As can be

seen, some amino acids are relocated to the edge of the CBD in the Pfr conformer com-

pared to the Pr conformer; for example, Tyr176, Asp221, andHis260. Significant structural

changes to the tongue region can be observed in the Pr (β-sheet) and Pfr (α-helix) con-

formers near the BV chromophore. These structural changes createmore conformational

space for the BV chromophore in the Pfr conformer.

Figure 2.17: Representative structures of the BV‐BphP complex taken from the corresponding X‐ray metastable
basins: (a) Sh for Pr state, and (b) Sm for Pfr state. The BV chromophore in the CBD is shown in black, and
the labeled amino acids that interact with the D‐ring of the chromophore are shown in cyan. The tongue region
(residues 450–490) is depicted in magenta, and the CBD is shown in green (from Rydzewski et al. [59]).

In both Pr and Pfr, the OD1 and OD2 atoms of Asp207 accept a hydrogen from the nitro-

gen of theD ring of the chromophore, and the nitrogen ofHis260 accepts a hydrogen from

theD ring of theBV. TheAsp-207 side chain is part of a ligandpocket in theCBD. TheTyr176

and Tyr263 side chains also belong to this triad, which is located in proximity to the D ring.

The side chainsofArg466,His467, andSer468 in the tongue regionbehavedifferently inPr

and Pfr. In the Pr conformer, Arg466 donates two hydrogen atoms to the D-ring nitrogen
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due tohighlydynamichydrogen-bondingpatterns forC=O [411]. His467 thenaccepts anH-

bond from the D-ring nitrogen. These amino acids stabilize the D-ring, which restricts its

rotation. These interactions are disrupted in Pfr, however, due to conformational changes

in the tongue region thatmoveArg466 andHis467 outside the pocket (Figure 2.17). Ser468

then directs towards the CBD and donates a hydrogen atom to the D-ring oxygen.

Theresultsobtained fromthesimulationssuggest that theprimaryphotoisomerization

event, which causes the BV to change the rotation angle of the D-ring, leads to the destabi-

lization of the CBDaround theD-ring. This replaces stable interactionswith the formation

of a loose cavity, in which H-bonds between the CBD and BV are less likely to occur. The

D-ring rotation induces changes in the disordered region of the tongue, which leads to a

secondary structural change from an antiparallel β-sheet to anα-helix. However, it is the

interactions between the BV and the disordered region of the tongue that allow for this

conformational change. Further study is needed to confirmwhether the in-plane rotation

of the BV relative to the proteinmatrix is an important factor in the rearrangement of the

CBD, despite the clear differences in the angle distribution of BV between the Pr and Pfr

forms.
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2.4 Conclusion

It should be noted that, by design, enhanced sampling MD simulations cannot observe

the ultrafast photochemical steps during the photoisomerization process. Nevertheless,

in any transition through short-lived intermediaries [62, 393–396], these stages result in

the complex populating the Pfr conformer. The behavior of the chromophore in terms of

its conformation is different in theproteinmatrix for thePr andPfr conformers, as demon-

strated. Using enhanced sampling MD pushes these conformers beyond the equilibrium

states that are inaccessible thermally. Recent applications of enhanced sampling MD to

photoactive proteins have shown that simulating these processes using unbiasedMDonly

provides part of the picture [230,407].

This work reveals that the Pr and Pfr conformers are characterized by multiple

metastable states. Thiswas revealed bymonitoring and biasing both theΦ andΨ dihedral

angles. However, not all metastable states can be observed only by examining theΦ dihe-

dral angle. This highlights the significance of selecting a set of CVs that can describe the

studied systemswhile preserving asmuch information as possible [412]. It is not possible

to answer the question of whether theΦ dihedral is the only degree of freedomnecessary

to describe BV-BphP photoisomerization quantitatively in experimental conditions. But

a detailed thermodynamic characterization of Pr and Pfr can be provided by biasing

both dihedral angles. Photoisomerization events, which were once thought to only affect

double bond rotation, have recently been found tomodify single bonds aswell [17,379,413].

It can be seen from the FE landscapes that the transition pathways involving both dihedral

angles are possible.

The most advanced experimental techniques have not been able to answer one key

question: which structural changes in phytochromes are responsible for transmitting the

mechanical signal from the CBD to the PHY domain? Although IR studies can provide gen-

eral knowledge about the nature of structural rearrangements, the resulting insights are

limited in terms of atomic-level resolution. However, time-resolved data at the required

accuracy level cannot be provided by XFMS experiments (X-ray hydroxy radical foot-

printing (XF) with mass spectroscopy (XFMS)) [414], which have a single-residue spatial

resolution. The model presented in this study provides a thermodynamic and atomistic

description of the driving force that enhances local BV chromophore fluctuations, leading

to multiscale structural rearrangements that affect the Pr and Pfr conformers of the pro-

tein. It has been found that the mechanical signal is potentially propagated through the

tongue region [47] (found by the X-ray structures) and via the PAS-GAF helical spine [380]

(found by usingNMR) to the terminal part of the PHY domain.
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The higher energy required for the protein-chromophore to change fromPr to Pfr com-

pared to the reverse transition, as shown in thiswork. This is inagreementwith theabsorp-

tion spectra of Pr and Pfr. The Q-band absorption of phytochromes is within the range of

660–700 nm [415], which correlates to an energy range of approximately 155–181 kJ/mol.

The results of this study indicate that the estimated FE barriers are consistent with the re-

quirement that the excitation energymust be higher to reach an excited state, which con-

verts Pr via the conical intersection to Pfr. It has been suggested that energymay be dissi-

patedwithin the protein, which could explain the significant difference observed between

the Q-band energies and the FE barriers estimated using VES. This is because energy is

dissipated in the form of heat to a thermal bath under experimental conditions [399].

Our significant finding is the potential for dark thermal reversion fromPfr to Pr. Experi-

ments have proven that the BV-like chromophoremayhave alternate conformations. This

is demonstratedby thepresenceof temperature-dependent chromophoreconformations

in many phytochromes [390]. In some cases, the Pfr state of canonical phytochromes is

heterogeneous, with a temperature-dependent equilibrium crucial for the thermal rever-

sion [416]. The existence of an interplay between two different Pfr chromophore confor-

mations is demonstrated in this study. Thesemetastable states are separated by a low free

energy (FE) barrier, resulting in transitions between them occurring on the microsecond

timescale. This aligns with the work of Salewski et al. [392], where it was suggested that

the Pfr conformer is more likely to introduce heterogeneous transient chromophore con-

formations into the CBD.

Ithasbeendemonstrated that thedisorderedpartof the tongueregion isaffectedby the

rotation of theD-ring pyrrole of BV. During dark thermal reversion, a clockwise rotation of

the amino acid triad Arg466, His467, and Ser468 is observed, which leads to the breaking

of the hydrogen bond between Ser468 and the D-ring pyrrole. This clockwise rotation ap-

pears to be of biological significance in stabilizing the Pr conformation through H-bond

with Arg466 and a closing motion of the CBD around the BV chromophore. This demon-

strates how the protein environment can influence the heterogeneous photodynamics of

the chromophore, as well as the potential conversion from a β-sheet to an α-helix within

the conserved tongue region of BphP.
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3.1 Introduction

P HOTOACTIVE YELLOW PROTEIN (PYP) was first discovered in 1985 in the species

Halorhodospira halophila [417], but can be found in other halophilic purple sulfur

bacteria. H. halophila belongs to a group of obligatory photosynthetic, anaerobic,

purple, sulfur-oxidizing bacteria. It thrives in salty environmentswith a salinity of 15–20%
and uses sulfur compounds to produce energy. Unlike plants, algae, and cyanobacteria,

it does not produce oxygen during photosynthesis [54, 418–420]. PYP is a specialized

photoreceptor protein that enables bacterial cells to move away from potentially harmful

blue light through negative phototaxis [421,422].

PYP is a highly soluble globular protein. It exhibits the characteristic fold of the Per-

ARNT-Sim (PAS) domain, which is a structural motif commonly found in proteins that de-

tect and respond to light. This fold typically consists of a five-strandedantiparallelβ-sheet

surroundedby severalα-helices. Due to its small size, stability, and solubility, PYP is exper-

imentally accessible andwidely used as a referencemodel in photoreceptor research. Fur-

thermore, the reversible, fast, and well-defined photocyclic transition it undergoes under

lightmakes it an idealmodel system. For these reasons, PYP is oneof the simplest andbest

characterized systems for studying light perception at themolecular level [11,423,424].

3.1.1 Structural Overview of Photoactive Yellow Protein

PYP is a small protein consisting of around 125 amino acids (14 kDa) that form a rigid

structure around the chromophore para-coumaric acid (pCA). PYP’s secondary structure

consists of fivemain antiparallel β-sheets (βI–βV), which form a central β-sheet scaffold

structure, as well as fourα-helices (illustrated in Figure 3.1). Theα1 helix, which is located

at the N-terminus region of the protein (residues 1–25), is more flexible and undergoes

conformational changes when signaling occurs. The α2, α3 and α3 helices surround the

β-sheet, stabilizing the structure [11,45,425].
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Figure 3.1: Structure of the photoactive yellow protein A) in front view and B) top view, colored according to
secondary structures. Numbering of secondary structures βI–βV and α1–α4 applied. Protein in ground state,
based on PDB: 1TS6

The chromophore is covalently bound to Cys69 via a thioester bond (as shown in Fig-

ure 3.2). pCA is positioned deep within the hydrophobic cavity of the protein core, and its

placement is strictly limited by non-covalent interactions (e.g., hydrogen bonds and van

derWaals forces) with the surrounding residues [11, 173,423].

Figure 3.2: Binding site of the PYP chromophore A) in the ground state with the chromophore in the trans form
(pG), and B) in the illuminated state with the chromophore in the cis state (pB). The binding of pCA (in lime) to
Cys69 and labeled amino acids forming part of the hydrogen bond network (highlighted in yellow) are shown in
both panels.

Figure3.2 shows that several conservedaminoacid residuesare important for thestruc-

tural stability and proper photochemistry of the PYP system:

• Cys69 formsacovalent thioesterbondwith thepCAchromophore,which isessential

for its function [426], additionally, pCA is stabilized by the interaction between the

oxygen of the chromophore and the nitrogen of cysteine [427].

• Glu46 affects the pKa and photoreactivity of the chromophore by acting as a hydro-

https://www.rcsb.org/structure/1TS6


3333333

60 | 3. PHOTOACTIVE YELLOW PROTEIN AND P‐COUMARIC ACID

genbonddonor for itsphenol oxygen,whichstabilizes thechromophore in itsdepro-

tonated, light-absorbing form [428].

• Tyr42 forms a network of hydrogen bonds with Glu46 and the chromophore, which

provides additional stabilization of the active site [429].

• Arg52 interacts electrostatically with the chromophore’s carboxylate group, con-

tributing to its orientation in ground state and stabilization via H-bond in excited

state [430].

• Thr50 it may also indirectly participate in the positioning and stabilization of the

chromophore by maintaining the stability of amino acids that are directly involved

in forming hydrogen bondswith the chromophore (e.g. Tyr42).

The hydrogen bonds formed between pCA and Glu46 and Tyr42 in the ground state

of PYP are extremely short, 2.47 Å and 2.52 Å, respectively [428, 431]. This bond is a

non-standard hydrogen bond, which can be considered to have properties similar to a

covalent bond, significantly stabilizing the transition state and facilitating enzymatic

reactions [431–434].

3.1.2 The Chromophore: p‐Coumaric Acid

The chromophore present in PYP is p-coumaric acid (C9H8O3, chemically defined as 4-

hydroxycinnamicacid), anaturallyoccurringphenoliccompoundderived fromthephenyl-

propanoid pathway as one of the three isomers of coumaric acid. Its chemical structure

(shown in the Figure) consists of a phenolic ring with a hydroxyl group (-OH) in the para

position and a conjugated system of double bonds (C=C–C=O) forming a propenoic acid

side chain [435–438].

Figure 3.3: The structure of para‐coumaric acid.

In a solution without a protein environment, the maximum absorption (λmax) of neu-

tral pCA is typically around 310–330 nm in the UV range. Upon deprotonation to the phe-

nolate ion, theabsorption spectrumshifts towards thenear visible range (around370–390
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nm) due to increased electron delocalization. However, the exact value of the maximum

absorption depends on the polarity of the solvent and its pH, as these factors affect the

protonation state ofpCA [259,435,439,440]. In the protein environment of PYP, after bind-

ing to the hydrophobic pocket of PYP and deprotonation, pCA exhibits a strong absorption

peakatawavelengthofapproximately446nmin thebluepartof thevisible spectrum. This

shift in the absorptionmaximum is the result of a reduction in the influence of the solvent

through the protein environment, as well as deprotonation of the phenolic OH group, the

formation of a network of hydrogen bonds with Glu46 and Tyr42, and electrostatic stabi-

lization by Arg52 [440–442].

3.1.3 Photocycle and Mechanism of Signal Transduction

PYP is a blue-light photoreceptor that undergoes awell-defined photocycle involving a se-

ries of light-induced conformational and chemical changes to its chromophore and pro-

tein structure. This reversible process begins in the ground state (pG). It involvesmultiple

intermediate states, each with distinct spectroscopic and structural properties, which ul-

timately lead to the formation of a long-lived state (pB) [443,444].

