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Zusammenfassung

Licht spielt eine zentrale Rolle in der Regulation biologischer Prozesse wie dem Sehpro-
zess in Tieren und Menschen oder der Phototaxis in Pflanzen und Cyanobakterien. Diese
Prozesse werden durch lichtsensitive Proteine, sogenannte Photorezeptoren, gesteuert,
welche für ihre regulatorische Funktion das absorbierte Licht in ein biochemisches Si-
gnal umwandeln. Der erste Schritt dieser Umwandlung basiert auf der Absorption eines
Photons durch ein lichtempfindliches organisches Molekül, dem Chromophor, das dar-
aufhin eine photochemische Reaktion durchläuft. Durch diese Reaktion ändern sich die
sterischen oder elektronischen molekularen Eigenschaften des Chromophors. Dies löst
eine Signalkaskade innerhalb des Photorezeptors aus, die schlussendlich das bioche-
mische Signal erzeugt. Einen besonders bedeutenden Reaktionsmechanismus dieser
Primärreaktion stellt die Photoisomerisierung dar. Diese ist nicht nur in biologischen
Systemen relevant, sondern kommt auch in einer Vielzahl von organischen Photoschal-
tern vor und findet beispielsweise in der Grundlagenforschung, Informationstechnik
und Photopharmakologie Anwendung.

Die Effizienz und spezifische Dynamik dieser Reaktionen ist von zentraler Bedeu-
tung für die jeweilige Anwendung, weshalb die Reaktionskontrolle und -optimierung
ein Kernziel der Forschung darstellt. Um Kontrolle realisieren zu können, besteht die
Notwendigkeit eines grundlegenden Verständnisses der im Femto- bis Pikosekunden-
bereich ablaufenden Primärreaktionen und der zentralen Einflussgrößen auf ihre Kine-
tik und Effizienz, welche mit heutigen hochentwickelten zeitaufgelösten Spektrosko-
piemethoden untersucht werden können.

Die vorliegende Arbeit befasst sich mit der Erforschung dieser grundlegenden Mecha-
nismen und Kontrollfaktoren von Photoisomerisierungsreaktionen in Phytochromen
und indigoiden Photoschaltern. Im Bereich der Phytochrome wurde die Untergruppe
der knotenlosen Phytochrome anhand zweier Modellsysteme im Blick auf den Ein-
fluss der direkten Proteinumgebung des Chromophors, besonders des konservierten
Tyrosins 142, der PHY Domäne und der Heterogenität dieser Umgebung untersucht
und eine erste Beschreibung der Photodynamik knotenloser Phytochrome erstellt. Das
Phytochrom-Projekt wurde in Kollaboration mit den Arbeitsgruppen von Prof. Dr.
Wolfgang Gärtner (Proteinpräparation All2699, Universität Leipzig), Dr. Igor Schapi-
ro (Computergestützte Photochemie, Hebrew University of Jerusalem), Dr. Xiaojing
Yang (Röntgenkristallographie, University of Illinois Chicago), Prof. Dr. Lars-Oliver
Essen (Proteinpräparation SynCph2, Philipps-Universität Marburg) und Prof. Dr. Jens
Bredenbeck (zeitaufgelöste, transiente Absorptionsspektroskopie im infraroten Spek-
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tralbereich, Johann Wolfgang Goethe-Universität Frankfurt) durchgeführt.

Im Bereich der indigoiden Photoschalter wurde in einem ersten Teilprojekt der bis-
her wenig charakterisierte Mechanismus des Hula-Twists, eine kombinierte Bewegung
aus Doppelbindungsisomerisierung und Einzelbindungsrotation anhand eines speziell
modifizierten Hemithioindigo Photoschalters untersucht. Durch den Einbau sterisch
anspruchsvoller Liganden wird hier die Einzelbindungsrotation gehemmt, wodurch
die Produkte der Kombinationsbewegung des Hula-Twists von denen der Doppel-
bindungsisomerisierung unterscheidbar werden und damit gezielt untersucht werden
können. Das Projekt wurde in Zusammenarbeit mit den Arbeitsgruppen von Prof.
Dr. Henry Dube (Organische Synthese und Quantenausbeutenbestimmung, Friedrich-
Alexander-Universität Erlangen) und Prof. Dr. Andreas Dreuw (quantenchemische
Rechnungen, Universität Heidelberg) umgesetzt.

In einem zweiten Teilprojekt wurden in Zusammenarbeit mit den Arbeitsgruppen
von Prof. Dr. Alexander Heckel (Synthese der Dipeptide, Bestimmung von Extinkti-
onskoeffizienten, Johann Wolfgang Goethe-Universität Frankfurt) und Prof. Dr. Jens
Bredenbeck (zeitaufgelöste, transiente Absorptionsspektroskopie im infraroten Spek-
tralbereich, Johann Wolfgang Goethe-Universität Frankfurt) zwei molekulare Heizer für
Schwingungsenergietransferstudien auf Basis der neuartigen Klasse der Iminothioin-
doxyl (Iminothioindigo) Photoschalter konzipiert und deren Photodynamik charakte-
risiert.

Die Photodynamik von komplexen biologischen Systemen kann in der Regel nicht
durch einzelne Exponentialfunktionen beschrieben werden. Dennoch ist auf dem Ge-
biet der Phytochrome diese Interpretation der kinetischen Daten besonders etabliert.
Die Beobachtung verteilter (nicht-exponentieller) Kinetiken wird hier oft dem Vorliegen
mehrerer leicht unterschiedlicher Grundzustandskonformationen des Chromophors
und seiner direkten Proteinumgebung zugewiesen, was als Grundzustandsheteroge-
nität bezeichnet wird. Jeder dieser Grundzustände kann durch Licht angeregt werden
und entwickelt durch die entsprechend unterschiedliche Umgebung eine andere Pho-
todynamik, was sich in der Beobachtung mehrphasiger Kinetiken äußert. In diesem
etablierten Bild wird daher nahezu jede Lebenszeit im Rahmen einer globalen Le-
benszeitenanalyse einem eigenen Grundzustand und dessen Evolution im angeregten
Zustand zugewiesen. Dieses Bild stellt somit eine relativ statische Sicht eines hochdy-
namischen und komplexen Prozesses dar und wird zunehmend in Frage gestellt. In
dieser Arbeit wurde dieses statische Bild am Beispiel von knotenlosen Phytochromen
überprüft und durch eine dynamische Beschreibung erweitert.

Das untersuchte Modellsystem, bestehend aus der einzelnen chromophor-bindenden
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GAF-Domäne All2699g1 und dem zugehörigen vollständigen knotenlosen Phytochrom
All2699g1g2 aus Nostoc sp., bietet sich besonders für diese Art der Untersuchung an.
In Festkörper-NMR Studien wurde bereits festgestellt, dass All2699g1g2 einen weitest-
gehend homogenen Grundzustand aufweist, während All2699g1 einen heterogenen
Grundzustand zeigt. Entsprechend können gemäß dem etablierten statischen Bild si-
gnifikant unterschiedliche Kinetiken im angeregten Zustand erwartet werden, da ei-
ne separate Dynamik der einzelnen Grundzustände sichtbar sein sollte. Die Untersu-
chungen mittels Femtosekunden zeitaufgelöster Anrege-Abtast-Spektroskopie im Rah-
men dieser Arbeit konnten zeigen, dass die Kinetik der Vorwärtsreaktion aus dem
Dunkelzustand Pr der beiden Proteine mehrphasig und nahezu identisch ist, weshalb
sich die Notwendigkeit mehrerer Exponentialfunktionen zur Beschreibung der Kine-
tik nicht auf die Anwesenheit von Grundzustandsheterogenität zurückführen lässt.
Durch Lebenszeitendichteanalyse konnte die Photodynamik der untersuchten Syste-
me in zwei verschiedene zentrale Prozesse aufgetrennt werden. Zunächst wird eine
multiexponentielle, initiale Chromophordynamik im Bereich bis 30 ps beobachtet, wel-
che anschließend eine nicht-exponentielle Reorganisation der Proteinmatrix um den
Chromophor auslöst, die schließlich zur Isomerisierung und der Bildung des Photopro-
dukts im Zeitbereich von hunderten Pikosekunden führt. Dies wurde nochmals durch
zeitaufgelöste Anrege-Abtast-Spektroskopie im infraroten Spektralbereich am knoten-
losen Phytochrom SynCph2 bestätigt. In dieser Reorganisation nimmt das konservierte
Tyrosin 142 eine zentrale Rolle ein, da es im Rahmen der Reorganisation den Weg frei-
machen muss, um die sterische Blockade der Photoisomerisierung des Chromophors
aufzulösen und die Bildung des Photoprodukts Lumi-R zu ermöglichen. Diese Rolle
wurde durch quantenchemische Berechnungen der Schapiro-Gruppe sowie Mutations-
studien im Rahmen dieser Arbeit bestätigt. Besonders die durchgeführten Mutations-
studien heben hervor, dass die initiale Chromophordynamik von der Reorganisation
der Proteinmatrix und der anschließenden Isomerisierung des Chromophors getrennt
werden kann, da nur die Kinetik der Proteinmatrix von Mutationen des konservierten
Tyrosins betroffen ist, während die initiale Chromophordynamik unverändert bleibt.
Dieser Trend konnte anhand von Untersuchungen an einer Reihe von Phytochromen,
darunter auch Gruppe I und III Phytochrome, generalisiert werden. Hier unterschei-
det sich ebenfalls nur die zeitliche Position der Reorganisation der Proteinmatrix und
nicht die initiale Chromophordynamik, wodurch ein genereller Mechanismus für die
Photodynamik des Dunkelzustands Pr in Phytochromen entwickelt werden konnte.
Gemäß dem aufgestellten Modell hängt die Photodynamik des Dunkelzustands Pr

stark von der exakten Umgebung des Chromophors ab, wobei besonders die Flexibi-
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lität der Chromophorbindetasche, der sterische Anspruch des konservierten Tyrosins
und die Wasserstoffbrückenbindungen in der direkten Umgebung eine zentrale Rolle
spielen. Kurze Lebenszeiten des angeregten Zustands in anderen Phytochromen mit
einer größeren Flexibilität können im Rahmen dieses Modells mit einer vereinfachten
Bewegung des konservierten Tyrosins erklärt werden.

Im Gegensatz zur Vorwärtsreaktion ist die Rückreaktion des belichteten Zustands
Pfr signifikant beschleunigt. Sowohl in All2699g1g2 als auch in SynCph2 zerfällt der
angeregte Zustand bereits im sub-ps Zeitbereich, gefolgt von der Relaxation mehre-
rer Grundzustandsintermediate. Bemerkenswert ist, dass die Rückkehr zum initialen
Grundzustand nicht direkt aus dem angeregten Zustand stattfindet, sondern aus einem
heißen Grundzustandsintermediat, was im Gegensatz zur typischerweise beobachteten
Dynamik in anderen Phytochromen steht. Die Rolle von Grundzustandsheterogenität
auf die Photodynamik konnte erneut durch den Vergleich mit All2699g1 untersucht wer-
den. Während All2699g1g2 und SynCph2 nur einen Zerfall des angeregten Zustands
zeigen, weist All2699g1 drei Zerfallsprozesse des angeregten Zustands auf, welche mit
drei verschiedenen Grundzustandspopulationen assoziiert werden. Die Untersuchung
diverser Mutanten in SynCph2 und All2699g1 zeigt, dass das Auftreten von Grundzu-
standsheterogenität sich hauptsächlich Unterschieden in den Wasserstoffbrücken des
Chromophors zum konservierten Tyrosin 142 und einem konservierten Serin in der
PHY-Domäne zuordnen lässt. Somit konnten erste Erklärungen für die auftretende
Heterogenität und die strukturellen Unterschiede zwischen den Grundzustandspopu-
lationen geliefert werden.