Figure 3.4: Structural changes occurring as a result of photoisomerization of the chromophore from the trans to
the cis state on top. The protein undergoes structural changes as the chromophore transitions from the ground
state to the illuminated state. The location of the greatest structural changes is marked with a circle.

The photochemical cycle is initiatedwhen the chromophore, which is covalently linked

to Cys69 via a thioester bond, absorbs blue lightwith awavelength of around446nm [445].

This photon absorption excites the chromophore from its ground electronic state to
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an excited state, leading to ultrafast photoisomerization (femtosecond to picosecond

timescale) [443]. Trans-cis isomerization occurs around the C7=C8 double bond in the

propenoic acid side chain of the chromophore [426]. The rotation of the single C6-C7

bond may also play an important role in the primary photochemistry of the PYP (as

demonstrated in Figure 3.4) [446]. An interesting fact is that trans-cis photoisomerization

occursmonoexponentially andwithout intermediate states inpCA in solution, but approx-

imately 10 times more slowly than the process observed for PYP. Isomerization triggers

a series of structural changes, resulting in the formation of a series of intermediate

products [443,447]. The basic photocycle scheme can be summarized as follows: pG→ pR

→ pB→ pG [11].

Figure 3.5: Schematic representation of the photocycle, illustrating changes in the hydrogen bonding pattern.

Ground State (pG, λmax = 446 nm) is the thermodynamically stable, dark-adapted form of

the protein before it is exposed to light. This represents the initial and final stages of the

photocycle, indicating the state towhichPYPreverts after signaling state (pB) decay. In this

state, the chromophore is completely planar and deprotonated, and the protein exhibits

its native conformation. ThepCAanionic form is stabilized by ahydrogenbondwithGlu46

(whichacts as aprotonacceptor) andahydrogenbondwithTyr42 (hydrogenbondnetwork

pattern shown in Figure 3.5) [11,425,426].

Intermediate State (pR, λmax = 465 nm) forms after the absorption of blue light ( 446 nm)

by the pCA. The chromophore remains covalently bound to Cys69 and transitions from

its ground state to an excited singlet state. Ultrafast isomerization then occurs around

the C7=C8 double bond, transforming the chromophore from trans to cis. While the pCA

remains anionic and deprotonated at the phenolic oxygen atom, the hydrogen bond net-

workbegins to reorganize (there is apartial breakageof hydrogenbondsbetween the chro-
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mophore and Glu46 and Tyr42). The chromophore pocket becomes more flexible. All of

these events destabilize the electronic environment around the chromophore, preparing

theprotein formajorconformational changes. Thesemodifications result inashift inmax-

imumabsorption towards the red spectrum, typically around 465 nm [45,55,448,449].

Signaling State (pB, λmax = 355 nm) called bleached or blue-shifted, is the biologically ac-

tive, signaling conformation of PYP. The pB state forms after the pR intermediate as the

photocycle progresses. This state involves the protonation of the pCA (changing it from

anionic to neutral), a significant reorganization of the hydrogen-bond network, and ma-

jor conformational changes to the protein structure (in particular, the N-terminal region).

The phenolic oxygen of the chromophore no longer forms strong hydrogen bonds with ei-

ther Glu46 or Tyr42; however, the chromophore is now stabilized by a hydrogen bondwith

Arg52. The N-terminus undergoes partial unfolding and displacement from the protein

core, thereby increasing its solvent accessibility. This likely exposes new surfaces for po-

tential protein-protein interactions. It is thought that these conformational changesmod-

ulate protein-protein interactions, enabling PYP to interact with additional signaling part-

ners or cellular components. Themaximumabsorption shifts to around355nmdue to the

mentioned structural rearrangements [426,430,441,450,451].

Reversion to Ground State this can occur through the absorption of radiation by the sig-

naling state, or through thermal relaxation over time. The pB state is long-lived (up tomil-

liseconds) but thermally unstable, eventually decaying back to the pG state. The process

of thermal reversion is significantly slower than photochemical-induced and ismore sen-

sitive to environmental conditions. In both cases, returning to the ground state involves

steps suchas thedeprotonationof the chromophore, the isomerizationof thedouble bond

from cis to trans, the regeneration of the hydrogenbondnetwork, and the re-folding of the

N-terminal region [11,452,453].

3.1.4 Purpose and Scope of the Chapter

The main objective of this chapter was to examine a well-known photoactive yellow pro-

tein system using novel machine-learning-basedmethods, namely Spectral Map (SM) de-

veloped by J. Rydzewski [454]. After parameterizing the CHARMM36 force field for the sys-

tems and performing MD simulations, data from the trajectories were used to train neu-

ral networks, construct slow collective variables, and understand how local changes in the

vicinity of the chromophore affect larger structural changes in the protein.
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3.2 Materials and methods

3.2.1 Structures

The study was based on the structure of the photoactive yellow protein (PYP), PBD num-

ber: 1TS6 (structure of the pG and pB from time-resolved Laue crystallography) [45]. The

downloaded filewas split into two files containing the structures of the two PYP states: the

ground-state pGand the signaling-state pB.Hydrogenatomswere added to the structures

in both states. The difference between the states was the presence of hydrogen in the pB

state at oxygen O4’ and its absence in the pG state (as can be seen in Figure 3.5). It was im-

portant to consider the protonation state of Glu46 (as shown in Figure 3.2 and Figure 3.5)

by keeping the hydrogen atom from the carboxyl group in the pG state and in the case of

the pB state, loss of hydrogen from the carboxyl group.

The structures of the chromophore in two states and three amino acids (Pro68, Cys69,

and Thr70) with optimized geometries using Schrödinger’s Maestro package [455] were

saved, and a set of force-field parameters were generated using the SwissParam server

[456]. The structure of the chromophore-free protein for the pG and pB states was

prepared (pKa values, protonation) using Schrödinger’s Maestro package [455]. Next, the

structures were used as input for the CHARMM-GUI Input Generator [457, 458] server to

obtain CHARMM36 force field parameters for MD simulations in GROMACS. The protein

structure wasmergedwith the chromophore structure generated by SwissParam.

3.2.2 Molecular Dynamics

The protein-chromophore complexes in the two states, pG and pB,were solvated, and ions

were added. MD simulations were performed using GROMACS (version 2019) [209] and

the CHARMM36 force field [459] modified with parameters for the ligand. Two-state PYP

circuits prepared in the previous stage were used as starting structures. Five repetitions

were created for each state. The TIP3P water model was used to solvate the system (60

Å in all directions). The complexes were neutralized by adding 7 Na+ ions in pG state and

6 Na+ ions in pB state. In all the simulations, an integration time step of 2 fs was used,

and all hydrogen bonds were constrained using the LINCS algorithm [460]. Long-range

electrostatic interactionswere treatedusingparticlemeshEwald [386]witha 1.2nmcutoff

and a 1.2 nm cutoff for nonbonded van derWaals interactions.

The complexes were minimized and subsequently equilibrated at 300 K using the ve-

locity rescaling thermostat. Short MD simulations (0.5 ns each) were then run in the NVT

ensemble at 300 K with positional restraints of 1000 and 100 kJ mol−1 nm−2 on protein
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Cα atoms and chromophore. Subsequently, short MD simulations in the NPT ensemble

were run at a constant pressure of 1 atm using the Berendsen barostat [461]. Harmonic

restraints of 10 kJ mol−1 nm−2 were applied to protein Cα and chromophore for 1 ns. A

production MD simulation of 100 ns was run five times in the NPT ensemble at constant

pressure, whichwasmaintainedusing the Parrinello-Rahmanbarostat [462]. The velocity

rescaling thermostat [387] was used tomaintain a constant temperature of 300 K.

3.2.3 Mechanistic Descriptors

To investigate the mechanisms underlying the system’s behavior, it was necessary to

identify mechanical descriptors that could be physically interpreted and serve as inputs

to a neural network used to learn CVs using SM. The key atoms involved in forming the

hydrogen-bond network that stabilizes the chromophore position in both the pG and

pB states were identified (hydrogen atoms were not included). Initially, ten atoms were

identified from the following amino acids in the local environment of the chromophore

(1 Å radius): Tyr42(O), Glu46(O), Thr50(O), Arg52(N), Cys69 (N, C, S), and from p-coumaric

acid (C, O, O). These atoms were used to define mechanistic descriptors. Subsequent

groups of atoms were then selected at distances of 2 Å and 3 Å from each of the initial

atoms. The pairwise distances between the aforementioned atoms were used as mecha-

nistic descriptors to describe structural changes in the system. Therefore, for each pGand

pB, three datasetswere obtained, denote as 1 Å, 2 Å, and 3Å. The increasing neighborhood

around the chromophore served as an indicator of how parts of the protein located at

greater distances from the chromophore affected its local environment and dynamics.

Finally, for each dataset, 45 distances were selected that explained most of the variance

and used them as inputs to SM to learn slow CVs.

3.2.4 Spectral Map

SM simplifies the multidimensional configuration space of the system represented with

the n mechanistic descriptors x = (x1, . . . , xn) by mapping it into reduced space z =
(z1, . . . , zd) given by a set of d functions of the descriptors, commonly referred to as CVs

(d ≪ n). In SM, CVs are represented using a neural network (NN):

z = ξw(x) ≡
{
ξk(x, w)

}d

k=1, (3.1)
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wherew are learnable parameters ensuring that the NN describes slow CVs. By sampling

the system in CV space, its dynamics propagates in a free-energy landscape:

F (z) = − 1
β

log
∫
dx δ(z − ξw(x)) e−βU(x) (3.2)

whereβ = 1/(kBT ) is the inverse temperaturewith kB denoting the Boltzmann constant,

and T temperature.

SM constructs slow CVs by increasing the effective timescales characteristic of the sys-

tem. To this aim, its reduced dynamics was first modeled as a Markov chain using kernel

functions. Tomeasure the similarity between CV samples zk and zl, Gaussian kernel was

used:

G(zk, zl) = exp
(

−1
ε

∥zk − zl∥2
)

(3.3)

where ∥zk − zl∥ denotes pairwise Euclidean distances between every pair of CV samples

k, l = 1, . . . , N andN is the number of samples. The Gaussian kernel exhibits a notion of

locality by defining a neighborhood around each sample of radius ε, which was estimated

as themedian of pairwise distances.

As the marginal equilibrium density in CV space is often far from uniform for dy-

namical systems with complex free-energy landscapes, a density-preserving kernel is

required for data sampled from any underlying probability distribution. For this purpose,

an anisotropic diffusion kernel was used:

K(zk, zl) = G(zk, zl)√
ϱ(zk)ϱ(zl)

, (3.4)

where ϱ(zk) =
∑

l G(zk, zl) is a kernel density estimate. AMarkov transitionmatrix was

then constructed by row-normalizingK :

mkl ∼ M(zk, zl) = K(zk, zl)∑
n K(zk, zn)

(3.5)

which models a discrete Markov chain in the CV spacemkl = Pr{zτ+1 = zl | zτ = zk}
expressing a probability of transition between CV samples zk . The Markov chain approxi-

mates the long-time asymptotics of the systemby describing the dynamics by the Fokker–

Planck anisotropic diffusion.

Finally, to estimate the dominant time scales encoded in the system, a spectral decom-

position of the Markov transition matrixMΨk = λkΨk was performed, where Ψk and

λk are the k-th right eigenfunctions and eigenvalues ofM , respectively. The real-valued
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eigenvalues ofM are (sorted in non-ascending order):

λ0 = 1 > λ1 · · · ≥ λN , (3.6)

where the eigenvalue λ0 corresponds to the equilibrium distribution of the Markov chain

(3.5) given by the eigenfunctionΨ0. The dominant eigenvalues related to the slowest relax-

ation timescales in the system can be found by associating each eigenvalue with an effec-

tive timescale tk = −1/log λk . The loss function was minimize by the negative variance

explained by the first k eigenvalues:

L = −
∑k

i=0 λi∑N
i=0 λi

, (3.7)

whereN indicates the total number of eigenvalues. By iterativelyminimizing (3.7), theNN

learns CVs associated with the slowest modes in the system, while keeping any fast vari-

ables negligible.

A schematic illustration of the learning algorithm of SM is shown in Figure 3.6.

Mechanistic 
Descriptors

z1

z2

Free-Energy Landscape

CVs M Ψ = λΨ

Loss

Training

z = fw(x)

Figure 3.6: Schematic illustration of the learning algorithm of SM. After training, the NN returns the slowest CVs
and the associated free‐energy landscape can be constructed.

The package implementing SM is written in Python 3. It uses the PyTorch library for

the training of NNs. It can be run on a GPU for faster computations. It also employs the

PyTorchLightning framework,whichservesasahigh-levelwrapper forPyTorchtosimplify

the training process for the users.
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3.3 Results

The analysis study mainly on the analysis of CVs learned using SM, the free-energy land-

scapes calculated based on theseCVs, and structural analysis of themetastable states. The

first step was to define mechanical descriptors that capture conformational changes in

PYP captured during the system dynamics.