Anhand dieser Ergebnisse lassen sich unterschiedliche Rollen von Grundzustands-
heterogenität für die Photodynamik von Phytochromen feststellen und erklären. Im
Fall der vergleichsweise langsamen Vorwärtsdynamik des Pr Zustands besteht die
Möglichkeit der Äquilibrierung der verschiedenen Populationen im angeregten Zu-
stand, wodurch kein signifikanter kinetischer Unterschied mehr sichtbar bleibt. Bei der
schnellen Rückreaktion dagegen besteht diese Möglichkeit aufgrund der geringen Ver-
weildauer im angeregten Zustand nicht und jede Population weist eine eigene Kinetik
im Rahmen des bereits etablierten Modells der Grundzustandsheterogenität auf. Somit
konnte gezeigt werden, dass der Einfluss von Grundzustandsheterogenität keinesfalls
verallgemeinert werden kann und stark von den genauen strukturellen Unterschieden
und Barrieren zwischen einzelnen Populationen sowie der Verweildauer im angeregten
Zustand abhängt.

Zuletzt wurde die Rolle der PHY Domäne auf die proteinbestimmte Mikro- bis Mil-
lisekundendynamik in knotenlosen Phytochromen untersucht. Es konnte gezeigt wer-

VIII



den, dass die PHY Domäne besonders die frühen Relaxationsprozesse des Chromo-
phors auf der Mikrosekundenzeitskala signifikant verlangsamt, während die späteren,
weitreichenden Proteinreorganisationsprozesse nur wenig beeinflusst werden. Dadurch
wird deutlich, dass die PHY Domäne vor allem dazu beiträgt eine kompaktere Chro-
mophorbindetasche zu gewährleisten, in der eine weitgehend homogene Protein-und
Chromophorkonformation vorliegt. Diese kompaktere Umgebung verlangsamt beson-
ders die frühen, thermischen Relaxationsprozesse des Chromophors. Zudem konnte
ein komplexes Protonierungsgleichgewicht in der Vorwärtsreaktion der untersuchten
Phytochrome identifiziert werden, welches sich auf Unterschiede im Protonierungs-
zustand des Wasserstoffbrückennetzwerk des Chromophors im Meta-Rc Intermediat
zurückführen lässt und eine biphasische Kinetik induziert.

Die erhaltenen Ergebnisse heben die Rolle der PHY Domäne hervor, die, besonders
durch ihre direkte Interaktion mit der Chromophorbindetasche über eine zungenartige
Struktur, den konformationellen Raum in der Bindetasche verringert und damit zur
Reduktion von Grundzustandsheterogenität und der Erhöhung der Quantenausbeute
der Photoreaktion beiträgt. Insgesamt konnte gezeigt werden, dass die Photoisome-
risierung in Phytochromen von einem komplexen Zusammenspiel des Chromophors
und seiner Proteinumgebung kontrolliert wird, woraus ein generelles Konzept für die
Photodynamik der Vorwärtsreaktion des Dunkelzustands Pr abgeleitet werden konnte.

Eine weitere prototypische Photoisomerisierungsreaktion findet man in indigoiden
Photoschaltern. Diese wird typischerweise als klassische Z/E Isomerisierung betrachtet,
in der die Rotation um die Einzelbindungen der entsprechenden Doppelbindungssub-
stituenten einen alternativen Relaxationspfad darstellt. Der bisher selten beobachtete
Hula-Twist Mechanismus stellt eine konzertierte Bewegung aus diesen beiden klassi-
schen Mechanismen dar, dessen Relevanz für die Photodynamik von Photoschaltern
noch wenig erforscht ist.

Um den Hula-Twist Mechanismus zum ersten Mal in Hemithioindigo Photoschaltern
in einer dynamischen Studie zu untersuchen, wurde hier ein speziell modifizierter, ste-
risch überfrachteter Hemithioindigo Photoschalter der Dube Gruppe verwendet. Die
durchgeführten Untersuchungen mittels zeitaufgelöster Anrege-Abtast-Spektroskopie
im Femtosekundenbereich in verschiedenen Lösungsmitteln zeigen, dass der angeregte
Zustand des gewählten Moleküls über zwei Deaktivierungspfade verfügt: einen pro-
duktiven Pfad, der nach quantenchemischen Berechnungen der Dreuw Gruppe einem
Hula-Twist Mechanismus folgt und einem unproduktiven Deaktivierungspfad. Die ste-
rische Überfrachtung sorgt hier für hohe Barrieren im angeregten Zustand, wodurch
die entsprechenden Lebenszeiten im Bereich von einigen Nanosekunden liegen. Dies
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ändert sich in polaren Lösungsmitteln, in denen der unproduktive Deaktivierungs-
pfad durch die starke Stabilisierung des Charge-Transfer Charakters im angeregten
Zustand bevorzugt wird, während der produktive Deaktivierungspfad durch eine stei-
gende Barriere unerreichbar wird. Dementsprechend wird in polaren Lösungsmitteln
keine produktive Photochemie mehr beobachtet. Diese Arbeit konnte somit eine erste
dynamische Charakterisierung eines Hula-Twist Mechanismus in Hemithioindigo Pho-
toschaltern liefern und verdeutlichen, dass dieser Mechanismus eine relevante Rolle in
der Photochemie dieser Molekülklasse neben dem klassischen Mechanismus der Z/E
Photoisomerisierung einnimmt.

Als Kontrast zu den produktiven Photoisomerisierungreaktionen in den anderen
Teilprojekten wurde im letzten Projekt die besondere Eigenschaft zweier neuartiger
Iminothioindoxyl Photoschalter genutzt, die nach Anregung große Mengen an Schwin-
gungsenergie freizusetzen. Diese Schwingungsenergie kann im Rahmen von Schwin-
gungsenergietransferstudien gezielt in ein biologisches System, beispielsweise ein Pro-
tein, injiziert werden, um die Ausbreitung der Schwingungsenergie in diesen Systemen
zu verfolgen. Es wird hierbei vermutet, dass diese Energie sich auf anisotropen, spezi-
fischen Pfaden im System ausbreitet und an Signaltransferprozessen beteiligt ist.

Es konnte gezeigt werden, dass die dafür von der Heckel Gruppe synthetisierten Di-
peptide, bestehend aus einer künstlichen Aminosäure basierend auf den Iminothioin-
doxyl Photoschaltern und dem Schwingungsenergiesensor Azidohomoalanin, eine für
biologische Systeme vorteilhafte Absorption im grünen bis roten, sichtbaren Spektral-
bereich mit hohen Extinktionskoeffizienten um 20000 LMol-1cm-1 aufweisen. Dies stellt
eine signifikante Verbesserung zum bis dahin etablierten Schwingungsenergiedonor
Azulenylalanin dar. Mittels zeitaufgelöster Anrege-Abtast-Spektroskopie im Femtose-
kundenbereich an diesen Dipeptiden konnte anschließend gezeigt werden, dass der an-
geregte Zustand dieser Systeme innerhalb weniger hundert Femtosekunden zerfällt und
anschließend ein heißer Grundzustand gebildet wird. Dieser Zustand kühlt über wenige
Picosekunden unter Abgabe seiner Schwingungsenergie ab und kehrt vollständig in den
Ausgangsgrundzustand zurück. Der beobachtete Mechanismus konnte als unabhängig
von der Anregungswellenlänge und den untersuchten Lösungsmitteln charakterisiert
werden, was zusammen mit dem Ausbleiben von bleibenden strukturellen Änderungen
im Chromophor ein vielseitiges Anwendungspotenzial verspricht. Der erfolgreiche
Schwingungstransfer des heißen Grundzustands des Donors auf den Schwingungs-
energiesensor konnte von der Bredenbeck Gruppe anschließend erfolgreich verifiziert
werden.

Insgesamt konnten in der vorliegenden Doktorarbeit die Mechanismen verschiedener
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Photoisomerisierungreaktion in fundamental unterschiedlichen Systemen charakteri-
siert und die zentralen Einflussgrößen auf die jeweilige Reaktionen bestimmt werden.
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Chapter 1: Introduction

Life on our planet has, for billions of years, developed a fundamental dependence
on the sun and its electromagnetic radiation reaching earth as light and heat in the
form of infrared and microwave radiation and visible light. While the less energetic
infrared and microwave radiation plays a central role in the climate and environment,
visible light not only allows us to perceive our world visually, but is most importantly
the main provider of energy for plants, algae and photosynthetic cyanobacteria. [1,2]

These organisms then provide the converted energy to other forms of life as a nutrient
source. The sun has become an important source of renewable energy as well in the
context of photovoltaics and solar cells which try to imitate the energy generation of the
photosynthetic organisms. [3] A more challenging approach aims to copy the suns way
of generating energy by nuclear fusion with first major breakthroughs in recent years
to obtain a strong and more sustainable source of energy. [4,5]

However, solar radiation should not be reduced merely to the energy it provides. Visi-
ble and ultraviolet (UV) light in particular are ubiquitously used for regulation purposes
in all kinds of organisms. Whether it is vision in humans and animals, [6,7] phototaxis
and photomorphogenesis in plants, [8] or chromatic climatic adaptation in cyanobacte-
ria, [9] light represents a core regulator of many processes essential for the prospering
of life on earth resulting in a multitude of different mechanisms which have evolved to
convert light into a biological response. The first step in this signal transmission cascade
requires the initial absorption of a photon by a light-sensitive organic molecule termed
chromophore. To generate a photochemical signal, these chromophores undergo an
initial light-dependent reaction altering their molecular properties like photoisomeri-
zations as observed in rhodopsins and phytochromes or a redox reaction occurring in
cryptochromes and phototropins. The alteration of the chromophore’s molecular prop-
erties then entails the induction of a protein response through protein reorganization
or transfer of charge, electrons, energy or protons. [8] The simple mechanism of photo-
isomerizations is also applied in the scientific field of molecular photoswitches which
often employ such reactions in their light response. [10,11]

The underlying principles governing this reaction have been a focal point of re-
search within the last decades; which was only made possible by the revolutionary
developments in physics and the resulting rise of advanced analytical methods like
laser spectroscopy. This advancement initially enabled studying processes like isom-
erizations occurring on the sub-ps timescale in a time-resolved manner. Analytical
techniques with structural resolution like infrared (IR), resonance raman (RR), and

1



1 Introduction

X-ray spectroscopy - often based on the application of laser spectroscopy - have further
accelerated research in this field and are an essential basis of the scientific advancements.

The acquired conceptual understanding is utilized in tailoring the properties of pho-
toreceptors and photoswitches to match the desired purposes. The variety of applica-
tions comprises the improvement of analytical techniques by introducing novel fluores-
cent probes, enacting photocontrol on biological systems like ligand-binding in proteins,
folding of deoxyribonucleic acid (DNA) or ribonucleid acid (RNA), optogenetics, and
even creation and optimization of molecular motors that are capable of performing
specific motions upon illumination. [10,12–16] This ubiquitous pool of methods relies on
the optimization of photoreactions in general, and photoisomerizations as one of the
dominant reaction mechanisms in particular. Therefore, improving the general under-
standing of the factors controlling the efficiency and dynamics of this type of reaction
represents an important goal of scientific research to this day.

In this work, various determining factors on the progression of photoisomerizations
as one of the central basic principles of light-dependent regulation have been stud-
ied by taking a closer look at the photodynamics of phytochromes and two indigoid
photoswitches undergoing this type of photoreaction. For this purpose, time-resolved
spectroscopy in the UV/visible (Vis) has been applied shedding light onto several fac-
tors like the ionic environment, steric restrictions imposed by the surroundings of the
double bond, the polarity of the solvent and the presence of associated hydrogen bonds.
In the first part of the dissertation, the theoretical framework of the applied methods
and the investigated systems will be introduced. Next, the findings of the individual
research projects will be presented, discussed, put into context of the respective scien-
tific field and summarized. Lastly, the publications based on the results presented in
the thesis and the respective contributions of this work presented in these publications
are displayed.
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Chapter 2: Theoretical Framework

2.1 Methodology

The investigation of photoisomerizations in both light-dependent proteins and organic
photoswitches requires sophisticated time-resolved spectroscopic techniques on the fs-
ps timescale. The subsequent reaction steps of the light-activated proteins can then be
observed on the µs-ms timescale. To achieve the appropriate time resolution, laser spec-
troscopic methods, especially pump-probe spectroscopy, are typically applied. These
methods are complemented by stationary spectroscopic techniques to characterize the
basic properties of the thermostable states and facilitate the analysis of the more complex
time-resolved data.

2.1.1 Ultraviolet/Visible Spectroscopy

The basis of spectroscopy is the interaction of electromagnetic radiation with matter and
the observation of the transitions between the energetic levels of molecules. Depending
on the energy of the radiation, different transitions can be induced that give insight
into specific molecular properties. Optical or UV/Vis spectroscopy applies visible light
and UV radiation in a wavelength range between 200 to 800 nm to investigate electronic
transitions in molecules. The absorption of a photon in this spectral range by a molecule
induces an electronic transition from the ground state (GS) to an excited state (ES) which
may be accompanied by an additional vibrational transition to an excited vibrational
state within the electronic ES. A combined transition of vibrational and electronic transi-
tions is termed vibronic transition. These transitions reveal detailed information on the
energy levels and electronic structure of the respective chromophore. The occurrence
of optical transitions requires matching of the energy of the interacting photon with the
energy gap between two energy levels and the transition dipole moment being unequal
to zero. The transition dipole moment µgr,exc predominantly depends on the wave func-
tion symmetry of the electronic and vibrational states involved in the transition and can
be expressed as (equation (eq) 2.1)

µgs,exc =

∫︂
Ψ∗exc µ̂Ψgs dτ , (2.1)

where Ψgs is the wavefunction of the GS, Ψexc is the wavefunction of the ES, and µ̂ is
the transition dipole operator.

Within this equation, the Franck-Condon [17,18] approximation is applied which states
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that an electronic transition occurs initially without displacement of the nuclei as the
electrons move and react much faster to the radiation due to their lower weight in
accordance with the Born-Oppenheimer-approximation. [19] Hence, the wavefunction
can be separated into an electronic and a nuclear part. The molecular geometry of an
excited electronic state but unchanged nuclei is referred to as the Franck-Condon region.
After the electronic transition occurred, the nuclei start to adapt to the altered electronic
environment on the ES surface and the wavepacket departs from the Franck-Condon
region.

For a transition to be allowed the resulting integral (eq. 2.2) has to be unequal to zero

µgs,exc =

∫︂
ψe,exc Φ

∗

n,exc µ̂e,n ψ
∗

e,gs Φn,gs dτ ≠ 0 , (2.2)

where ψe represent electronic wavefunctions and Φn represent nuclear wavefunctions.
The square of the transition dipole moment (eq. 2.3) determines the probability of
the vibronic transition and is linked to the frequency dependent molecular extinction
coefficient ϵ(ν)

|µgs,exc|
2 =

4ϵ0mec2ln(10)
NAe2

∫︂
ϵ(ν) dν (2.3)

with ϵ0 as the vacuum permittivity constant, me as the mass of an electron, c as the speed
of light, NA as the Avogadro constant, and e as the electronic charge. This coefficient
can then be used to describe the absorptive properties of a molecule or protein.

According to the Lambert-Beer-Law, [20,21] the absorbance A by a homogeneous sam-
ple under monochromatic light neglecting stray effects can be described as the product
of the frequency dependent molecular extinction coefficient ϵ(ν), the concentration of
the absorbing species c and the optical pathway in the sample d (eq. 2.4).

A(λ) = ϵ(λ) · d · c (2.4)

−log10

(︃ I
I0

)︃
= ϵ(λ) · d · c (2.5)

The absorbance A can be expressed in a logarithmic representation alternatively as
the ratio of the light intensity I0 before and I after passing the sample (eq. 2.5). This
equation represents the basis of absorption spectroscopy and can be utilized to deter-
mine concentrations or extinction coefficients of photoactive molecules using absorption
spectrometers.
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Quantum Yield Determination

If the molecular extinction coefficient of a sample is known, the quantum yield (QY) of
a photochemical reaction can be determined using absorption spectroscopy. The QY of
a photochemical reaction or relaxation pathway is defined as the ratio of the number of
reacting molecules Nr and the number of photons absorbed by the sample Nabs (eq. 2.6).

Φ =
Nr

Nabs
(2.6)

The number of reacting molecules can be determined by following the absorption
changes at a specific wavelength upon illumination under the condition that the pho-
toreaction yields thermally stable products. The difference in absorption then represents
the difference in concentration before and after the photoreaction as the optical pathway
and extinction coefficient are constant under the experimental conditions. The number
of reacted molecules Nr is hence described as (eq. 2.7)

Nr =
V ·NA · ∆A

ϵ · d
, (2.7)

where V is the volume of the sample and ∆A the difference in absorption.

The number of absorbed photons depends on the time of irradiation t, the total
number of photons and the fraction of absorbed photons. The total number of photons
can be obtained by dividing the light power P by the energy of one photon at the
excitation wavelength Ehν. The fraction of absorbed photons is taken into account by a
factor based on the initial absorption at the wavelength of irradiation A0 which yields
the following expression for Nabs (eq. 2.8):

Nabs =
P · (1 − 10−A0) · t

Ehν
=

P · (1 − 10−A0) · t · λ
h · c

(2.8)

By combining eq. 2.7 and eq. 2.8 the final expression for the QY of a photoreaction can
be obtained in eq. 2.9

Φ =
V · h · c ·NA · ∆A

P · (1 − 10−A0) · d · ϵ(λdet) · t · λexc
, (2.9)

where P, V, the extinction at the detection wavelength ϵdet, ∆A/t and the excitation
wavelength λexc have to be determined in the experiment. [22]
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Photochemical Deactivation Processes

Following the absorption of a photon, molecules typically transition to an excited vi-
bronic singlet state almost instantaneously on the fs timescale. This excited vibronic
state then has to return to the GS leading to limited ES lifetimes. The relaxation process
can proceed on several different pathways which are categorized into radiative and
non-radiative pathways and are summarized in the Jablonski diagram (Fig. 2.1).

S1

S2

T1ISC

VR

IC

IC

VR

Fl PAbs

S0

E

Figure 2.1 – Radiative and non-radiative relaxation pathways in excited molecules sum-
marized in the Jablonski diagram. [23] Transitions involving radiation are indicated by solid
straight lines comprising the processes of absorption (Abs, red), fluorescence (Fl, dark blue)
and phosphorescence (P, light blue). Meanwhile, non-radiative vibrational relaxation (VR)
is represented by wavy solid lines (yellow), while isoenergetic transitions like internal con-
version (IC, green) and intersystem crossing (ISC, purple) are displayed as dotted lines.

In terms of non-radiative pathways, the excited molecule can dissipate energy via
intramolecular vibrations leading to relaxation towards lower vibrational energy levels
within the same electronic ES. If the energy of a vibrational state in a higher electronic
ES matches with the energy of a highly excited vibrational level of the adjacent lower
electronic ES, an isoenergetic transition termed internal conversion is possible. The
molecule then converts to the lower electronic ES and proceeds via vibrational relax-
ation in this state. These non-radiative relaxation pathways may lead back into the
initial GS or form a photoproduct depending on the ES potential energy surface. Under
specific circumstances, singlet-triplet transitions termed intersystem crossing (ISC) rep-
resent alternative relaxation pathways where population from an excited singlet state
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is transferred to a vibrationally excited triplet state. Then, this state may undergo vi-
brational relaxation and cross back to the singlet GS or relax in a radiative manner via
phosphorescence. Finally, radiative relaxation from the vibrational GS of the lowest ex-
cited singlet state to different vibrational energy levels of the electronic singlet GS may
occur which is defined as fluorescence. This process can be stimulated by irradiation
with photons of similar energy, in which case it is termed stimulated emission (SE).

2.1.2 Circular Dichroism Spectroscopy

As an electromagnetic wave, light is characterized by an electric and a perpendicularly
oriented magnetic field. If the electric field vectors within a light beam align in a single
direction, traveling in phase perpendicular to the propagation vector, the light is de-
scribed as linear-polarized. In spectroscopy, linear-polarized light is used to investigate
anisotropy and its origin in molecules and bulk media. In addition, linear-polarized light
can be converted to circular-polarized light by passing it through a quarter-waveplate
with its axis at a 45° angle to the polarization axis, where the electric and magnetic field
vectors rotate in a concerted motion clockwise or anti-clockwise about the propagation
direction. The interaction of circular-polarized light with optically active molecules
differs between clockwise and anti-clockwise rotation depending on the chirality. This
difference in absorption is called circular dichroism (CD) and can be utilized to investi-
gate the conformations of proteins, DNA, RNA, and optically active chromophores in
confined environments. [24–27]

2.1.3 Transient Absorption Spectroscopy

Transient absorption spectroscopy is a powerful time-resolved technique to resolve the
kinetics of light-dependent transitions and is based on the pump-probe principle. [28–30]

A spectrally narrow, tunable, and temporally short pump pulse is used as an excitation
pulse to induce a desired electronic transition within a sample. The absorption of the
excited sample is then probed by a spectrally broad probe pulse to measure the spectral
response initiated by the excitation. Introduction of a time dependence is achieved via
a variable time delay between pump and probe pulse which is implemented by either
electronic or mechanic means depending on the desired time window. In fs-transient
absorption experiments, the implementation of a time delay is achieved by a variable,
mechanic delay stage that varies the distance the pump pulse has to travel in respect to
the probe pulse in µm steps. In this way, with a 30 cm delay stage, a time span of ~2 ns
can be investigated by passing the stage twice corresponding to an optical pathlength of
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60 cm. The time resolution can be adjusted in the low fs time regime by tuning the step
size limited by the temporal pulse width of the pump pulse. Obviously, this method
is not feasible beyond the ns timescale where the delay is introduced electronically
instead.

In order to obtain a spectrally narrow, tunable, and temporally short pump pulse,
fundamental pulses from a laser source with already short pulse lengths and high
intensities are required. As such laser sources are typically not tunable in a wide
wavelength range, non-linear optical processes have to be applied to tune the pump
pulse to its desired wavelength. In a similar manner, the spectrally broad probe pulse
has to be generated by converting the provided fundamental pulses using non-linear
optical processes. The underlying principles and technical implementations to tailor
the fundamental, high intensity laser pulses provided by a commercially available Ti3+

doped sapphire (Ti:Sa) laser to the desired specifications using non-linear optics are
described in the following sections.

Non-linear Wavelength Conversion Processes

The electric field E⃗(t) of electromagnetic waves is characterized by the amplitude of the
respective electric field E⃗0, the direction of propagation z⃗, the wavevector k⃗, and the
wave frequency ω (eq. 2.10).

E⃗(t) = E⃗0cos
(︂
ωt − k⃗z⃗

)︂
(2.10)

In linear optics, the polarization of a material interacting with an electromagnetic wave
can be sufficiently approximated by a first-order linear dependence on the strength of
the electric field inducing a change in charge distribution within the material. However,
if the light intensity of the laser pulses exceeds a specific threshold the polarization starts
to respond on the strength of the electric field in a non-linear manner (eq. 2.11). The
polarization P⃗(t) at a specific time point can be expressed in a Taylor series including
higher orders of the electric field E⃗(t)

P⃗(t) = ϵ0χ
(1)E⃗(t) + ϵ0χ

(2)E⃗(t)2 + ϵ0χ
(3)E⃗(t)3 + ... , (2.11)

with χ(2) ,χ(3), ... as the non-linear susceptibility tensors with their order in brackets
and ϵ0 as the vacuum permittivity constant. On this basis, the non-linear optical effects
are divided according to their order of the non-linear susceptibility. For wavelength
conversion, a number of χ(2) effects are applied to achieve frequency mixing of multiple
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electromagnetic waves. These non-linear optical phenomena can be derived from the
second order of the polarization of two interacting waves according to eq. 2.10 and 2.11:

P⃗(t)(2) = ϵ0χ
(2)

[︂
E⃗1cos (ω1t) + E⃗2cos (ω2t)

]︂2
(2.12)

Eq. 2.12 contains three different types of frequency mixing processes: the doubling of the
initial frequency of the incoming electromagnetic wave, also termed second harmonic
generation (SHG) (2.13a), the sum of the frequencies of both waves (sum frequency
generation (SFG)) (2.13b), and the difference of the frequencies (difference frequency
generation (DFG)) (2.13c).