Figure 3.7 shows a visualization of the mechanistic descriptors of the system. Fig-

ure 3.7:A and Figure 3.7:E present the chromophore and CBD for the pG and pB states,

respectively. This figure also highlights the atoms that are important for forming the

hydrogen bond network in PYP. By gradually expanding the neighborhood around the

chromophore, three datasets containing pairwise distances between the selected atoms

for each system: pG (Figure 3.7:B, C, and D) and pB (Figure 3.7:F, G, and H) were defined.

The first dataset contains the pairwise distances between atoms in a neighborhood of

radius 1 Å around the chromophore; the second of 2Å, and the third of 3Å. By learning CVs

from these datasets, the influence of structural parts of PYP on the local dynamics of the

chromophore could be checked and vice versa.

Figure 3.7: A) The p‐coumaric acid and the CBD amino acids in the ground state in stick representation, colored
by atom type. B) The crucial atoms involved in forming the hydrogen bond network in pG state shown as spheres.
C) Initial atoms and atoms located at a distance of 2 Å form them in pG state shown as spheres. D) Initial atoms
and atoms located in 3 Å area in pG state shown as spheres. E) The p‐coumaric acid and the CBD amino acids
in the signaling state in stick representation, colored by atom type. F) The key atoms involved in forming the
hydrogen bond network in pB state shown as spheres. C) Initial atoms and atoms located at a distance of 2
Å form them in pB state shown as spheres. D) Initial atoms and atoms located in 3 Å area in pB state shown as
spheres.
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Figure 3.8: Learning results (training and validation losses) for (a) pG and (b) pB represented by three datasets.
Training is run on datasets that consist of high‐variance pairwise distances defined by the neighborhood of p‐
coumaric acid of radius 1 Å, 2 Å, and 3 Å.

Fromeachdataset, 45mechanistic descriptors thathad thehighest variance touseNNs

with the same size were selected. Therefore, all NNs had 45 input nodes and 2 output CVs.

In all cases,NNswereemployedwith twohidden layers andELUactivation functions. Each

layer contained 75% of the input size in nodes. Batches of 1000 were used. The data sets

were divided into training and validation sets, with the validation set representing 20% of

the full data set. The learning over 400 epochs were conducted, but used early stopping

to terminate the process when the validation loss reached a precision of 10−6. As an op-

timizer, Adamwith a learning rate of 10−3 and default parameters was used. For the loss

functionwas explain by variance in the first k = 3 eigenvalues (Eq. 3.7).

As shown in Figure 3.8, both the training and validation losses converged around 400

epochs. Throughout the training process, the validation losses (20 % of each dataset)

closely follow the training losses, indicating very stable learning and the ability of theNNs
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in each case to generalize the estimation of CVs from data not included in the training

dataset.
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Figure 3.9: Learning results (first four dominant eigenvalues) for (a) pG and (b) pB represented by three datasets.
The loss function maximizes the first three eigenvalues (k = 3) and minimizes the rest. Training is run on
datasets that consist of high‐variance pairwise distances defined by the neighborhood of p‐coumaric acid of
radius 1 Å, 2 Å, and 3 Å.

For both pB and pG, the dominant eigenvalues indicate three main metastable states

(Figure 3.9). For pB, increasing the neighborhood from 1 Å to 3 Å results in λ1 and λ2 con-

verging to a similar value. This indicates that, at 1 Å, there is a single dominant timescale

associated with the highest barrier in the free-energy landscape. As the neighborhood

increases, all the barriers in the system converge to approximately the same value. In-

terestingly, an inverse effect for pG was observe: increasing the neighborhood around p-

coumaric acid results in the emergence of a single dominant free-energy barrier. This

leads to a very important observation: PYP structural elements, even those separated by

3 Å , affect the local environment around p-coumaric acid. For pB, these elements affect
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the dynamics, so it is spread evenly between three metastable states. Conversely, for pG,

this leads to the dynamics focusing on two dominant states, while the third state is less

populated.

Figure 3.10: Free‐energy landscape in CV space calculated for (a) pG and (b) pB corresponding to the datasets
of 1 Å, 2 Å, and 3 Åneighborhoods around the chromophore.

The results from trainingSMare consistentwith the free-energy landscapes calculated

for each dataset. As indicated by the eigenvalues of the transition matrices, the free-

energy landscapes consists of threedominantmetastable stateswithhigh energy barriers

reaching approximately 20 kJ/mol on average. As can be seen in Figure 3.10a, CVs from

SM are very consistent between different datasets, showing that the learning algorithm

accurately captured the slow dynamics encoded in the MD trajectories. As suggested by

the eigenvalues, when the neighborhood around the chromophore increases from 1 Å to

3 Å, this results in the isolation of themetastable state 2; see Figure 3.10(a). In otherwords,

the transition from state 1 to 2 is no longer accessible due to an energy barrier higher than

40 kJ/mol. The opposite behavior can be seen for pB (Figure 3.10b), where state 2, initially

relatively isolated (1 Å), starts to be more populated by the increase in the neighborhood

radius, which suggests that structural parts of PYP quite distanced from the chromophore
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are noticeably affected by the local dynamics.

Based on the estimated free-energy landscapes, conformations of the complex from

threemetastable states were extracted to analyze its structural dynamics. The results are

shown in Figure 3.11 and are labeled as on the free-energy landscapes (Figure 3.10).

In thestate0ofpG(Figure3.11a), thechromophore ispositionedclose toGlu46 (ingreen)

and Tyr42 (in magenta), at distances that allow for the formation of hydrogen bonds with

these amino acids. In state 1, two dominant conformations of the chromophore were ob-

served: one is near Arg52 (in grey), while the other is farther from this stabilizing triad.

State 2 in pGbears structural similarities to state 0,with the chromophore being stabilized

by Glu46 and Tyr42. Additionally, the PYP structures in states 0 and 2 exhibit global sim-

ilarities, indicating that state 1 is likely an intermediate transient state. Interestingly, for

the dataset with a neighborhood of 1 Å, the energy barrier between states 0 and 2 is rela-

tively low (approximately 15 kJ/mol). However, when the neighborhood was increased to 3

Å, the barrier height rises significantly, suggesting that distant rearrangements in the PYP

structure are affected by the fluctuations and dynamics around the chromophore.

For pB (Figure 3.11b), significant variations in the distances between the chromophore

and its immediate surroundings were observed. In state 0, the chromophore is closely po-

sitioned near Glu42 and Tyr42, which play a crucial role in stabilizing the chromophore in

pG. However, in the 3 Å dataset, the chromophore often interacts with Arg52. States 1 and

2 resemble state 1 inpG,with conformations splitting into twogroups: onedirected toward

Glu46 and the other towardArg52. In contrast, for the 1 Å dataset, the transitions between

states 0 and 2 pass through state 1. In this case, including a larger neighborhood reduces

the energy barrier between states 0 and 2, resulting in similar barriers for transitions be-

tween all states.
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Figure 3.11: Metastable state analysis for (a) pG and (b) pB. PYP conformations from the three identified states
(indexed 0, 1, and 2) are numbered as in Figure 3.10. The bigger panel of the figure shows a top view of the
chromophore surrounded by amino acids in a stick representation (Tyr42 in pink, Glu46 in green and Arg52 in
gray). The smaller panel next to it shows the chromophore in a stick representation from the front (the orientation
as in the Figure 3.10) in dark green for pG, and purple for pB.
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3.4 Conclusion

This chapter investigates awell-characterized photoactive yellow protein (PYP) systemus-

ing the Spectral Map (SM) machine learning approach. Following chromophore param-

eterization in the CHARMM36 force field and subsequent MD simulations, the resulting

trajectories were used to train neural networks and identify slow CVs and the associated

free-energy landscapes and metastable states. The results demonstrate the applicabil-

ity ofmachine learning techniques for extractingmechanistically relevant dynamical fea-

tures frommolecular simulation data.

Although it is notpossible to simulate the reversible transitionsbetweenpGandpB trig-

geredby light, it ispossible tocharacterizepGandpBand theirbehaviorunderequilibrium

conditions. The analysis revealed that the structural rearrangements in pB occur in the

opposite direction to those observed in pG, indicating that this findings are physically con-

sistentwith the PYP photocyclemechanics. It is important to note that used approach and

analysis, while promising, are still in thepreliminary stages. Amoredetailed investigation

is currently underway andwill be published shortly after the PhD defense.
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4.1 Introduction

4.1.1 Overview of the Nervous System

T HEnervous system is anatomically divided into two parts: the central nervous sys-

tem (CNS) and the peripheral nervous system (PNS). However, functionally, the

two systems are closely linked and operate as an integrated, coordinated whole.

The CNS is the brain and spinal cord, both surrounded by skeletal bones: the brain in the

cranial cavity of the skull and the spinal cord in the spinal canal. CNS is the control center

for the processing and integration of sensory information. The PNS controls the transmis-

sion ofmotor commands and skeletalmusclemovement and activity, andmanages invol-

untary functions such as heart rate, digestion, and glandular activity. The PNS consists of

12 cranial nerve pairs, 31 spinal nerve pairs, right and left sympathetic chains, and pelvic

parasympathetic chains and associated ganglia [463–466].

Froma functional perspective, the nervous system is divided into the somatic and auto-

nomic nervous systems, and this classification is not limited to topographical separation.

The autonomic nervous system (ANS) can be divided into sympathetic, parasympathetic,

and enteric, and ismostly visceral and, in contrast to the somatic nervous system (SNS), is

not under voluntary regulation [463,466].

In terms of themicroanatomy of the nervous system, it consists of twomain cell types:

neurons and neuroglia. The basic structural and functional components of the nervous

system are neurons, which are highly specialized and capable of forming extremely com-

plex networks that receive and integrate signals and generate adaptive responses. Each

neuron is made up of an input domain: multiple dendrites along with the cell body, and

an output domain: the axon, a single extension of the cell body that propagates an action

potential to the synapse, where signals are transmitted fromone cell to another. However,

in addition to the structural schema, neurons are highly heterogeneous in size and shape,

as shown in Figure 4.1 [467–469]. As mentioned, another cell type in the nervous system

besides neurons is glial cells. These cells are themost numerous in the human brain, and

have long been considered passive cells that support neurons. Compared with the exten-

sive studies of various neuronal functions in the nervous system, our knowledge of glial

cells remains limited. However, this knowledge gap is being systematically and dynami-

cally filled bymany researchers. We now know that the function of glial cells is to support,

protect, and nourish neurons, maintain homeostasis of the extracellular fluid that sur-

rounds them, and participate in synaptogenesis. In contrast to neurons, neuroglial cells

can replicate. Theymultiply to fill gaps caused by neuron loss. There are six glial cell types

in the nervous system, divided into two topographically distinct groups.
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Those that are found in the CNS are astrocytes, oligodendrocytes, microglia, and lining

cells, and theSchwanncells and satellite cells that areonly found in thePNS [467,470–472].

The above-mentioned division of cells is illustrated in Figure 4.1.

Figure 4.1: A) The types of nerve cell are shown, with their key functional elements — the axons and dendrites —
indicated. B) Types of glial cells. C) The schematic representation of a synapse shows the site of communication
between neurons by sending and receiving neurotransmitters. D) The schematic representation of the site of
interaction between neurons and glial cells.

Nervecells communicatewitheachotherandwithother typesof cells throughsynaptic

connections, which are shown in Figure 4.1. The synaptic junction is the place where the

nerve impulse is transmitted from one cell to another (depending on the type of synapse)

with the participation of a substance with the nature of a neurotransmitter in chemical

synapses or bymeans of an electrical impulse in electrical synapses. Correct communica-

tion of neurons through signal transmission at synapses ensures themaintenance of the

body’s homeostasis, enables adequate perception and response to stimuli, and is respon-

sible formemorization and learning [473–475].

In addition to being a highly specialized formof signal transmissionwithin thenervous

systembetween neurons or between a neuron and an effector (such as amuscle or gland),

synaptic communication is one of many interactions between nerve cells, glial cells, and

other cells in the body. Other forms of cell-to-cell communication involve neurotransmit-
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ters, ion channels, and receptors that transmit, modulate, and interpret signals [476–479].

Glial cells were once thought to be passive support cells that did not produce electrical

impulses. However, they are now known to be active communicators. Astrocytes are the

most common typeof glial cell. Theyworkwithneurons in thebody tohelp themworkwell.

They also help form, maintain, and strengthen connections between neurons. They de-

tect synapticactivityandreleasegliotransmitters, includingglutamate, adenosine triphos-

phate (ATP), and D-serine. These compounds affect the synaptic strength, plasticity, and

excitability of neurons [477,480,481].

Other glial cells (shown in the Figure 4.1) can also modulate neuronal activity. Oligo-

dendrocytes insulate and myelinate axons in the CNS, facilitating the faster propagation

of action potentials. Similarly, Schwann cells insulate andmyelinate axons in the PNS. Mi-

croglia are phagocytic cells that circulate in the CNS. They protect the nervous system by

destroying microbial invaders and removing debris from nerve cell death. Microglia also

release cytokines that modulate neuronal activity and synaptic remodeling. Lining cells

formthe liningsof theventriclesof thebrainand thecentral canal of the spinal cord. These

cells playa role in forming theblood-brainbarrier (BBB) andproducingcerebrospinalfluid

(CSF). Satellite cells provide structural support and electrical insulation for neuronal cell

bodies in the PNS.Nutrient exchange andwaste removal between cells is also regulated by

them [466,467,470–472,482].