P⃗(t)(2) =
ϵ0χ(2)

2
E⃗

2
1cos (2ω1t) +

ϵ0χ(2)

2
E⃗

2
2cos (2ω2t)+ (2.13a)

ϵ0χ
(2)E⃗1E⃗2 cos (ω1t + ω2t)+ (2.13b)

ϵ0χ
(2)E⃗1E⃗2cos (ω1t − ω2t) (2.13c)

In order to use these processes efficiently, the respective waves have to travel in phase
to avoid destructive interference. The conditions for phase matching differ for the
respective processes and can be derived based on energy and momentum conservation.
The phase matching conditions for the processes mentioned above can be derived as

∆k⃗ = k⃗SHG − 2k⃗1 = 0 , (2.14a)

∆k⃗(t) = k⃗SFG − k⃗1 − k⃗2 = 0 , (2.14b)

∆k⃗(t) = k⃗DFG − k⃗2 + k⃗1 = 0 , (2.14c)

with k⃗= 2π
λ n(λ)e⃗. To fulfill this condition, birefringent crystals like β-barium borate

(BBO) or lithium triborate (LBO) are utilized which exhibit different refractive indices
depending on the polarization and direction of the incoming light. Phase matching is
then achieved by adjusting the polarization or direction of the incoming light and the
orientation of the crystal and consequentially its optical axes. In the case of second
order processes, the material must not contain an inversion center which would lead to
destructive interference.

Supercontinuum Generation

A combination of non-linear optical processes of third or higher order is applied to gen-
erate a spectrally broad supercontinuum (white light) pulse from a spectrally narrow
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fundamental pulse. For third order non-linear optical processes, the refractive index of
a material depends on the intensity of the incident light which is termed Kerr-Effect;
leading to effects like self-focussing and self phase modulation. The latter causes a phase
shift within the pulse resulting in the broadening of its frequency spectrum. These two
effects are suggested as main contributors to the generation of supercontinua within
non-linear media. [31] To avoid coinciding second order processes, media with an inver-
sion symmetry like sapphire, CaF2, or MgF2 are commonly used for supercontinuum
generation. [28]

Optical Parametric Amplifiers

In analogy to frequency mixing, where a higher energy photon is generated from two
lower energy photons, a higher energy photon can be split into two lower energy
photons in a non-linear optical medium. The input photon is termed pump, while
the output photons are termed signal and idler, following energy conservation with
ωpump = ωsignal + ωidler. This process is called optical parametric generation and is
applied in optical parametric amplifiers (OPAs) one of the most commonly used tools
for non-linear wavelength conversion (Fig. 2.2).

BBO

OPA NOPA

BBO
wPump

wSeed

wIdler

wPump

wSeed

wIdler

Figure 2.2 – Amplification of a seed pulse with a pump pulse in an OPA and a non-collinear
optical parametric amplifier (NOPA). In the OPA all beams travel in a collinear way for
the amplification making them hard to separate afterwards. In the non-collinear geometry
the beams can be easily separated at the expense of reduced amplification efficiency but
improved temporal resolution.

The output of optical parametric generation is typically weak as the energy splitting
is rather broad and photons are emitted in a divergent manner resulting in a superfluo-
rescence ring containing a wide range of colors within the visible spectral range. To
solve this problem, a supercontinuum seed pulse is added and temporally and spatially
overlapped with the pump pulse, resulting in the amplification of a defined wave-
length range within the seed pulse and a weakening of the pump pulse. The amplified
wavelength range depends on the phase matching conditions and can be adjusted ac-
cordingly. The overlap of pump and seed pulse in the non-linear optical medium can
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be realized in collinear and non-collinear manner (NOPA) where the former is more
efficient resulting in higher signal intensities due to increased spatial overlap within the
crystal (Fig. 2.2). [32,33] The advantages of the non-collinear geometry are an improved
time resolution and the facilitated separation of the idler and remaining pump pulse
at the cost of reduced amplification efficiency. Hence, collinear OPAs are used when
higher intensities are required and temporal broadening of the pulse is not critical, like
in flash photolysis, while NOPAs are used when a short pulse duration is desired like
in fs-transient absorption spectroscopy.

For the technical implementation of a NOPA in the transient absorption setups used
here, the fundamental laser pulse is split into two unequal parts; where the major part
is frequency doubled by SHG in a BBO crystal, while the minor part is focused into
a sapphire crystal to generate the supercontinuum seed pulse. Both beams are then
focused and spatially overlapped into a BBO crystal with a variable vertical distance
between the seed and pump beam to attain a non-collinear geometry. A variable delay
stage is incorporated into the seed pathway to precisely tune the temporal overlap of the
two pulses. With this setup a wavelength range of 450 nm to 950 nm can be achieved.
For further amplification, the resulting pulse can be subjected to a second NOPA as a
seed pulse.

Experimental Procedure of a fs-Transient Absorption Experiment

In order to resolve the ES dynamics of molecules, the difference in absorption between
their GS and ES has to be recorded based on the pump-probe principle. Hence, the
setup for performing such experiments consists mainly of three parts: the probe pulse
generation, the pump pulse generation, and the signal detection and its corresponding
electronics (Fig. 2.3).

The fundamental laser pulses driving the pump and probe pulse generation are pro-
vided by a Ti:Sa laser using CPA [34] to generate pulses centered at 775 nm (Clark,
MXR-CPA-iSeries) or 800 nm (Spitfire Ace-100F-1K, Spectra-Physics) with a 1 kHz rep-
etition rate and 120 fs pulse width. The pump pulses are generated using a home-built
two stage NOPA with a prism compressor located between the NOPAs. When passing
through media, i.e., air, crystals, lenses etc., the refractive index and accordingly the
group velocity differs depending on the wavelength. This leads to a temporal broad-
ening of the pulse termed positive chirp where the longer wavelengths precede the
shorter ones. To compensate this broadening, the pulses are guided through a prism
compressor, where the shorter wavelengths travel shorter distances compared to the
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Figure 2.3 – Schematic depiction of the fs-transient absorption setup. The fundamental
ultrashort laser pulses provided by a Ti:Sa laser using chirped pulse amplification (CPA)
are split into a pump and a probe pathway. The pump pulse can be tuned in energy
using non-linear optical effects (NOPA, SFG) and is compressed in a prism compressor to
ensure ultrashort pulses. The supercontinuum probe pulses are generated by focusing the
fundamental into a CaF2 crystal. Both pulses are overlapped in the sample (S) and the
desired time delay is generated using an electronic delay stage. The signals are detected
in a referenced manner where one spectrometer detects the signal of the supercontinuum
without passing the sample, while the pump-probe signal induced in the sample is detected
in a separate spectrometer.

longer wavelengths, resulting in a temporally compressed pulse. In case a pump pulse
wavelength outside the NOPA wavelength range is required, a SFG offers further wave-
length tuning possibilities into the UV range. The pump pulse is then guided across an
electronic delay stage and focused into the sample. To suppress anisotropic contribu-
tions, the relative polarization between the pump and probe pulse is set to the magic
angle (54.7°) by a half-wave plate in the pump pathway. The intensity of the pump
pulse is adjusted to excite between ~5 to ~10% of the molecules within the focal volume.

The supercontinuum probe pulses are generated by focusing the fundamental into
a CaF2 window which is constantly moved in a plane perpendicular to the direction
of pulse propagation to avoid crystal damage. Then, the probe pulses are split into a
reference and sample pathway; the reference pulses are guided directly to a detector,
whereas in the sample pathway they are focused into the sample and spatially over-
lapped with the pump pulses before being detected as well. The advantage of recording
a reference is that fluctuations of the probe light can be taken into account improving
the signal-to-noise ratio using statistic filtering methods. The pulse detection in each
pathway consists of a monochromator splitting the two probe pulses into their wave-
length components and a photodiode array. The specifications of the used setup and
the detection systems are displayed in more detail in the supporting information of the
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respective publications. In order to measure the absorption of both the ES and GS of the
sample, chopper wheels operated at 333 Hz are used to block every third of the pump
and probe pulses. The blocking is phase shifted between pump and probe to achieve a
chopping scheme where the signals of three different pulse combinations are recorded:
Pump and probe pulse (IPP), only the probe pulse (IGS) and only the pump pulse (ISca)
(Fig. 2.4). The difference between the first two translates into the transient absorption
signal of the ES, while the latter is used to correct noise due to pump scattering.

Pump

Probe

Non-excited
sample 

IGS

Excited 
sample

IPP

Pump 
scattering

ISca

Figure 2.4 – Chopping scheme applied in the transient absorption experiments. Three
different signals are created by shifting the phase of the chopping wheels with respect to
each other while operating at a frequency of 333 Hz: IGS, the signal of the non-excited
sample in the GS; ISca, the signal of the pump scattering induced by the cuvette and sample;
IPP, the signal of the sample in its ES.

Based on this chopping scheme, the transient absorption difference signal ∆A(t) is
calculated according to eq. 2.15

∆A(t) = −log
(︄

Isample,PP − Isample,Sca

Ire f ,PP − Ire f ,Sca
·

Ire f ,GS − Ire f ,dark

Isample,GS − Isample,dark

)︄
, (2.15)

where the indices indicate the sample (Isample) or reference (Ire f ) pathway and the chop-
ping state. Idark represents a background spectrum without light recorded before the
experiment.

The obtained time-resolved difference spectrum contains positive and negative con-
tributions that can be attributed to specific processes on the potential energy surface
of the excited molecules. Positive signals correspond to an increased absorption of the
excited molecule compared to the GS at the specified wavelength. Such additional ab-
sorption can be assigned either to absorption of the ES (ESA), representing a transition
to a higher ES, or absorption of a GS photoproduct formed after the decay of the ES.
These positive signals overlap with the negative signals which result from a reduced
GS absorption or the SE of photons (Fig. 2.5).

The former can be rationalized by the transition of a portion of the GS population to
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Figure 2.5 – Origin of the absorption difference signals observed in transient absorption ex-
periments. Positive signals originate from excited state absorption (ESA) or photoproduct
absorption, whereas negative signals stem from ground state bleach (GSB) and SE contri-
butions.

the ES upon photoexcitation resulting in an amplitude reduction of the GS absorption
band called ground state bleach (GSB).

Monochromatic Transient Flash Photolysis

Transient flash photolysis [35] represents a spectroscopic technique based on the pump-
probe principle that is used to investigate slower photodynamics on the µs-s timescale
which are particularly relevant in proteins. In contrast to fs-transient absorption, the
delay between pump and probe is generated electronically as delay stages with path-
ways over 100 m would be required otherwise. This also requires a different laser source
where higher pulse intensities are favored over time resolution and a high repetition
rate. The setup used here (Fig. 2.6), uses a Nd:YAG laser (SpitLight 600, Innolas Laser)
with a repetition rate of 10 Hz at a central wavelength of 1064 nm.

These fundamental pulses are then doubled in frequency to 532 nm in a LBO medium
and further converted to 355 nm in a second LBO medium by SFG with the fundamental.
An optical parametric oscillator (OPO) (preciScan, GWU-Lasertechnik) is pumped by
this third harmonic, yielding pump pulses in a wavelength range between 412 nm and
702 nm. The wavelength conversion is operated by motor-controlled adjustment of the
inclination angle of the BBO medium used in the OPO. After exiting the OPO via a
periscope, the size of the pump beam is adjusted with a telescope before being guided

14



2.1 Methodology
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Figure 2.6 – Schematic representation of the monochromatic flash photolysis setup. The
tunable pump pulses provided by the OPO are adjusted in size by a telescope and guided to
the sample (S) afterwards. The spectrally broad continuous wave (cw) probe light provided
by a Xe-lamp is guided into a monochromator to select the desired probe wavelength, led
through the sample and collected into a second monochromator to reduce stray light. The
signal is then detected by a photomultiplier tube and recorded by an oscilloscope.

onto the sample.
The probe light is provided as a continuous wave by a spectrally broad xenon lamp

(Hamamatsu LC-8). To obtain the monochromatic light used for recording the tran-
sients, the desired wavelength is selected by two matched monochromators before and
after the sample to avoid stray light. A photomultiplier tube ultimately detects the
signal and the data are recorded on an oscilloscope (DPO5204B-10RL, Tektronix). Data
acquisition is initiated by a trigger signal of the pump pulse on a photodiode with a
time resolution down to tens of ps. However, due to limitations in data size, the time
resolution has to be adjusted with the oscilloscope to the investigated timescale.

2.1.4 Data Analysis

The transient absorption data have to be processed, corrected, and kinetically ana-
lyzed to reveal the contained kinetic information. In this work, the data analysis was
performed using OPTIMUS, [36] a MATLAB based program for kinetic analysis of time-
resolved data. Due to the ultrafast timescale of fs-transient absorption experiments,
dispersion and chirp of the spectrally broad supercontinuum probe pulse cannot be
neglected and have to be accounted for. The dispersion of the probe pulse is analyzed
and fitted based on a measurement of the coherent artifact of the pure solvent. Co-
herent artifacts are commonly observed in ultrafast spectroscopy and originate from
the alteration of the refractive index induced by the high intensity of the pump pulse
when pump and probe pulse temporally overlap. This manipulation of the phase of
one pulse by refractive index changes induced by another pulse is termed cross phase
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modulation and ultimately gives rise to the coherent artifact. [37–39] As the coherent ar-
tifact is also present in the sample measurement, the fitting parameters obtained from
the measurement of the pure coherent artifact in a solvent can be applied to account
for the coherent artifact in the sample measurement. One of the fitting parameters, the
instrument response function (IRF), specifies the temporal width of the coherent artifact
and is associated directly with the time resolution of the experiment.

For kinetic analysis, different analytical techniques can be applied depending on the
type of kinetics and the expected underlying kinetic model. The analytical techniques
are generally divided into model independent and model dependent methods, where
the result of the fitting is influenced by the assumed kinetic model. A kinetic model
is defined by the number, connectivity, and population of the individual components
which have to be constrained based on reasonable assumptions and knowledge derived
from other techniques. Often different kinetic models approximate a given dataset
sufficiently and the choice of the ’correct’ model is quite complex.

The most basic model dependent technique for global analysis of transient absorption
data is global lifetime analysis (GLA). Here, the signal S(t) at a defined excitation
wavelength λexc is approximated by the convolution of the IRF and the discrete sum of
independent exponential functions for each detection wavelength λi with lifetimes τ j

and pre-exponential factors A j (eq. 2.16).

S(t, λexc, λi) =
n∑︂

j=1

A j(τ j, λexc, λi) · exp(−t/τ j) ⊛ IRF(t) (2.16)

Plotting the pre-exponential amplitudes of each lifetime component against the wave-
length yields the decay-associated spectra (DAS) that contain the kinetic information
on spectral changes of each lifetime component. Even though the assumption of in-
dependent lifetime components represents a model with no connections between the
individual components, it is still considered to be a kinetic model. More complex ki-
netic models with connections between the components are collected under the term
global target analysis (GTA) where an approach similar to GLA is used to apply a ki-
netic target model to the transient data. [36,40] A sequential model represents the simplest
target model, in which all states are connected in a sequential way (A→B→C...). From
such target models, the difference spectra corresponding to the individual components,
the evolution-associated difference spectra (EADS), can be extracted which are termed
species-associated difference spectra (SADS), if the ’correct’ kinetic model is assumed.
These SADS represent an important evaluation criterion to validate the applied kinetic
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model and provide important spectral information on the identified components.
The disadvantage of model dependent analysis techniques obviously stems from the

necessity to pick the ’correct’ kinetic model from the multitude of possibilities. Here,
model independent techniques complement GTA in order to determine the number of
components and other parameters. However, model independent methods like lifetime
distribution anaylsis (LDA) offer more than just additional information for GTA. [36]

LDA in particular, is a powerful tool that can be used to identify and approximate
non-exponential dynamics like protein-controlled dynamics, solvation, and cooling
processes, where classical GTA struggles without specific adjustments. In LDA, the
transient data are approximated by a quasi-continuous (n >50) distribution of exponen-
tial functions with fixed lifetimes according to eq. 2.16. [36,41] The kinetic information
are then presented in the form of lifetime density maps (LDMs), displaying the pre-
exponential amplitude of a lifetime component as a function of the wavelength.

While these techniques can also be applied to flash photolysis data, their large data
size with data points every 100 ns on a timescale of up to several seconds prevents
reasonable analysis. Therefore, the data size needs to be reduced prior to analysis
without loss of information. For this purpose, data points are averaged on a combined
linear and logarithmic timescale which is adapted to the investigated dynamics. The
obtained transients are then combined into one dataset and can be analyzed globally
with either GLA, GTA, or LDA.
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2.2 Phytochromes

Phytochromes form a superfamily of photoreceptors. They were first discovered as one
of the three main regulators of plant photomorphogenesis along cryptochromes and
phototropins. [8,42–44] With time, they were also found in a variety of other photosyn-
thetic organisms, e.g., algae, [24,45] cyanobacteria, [46–48] and photosynthetic bacteria [49]

and even in non-photosynthetic bacteria [50] and fungi. [51,52] In these organisms, phy-
tochromes are involved in the regulation of photomorphogenesis, phototaxis, photo-
synthesis, and chromatic adaptation among other biologically relevant processes. [53–58]

Their regulatory function is based on the reversible Z/E isomerization of the C15=C16
double bond in a bilin chromophore embedded within the protein scaffold switching be-
tween a thermostable dark state and a metastable light-adapted state. [59,60] These states
are termed according to the color absorbed by the respective state, e.g., a state absorbing
red light is termed Pr state. Most phytochromes in fungi, plants, and bacteria contain a
Pr state as the dark state, and a Pfr state absorbing far-red light (680-800 nm) as the light-
adapted state. [54,55,61,62] However, some cyanobacterial and algal phytochromes break
this red/far-red pattern and exhibit a large spectral diversity covering the whole UV/Vis
spectral region. [24,56,57,62–70] Independent of the spectral position, the light-adapted state
is often able to thermally revert to the dark state; however, the thermal rates vary sig-
nificantly between phytochromes. [54,55,61]

The precise mechanism of the signaling process of phytochromes induced by the chro-
mophore isomerization is still under investigation. It is established that the photocycle
of phytochromes proceeds via several intermediate steps after initial chromophore isom-
erization involving large scale protein rearrangements during the later steps. [55] These
rearrangements transmit the light-induced signal from the chromophore and its sur-
rounding domains into the cell via a variety of different output modules (OPMs) includ-
ing histidine kinases (HKs), diguanylyl cyclases (GGDEFs), phosphodiesterases (EALs),
metal-dependent Ser/Thr protein phosphatases (PPMs), and even domains with no en-
zymatic activity (e.g., Per-Arnt-Sim (PAS) and 2-helix output sensors (HOS)). [53,55] The
variety of output domains combined with the conserved architecture of phytochromes
suggests a common signal input for controlling the different OPMs. [55] Currently, three
models have been proposed for the light-dependent activation of the output modules
in phytochromes. An overview can be found in a review by Takala et al. [55] The models
suggest different motions of the photosensory core relative to the OPM to regulate the
activity of the signal output and do not necessarily exclude each other. Hence, the
structural activation of phytochromes may include a combination of these models.
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Phytochromes have recently gathered attention due to their potential applications in
optogenetics and fluorescent probes for biomedical imaging. [13,71–74] They exhibit favor-
able properties for these applications such as simple modular architecture, absorption
and fluorescence in the red to far-red spectral range with the possibility to span the
entire UV/Vis spectral range, if cyanobacteriochromes (CBCRs) are included. [71] Bacte-
riophytochromes in particular, are favorable for application in mammalian tissue, where
the required biliverdin chromophore is found ubiquitously and the near infrared (NIR)
fluorescence can penetrate deep into the tissue as it is spectrally located within the
tissues transparency window. [71] The red/far-red absorption also allows application in
optogenetics orthogonal to the already established blue light sensing optogenetic sys-
tems. [13]

As this dissertation focuses on the investigation of determining factors of photoisom-
erizations, the complex interplay of steric, ionic and hydrogen bonding interactions of
the protein environment with the embedded bilin chromophore in phytochromes rep-
resents an interesting target. In this context, it is important to understand the structural
nuances separating phytochromes into several subgroups, the chromophore diversity
and structure as well as the arrangement and interactions of the highly conserved
residues constituting the immediate chromophore environment. These aspects are
highlighted in the following sections complemented by an overview of the general pho-
todynamics of phytochromes and the relevance and presence of different chromophore
environments within a protein ensemble in the context of structural heterogeneity. The
presented state of the art provides the basis for the investigations conducted in this
thesis.

2.2.1 Classification of Phytochromes

Phytochromes are classified into three different subgroups based on the domain archi-
tecture of their photosensory core module (PCM) (Fig. 2.7). [61,62] The PCM comprises
the domains necessary for sensing and converting the molecular changes induced by
the light-dependent chromophore isomerization into a trigger for the OPM, which then
translates the light-induced signal into a biochemical response within the cell. [54,55,61,62]

In group I phytochromes including canonical plant, (e.g., OatPhyA, [75] AtPhyA, [76]

AtPhyB [76]) and cyanobacterial phytochromes (SynCph1, [47,77] CphA, [78] CphB [78])
as well as bacterial (Agp1, [79] Agp2, [79,80] DrBphP1, [50] PaBphP [50]), algal (MpPhy,
DtPhy) [45] and fungal (NcFph1, [81]AnFphA [51]) phytochromes, the PCM consists of
an array containing a PAS domain, a cGMP-specific phosphodiesterases, adenylyl
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Figure 2.7 – Schematic illustration of the typical domain architectures of the characteristic
PCMs for different groups of phytochromes. The chromophore (brown pentagon) is bound
in the GAF domain.

cyclases, and FhlA domain, and a phytochrome specific (PHY) domain. [54,61,62] The
cGMP-specific phosphodiesterases, adenylyl cyclases, and FhlA (GAF) domain contains
the embedded bilin chromophore, while the PAS domain forms a figure-of-eight-knot
with the GAF domain. [82–84] The chromophore is covalently linked to the protein via a
thioether linkage with a conserved cysteine residue located either in the GAF domain
in plants and cyanobacteria [53,55,83,85] or in the N-terminal extension adjacent to the
PAS domain in bacteria and fungi. [53,55,82,86,87] The PHY domain interacts with the
chromophore directly through a tongue-like extension stabilizing the chromophore and
shielding it from the solvent. [83,84,88] Via this so-called tongue, the PHY domain is also
crucially involved in transferring the light-induced signal to the OPM as the tongue
changes its secondary structure during the photocycle to transmit the molecular changes
from the chromophore further into the protein scaffold. [89–92] In contrast, group II and
group III phytochromes lack the PAS domain or only contain an array of single GAF do-
mains, respectively, and have so far only been reported in cyanobacteria. [55,61,62] Due to
the lack of the PAS domain and its figure-of-eight-knot, group II phytochromes are also
known as knotless phytochromes [61] (e.g., SynCph2, [93,94] Nostoc sp. All2699g1g2 [88,95])
accordingly. While group I and group II phytochromes typically switch between a red-
absorbing Pr and a far-red-absorbing Pfr state, [54,55,61,62,96] group III phytochromes also
known as cyanobacteriochromes (CBCRs) (e.g., Anabaena sp. AnPixJg2, [64] Synechocystis
sp. Slr1393g3, [95,97] Nostoc punctiforme NpR6012g4, [98] Thermosynechococcus elongatus
TePixJ [65,99]) exhibit a large spectral diversity covering the whole UV/Vis spectral range,
even reaching into the NIR. [57,63–70] Interestingly, algal group I phytochromes show a
similar spectral diversity. [24,45]

Among knotless phytochromes it has been shown that some retain their photoconver-
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sion ability even with just the GAF domain, [95,100] making them a link between group II
and III phytochromes and an interesting model system for studying the influence of
the PHY domain on the photodynamics of phytochromes. Therefore, this work aims
to study the influence of the immediate chromophore environment on the photoisom-
erization and the following GS dynamics in knotless phytochromes, modulated by the
presence or absence of the PHY domain.