4.1.2 Glioma Cancer

Neurodegenerative diseases and cancer are associated with dysfunctional glial activity.

Gliomas originate from glial cells or their precursors and account for the vast majority of

malignant brain tumors [472, 483]. There are two classifications of gliomas in use. The

first is by cell type. Gliomas are classified based on which cell type they most closely re-

semble histologically. Examples include astrocytomas, oligodendrogliomas, and glioblas-

tomas [484,485]. Thesecondclassification isbygrade, according to theWorldHealthOrga-

nization (WHO)ClassificationofTumorsof theCentralNervousSystem. This classification

includes grades I, II, III, and IV [486].

Glioblastomas are themost predominant CNS tumor, contributing to 81% ofmalignant

brain tumors. Glioblastoma is themost commonhistology type of glioma (about 45% of all

gliomas) with a five-year survival rate of about 5% [487].

The therapy of gliomas is very challenging due to the location of the tumors, the com-

plex tumor microenvironment, and the presence of the BBB. The standard treatment for

glioblastoma involves complete resection with a margin of healthy tissue, radiation ther-

apy to the focal tumor area, and temozolomide (TMZ) chemotherapy [488–490].
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TMZisaprodrugand is thepreferredchemotherapeuticagent for treatingglioblastoma.

It is a small, orally administered compound (shown in Figure 4.2) that is quickly and fully

absorbed. It can also penetrate the BBB. Spontaneous conversion to an active metabolite

(methyl-triazeno-imidazole-carboxamide - MTIC) occurs without the need for enzymatic

demethylation in the liver. MTIC methylates DNA and induces single-strand breaks and

mismatchesduringreplication. This results in theactivationof themismatchrepair (MMR)

system. Consequently, cell cycle arrest and apoptosis occur [491,492].

Figure 4.2: The structure of temozolomide, the pro‐drug, and the structure of MTIC, the activated metabolite,
after undergoing a series of metabolic reactions shown schematically in the image.

Even though conventional methods have improved, patient survival remains limited,

underscoring the need for new approaches. Some of them are based on the search for

drugs that target purinergic receptors, mainly P2X7, because its increased expression is

observed in differentiated glioma cells [493]. Other innovative therapies for treating brain

tumors focus on immunotherapy [494,495], usingnon-codingRNA [496], and light involv-

ing therapies [497].

4.1.3 P2X7 Receptor

The P2X7 receptor, which belongs to the P2X purinoreceptor family, is a trimeric, nonse-

lective ionchannel gatedbyextracellularATP (adenosine triphosphate, structure shownat

Figute 4.3). Its long intracellular C-terminal domain sets it apart fromother P2X receptors.

Like the other P2X family receptors, the P2X7 receptormediates the flowofNa+, K+, Ca2+,

and other small cations [498, 499]. However, the P2X7 receptor has a feature: it can open

a large cellular pore that allows organic ions, such as N-methyl-D-glucamine (NMDG+)

and choline+, to pass through. It can also transmit signals through the ATP-dependent

pathway without creating a channel. A high concentration of ATP is required to activate

the P2X7 receptor, which is higher than that required for the other receptors in the family
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and is approximately 100 µM. It is present in many cell types, including stem cells, blood

cells, glia, neurons, bone cells, muscle cells, and skin cells. Due to its presence on the sur-

face of many cell types, P2X7 is involved in a variety of physiological and disease-related

processes [500–503]. These procedures involve participation in the initiation of inflam-

matory reactions by stimulating the inflammasome and secreting interleukins [504]. The

production of reactive oxygen andnitrogen species can be affected by the activation of the

receptor tomediate thedestructionof intracellular pathogens [505]. Theproliferationand

death of various cell types can also be triggered byP2X7 receptor [506]. Themetabolismof

glucose and lipids is also influenced by P2X7 receptor activities [507,508].

Figure 4.3: The structure of ATP (adenosine triphosphate) PubChemCID:5957, ATP has three phosphate groups,
each with a negative charge at physiological pH.

In addition to humans (Homo sapiens), six other mammalian species have been found

to have the P2X7 receptor: macaques (Macaca), dogs (Canis lupus familiaris), pandas

(Ailuropoda melanoleuca), mice (Musmusculus), rats (Rattus norvegicus), and guinea pigs

(Cavia porcellus). These species exhibit a degree of similarity to the human receptor that

approaches 75% identity. Among non-mammalian species, such as zebrafish (Danio

rerio), the similarity decreases to less than 40%. The P2X7 receptor is a protein composed

of three usually identical subunits and contains 1785 amino acids (in rare cases, P2X7

subunits can combinewith P2X4 subunits to form a receptor in heterotrimer form).

Each subunit of the human receptor is composed of 595 amino acids. The receptor has

two alpha-helical transmembrane domains (TM1 and TM2), intracellular N-terminal and

C-terminal domains, and a large ectodomain with multiple anti-parallel β-strands, con-

taining two ATP-binding sites. The structure of the monomer with domains highlighted,

aswell as the entire receptorwith a visible ATP binding pocket, is shown in detail in Figure

4.5 [500,502,509,510].

The P2X7 subunit is distinguished by its larger C-terminus, which contains an addi-

tional 200 amino acid residues and forms two domains: a cysteine-rich domain and

a lipopolysaccharide-binding domain [511]. The N-terminus has been found to have a

specific site for protein kinase C, which is thought to regulate P2X7 desensitization and

https://pubchem.ncbi.nlm.nih.gov/compound/5957
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control receptor gating. This site also enables activation and regulates Ca2+ flow through

the channel [512,513].

Figure 4.4: Structure of the p2x7 receptor monomer with visible extracellular and intracellular domains and
transmembrane α‐helixes. Structure colored according to secondary structures, with the cell membrane shown
as a gray lines. Monomer of the closed rat receptor PDB: 6U9V.

There are three ATP-binding pockets (also called orthosteric binding pockets) in

the extracellular part of the receptor, formed by the ATP-binding sites of each pair of

adjacent monomers. The pocket is formed by six highly conserved amino acid residues:

Lys64, Lys66, and Thr189 from one monomer, and Asn292, Arg294, and Lys311 from an

adjacent monomer. The amino acids form a narrow (around 11 Å), shallow (around 8

Å), and U-shaped cavity that is exposed to the solvent. Three important amino acids in

the ATP-binding process are the hydrophobic residues Leu191, Ile214, and Ile228. These

residues are oriented toward the ligand and generate a local hydrophobic environment

that supports ATP binding [514,515].

Figure 4.6 shows the amino acids that make up the pocket and its surface area, other

essential and supporting ATP-binding residues, as well as a representation of how ATP is

located inside the cavity. As previously mentioned, the P2X7 receptor is sensitive to high

concentrationsofATP.Thepresenceof thismolecule inat least twopockets results inchan-

nel opening. Short activationopensa standard ligand-gated ionchannel that is permeable

to small cations. Prolonged, repeated activation of the receptor results in the formation of

https://www.rcsb.org/structure/6U9V
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large pores across the plasmamembrane that allowmolecules up to 900Da to pass freely.

This allowsfluorescent dyes to enter the cell. However, prolonged opening of the pore con-

tributes to cell death [502,514,515].
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Figure 4.5: Overall architecture of p2x7 with visible extracellular and intracellular domains, transmembrane
part and membrane shown as a gray lines. Structure of the closed rat receptor PDB: 6U9V. 1. Top view A)
Organization of three monomers in relation to each other, each shown as a surface in different color. B) The
arrangement of the monomer relative to the other chains. Conformation of the monomer in color relative to the
secondary structures (α‐helix in purple, β‐strand in dark green and coil in white), the other chains forming the
channel shown as a semitransparent surface with ATP‐binding pocket visible as surface in lime color. C) Overall
architecture of the receptor visualize as secondary structure with ATP‐binding pocket visible in the extracellular
part shown as surface in lime color. 2. Front view D) Organization of three monomers in relation to each other,
each shown as a surface in different color. E) The arrangement of the monomer relative to the other chains.
Conformation of the monomer in color relative to the secondary structures (α‐helix in purple, β‐strand in dark
green and coil in white), the other chains forming the channel shown as a semitransparent surface with ATP‐
binding pocket visible as surface in lime color. F) Overall architecture of the receptor visualize as secondary
structure with ATP‐binding pocket visible in the extracellular part shown as surface in lime color. 3. Bottom
view G)Organization of three monomers in relation to each other, each shown as a surface in different color. H)
The arrangement of the monomer relative to the other chains. I) Overall architecture of the receptor visualize
as secondary structure.

https://www.rcsb.org/structure/6U9V
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Figure 4.6: Close‐up view of the amino acids forming the ATP binding pocket and the associated amino acids.
(A) The amino acids forming the ATP binding pocket are shown in dark green (Lys64, Lys66 and Thr189) from
monomer A, and in purple (Gln292, Arg294 and Lys311) from an adjacent monomer B. B) Representation of the
surface of the amino acids forming the pocket. C) Supporting amino acids shown in light green from monomer
A (Phe188, Leu191, Ile214 and Ile228), and in light purple from an adjacent monomer B (Phe293 and Phe288).
D) Representation of the surface of the supporting amino acids. E) Amino acids forming the ATP binding pocket
and related amino acids in stick form, colored as in the previous panels. F) Surface of amino acids forming the
ATP binding pocket and related amino acids.

In addition to the ATP-binding pocket, another pocket can be identified in the recep-

tor structure towhich inhibitors and small drugmolecules bind. The drug-binding pocket

(also called the allosteric binding pocket) is located between neighboring subunits, adja-

cent to the ATP-binding site. The following amino acids are involved in forming the drug-



444444444

4.1. INTRODUCTION | 85

binding cavity: Phe88, Phe95, Phe103, Met105, Phe108, Phe295, and Val312 [516, 517]. The

site is also shown in the Figure 4.6.

The P2X7 receptor is highly expressed in glioma cells. In the tumormicroenvironment,

elevated extracellular ATP levels activate it. Stimulation of the P2X7 receptor enhances

glioma cell proliferation and increases cell survival. Activation of the receptor may influ-

ence the development of adaptive mechanisms that condition cancer cells to resist apop-

tosis (independent of the P2X7 receptor). The inhibition of P2X7 has been confirmed to

decrease glioma proliferation [518–521]. However, the receptor expressed on glioma cells

can still form cell pores. Under certain conditions, prolonged activation and long-lasting

openingof theP2X7 receptor can lead to theapoptosis of cancer cells. This phenomenon is

tied to the P2X7’s dual functionality. Depending on the intensity and duration of its activa-

tion, as well as the surrounding cellular and molecular context, it can mediate either cell

survival or cell death [493, 510, 522]. Its role in tumor growth has made P2X7 a potential

therapeutic target. These therapies could block its activity or selectively induce apopto-

sis in glioma cells by prolonging its activation. The second approach presents two chal-

lenges. First, long-term activation of P2X7 receptors can damage healthy cells on whose

surfaces these receptors are located. Second, glioma cells can adapt by reducing P2X7 ex-

pression [510,523,524].

Long-term P2X7 activation, leading to pore opening, is a promising strategy for induc-

ing apoptosis in glioma cells. However, careful modulation is required to exploit its apop-

toticeffectswhileminimizingdamage tonormal tissues. Acombinedapproachmaybe the

solution. This chapter explores photoactive ligands that could reduce the ATP concentra-

tion required for receptor activation, allowing for selective anti-tumor activity while miti-

gating off-target toxicity.

4.1.4 Light‐Induced Protein Regulation

Light-induced protein regulation uses a photosensitive ligand and light as external

stimuli to precisely and controllably modulate protein activity. Early research on this

topic included optogenetics, a technique that uses genetically encoded light-sensitive

proteins. More recent developments, however, focus on external factors, such as small

light-sensitive molecules. Light is a unique tool because it is minimally invasive (short

exposures do not cause tissue damage). Light can be precisely controlled for localization,

wavelength, intensity, and exposure duration, enabling real-time control of protein

activity.

However, applying thesemethods to ligand-gated ion channels, such as P2X7, requires

the use of well-designed, light-responsive compounds [525–530]. This part of the study
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focuses on molecules that specifically bind to the ATP-binding pocket of the P2X7 recep-

tor, modulating its activity in response to light. This could lead to the selective apoptosis

of glioma cells by forming cell pores. The studies presented used naturally occurring com-

pounds and commercially available drugs with photoactive potential. Retinal derivatives

werealso testedbecause thesecompoundshadpreviouslybeenusedby the research team

for cell differentiation [531]. Artificial compounds,whicharea combinationofnatural pho-

toactive compounds and BzATP, were also tested (see Table 4.A0.9 for the structures of the

compounds).

4.1.5 Purpose and Scope of the Chapter

This chapter integrates fundamental knowledge of the nervous system and glial biology

with the emerging field of light-regulated proteins studied using computationalmethods.