2.2.2 Chromophore Variety and Color Tuning Mechanisms

Depending on the organism of origin, phytochromes bind different bilin chromophores
as the phytochromes in plants, bacteria, and cyanobacteria contain phytochromobilin
(PΦB), biliverdin IXα (BV), and phycocyanobilin (PCB) or phycoviolobilin (PVB), re-
spectively (Fig. 2.8). [53,55]
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Figure 2.8 – Covalent adducts of bilin chromophores in phytochromes. Phytochromes
incorporate linear tetrapyrrole precursors and form covalent adducts using a thioether
linkage attached at the C31 atom for PCB, PVB, PΦB and the C32 atom for BV. In group I
and II phytochromes, the bilin adducts commonly adopt a (5Z)-syn, (10Z)-syn, (15Z)-anti
configuration (ZZZssa) in the Pr state and a (5Z)-syn, (10Z)-syn, (15E)-anti configuration
(ZZEssa) configuration in the Pfr state. [61]
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All bilin chromophores incorporated in phytochromes share a common, open
tetrapyrrole structure with slight variations in the substitution pattern of the outer
rings, and therefore, the conjugation length (Fig. 2.8). [54,55,61,62] With few exceptions, [101]

all pyrrole nitrogens are protonated in both the dark and light-adapted state [100,102–105]

and the chromophore carries a net positive charge which is proposed to be mainly
localized at ring B in the Pr state but may be delocalized to ring C as well. [106] In all
phytochromes, light absorption results in the Z/E isomerization of the C15=C16 double
bond which, in turn, rotates ring D. [55,59,60,107] Note that the bilin chromophore is not
planar and that the dihedral angle between the individual rings may vary significantly
between different phytochromes. [90,108–111]

In phytochromes switching between a Pr and a Pfr state, the difference in conjugation
length between the individual bilins results in typical absorption maxima of the respec-
tive states at ~640-660 nm and ~690-710 nm for PCB, [77,78,94,95] ~660 nm and ~730 nm for
PΦB, [42,75] and ~700 nm and ~750 nm for BV; [51,55,79,81] however, deviations from these
values are observed. [53] PVB is not directly incorporated into phytochromes but instead
formed after incorporation of PCB in some CBCRs exhibiting significantly blue-shifted
absorption. [112] Apart from the different types of bilin chromophore species, the effective
conjugation length of the chromophore as the main aspect of color tuning is determined
by the chromophore binding geometry, e.g., the dihedral angles between the individual
pyrrole rings and the electrostatics of its environment, which results in a large variety
of colors available from rather similar chromophore structures. [108,110,111] These factors
are regulated by the surrounding amino acids in the chromophore binding pocket via
steric and electronic interactions. Those can manipulate the tilt in the geometry and
the protonation state of the chromophore. [108,113–116] An additional mechanism exists in
CBCRs, where a second thioether linkage of the C10 atom to another cysteine residue
is observed to break the conjugation, reduce the effective conjugation length and shift
the spectrum into the blue to UV region. [67,68,112]

2.2.3 Conserved Residues of the Binding Pocket

The amino acid residues in the immediate vicinity of the bilin chromophore have a
significant impact on the photochemical properties, the dynamics and the efficiency of
the phytochrome photoreaction. Several of these amino acids form structural motifs
that are highly conserved among most phytochromes. Their crucial role in maintaining
efficient photochemistry has been verified in various mutational studies, however, pho-
toswitching is rarely completely abolished upon single mutations. [53,90,113,114,117] The
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conserved motifs located in the GAF domain are the DIP motif, the aliphatic pocket
surrounding ring D and two conserved histidine residues (H260 and H290 in SynCph1)
interacting with ring D and the pyrrole nitrogens. [55,82–84,89,90,113] Other motifs can be
found in the PHY tongue where the PRXSF, the WGG and the WXE motifs are responsi-
ble for the interaction with the chromophore and its binding pocket and keep the tongue
in a proper secondary structure, which was proven to be important for proper signal
transmission to the output domain. [62,83,84,89–91,118]

The specific role and importance of these residues during the photocycle will be
elaborated below. An overview of the binding pocket and its most relevant conserved
amino acid residues is displayed in Fig. 2.9.

Figure 2.9 – Structural snapshot of a selection of highly conserved amino acid residues
in the chromophore binding pocket of SynCph1 in the Pr state (protein database identifier
(PDB ID): 2VEA). [83] The chromophore (cyan), D207, H260, H290 (green), and several water
molecules (red spheres) form an extended hydrogen bonding network (dashed, orange).
In this network, the pyrrole water (pW), a highly conserved water molecule, mediates the
hydrogen bonds between the pyrrole nitrogens of the chromophore with D207 and H260,
while H290 is hydrogen bonded to the ring D carbonyl. H290 is connected to H260 and
the central hydrogen bonding network via multiple water molecules and the propionic
side-chain of ring C. D207 forms an additional hydrogen bond to Y263 (transparent, pink)
and constitutes the conserved salt bridge (dashed, purple) with R472 of the PHY tongue
(yellow). Apart from hydrogen bonding, the aliphatic pocket (pink) illustrated here by
Y176, Y203, and Y263 keeps the chromophore ring D in place, while F475 of the PRXSF
motif (transparent, yellow) shields it from the solvent.

To avoid confusion arising due to the different numbering of amino acids in different
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phytochromes, the numbering of SynCph1, one of the best researched phytochromes,
will be used consistently in the following sections. The respective numbering in other
phytochromes discussed later on in this thesis is given in Tab. 2.1.

Table 2.1 – Numbering of conserved amino acids in different phytochromes.

Phytochrome PDB ID

SynCph1 2VEA [83] Y176 D207 H260 Y263 H290 R472 S474
SynCph2 4BWI [90] Y47 D79 H130 Y133 H160 R383 S385
All2699g1 6OZA [119] Y55 D87 H139 Y142 H169 - -
Agp1 5I5L [120] Y166 D197 H250 Y253 H280 R462 S464
DrBphP 4Q0J [104] Y176 D207 H260 Y263 H290 R466 S468
OatPhyA3 [121] - Y241 D272 H323 Y326 H372 R552 S554

Chromophore Arrangement in the Binding Pocket

To ensure proper chromophore positioning while still allowing enough movement for
the photoinduced rotation of ring D, a very specific pocket geometry is required and con-
served in phytochromes. From the multitude of residues responsible for packing of the
chromophore, only the highly conserved ones and those surrounding the photoactive
ring D will be described here in more detail. Of the highly conserved residues mentioned
above, D207, I208, and P209 of the DIP motif together with H260 tightly pack the rings B
and C to prevent isomerization of the respective C10=C11 bond. [82,113,122] In particular,
D207 is crucial for proper chromophore positioning through its hydrogen bonding inter-
actions to the pyrrole nitrogens via the conserved pyrrole water (Fig. 2.9). [55,122] While
this water molecule is highly conserved in group I and II phytochromes, it is missing
in CBCRs. [55,63,122] Mutants of D207 often become highly fluorescent with only minimal
photoswitching efficiency, showing the importance of the chromophore positioning for
the photochemistry. [103,113,117,118] P209 (DIP) and P471 (PRXSF) clamp ring A to shield
it from the solvent and prevent rotation upon photoexcitation. [83,90]

Being held in an aliphatic pocket including Y176, V186, Y/F198, Y/F203, P204, and Y263
(Fig. 2.10), [53,82,83,113,121] ring D has substantially more space than the other rings [55,82,122]

to accommodate its rotation during photoconversion. F475 (PRXSF) in the tongue closes
this pocket to shield ring D from the solvent. [83,90] Out of these residues, Y176 and Y263
are assigned a significant role in controlling the chromophore tilt angle, acting as a steric
gate for the isomerization. [82,83,113,114,123–125]

Mutational studies of Y176 have shown that its hydroxyl group is important for the
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Figure 2.10 – Structural snapshot of the chromophore (cyan) in its binding pocket displaying
Y176, V186, Y198, Y203, and Y263 (pink) to illustrate the hydrophobic pocket around ring D
in the Pr state of SynCph1 (PDB ID: 2VEA). [83] This pocket is closed by F475 (yellow) to
shield the chromophore from the solvent.

photochemistry as Y176H fails to photoconvert efficiently to the Pfr state. [113,124,125] In-
terestingly, in canonical plant and cyanobacterial phytochromes these mutants become
highly fluorescent, [124,125] while in bacteriophytochromes and the knotless phytochrome
SynCph2 this effect is not observed. [94,113] The reduction in Pfr formation was rational-
ized by the loss of a stabilizing hydrogen bond between Y176 and the hydrogen bonding
network contacting the ring D carbonyl in the Pfr state. [123,126,127] Another suggestion
is a change in the protonation state of the central hydrogen bonding network in the
binding pocket, induced by the altered or lost hydrogen bonding capability of Y176H
and Y176F. [124] Recently, it has also become evident that Y176 and F/Y203 undergo sig-
nificant side-chain rearrangements following the photoisomerization to accommodate
the changes in the electrostatic properties of ring D upon rotation. During the isom-
erization, the previously hydrophobic side of the chromophore with methyl and vinyl
substituents is replaced by the hydrophilic side of ring D where the pyrrole nitrogen and
the carbonyl group previously held by H290 (Fig. 2.9) are now facing the hydrophobic
pocket. [53,121,126,127] In DrBphP, this reorganization opens a gate for H201 to rotate to-
wards the chromophore and stabilize the ring D carbonyl after isomerization. [123,126,127]
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In case of Y263, multiple roles have been identified including optimization of photo-
conversion efficiency, support of the tongue interaction in the Pr state, stabilization of
the Pfr state, and controlling the ring D tilt angle. [60,83,113,114,128,129] The steady state Pr

absorption spectra of Y263 mutants show only small spectral changes and depending
on the mutation maintain similar extinction coefficients [114] which indicates a minor
change in the ring D tilt angle in the parental Pr state. [114] In contrast, the photocon-
version efficiency to the Pfr state is significantly reduced in Y263 mutants in favor of
an amplified fluorescence efficiency and a longer ES lifetime. [114,117,128–131] Thus, Y263
is important for tuning the ES dynamics and the efficiency of the formation of the
primary photointermediate Lumi-R, potentially by acting as a steric block or gate due
to its proximity to ring D. [128–130] The role of both Y263 and Y176 as a steric gate in
the isomerization is further supported by time-resolved X-ray crystallography, which
shows that both residues are already moving away from the chromophore 10 ps after
excitation to accommodate the isomerization. [132]

Apart from steric interactions, the hydrogen bonding capability of Y263 is critical to
stabilize the chromophore in the Pfr state and the interaction with the PHY tongue in the
Pr state. [60,121,128] In the Pfr state, Y263 forms hydrogen bonds either to the pyrrole nitro-
gen or the ring D carbonyl to stabilize its twisted conformation. [60,83,121] Recent studies
also suggest the possibility of an OH-π interaction stabilizing the chromophore. [133,134]

In the Pr state, Y263 forms a hydrogen bond to D207, which keeps D207 in the proper
position to interact with R472 (PRXSF) in the tongue. [60,83,113,128] The lack of this hydro-
gen bond in the Y263F mutant of DrBphP leads to a change in tongue fold in the Pr

state. Instead of the expected β-sheet fold of the tongue, an α-helix fold characteristic
for the Pfr state is observed. [128] Whether this is the case in other phytochromes is un-
clear as e.g., no such effect was observed in the crystal structure of the Y263F mutant of
SynCph1. [114] Other studies, where a hyperactive signaling was observed in Y263F mu-
tants of AtPhyB but not in OatPhyA, further add to this discrepancy, as a permanent Pfr

fold of the tongue could indeed activate signaling without proper photoconversion. [118]

As evident by the involvement of Y176 and Y263 in both hydrogen bonding and
steric interactions, a classification of the conserved residues in the binding pocket into
specific roles is challenging, as almost all highly conserved residues fulfill multiple roles.
However, to generate a reasonable overview of the binding pocket, the classification is
based on the main interactions of the respective residue. Nonetheless, all functions of
the individual amino acids contribute to efficient photoconversion of phytochromes.
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Protonation State and Hydrogen Bonding Interactions

Apart from the hydrophobic and steric interactions, extensive hydrogen bonding net-
works are necessary to stabilize the chromophore and maintain the protonation state
of the bilin to preserve its photoactivity. The protonation state of the bilin is of critical
importance, since neutral or deprotonated bilin species have been reported to show
inhibited isomerization capabilities [135] and reduced extinction coefficients compared
to the protonated species observed typically. [115,135,136] However, a study on in vitro as-
sembled AnPixJg2 from Anabaena sp. showed that in this case the protonation state does
not alter the absorption properties of the bilin, representing a remarkable exception. [137]

The most significant and conserved amino acid residues in the context of hydrogen
bonding and controlling the protonation state of the chromophore are D207 (DIP) and
the two histidine residues H260 and H290 (Fig. 2.11). [53,82,83,113] As these amino acids
are central components of the extended hydrogen bonding network surrounding the
chromophore, their mutations will always alter the pKa value of the chromophore or
its network; however, the magnitude of pKa change differs greatly depending on the
residue.

Figure 2.11 – Structural snapshot of the extended hydrogen bonding network of the chro-
mophore (cyan), the conserved amino acid residues (green) D207, H260, H290, several
water molecules (red spheres), and the highly conserved pyrrole water (pW) in the Pr state
of SynCph1 (PDB ID: 2VEA). [83] D207 forms an additional hydrogen bond to Y263 with its
carboxyl function, which is important for proper positioning of D207.
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H290, similar to Y263, exhibits only a minor impact on the pKa value of the chro-
mophore and hence its protonation state. [115] With the proximity to ring D and direct
hydrogen bonding contact to its carbonyl function, H290 maintains the tilted confor-
mation of ring D and thus stabilizes the Pr state. [82,83,113,138] Studies also found that the
amount and strength of hydrogen bonding to ring D affects the ES dynamics and pho-
toconversion efficiency of the Pr state. [138–142] In the Pfr state, this residue contacts the
ring C propionate group, which illustrates the reorganization within the chromophore
binding pocket and hence the hydrogen bonding network to adapt to the chromophore
isomerization. [85,121,123,138,143] The protonation state of H290 might also influence the
thermal reversion kinetics by favoring an enol conformation of the chromophore ring D
carbonyl and the C15=C16 double bond. [144]

In contrast, H260 and D207 have significant impact on the chromophore pKa and the
protonation state. [103,115] Together with the pyrrole water, these residues are part of the
hydrogen bonding network interacting with the pyrrole nitrogens of the chromophore
and play a crucial role in stabilizing its positive charge. [54,82,83,103] Mutations of H260
decrease the amount of protonated bilin at a fixed pH by shifting the chromophore’s pKa
value. [103,113,115,145] Upon introduction of residues with long cationic side-chains at this
position, chromophore binding is prevented entirely due to electrostatic repulsion. [113]

H260 also forms hydrogen contacts to the ring C propionate in the Pr state and is
connected to H290 via the ring C propionate and conserved water molecules, with the
amount of water molecules differing between phytochromes. [82,83,121] In SynCph2, an
additional serine residue is involved here as a bridge in the hydrogen bonding network
instead of a water molecule due to differences in the remaining interactions of the
ring C propionate. [90] Apart from determining the chromophore pKa, the two conserved
histidine residues exist in a neutral and protonated state in SynCph1. [60] This introduces
structural heterogeneity into the binding pocket, as the hydrogen bonding network
differs depending on the respective protonation states of these histidine residues. Of
the two observed species, only one is suggested to be able to photoconvert, which results
in a pH dependent tuning of the photoefficiency of phytochromes. [60,116,146]

In case of D207, most mutants still properly bind the bilin chromophore, however,
the pKa value is shifted in favor of a deprotonated chromophore species. [103,113,115] Be-
sides the chromophore and pyrrole water, D207 additionally hydrogen bonds to Y263
and forms a salt bridge with R472 (PRXSF) in the tongue connecting the tongue to the
chromophore binding pocket (Fig. 2.11). [53,83,89,90,121] In the Pfr state, D207 stabilizes the
chromophore conformation as part of a hydrogen bonding network involving S474,
Y263, the carbonyl group, and the pyrrole nitrogen of ring D. [85,89,121,123,147] Consider-
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ing photoconversion, modifications of H260 and D207 severely disturb the photocycle
when converting from Pr to Pfr as most of such mutants do not properly form Pfr

upon illumination. [103,113,145,146] Hence, it was suggested that both residues are crucial
for the deprotonation and/or reprotonation of the chromophore that occur in the final
steps of the photocycle making them an essential part of phytochrome photochem-
istry. [103,113,145,146]

These findings highlight the importance of fine tuning the pKa of the chromophore
and the protonation state of both the hydrogen bonding network and the chromophore
for the photochemistry of phytochromes representing an additional level of regulation.

Tongue Interaction

The third group of highly conserved residues can be found in the tongue region of the
PHY domain (Fig. 2.12).

The PRXSF, WGG, and WXE (sometimes termed HbXE where Hb represents a hy-
drophobic residue) [53] motifs are essential for maintaining contact to the chromophore
binding pocket, stabilizing the Pfr state and the correct tongue fold and hence allowing
the transmission of the light-induced signal from the chromophore through the tongue
into the PHY domain causing the required displacement to activate the OPM. [53,83,85,89,90]

The PRXSF motif is highly conserved in group I and II phytochromes. [55,83,90] As
mentioned above, P471 (PRXSF) clamps ring A with P209 (DIP) to stabilize the Pr con-
formation. [83,90,120] The adjacent R472 (PRXSF) interacts with D207 to form the salt bridge
stabilizing the tongue conformation in the Pr state, [53,55,83,89,90,121] while S474 (PRXSF) is
initially pointing away from the chromophore in the Pr state. [90,121] In the Pfr state, S474
rotates to form hydrogen bonds to D207, the pyrrole nitrogen and carbonyl of ring D
and Y263 stabilizing the strained isomerized chromophore conformation. [84,89,121,123,127]

F475 (PRXSF) shields the chromophore binding pocket from the solvent and forms a
strong contact to the interface of the GAF domain, securing the tongue to the GAF
domain. [83,85,90] The central role of these residues in stabilizing the Pfr state and the
overall photoconversion is revealed by mutational studies. Mutants of the PRXSF motif
significantly influence the dark reversion by either destabilizing the Pfr state or introduc-
ing barriers to regain the Pr tongue conformation and may affect the photoconversion
abilities overall. [85,90,120]

The WGG motif and the WXE motif anchor the PHY tongue to the GAF do-
main. [53,85,90] The former interacts with a hydrophobic pocket on the surface of the GAF
domain in the Pr state and, according to the proposed tryptophan switch/toggle model,
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Figure 2.12 – Illustration of the conserved PRXSF (yellow), WGG (orange), and WXE (white)
motifs in the PHY tongue in the Pr state of SynCph1 (PDB ID: 2VEA). [83] Here, the WGG
motif is oriented towards the binding pocket, whereas the WXE motif is facing away. This
orientation is reversed in the Pfr state. [53,90]

is replaced by the WXE motif which fulfills a similar role in the Pfr state. [53,85,90,96]

Mutations of these residues, even though they are more distant to the chromophore
binding pocket, influence the photochemistry and dark reversion via a link to the chro-
mophore through a conserved hydrogen bonding network. [53,85,90,96,104] The proposed
switching of these two motifs is considered an essential part of light-induced signaling
in phytochromes. [53,85,90]

2.2.4 Heterogeneity in the Parental States

The structural arrangement of the described motifs is essential for the photochemistry
of phytochromes. While X-ray crystallography represents a major tool for obtaining
information on these structural relations in phytochromes, its drawback is that it may
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only capture one specific set of conformations that crystallizes well. However, this
subset may not represent the relevant protein conformations in solution to a sufficient
extent. Indeed, using more dynamic methods like nuclear magnetic resonance (NMR),
RR, and ultrafast IR or UV/Vis spectroscopy, phytochromes were found to be both struc-
turally [60,88,121,148–150] and spectrally heterogeneous adding another layer of complexity
to the photochemistry of phytochromes. [97,109,116,151–155] Structural heterogeneity can be
straightforwardly understood as the existence of distinct substates that differ in con-
formation, orientation, or protonation state of one or multiple residues. Depending on
the magnitude of the conformational differences, they may result in different spectral
and/or photochemical properties of the individual substates. The ratio of such sub-
states may depend on pH, temperature, or other external conditions making structural
heterogeneity another tuning mechanism of phytochrome photochemistry. [116,150,153,156]

It is important to distinguish between structural and spectral heterogeneity since dif-
ferent GS structures do not necessarily have to yield different photochemical properties
as barriers present in the GS may not necessarily exist or could be overcome easily
after the high energy excitation with visible light. An example for this can be found
in the study of two bacteriophytochromes, where the ES dynamics proceeds homo-
geneously despite ground state heterogeneity (GSH). [157] Additionally, it needs to be
considered that some structural techniques are carried out at low temperatures where
conformations interchangeable at room temperature might be frozen out. At room
temperature a set of distinct substates could instead appear as a continuous distribu-
tion of conformations which would behave differently in dynamic studies than distinct
substates. However, spectral heterogeneity can often be linked to structural hetero-
geneity and distinct GS substates with different conformations. This frequently leads
to a wavelength dependence of photoefficiency and photodynamics. [97,150–152] Due to
the complicated relation between structural and spectral heterogeneity, it still remains
a subject of investigation and debate in the field of phytochromes.