The focus is on theP2X7 receptor as apotential therapeutic target and its possible photoac-

tive ligands. This section primarily focuses on exploring the potential of light-induced reg-

ulationof theP2X7receptor for treatingglioma. Toaddress thisknowledgegap, theaffinity

of photoactive ligands for the receptorwas investigated by comparing itwith that of native

P2X7 receptor ligands.
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4.2 Materials and methods

4.2.1 Homology Modeling

As no structure of the human P2X7 receptor was available in the Protein Data Bank (PDB),

a homology modeling approach was used. Complete structures of the rat (Ratus norvegi-

cus) P2X7receptor in the formofaclosedandanopenchannel, determinedby thecryo-EM

technique,wereavailable in thePDB[514]. However, theaminoacidsequencesof thedomi-

nantA isoformof thehumanP2X7 receptor (UniProtKB ID:Q99572, GeneBank: CAA73360)

and the rat P2X7 receptor (UniProtKB ID: Q64663, GeneBank: CAA65131) are available.

A comparison of the amino acid sequences of the two receptors was made using the

UniProt Align tool [532], and the Percent Identity of the alignment was 80.34%. The re-

sults of the comparison are shown in Figure 4.7 below (comparison of sequences in the

text version made using the TEXshade package for LaTeX [533]). Due to the high level of

similarity between the two sequences, the sequence of the human receptor and the rat

structures (PDB: 6U9V, the closed state of the receptor, and PDB: 6U9W, the open state of

the receptor [514]) were used as templates to build the hP2X7R homology model. For this

purpose, the SWISS-MODEL [179] automated server for the homologymodeling of protein

structures was used. Hydrogen atoms were added to the resulting structures using Mae-

stro [534,535], a Schrödingermodeling environment, to set the systempH to 7. The quality

of the generated protein structurewas checkedwith the Procheck [536] server. Only a few

residues from loop regions far from the important binding sites in this study were found

to be slightly beyond a standard deviation.

Due to the growing popularity of AlphaFold2 [176], it was decided to also check the qual-

ity of the receptor model generated using this tool. For this purpose, ColabFold [537] im-

plemented inUCSFChimeraX [538]wasused to generate the structure of eachof the three

monomers based on its sequence from UniProtKB with ID: Q99572. Additionally, models

were generated fromamino acid sequences andPDB structures of the rat receptor in open

and closed conformations. The structures generated using AlphaFold2 were aligned and

compared with those available in the PDB and with the obtained homologous model. In

further stages of thework, a homologousmodel was used.

https://www.uniprot.org/uniprotkb/Q99572/entry
https://www.uniprot.org/uniprotkb/Q99572/entry
https://www.uniprot.org/uniprotkb/Q64663/entry
https://www.ncbi.nlm.nih.gov/protein/CAA65131
https://www.rcsb.org/structure/6U9V
https://www.rcsb.org/structure/6U9W
https://www.uniprot.org/uniprotkb/Q99572/entry
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Figure 4.7: Comparison of the amino acid sequences of the dominant isoform A of human P2X7R (GeneBank:
CAA73360, on top) and rat P2X7R (GeneBank: CAA65131, bottom). Identical amino acids are highlighted in
black frames. Sequence comparisons were made using the TEXshade package for LaTeX [533].

https://www.uniprot.org/uniprotkb/Q99572/entry
https://www.ncbi.nlm.nih.gov/protein/CAA65131


444444444

4.2. MATERIALS AND METHODS | 89

4.2.2 Ligand Preparation

Table 4.1: List of ligands with PubChem CID numbers docked to P2X7 receptor divided into five groups.

Group Ligand PubChem CID with hyperlinks

1. known ligands ATP 5957

TMZ 5394

MTIC 76953

BzATP 115205

AZ10606120 10310632

ADP 6022

AP4 14003

AP5 56777378

2. natural photoactive compounds Azobenzene 2272

Stilbene 638088

Pterostilbene 5281727

Resveratrol 445154

3. commercial drugs Agelasine 73440802

Combretastatin A1 5458993

Combretastatin A1 Phosphate 6918546

Combretastatin A4 5351344

Combretastatin A4 Phosphate 5351387

Ombrabulin 6918405

4. retinoids Retinal 638015

Retinoic Acid 444795

5. photoactive derivatives of BzATP Azobenzene + BzATP

Stilbene + BzATP

Pterostilbene + BzATP

Resveratrol + BzATP

The compounds listed in Table 4.1 were prepared for molecular docking and divided into

five groups based on structural similarity and properties. For this purpose, the geometry

of the three-dimensional structure of the ligands from Group 1: ATP (adenosine triphos-

phate), TMZ (temozolomide), MTIC (3-methyl-(triazen-1-yl)imidazole-4-carboxamide),

BzATP (2’,3’-O-(4-benzoilobenzoilo)adenozyno-5’-trifosforan), AZ10606120 and deriva-

tives of ATP, with are ADP (adenosine diphosphate), AP4 (adenosine tetraphosphate)

and AP5 (P1,P5-Di(adenosine-5’-)pentaphosphate) (structures obtained from PubChem,

https://pubchem.ncbi.nlm.nih.gov/compound/5957
https://pubchem.ncbi.nlm.nih.gov/compound/5394
https://pubchem.ncbi.nlm.nih.gov/compound/MTIC
https://pubchem.ncbi.nlm.nih.gov/compound/115205
https://pubchem.ncbi.nlm.nih.gov/compound/10310632
https://pubchem.ncbi.nlm.nih.gov/compound/6022
https://pubchem.ncbi.nlm.nih.gov/compound/14003
https://pubchem.ncbi.nlm.nih.gov/compound/56777378
https://pubchem.ncbi.nlm.nih.gov/compound/2272
https://pubchem.ncbi.nlm.nih.gov/compound/638088
https://pubchem.ncbi.nlm.nih.gov/compound/5281727
https://pubchem.ncbi.nlm.nih.gov/compound/445154
https://pubchem.ncbi.nlm.nih.gov/compound/73440802
https://pubchem.ncbi.nlm.nih.gov/compound/5458993
https://pubchem.ncbi.nlm.nih.gov/compound/6918546
https://pubchem.ncbi.nlm.nih.gov/compound/5351344
https://pubchem.ncbi.nlm.nih.gov/compound/5351387
https://pubchem.ncbi.nlm.nih.gov/compound/
https://pubchem.ncbi.nlm.nih.gov/compound/638015
https://pubchem.ncbi.nlm.nih.gov/compound/444795
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CID numbers given in the Table 4.1 all CID numbers are hyperlinked to their respec-

tive PubChem pages) was optimized using the Schrödinger modeling environment

Maestro [534,535].

The PubChem database had structures only in the trans form for the Group 2 ligand,

Group 3 agelasine, and Group 4, while for the other Group 3 compounds, only struc-

tures in the cis state were available. As it was important to have the structures of these

compounds in both forms, the available Simplified Molecular Input Line Entry System

(SMILES) was used. The missing states were written in SMILES notation, and then the

three-dimensional structures of the mentioned compounds were posed using the web-

pagewww.cheminfo.org. Compounds 5 are hybridsmodified by photoactive parts (ligands

from group 2) of BzATPmolecules. The molecules were designed using Maestro software

tools in two states: trans and cis. The two-dimensional structures and SMILES for these

compounds are provided in the Appendix. All prepared molecular structures of groups

2-5 in trans and cis states were optimized using the Schrödinger modeling environment

Maestro [534,535].

4.2.3 Molecular Docking

The prepared ligand structures wereminimized using SchrödingerMaestro LigPrep. A to-

tal of 43 ligandswere subjected tomolecular docking using the SMINA code [539], a fork of

AutoDock Vina [540] (which provides support for minimization and scoring of docked lig-

and positions), to the resulting homologymodel structure. These ligands included group 1

ligands in one state and ligands of other groups in trans and cis states. In the case of reti-

nal, two cis forms were considered: 11-cis and 13-cis, and for retinoic acid, three cis forms

were considered: 9-cis, 11-cis, and 13-cis. Since the exact binding site of the native ligand

of this receptor is known, the docking sitewas restricted to the ATP-binding pocket, which

is shown in detail in the Figure 4.6 (docking space created by: Lys64, Lys66, Thr189, Gln292,

Arg294, Lys311). A total of 50 independentdocking runswereperformed foreach ligandus-

ing the default settings, with up to 100 poses generated per run. The ligand with the high-

est score within the pocket was selected and prepared in Schrödinger Maestro [534, 535]

by adding hydrogen atoms, thenminimized to obtain the optimal conformation.

4.2.4 Data Analysis and Visualization

The bioinformatic analysis was performed using the UniProt Align tool [532]. The Al-

phaFold Error Plot tool [176, 541] implemented in USCF ChimeraX [538, 542] was used to

analyze the structures generated with AlphaFold2. The USCF ChimeraX program was

www.cheminfo.org
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also used to visually analyze and compare the structures generated by AlphaFold2 with

homologous structures in the PDB. The UCSF ChimeraX coulombic command was used

to calculate the Coulomb electrostatic potential in real time and color the molecular

surfaces. Coulombic electrostatic potential was calculated using atomic partial charges

and coordinates according to Coulomb’s law: φ =
∑

[ qi

εdi
], where φ is the potential, q

are the atomic partial charges, ε is is the dielectric constant, and d denotes the distances

from the atoms (by default 1.4 Å). The mlp command was also used to calculate molecular

lipophilicity potential maps of the homologous model. The tables and graphs prepared

for the analysis of docking results were created usingMicrosoft Excel [543], and the UCSF

ChimeraX programwas used to visualize the docking results.
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4.3 Results

4.3.1 Homology Modeling

Three separate models were generated using AlphaFold2, based on their amino acid se-

quence (in the case of the homologousmodel Figure 4.8:A) and based on their amino acid

sequence and structural seed information available in the PDB (in the case of the closed

Figure 4.8:B and open Figure 4.8:C forms of the rat receptor structure). For each gener-

ated model, a sequence coverage plot, a predicted local distance difference test (pLDDT,

AlphaFold’s per-residue confidence score), and a predicted aligned error (PAE) graphwere

obtained.

On the sequence coverage plot, each horizontal line represents a sequence from the

multiple sequence alignment (MSA), colored by sequence identity (blue for high similarity

and red for low). The vertical axis shows the number of sequences investigated, and the

horizontal axis shows the positions within the generated protein structure. The black line

shows the MSA coverage for each residue. All three graphs in Figure 4.8 display the same

key features: substantial coverage (orange) from ~1–450, a significant drop in coverage

from ~450–520, and enhanced coverage from ~520–595. The black line (MSA depth per

position) indicates that there are no significant differences between the Figure 4.8 panels.

Large peaks occur between residues ~50-450, meaning that this region is well conserved

and thatmany sequences cover this position. Dips around residues ~450–520 correspond

to regionsof lowerconfidence in thestructureand/orflexible regions in the3Dmodel. This

may be explained by the fact that some of the P2X7 receptor structures deposited in the

PDB lack the intracellular region.

pLDDT is a per-residue confidence score produced by AlphaFold that estimates the re-

liability of the predicted atomic positions in a protein structure. All three 3D structures

colored by pLDDT in Figure 4.8 show blue helical elements, whichmeans high confidence

foldedcores, yellow/greenpartsmostly localized in theregionat theedgeof themembrane

on the intracellular side, and a few red loops with low confidence due to high flexibility.

There are no visible differences between models B and C, which were seeded with infor-

mation from two different PDB structures. The overlapped structures generated using Al-

phaFold2 are shown in Figure 4.A0.28 in the Appendix. In contrast, model A (the human

receptor) shows less confidence in the extracellular loops, aswell as structural differences

in themembrane edge on the intracellular side, compared tomodels B and C.

The overall pattern of the PAEheatmaps for the threemodels is very similar. It is identi-

cal formodels B and C, and exhibitsminor changes formodel A: the red areas intersecting

the blue blocks are narrower. In summary, according toAlphaFold2, all threemodels show
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high consistency in terms of domain localization.

Figure 4.8: AlphaFold2 prediction results pLDDT (Predicted Local Distance Difference Test) color scheme is blue
for very high (>90) confidence, cyan/green for medium (70–90) confidence, and yellow/orange/red for poor
(<70) confidence. A) AlphaFold2 prediction results for monomer of homology model developed based on the
human amino acid sequence and the structure of the rat receptor. B) AlphaFold2 prediction results monomer of
closed rat model PDB: 6U9V, and C) for monomer of open rat model PDB: 6U9W

https://www.rcsb.org/structure/6U9V
https://www.rcsb.org/structure/6U9W
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Figure 4.9 shows the alignment structures. Figure 4.9:A shows the structure generated

by AlphaFold2 in purple and the homologous model obtained in this work in dark green

(RMSD between all 592 pairs: 14.74 Å). A visual comparison of the two models reveals a

significant inconsistency, namely a partial shift in the intracellular portion of the receptor.

The shift is also visible in the lower part of the transmembraneα-helices. The consistency

in the extracellular part is much higher, with differences appearing in the highly flexible

loops.

Figure 4.9: Comparison of models generated using AlphaFold2with the homologousmodel andmodels available
in PDB. A) Superimposed structure generated using Alphafold2 in purple and the structure of the homologous
human receptor model developed based on the human amino acid sequence and the structure of the rat receptor
in green, B) Superimposed structure generated using Alphafold2 in indigo and the structure of the closed rat
receptor PDB: 6U9V in olive green. C) Superimposed structure generated using Alphafold2 in dark magenta and
the structure of the open rat receptor PDB: 6U9W in see green.

Figure 4.9:B and Figure 4.9:C show the alignment of the structure with AlphaFold2 (in

the shades of purple) and the closed (RMSD 13.35 Å) and open rat receptor (RMSD 14.57

Å) from PDB (in the green shades), respectively. A visual comparison of the two green

structures reveals significant differences between the closed and open structures. The

transmembrane fenestrations of the open receptor are significantly larger than in the

closed state, and conformational changes are also visible in the extracellular region,

resulting from the presence of the ligand in the ATP-binding pockets of the open receptor.

In contrast, the structures generated by AlphaFold2 show no differences between these

two states, based on the initial information from the available PDB structures. When

comparingAlphaFold2modelswith PDBmodels, the largest shifts are also observed in the

https://www.rcsb.org/structure/6U9V
https://www.rcsb.org/structure/6U9W
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intracellular region. The high uncertainty in AlphaFold2’s prediction of this region may

be due to the lack of complete structures of P2X family receptors in databases, as most

available structures lack the intracellular region. The greatest similarity to the structure

generated by AlphaFold2 is visible in the PDB structure of the closed rat receptor, which

can be explained by the high availability of closed P2X family receptor structures in

databases.

All results presented in the following sections of this paper were obtained using a ho-

mologymodel, as thework began before the rapid development of AlphaFold2. The choice

of a homology model is further justified by the fact that the reliability of the generated

structuresmay be questionable.

Figure 4.10: Analysis of the features of the human P2X7 receptor homologousmodel. A) Coulombic electrostatic
potential with coloring ranging from red for negative potential through white to blue for positive potential. The
result of Coulombic electrostatic potential is in units of kcal/(mol∙e) at 298 K. B) Close‐up view of Coulomb
electrostatic potential map of the surface of ATP binding pocket. C) Close‐up view of Coulomb electrostatic
potential map of the surface of the supporting amino acids. D) Lipophilicity potential maps the results are shown
with coloring on the molecular surface of the protein ranging from cyan (most hydrophilic) to white to amber
(most lipophilic). E) Close‐up view of lipophilicity potential map of the surface of ATP binding pocket. C) Close‐
up view of lipophilicity potential map of the surface of the supporting amino acids.

An analysis of the characteristics of the homologous model of the human P2X7 recep-

tor, including Coulombic electrostatic potential and lipophilicity, was performed using

ChimeraX software tools and is presented in Figure 4.10. Figure 4.10:A shows a map of

the Coulombic electrostatic potential of the entire receptor structure, with a neutral

region visible in the transmembrane α-helices, while positive regions can be observed at

the contact point between monomers in the extracellular region. This area contains the
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ATP binding pocket, which is shown in Figure 4.10:B. The blue area represents a positive

potential, which enables the binding of negatively chargedATPmolecules or other ligands.

The amino acid residues surrounding the binding site shown in Figure 4.10:C are neutral,

suggesting that their role in stabilizing the ligand is not related to the presence of charge.

Maps of the lipophilic potential of the entire receptor are shown in Figure 4.10:D, which

shows a large, strongly hydrophobic region in the part where transmembrane helices are

present. Figure 4.10:E,F presents a close-up of the lipophilic potential map of the amino

acids comprising theATP binding pocket and the accompanying amino acids, respectively.

TheATP-bindingpocket exhibits higher hydrophilicity, while the surrounding amino acids

are strongly hydrophobic, suggesting that the difference in lipophilicity potential between

the pocket amino acids and the supporting amino acidsmay affect the stabilization of lig-

ands during binding.

In the final stages of this dissertation, the authors published a paper presenting the

cryo-EM structure of the human P2X7 receptor in the apo-closed state [544].

Figure 4.11: A) A comparison of the homology model generated for the thesis, shown in green, with the receptor
in closed state PDB: 9E3M model [544], shown in maroon. B) A comparison of the homology model, shown in
green, with the open structure of the receptor PDB: 9E3N model [544], shown in beige.

Figure 4.11 shows a comparison of the homology model generated for this thesis with

thePDB: 9E3Mmodel of the receptor in the closed state andwithPDB: 9E3Nopenstructure

of the receptor. The homologymodel and the PDB structure of the closed receptor demon-

strate ahigh level of similarity, as indicatedbyanRMSDof0.819Å for483atompairs in the

single chain. The PDB structure containsmissing residues; therefore, the protein’s amino

https://www.rcsb.org/structure/9E3M
https://www.rcsb.org/structure/9E3N
https://www.rcsb.org/structure/9E3M
https://www.rcsb.org/structure/9E3N
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acidcountdoesnotmatch thatof thehomologousmodel. Themissingresiduesare located

mainly in the intracellular part of the protein. The structural differences between the ho-

mologousmodel and theopen-state receptor are larger,with anRMSDof0.980angstroms

over304atompairs. Most of thechangesoccur in the transmembranehelix regionand the

intracellular part. This is because the homologous model is based on the closed receptor.

The cryo-EMstructure of theP2X7 receptor in theopen state ismissing residues, resulting

in RMSDs for only 304 chain atoms and the largest changes occurring in the intracellular

part of the protein.
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4.3.2 Molecular Docking

For each of the 43 ligands, which are divided into five groups (see Table 4.1 for the list of lig-

andsand theaforementioneddivision), 50dockingserieswereperformedusing thesmina

program. Each docking session generated up to 100 ligand positions in the ATP-binding

pocket, to which the program assigned scores to evaluate them. The results presented in

this section maintain the ligand grouping shown in Table 4.1. Docking results provide a

static approximation of binding. The lowest score (the most negative) indicates the most

accurate predicted ligand-protein docking position. Therefore, a high negative score cor-

responds to the strongest ligand binding in the binding pocket of the protein.

Table 4.2 shows the average results from 50 rounds of docking into the ATP binding

pocket for the five ligand positionswith the best results in Group 1. The appendix includes

results forall positions from50dockingrounds foreach ligand. Figure4.12 shows thescore

of each best position from 50 docking rounds in the form of dots, and the average score is

shown as a dotted line (which is the value from the first row of Table 4.2). The docking re-

sults for ATP will serve as a reference point for further analyses, and the other results will

be interpreted in relation to them. This reference has been chosen becauseATP is a native

ligand of the P2X7 receptor. BzATP exhibits a binding affinity approximately 1.0 kcal/mol

higher than that of the native ATP receptor ligand, which has been confirmed experimen-

tally [545]. In each of the 50 docking rounds, the positions of the best BzATP show better

consistency and less deviation from the mean value (black in Figure 4.12) than those of

the ATP (grey in Figure 4.12). However, both compounds are characterized by low smina

scores, which are significantly better than those of the other ligands presented in the Ta-

ble 4.2. This can be explained by the presence of a negatively charged phosphate chain

in their structure that interacts strongly with the positively charged amino acids in the

pocket. The smallest deviations from the mean value in Figure 4.12 are shown by TMZ (in

purple). Despite the fact that the values oscillate around -6.5 kcal/mol—approximately 2.0

kcal/mol lower than the values for ATP— it can be concluded that this compound exhibits

some affinity for the ATP binding pocket of the P2X7 receptor. This has been confirmed

by the experimental team. The combined action of ATP and TMZ results in a 70% reduc-

tion in viability and reduced migration capacity of differentiated glioblastoma cells. This

allowed the use of a low, non-toxic concentration of ATP and a reduced effective concen-

tration of TMZ [531]. MTIC is an activemetabolite and breakdownproduct of TMZ that does

not exhibit high affinity for the ATP-binding pocket of the P2X7 receptor. These values do

not exceed -6.0 kcal/mol and are significantly worse than ATP. The affinity of AZ10606120

(AZ), an experimentally confirmed P2X7 receptor antagonist [545], was tested to better de-

termine the binding strength of TMZ and photoactive ligands. AZ shows values oscillating
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around -7.6 kcal/mol, which are worse than those obtained with ATP but better than those

obtainedwith TMZ.

Table 4.2: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for Group
1 ligands, smina score (predicted binding energy in kcal/mol)

ATP BzATP TMZ MTIC AZ

‐8.32 ‐9.66 ‐6.46 ‐5.42 ‐7.59

‐8.20 ‐9.58 ‐5.69 ‐5.14 ‐7.54

‐8.11 ‐9.50 ‐5.64 ‐5.05 ‐7.50

‐8.06 ‐9.44 ‐5.58 ‐4.99 ‐7.48

‐8.01 ‐9.40 ‐5.49 ‐4.93 ‐7.44

Figure 4.12: The graph shows the results for the best positions from each of the 50 docking rounds for ligands
from Group 1 in the form of points, and the average value (shown in Table 4.2) as a dotted line in the color
corresponding to the points. ATP in gray, BzATP in black, TMZ in purple, MTIC in beige and AZ in forest green.
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SinceATP is treatedasa reference, thedocking resultswerecomparedwithATPpresent

in the PDBmodel 6U9W, visualizing both positions in Figure 4.13. The difference inATPpo-

sitionswithin the receptor pocket is due to the conformational difference between the two

models. It can therefore be concluded that the conformational change within the pocket,

caused by ligand binding, allows movement of the ligand and changes to the network of

hydrogen bonds that stabilize its position.

Figure 4.13: Visualization of A) the ATP binding pocket with labeled amino acids and C) the best ATP docking
position in the homologous closed P2X7 receptor model structure. B) ATP binding pocket D) ATP position in
the pocket in the open rat receptor structure PDB: 6U9W. E) Hydrogen bond pattern between ATP and amino
acids in homology model shown as yellow dash‐line. F) Hydrogen bond pattern between ATP and amino acids
in the open rat receptor structure PDB: 6U9W shown as yellow dash‐line.

https://www.rcsb.org/structure/6U9W
https://www.rcsb.org/structure/6U9W
https://www.rcsb.org/structure/6U9W
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Figure 4.14 shows the comparison of the ATP-binding pocket architecture and surface

of the ATP-binding pocket of the homologymodel andATP-binding pocket of the Cryo-EM

structure of the human P2X7 receptor in the ATP-bound open state PDB: 9E3N. Compar-

ing the human receptor pocket with the rat receptor ATP binding pocket shown above in

Figure 4.13:D shows that these places in the structure of the receptors in the open state are

very similar. As in the previous comparison, the conformational changewithin the pocket

may be caused by ligand binding.

Figure 4.14: A) Isolated ATP‐binding pocket of the homology model, mesh surface in gray. B) Isolated ATP‐
binding pocket of the Cryo‐EM structure of the human P2X7 receptor in the ATP‐bound open state PDB: 9E3N,
mesh surface in maroon. C) Overlap of the two pockets. D) The ATP binding pockets of both models are shown,
with the ATP visible. The ATP resulting from docking is shown in grey and the ATP from the cryo‐EM structure
is shown in lime.

Figure4.15 shows thevisualizationof thebestpositions (positionswith the lowest smina

score) for each ligand fromGroup 1. For clearer visualizationandeasier interpretation, the

structures of amino acids and ligands have been visualized without hydrogen atoms. Ad-

ditionally, Figure 4.15:A represents an empty binding pocketwith labels of the amino acids

that form it. The colors of carbon atoms in individual ligands correspond to their color rep-

resentation inFigure4.12. All compounds fitwell into thebindingpocket. ATP (Figure4.15:B

in gray) and BzATP (Figure 4.15:C in black) interact with the negatively charged phosphate

chain and the positively charged surface of the pocket. Ligands such as TMZ (Figure 4.15:D

https://www.rcsb.org/structure/9E3N
https://www.rcsb.org/structure/9E3N
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in purple) and MTIC (Figure 4.15:E in beige) penetrate deep into the pocket cavity and po-

tentially have a high degree of freedomofmovement there due to their small size and lack

of charge. In the case of AZ (Figure 4.15:F in green), the adamantane part of the compound

is located outside the binding pocket area. Interaction with the pocket’s amino acids oc-

curs via the rings present in the AZ structure. The adamantanemoiety is likely involved in

hydrogen bondingwith the pocket environment.

Figure 4.15: Visualization of the docking results for group 1 ligands with the highest smina score. To improve
clarity, hydrogen atoms have been omitted from both the amino acid structures and the ligands with structures
are colored by heteroatoms. A) The structure of the ATP binding pocket is shown again for convenience of
analysis and interpretation. Surface of the pocket shown as a mesh. B) ATP in gray. C) BzATP in black. D) TMZ
in purple. E) MTIC in beige. F) AZ in forest green.

DockingofATPderivativeswithvaryingnumbersofphosphate residueswasperformed

to examine their effect on the binding affinity of the compound in the receptor pocket.

The results are presented in the Table 4.3 and in the Figure 4.16. Adenosine diphosphate

(ADP), a derivativewith one less phosphate group thanATP, exhibits a slightlyweaker bind-

ing force, represented by a higher value of approx. 0.4 kcal/mol. In the case of adenosine

tetraphosphate (AP4), a derivative with one more phosphate group than ATP, the smina

score results show no significant difference between AP4 and ATP. P1,P5-Di(adenosine-5’-

)pentaphosphate (AP5), an ATP derivative containing five phosphate groups and two ade-

nine rings, exhibits high affinity for the binding pocket, represented by a smina score ap-

proximately 1 kcal/mol lower than that of ATP. However, the results for AP5 show large de-

viations from the mean (Figure 4.16 in light green). Based on the presented results, it can
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be concluded that the number of phosphate residues may affect the binding strength of

compounds in the ATP-binding pocket of the P2X7 receptor. This can also be explained by

the negative charge of the ATP-binding pocket surface.

Table 4.3: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for ATP,
BzATP, and additional ligands that are ATP derivatives, with varying numbers of phosphate groups, smina score
in kcal/mol

ATP BzATP ADP AP4 AP5

‐8.32 ‐9.66 ‐7.88 ‐8.25 ‐9.38

‐8.20 ‐9.58 ‐7.78 ‐8.06 ‐9.13

‐8.11 ‐9.50 ‐7.73 ‐7.99 ‐8.95

‐8.06 ‐9.44 ‐7.70 ‐7.92 ‐8.78

‐8.01 ‐9.40 ‐7.67 ‐7.83 ‐8.66
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Figure 4.16: The graph shows the results for the best positions from each of the 50 docking rounds for ATP,
BzATP, and additional ligands that are ATP derivatives, with varying numbers of phosphate groups in the form
of points, and the average value (shown in Table 4.3) as a dotted line in the color corresponding to the points.
ATP in gray, BzATP in black, ADP in forest green, AP4 in purple and AP5 in light green.

The first panel of the Figure 4.17:A shows the structure of the pocket and the amino acid

labels that make up the pocket. Figure 4.17:B and Figure 4.17:C show the previously pre-

sentedpositions ofATP (in gray) andBzATP (in black), respectively, to facilitate comparison

of thepositions of these compounds in the receptor pocketwith otherATPderivatives. The

ADPFigure4.17:D (in forestgreen)position issimilar to thewayATP isarranged in therecep-



444444444

104 | 4. LIGHT‐INDUCED REGULATION OF PROTEINS, PHOTOACTIVATED LIGANDS OF P2X7
RECEPTOR

tor pocket. By contrast, despite having a greater number of phosphate residues, AP4 Fig-

ure 4.17:E (in purple) andAP5Figure 4.17:F (in light green) arrange themselves in thepocket

cavity in a manner similar to BzATP. This is counterintuitive because strongly negatively

charged phosphate residues should be drawn toward the positively charged pocket. This

may be caused by the presence of a network of hydrogen bonds holding the ligands in this

position. This topic requires further investigation.

Figure 4.17: Visualization of the docking results for ATP, BzATP, and additional ligands that are ATP derivatives,
with the highest smina score. To improve clarity, hydrogen atoms have been omitted from both the amino acid
structures and the ligands with structures are colored by heteroatoms. A) The structure of the ATP binding
pocket is shown again for convenience of analysis and interpretation. Surface of the pocket shown as a mesh.
B) ATP in gray. C) BzATP in black. D) ADP in forest green. E) AP4 in purple. F) AP5 in light green.
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Table 4.4: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for Group
2 ligands

Azobenzene Stilbene Pterostilbene Resveratrol

trans cis trans cis trans cis trans cis

‐5.65 ‐5.76 ‐5.70 ‐5.81 ‐6.08 ‐6.58 ‐6.95 ‐6.72

‐5.63 ‐5.75 ‐5.68 ‐5.80 ‐6.04 ‐6.54 ‐6.82 ‐6.69

‐5.61 ‐5.69 ‐5.54 ‐5.73 ‐6.00 ‐6.29 ‐6.78 ‐6.62

‐5.58 ‐5.52 ‐5.37 ‐5.56 ‐5.97 ‐6.22 ‐6.74 ‐6.56

‐5.53 ‐5.31 ‐5.30 ‐5.39 ‐5.94 ‐6.14 ‐6.69 ‐6.50

Figure 4.18: The graphs show the results for the best positions from each of the 50 docking rounds for ligands
from Group 2 in the form of points, and the average value (shown in Table 4.4) as a dotted line in the color
corresponding to the points. A: azobenzene in trans in black, in cis in gray. B: stilbene in trans in purple, in cis
in lavender. C: pterostilbene in trans in forest green, in cis in light green. D: resveratrol in trans in maroon, in cis
beige.
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A series of docking studies was performed using ATP as a reference (-8.32 kcal/mol

average score for the best docking pose across 50 docking rounds) to test the potential use

of photoactive compounds as P2X7 receptor ligands. Table 4.4 and Figure 4.18 show the

results for two states (trans and cis) of photoactive ligands of Group 2, commonly known

and used compounds that exhibit photoisomerization. Azobenzene and stilbene show

minor deviations from the average (as shown in Figure 4.18:A and Figure 4.18:B) and a poor

result in terms of ATP score (the difference is approximately 3 kcal/mol). Additionally, in

these cases, there is no significant difference between the trans and cis states. In both

cases, however, the cis state shows a slightly better score of approximately 0.1 kcal/mol

than the trans state. Better results were observed in the case of pterostilbene (shown

in Figure 4.18:C). Although the score is weaker than that of ATP, the result for the cis

state is comparable to that obtained for TMZ docking. Pterostilbene exhibits the most

significant differences among the Group 2 ligands between the trans and cis states, with

an approximate difference of 0.5 kcal/mol. For this reason, this compound was selected

for further study. Although resveratrol showed slightly worse results than pterostilbene,

it was also selected for further in-depth studies because it is the only ligand in Group 2

that exhibits better results for trans state (as shown in Figure 4.18:D).

Figure 4.19 shows visualisations of the best docking positions for group 2 ligands. One

of the trans azobenzene rings is located in the proximity of Arg294 (Figure 4.19:A), while

the other is positionedbetweenAsn292andLys311. Conformational change to the cis form

causes the ring to move away from Asn292 and Lys311 (see Figure 4.19:B). The trans posi-

tion of azobenzene differs from that of the other ligands, which consistently have one ring

located inside the pocket cavity and the other positioned between Arg294 and Lys311 (Fig-

ure 4.19:C, Figure 4.19:E, and Figure 4.19:G). For ligands in the cis state, one of the rings re-

mains in the pocket cavity. In contrast, the ligand that was located near the amino acids

Arg294 and Lys311 in the trans state is moved away from them towards the outside (Fig-

ure 4.19:D, Figure 4.19:F, and Figure 4.19:H).
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Figure 4.19: Visualization of the docking results for group 2 ligands with the highest smina score. To improve
clarity, hydrogen atoms have been omitted from both the amino acid structures and the ligands with structures
are colored by heteroatoms. A) Azobenzene in trans in black, B) in cis in gray. C) Stilbene in trans in purple, D) in
cis in lavender. E) Pterostilbene in trans in forest green, F) in cis in light green. G) Resveratrol in trans in maroon,
H) in cis in beige.
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Table 4.5: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for Group
3 ligands

Agelasine Combretastatin A1 Combretastatin A4 Ombrabulin

trans cis trans cis trans cis trans cis

‐8.25 ‐8.16 ‐6.56 ‐6.89 ‐6.20 ‐6.65 ‐6.92 ‐6.94

‐7.97 ‐8.01 ‐6.50 ‐6.85 ‐6.16 ‐6.57 ‐6.85 ‐6.87

‐7.79 ‐7.91 ‐6.46 ‐6.76 ‐6.15 ‐6.48 ‐6.79 ‐6.73

‐7.74 ‐7.80 ‐6.43 ‐6.73 ‐6.13 ‐6.44 ‐6.74 ‐6.68

‐7.67 ‐7.71 ‐6.40 ‐6.69 ‐6.11 ‐6.42 ‐6.68 ‐6.62

Figure 4.20: The graphs show the results for the best positions from each of the 50 docking rounds for ligands
from Group 3 in the form of points, and the average value (shown in Table 4.5) as a dotted line in the color
corresponding to the points. A: agelasine in trans in black, in cis in gray. B: combretastatin A1 in trans in purple,
in cis in lavender. C: combretastatin A4 in trans in forest green, in cis in light green. D: ombrabulin in trans in
maroon, in cis beige.
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The results of the commercial docking of compounds with photoactive potential to the

ATP-binding pocket of the P2X7 receptor are presented in Table 4.5 and Figure 4.20. The

results for agelasine are very consistent, with negligible deviation from the mean; they

are also closest to those obtained from ATP docking. Ombrabulin shows poorer results

(approximately -7.0 kcal/mol), so its binding strength in the pocket can be compared with

that of TMZ. It also has the largest deviation from the mean value among the ligands of

Group 3. These results show no difference between the trans and cis states for agelasine

(Figure4.20:A, trans in black, in cis in gray) andombrabulin (Figure4.20:D, trans inmaroon,

in cis beige). The average scores for the top 50 docking positions of combretastatin A1 and

combretastatin A4 are comparable to those of TMZ. Slight differences of approximately

0.4 kcal/mol are noticeable in the case of combretastatin A1 (Figure 4.20:B, trans in purple,

in cis in lavender) and combretastatin A4 (Figure 4.20:C, trans in forest green, in cis in light

green).

Figure 4.21 shows a visualization of the best docking positions for ligands from group

3. In the trans form (shown in Figure 4.21:A in black), both agelasine rings are located in

proximity to Asn292, Arg294, and Lys311. The cis form (shown in Figure 4.21:B in gray)

exhibits similar positioning to the trans form and does not demonstrate any significant

differences. The trans states of combretastatin A1 (Figure 4.21:C), combretastatin A4

(Figure 4.21:E) and ombrabulin (Figure 4.21:G) exhibit consistent ring positioning near the

amino acidsAsn292, Arg294 and Lys311 and the second ring next to Lys66. After the ligand

conformational change to the cis state in the case of combretastatin A1 (Figure 4.21:D),

the position of the ring that was near Lys66 changes to one near Arg294, and the ring

interacting in the trans state with Asn292, Arg294, and Lys311 is moved away from them

towards theoutside. Both combretastatinA4 (Figure4.21:F) andombrabulin (Figure4.21:H)

exhibit a shift of the ring from the Lys66 region towards Arg294 in the cis state, while the

position of the second ring simultaneously changes slightly, remaining in the region of

the amino acids Asn292 and Lys311.
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Figure 4.21: Visualization of the docking results for group 3 ligands with the highest smina score. To improve
clarity, hydrogen atoms have been omitted from both the amino acid structures and the ligands with structures
are colored by heteroatoms. A) Agelasine in trans in black, B) in cis in gray. C) Combretastatin A1 in trans in
purple, D) in cis in lavender. E) Combretastatin A4 in trans in forest green, F) in cis in light green. G) Ombrabulin
in trans in maroon, H) in cis beige.
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As the native ligand P2X7-ATP and its derivative, BzATP, both contain phosphate

residues, it was decided to test the phosphate derivatives, combretastatin A1 and A4.

Table 4.6 and Figure 4.22 present the docking results for the ligandsmentioned above.

Table 4.6: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for
combretastatin derivatives

Combretastatin A1 Combretastatin A1 Phosphate Combretastatin A4 Combretastatin A4 Phosphate

trans cis trans cis trans cis trans cis

‐6.56 ‐6.89 ‐6.60 ‐6.73 ‐6.20 ‐6.65 ‐6.73 ‐6.68

‐6.50 ‐6.85 ‐6.56 ‐6.68 ‐6.16 ‐6.57 ‐6.69 ‐6.63

‐6.46 ‐6.76 ‐6.38 ‐6.63 ‐6.15 ‐6.48 ‐6.66 ‐6.60

‐6.43 ‐6.73 ‐6.34 ‐6.58 ‐6.13 ‐6.44 ‐6.62 ‐6.59

‐6.40 ‐6.69 ‐6.31 ‐6.50 ‐6.11 ‐6.42 ‐6.57 ‐6.48

Figure 4.22: The graphs show the results for the best positions from each of the 50 docking rounds for ligands
from Group 3 in the form of points, and the average value (shown in Table 4.6) as a dotted line in the color
corresponding to the points. A: combretastatin A1 in trans in purple, in cis in lavender. B: combretastatin A1
phosphate in trans in black and cis in gray. C: combretastatin A4 in trans in forest green, in cis in light green. D:
combretastatin A4 phosphate in trans in maroon, in cis beige.



444444444

112 | 4. LIGHT‐INDUCED REGULATION OF PROTEINS, PHOTOACTIVATED LIGANDS OF P2X7
RECEPTOR

Figure 4.23: Visualization of the docking results for group 3 ligands with the highest smina score. To improve
clarity, hydrogen atoms have been omitted from both the amino acid structures and the ligands with structures
are colored by heteroatoms. A) Combretastatin A1 in trans in purple, B) in cis in lavender. C) Combretastatin A1
phosphate in trans in black, D) in cis in gray. E) Combretastatin A4 in trans in forest green, F) in cis in light green.
G) Combretastatin A4 phosphate in trans in maroon, H) in cis beige.
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The results for phosphate derivatives of combretastatins are comparable to those ob-

tained for combretastatins without phosphate groups. The scores obtained also show no

significant differences between the trans and cis states.

As the differentiation of glioblastoma cells in laboratory experiments was carried out

using retinoic acid,whichexhibits photoisomerisation, itwasdecided to test the affinity of

this compound and its derivative, retinal, for the ATP-binding pocket of the P2X7 receptor.

The results are presented in Table 4.7 and Figure 4.24.

Table 4.7: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for Group
4 ligands

Retinal Retinoic Acid

trans 11‐cis 13‐cis trans 9‐cis 11‐cis 13‐cis

‐6.56 ‐6.60 ‐6.40 ‐7.12 ‐6.87 ‐6.82 ‐6.75

‐6.44 ‐6.55 ‐6.34 ‐6.98 ‐6.75 ‐6.77 ‐6.72

‐6.37 ‐6.44 ‐6.30 ‐6.93 ‐6.65 ‐6.73 ‐6.68

‐6.33 ‐6.40 ‐6.25 ‐6.89 ‐6.57 ‐6.68 ‐6.66

‐6.30 ‐6.34 ‐6.19 ‐6.86 ‐6.50 ‐6.65 ‐6.62

Figure 4.24: The graphs show the results for the best positions from each of the 50 docking rounds for ligands
from Group 4 in the form of points, and the average value (shown in Table 4.7) as a dotted line in the color
corresponding to the points. A: retinal trans in black, retinal 11‐cis in gray, and retinal 13‐cis in white. B: retinoic
acid trans in maroon, retinoic acid 9‐cis in beige, reticoic acid 11‐cis in purple, and retinoic acid 13‐cis in lavender.

Retinal in each state (Figure 4.24:A, trans in black, 11-cis in gray, and 13-cis in white)

shows a score comparable to the results for TMZ, while the results show large deviations

from the average value. No significant differences in scores are observed between the

above-mentionedstates. Betterdockingresultswereobtained for retinoicacid. Thescores

are lower than those for retinal, and a separation between the trans state of retinoic acid
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(Figure4.24:B inmaroon),whichexhibitshigherbindingaffinity to thereceptorpocket, and

the cis states can be observed (Figure 4.24:B, retinoic acid 9-cis in beige, reticoic acid 11-cis

in purple, and retinoic acid 13-cis in lavender).

Figure 4.25: Visualization of the docking results for group 4 ligands with the highest smina score. To improve
clarity, hydrogen atoms have been omitted from both the amino acid structures and the ligands with structures
are colored by heteroatoms. A) retinal trans in black, B) retinal 11‐cis in gray, C) and retinal 13‐cis in white. D)
retinoic acid trans in maroon, E) retinoic acid 9‐cis in beige, F) reticoic acid 11‐cis in purple, G) and retinoic acid
13‐cis in lavender.

AsshowninFigure4.25, thevisualisationsof thebest ligandpositions in theATPbinding

pocket of the P2X7 receptor donot reveal a consistent pattern of changebetween the trans

and cis states. However, it is visible that all ligands position themselves within the amino

acids Asn292, Arg294, and Lys311.

Based on the obtained scores and analysis of ligand docking positions in the ATP-binding

pocket of theP2X7 receptor, it canbeconcluded that retinoic acid and its derivativesdonot

directly affect P2X7 receptor activity or channel formation.
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The last group of ligands studied usingmolecular docking was BzATPmolecules modi-

fied with photoactive fragments. The results obtained from the dockings are presented in

Table 4.8 and Figure 4.26.

Table 4.8: Average score of the 50 docking rounds to the ATP binding pocket for the top five positions for Group
5 ligands

BzATP + Azobenzene BzATP + Stilbene BzATP + Pterostilbene BzATP + Resveratrol

trans cis trans cis trans cis trans cis

‐9.02 ‐9.27 ‐9.08 ‐9.30 ‐9.45 ‐9.75 ‐9.59 ‐9.32

‐8.89 ‐9.09 ‐8.98 ‐9.18 ‐9.34 ‐9.50 ‐9.45 ‐9.14

‐8.79 ‐8.99 ‐8.84 ‐9.08 ‐9.27 ‐9.35 ‐9.32 ‐9.03

‐8.66 ‐8.82 ‐8.74 ‐8.99 ‐9.16 ‐9.26 ‐9.19 ‐8.96

‐8.57 ‐8.74 ‐8.65 ‐8.91 ‐9.08 ‐9.18 ‐9.09 ‐8.91

Figure 4.26: The graphs show the results for the best positions from each of the 50 docking rounds for ligands
from Group 5 in the form of points, and the average value (shown in Table 4.8) as a dotted line in the color
corresponding to the points. A: BzATP + azobenzene in trans in black, in cis in gray. B: BzATP + stilbene in trans
in purple, in cis in lavender. C: BzATP + pterostilbene in trans in forest green, in cis in light green. D: BzATP +
resveratrol in trans in maroon, in cis beige.
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The docking scores obtained with modified BzATP containing photoactive parts are

only slightly worse than thosewith BzATPwithoutmodification (-9.66 kcal/mol). However,

they show a large deviation from the average value (visible in Figure 4.26). Each of the four

compounds studied shows a slight difference of approximately 0.2 kcal/mol in the average

value between the trans and cis states.

Figure 4.27 shows a visual analysis of the optimal docking positions for group 5 ligands.

The positioning of ligands in the ATP binding pocket is highly consistent in trans state.

BzATPmodifiedwith azobenzene (Figure 4.27:A in black), stilbene (Figure 4.27:C in purple),

and resveratrol (Figure 4.27:G in maroon) in the trans state position phosphate residues

in the pocket cavity near Arg294. The adenosine rings are located between the Asn292

and Lys311 residues, while the ring of the photoactive group is located near Lys66 and

Thr189. These compounds in the cis position (azobenzene in Figure 4.27:B in gray, stilbene

in Figure 4.27:D in lavender, and resveratrol in Figure 4.27:H in beige) are characterized

by a conformational change resulting in a different arrangement, with the phosphate

residues located in the vicinity of the Asn292 and Lys311 residues. The position of BzATP

modified with a pretostilbene part in the trans state (Figure 4.27:E in forest green) shows

a different orientation compared to the other compounds. In this case, the phosphate

residue chain is arranged in the region of Asn292 and Lys311 (as in the cis states of other

ligands), while the adenosine rings are located in the proximity of Arg294. The ring of

the photoactive residue behaves in the same way as in the other compounds in the trans

state and is located close to the amino acids Lys66 and Thr189. In the cis state of BzATP

modifiedwith a part of pterostilbene (Figure 4.27:F in light green), the phosphate residues

and adenosine rings do not change their position and remain located in the region of the

same amino acid residues. On the photoactive side, however, the ring moves away from

Lys66 and Thr189, leaving the pocket. The difference in the behavior of BzATP modified

with apterostilbenemoiety canbeexplainedby thepresenceof twomethoxygroups in the

photoactive ring, which can stabilize the ligand in the position visualized in Figure 4.27:E

via hydrogen bonds.
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Figure 4.27: Visualization of the docking results for group 5 ligands with the highest smina score. To improve
clarity, hydrogen atoms have been omitted from both the amino acid structures and the ligands with structures
are colored by heteroatoms. A) BzATP + azobenzene in trans in black, B) in cis in gray. C) BzATP + stilbene in
trans in purple, D) in cis in lavender. E) BzATP + pterostilbene in trans in forest green, F) in cis in light green. G)
BzATP + resveratrol in trans in maroon, H) in cis in beige.
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4.4 Conclusion

Interest in the P2X7 receptor has grown in recent years with the discovery of new

metabolic pathways and diseases, such as depression [546,547] Parkinson’s disease [548],

Alzheimer’s disease [549–551], and various types of cancer [552, 553] (including those

outside the central nervous system [554–556]), in which this receptor plays a role. How-

ever, complete channel inhibition is not a desirable approach in drug discovery, as the

receptor also plays a crucial role in the normal functioning of many cells. While the

concept of optically regulating proteins is not novel, it is an innovative approach for the

P2X7 receptor.

All 43 of the docked compounds exhibit a reasonable binding affinity for the ATP-

binding pocket of the P2X7 receptor. ATP derivatives have a higher affinity for the pocket

as the number of negative phosphate groups increases, reflecting the pocket’s strongly

positive surface charge. Pterostilbene exhibited the most significant differences in

binding energy between trans and cis state, making it the compound with the greatest

potential for further study. The next compound selected for further researchwas resvera-

trol. The difference between the states is comparatively small, but resveratrol bindsmore

strongly in the trans state than in the cis state. In the docking results for group 3 and 4

ligands, conformational changes from trans to cis do not show significant differences. In

the case of BzATP modified with a partially photoactive component, the affinity for the

binding pocket is exceptionally high. However, there are no significant differences in this

case either. Conformational changes do not affect binding strength, probably because

the cavity is large and the photoactive groups have considerable freedom of movement

during these shifts.

Further research into suitable compounds is necessary. Research on this topic, con-

ducted in collaboration with the experimental team, is ongoing. Future studies will con-

tinue to use BzATP due to its high affinity for the ATP-binding pocket. Follow-up studies

will examine larger photoactive compounds that better fill the pocket space. This could

potentially lead to conformational changes resulting in differences in binding strength. A

molecular docking study of the inhibitor binding pockets would be a valid next step. It is

also planned to study more receptor-photoactive ligand systems in the future using MD

simulations.



Appendix

Comparison of the obtained homologous model with the structure generated by AlphaFold.

Figure 4.A0.28: Comparison of A) overlapping models generated using AlphaFold2 in shades of purple with B)
overlapping structures of the homologous model and models available in PDB (the structure of the closed rat
receptor PDB: 6U9V and the structure of the open rat receptor PDB: 6U9W) in shades of green.

https://www.rcsb.org/structure/6U9V
https://www.rcsb.org/structure/6U9W
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Structures and SMLIES codes for modified compounds.

Table 4.A0.9: Structures and SMLIES codes for modified compounds.

Compound SMILES code

BzATP + Azobenzene

NC1=C2N=C[N](C3OC(CO[P](O)

(=O)O[P](O)(=O)O[P](O)(O)=O)

C(OC(=O)C4=CC=C(C=C4)N=

NC5=CC=CC=C5)C3O)C2=NC=N1

BzATP + Stilbene

NC1=C2N=C[N](C3OC(CO[P](O)

(=O)O[P](O)(=O)O[P](O)(O)=O)

C(OC(=O)C4=CC=C(\C=C\C5=

CC=CC=C5)C=C4)C3O)C2=NC=N1

BzATP + Pterostilbene

COC1=CC(=CC(=C1)\C=C\C2=CC=

C(C=C2)C(=O)OC3C(O)C(OC3CO[P]

(O)(=O)O[P](O)(=O)O[P](O)(O)=O)[N]

4C=NC5=C4N=CN=C5N)OC

BzATP + Resveratrol

NC1=C2N=C[N](C3OC(CO[P](O)(=O)

O[P](O)(=O)O[P](O)(O)=O)C(OC(=O)

C4=CC=C(\C=C\C5=CC(=CC(=C5)O)O)

C=C4)C3O)C2=NC=N1
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Docking Results
The results of docking compounds into theATP binding pocket of the P2X7 receptor are

available in the repository at: https://github.com/s-czach/PhD-Thesis.

Figure 4.A0.29: AQR code that redirects to a page containing the docking results and other relevant dissertation
data.
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Summary

Each chapter of the thesis aimed to provide a comprehensive overview of the field of opti-

cally regulated proteins by addressing a distinct research problem.

• Bacteriophytochrome and biliverdin IXα.

This chapter explores the mechanical signal transduction steps in bacterio-

phytochrome and biliverdin through the use of enhanced sampling molecular

dynamics simulations. Particular focus was given to characterizing the metastable

conformational states associated with the Pr and Pfr photoproducts. The sim-

ulations reveal significant differences in the free energy landscapes of the two

states, reflecting their distinct conformational preferences and potential transition

pathways. Analysis of the trajectories indicates that the way chromophores interact

with the proteins they are surrounded by is crucial in determining the shapes of

these landscapes. These findings providemolecular insight into how light-induced

structural changes translate into mechanical signals in bacteriophytochromes.

These findings are consistent with experimental data for this system.

• Photoactive Yellow Protein and p‐coumaric acid.

This chapter uses new machine learning-based methods called spectral map to

study the PYP model system. The slow collective variables were constructed by

training neural networks on data from MD simulations. The analysis showed that

the structural rearrangements in pB take place in the opposite direction to those

observed in pG. These findings are physically consistent with the mechanics of
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the PYP photocycle. This allows for the conclusion that machine learning methods

enable a detailed study of photoactive systems and observation of their behavior at

a level that cannot be achieved using conventionalmethods.

• Light‐induced regulation of proteins, photoactivated ligands of P2X7 receptor.

This chapter describes the process of creating a homologous model of a human re-

ceptor based on human sequences and rat receptor structures. A series of molecu-

lar docking experiments was conducted to investigate the potential use of photoac-

tive compounds to regulate the purinergic ion channel P2X7. The binding affinity

of these compounds for the ATP-binding pocket of the homology receptor was then

evaluated in relation to the docking results for the native ligand, ATP. The encourag-

ing results of ligand docking suggest that the use of photoactive ligands could be a

promising future area of research for developing new therapeutic compounds, mo-

tivating continuedwork in this area.
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