Heterogeneity has been found to be particularly widespread among CBCRs, where it
is commonly observed in both dynamics and structure. [97,98,109,153,158–162] In group I and
II phytochromes, such strong heterogeneity is less common, which has been attributed
to the presence of the PHY domain tongue. [88,163] The interactions between the tongue
and the chromophore binding pocket limit the conformational space in the binding
pocket and hence reduce the amount of available distinct conformations. [88]

The occurrence of heterogeneity in group I and II phytochromes also differs between
the Pr and the Pfr state. In the Pr state, the chromophore is considered to be loosely em-
bedded in a soft pocket, which is more flexible and capable of accommodating multiple
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distinct conformations. [121] In contrast, in the Pfr state, the chromophore is rigidly fixed
by extensive and strong hydrogen bonds to maintain its twisted conformation allowing
typically less heterogeneity or heterogeneity based on substates with smaller barriers,
and therefore, faster interconversion. [121,149,164,165] This concept has been described as a
soft-to-hard transition of the binding pocket upon photoswitching from the Pr state to
the Pfr state. [105,121]

The origin of heterogeneity in the different states of phytochromes has not been
investigated in all phytochromes. However, the major forms of known structural
heterogeneity are differences in side-chain rotamers, [109,160] chromophore conforma-
tion, and the protonation state of either the two conserved histidines or the chro-
mophore. [60,116,144,146,159,166]

Heterogeneity of the Pr State

In the Pr states of SynCph1 and several bacteriophytochromes, evidence has been pre-
sented for the existence of multiple protonation states of the two conserved histidines
H260 [60,116,146,159,166] and H290. [144,167] Especially, the protonation state of H260 has been
identified as the main cause of heterogeneity in SynCph1 [60,116,146,159] and AnPixJg2 [159]

from Anabaena sp. With a pKa at ~7.5 in SynCph1, H260 is in a protonation equilib-
rium between its protonated and neutral form when working at physiological condi-
tions. [116,146] The presence of the positive charge alters the rest of the hydrogen bonding
network and the interaction to the equally positively charged pyrrole nitrogens of the
chromophore. [60,146] In turn, the conformation of the chromophore and its spectral
properties are slightly altered allowing spectral separation of the two isoforms Pr-I and
Pr-II. [60,116,152] In the protonated state Pr-I, the hydrogen bonding network is disrupted
and the stabilizing interaction of H290 to ring D is lost, potentially facilitating the isom-
erization. [60,116,150] This effect of hydrogen bonding strength of H290 to the chromophore
was demonstrated in bacteriophytochromes in more detail. [138–141] The two observed
substates together with a substate containing a deprotonated chromophore are assigned
as the basis of the multiphasic ES dynamics observed in SynCph1. [116]

In many cases, structural heterogeneity of both the Pr and the Pfr state is suggested
on the basis of multiphasic ultrafast ES dynamics. [98,150–152,155] In SynCph1 [60,116,146] and
several CBCRs, [97,98,109,153,159,159,160,168] this concept has been supported by structural
investigations and theory. However, not all multiphasic ES dynamics are related to
structural heterogeneity in the sense of distinct substates. Recently, especially in phy-
tochromes with long ES lifetimes, alternative explanations have been proposed such as
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ES branching [169] and solvation- or protein-controlled dynamics. [130,170] The latter are
non-exponential, and thus, mathematically require multiple exponential functions to be
fitted correctly rendering them hard to distinguish from dynamics of distinct substates.
Hence, these processes can instead be described as the decay of one distributed popu-
lation whose dynamics are controlled by solvent or protein reorganization. [130,170,171]

Heterogeneity of the Pfr State

The occurrence and structural basis of heterogeneity in the Pfr state of phytochromes
have been investigated in much less detail. Here, no protonation heterogeneity of H260
is observed, [60,146] however, two Pfr isoforms have been suggested in a knotless and in
multiple canonical phytochromes. [149,151,154,156] In contrast to the Pr state, the differences
between these isoforms are much more subtle and differ only in small structural details,
which were identified as the C-D methine bridge torsional angle and minor modifica-
tions to the A-B methine bridge geometry. [121,149,156] The most plausible origin of these
differences was proposed to be a difference in the amount of hydrogen bonds holding
ring D in its E configuration, changing the tilt angle of the C-D methine bridge which
modulates the photodynamics and photoefficiency of the respective isoforms. [149,154]

The relative ratio of these isoforms is often more sensitive to temperature than in the
Pr state indicating a facilitated and fast interconversion between the forms on a ns
timescale due to a smaller thermal barrier. [121,149,156]

2.2.5 The Photocycle

The photodynamics of phytochromes consist of an intricate interplay between chro-
mophore and protein dynamics to relay the light-induced signal to the OPM as ev-
idenced by the influence of structural heterogeneity (see 2.2.4) and the presence of a
highly conserved chromophore environment (see 2.2.3). These dynamics can be summa-
rized in a photocycle comprising the forward (Pr→ Pfr) and reverse reaction (Pfr→ Pr)
which are divided into several intermediate steps with different extents of structural
reorganization. The photocycle introduced here (Fig. 2.13) displays the intermediates
for phytochromes of group I and II forming a Pr dark state and a Pfr light-adapted state.

Parts of this photocycle may also apply to CBCRs and respective information will
be discussed when appropriate. However, due to the spectral and structural differ-
ences the observed dynamics might be substantially different in CBCRs. Especially the
µs- to ms-dynamics is still under investigation, and is much less understood than the
respective dynamics in group I and II phytochromes. The general photocycle of phy-
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Figure 2.13 – Schematic photocycle of group I and II phytochromes. The dotted arrows
in the cycle represent the light-dependent isomerization of the bilin chromophore, while
the following processes (solid arrows) are light-independent. The approximate timescale
of the individual steps is given next to the arrows of the respective transition. The dashed
line marks the dark reversion of the Pfr state to the Pr state which is reversed in bathyphy-
tochromes. [55]

tochromes consists of the dark and light-adapted state and the intermediates termed
Lumi-R and Meta-R or Lumi-F and Meta-F for the forward and reverse photoreaction,
respectively. [55] Note that the nomenclature is based on the color of the excited parent
state (e.g., Pr→ Lumi-R→Meta-R). The Lumi intermediates are formed after the photo-
isomerization on the ps timescale and represent the primary GS intermediates, whereas
the Meta intermediates are formed afterwards often on the µs to ms timescale. [55] In
the following, the underlying structural changes will be discussed separately for the
individual intermediates in the forward and reverse direction of the photocycle.

Forward Dynamics Pr → Pfr

The first step in the forward reaction of phytochromes is the light-dependent transition
from the parent dark state Pr to the primary photointermediate Lumi-R. [55] This step
is induced by excitation with visible light and involves dynamics in the electronic ES,
while the following processes proceed light-independently in the GS.

In canonical phytochromes, upon photoexcitation, the excited bilin chromophore ex-
hibits an ultrafast departure from the Franck-Condon region on the sub-ps timescale.
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The succeeding ~2-5 ps lifetime has been interpreted either as a distinct population
in the context of GSH or conformational dynamics of the chromophore on the ES
initiating ring D rotation. [107,150,152,172–176] In SynCph1, the evolution of this popula-
tion is described as non-reactive due to a differently twisted ring D geometry (see
2.2.4). [60,150,152,176] Similar observations were made in red/green CBCRs where multi-
phasic ES dynamics were commonly observed and assigned to static GSH. [98,161,177,178]

Finally, the primary photoproduct Lumi-R is formed on the ~30-50 ps timescale after
overcoming a barrier on the ES surface. [107,150,172–175] The formed Lumi-R intermediate
exhibits red-shifted absorption due to its isomerized chromophore and persists into the
µs timescale. [55]

Interestingly, CBCRs generally exhibit longer ES lifetimes on the hundreds of ps
timescale. [97,98,161,177,178] Some bacteriophytochromes exhibit such longer ES lifetimes as
well, which were attributed to ES proton transfer and reorganization of the hydrogen
bonding network prior to the isomerization. [139–141,157,167,179] In other long-lived phy-
tochromes, non-exponential dynamics were observed and linked to active-site solvation
and protein reorganization dynamics limiting the speed of the isomerization. [130,170,171]

On these ultrafast timescales, structural changes are expected mostly in the direct
vicinity of the chromophore, in particular around the rotating ring D. [123,163,180] Indeed,
studies have shown the occurrence of several important events for the signaling process
already during this early stage of the photocycle. The Z/E isomerization of the C15=C16
methine bridge causes a displacement of Y263 and D207 and breaks the hydrogen bond
of the ring D carbonyl to H290. [123,132,181] The movement of Y263 and Y176 prior to the
isomerization was confirmed by time-resolved X-ray crystallography supporting their
role as a steric gate which has to be displaced to allow a ring D rotation by 180°. [132]

These rearrangements are likely to trigger the observed disruption of the salt bridge
between D207 and R472, consequently weakening the connection of the tongue to the
chromophore binding pocket and marking the onset of tongue refolding. [123,132,181] As
a consequence, the hydrogen bonding network starts to rearrange forming a new but
still disordered network consisting of R472, D207, Y263, a water molecule, and the
carbonyl and pyrrole group of ring D. [123] This stabilizes the strained geometry of
ring D in its isomerized state. [163] Recent studies suggest that these processes can be
split in two Lumi-R states. [134,163] In Lumi-RI, the structural changes are restricted to
the isomerization site at ring D and its vicinity, whereas in Lumi-RII, changes can be
observed in the whole chromophore and its immediate environment. [134,163]

On the µs timescale, the Lumi-R intermediate evolves to the Meta-R intermedi-
ate. [96,103,136,182,183] In many group I and II phytochromes, the Meta-R intermediate
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is split into two consecutive states termed Meta-Ra and Meta-Rc. [96,103,136,182–184] In the
transition from Lumi-R to Meta-Ra, the strained chromophore undergoes thermal re-
laxation, [134,163,185,186] which can be associated with the observed red-shifted absorption
of Meta-Ra. Otherwise, no significant structural changes in the protein backbone or
hydrogen bonding network are observed in Meta-Ra. [123,163]

In a next step, the bilin chromophore or its hydrogen bonding network is sug-
gested to undergo deprotonation on the early ms timescale [96,103,136,182] forming the
blue-shifted Meta-Rc intermediate. [55,103,136,182] The respective proton is released to the
external medium. [103,136,182,187] This deprotonation is suggested as a key step to allow
the following transition to the Pfr state as the overall mobility of the protein is increased
upon chromophore deprotonation. [165] Mutational studies suggest that D207 is of sig-
nificant importance for the proton-release as the alanine mutant in Agp1 does not show
any proton-release despite reaching the Meta-Rc intermediate spectrally. [103] However,
the general applicability of this mechanism is still under debate as deprotonation and
the consecutive reprotonation have not been observed in all phytochromes and may
depend on the specific protein environment as well as the chromophore’s pKa in the
Meta-Rc step. [123,185]

Finally, the photoproduct Pfr is formed by reprotonation of the chromophore or its
hydrogen bonding network on the tens to hundreds of ms timescale. [90,91,103,136,182,183,188]

This transition has been reported as biphasic in some phytochromes with yet unknown
origin. [136,188] The proton-reuptake seems to be coupled to H260, which is underlined
by studies on H260A mutants, which are stuck in Meta-Rc and show no or inhibited
progression to the Pfr state and no measurable proton-reuptake despite earlier proton
release. [103,113] Until this point, the structural changes in the photocycle are mostly lim-
ited to the local environment of the chromophore and the binding pocket. In contrast,
large scale structural changes throughout the whole protein are observed during the
conversion to Pfr including refolding of the PHY tongue from a β-sheet to an α-helix con-
formation, [89–91,123] establishment of the final hydrogen bonding network [123] and final
rearrangement of the chromophore binding pocket to accommodate the isomerized bilin
chromophore. [123] The removal of the PHY domain does not change the overall timescale
of the Meta-Rc to Pfr transition indicating that the chromophore transition during this
final step is not kinetically controlled by the PHY domain or its tongue which could
be expected based on the large structural changes associated with this step. [91] Instead,
the tongue is suggested to have greater influence on the early relaxation of Lumi-R to
Meta-Ra, accelerating the respective dynamics. [91,163] Therefore, the rate-limiting step
for Pfr formation was suggested to be internal to the PAS-GAF domains. [91,123,163]
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Reverse Dynamics Pfr → Pr

The reverse dynamics of phytochromes were investigated in much less detail compared
to the forward dynamics and are, in general, less understood in both the fs-ps and the
µs-ms time regimes. It is important to note that most of the structural information on
the reverse dynamics stems from investigations on bathyphytochromes, [59,143,189] and
the general applicability to other phytochromes is strongly suggested but still needs
further verification.

The primary photointermediate Lumi-F contains an isomerized chromophore and
is formed by the ultrafast photoreaction of the Pfr state. [55,59,190] In comparison to the
forward reaction, the formation of Lumi-F proceeds often on the sub-ps timescale and
is, therefore, much faster. [151,154,155,172,173,175,191–193] The generated Lumi-F intermediate
then undergoes several GS relaxation steps to form the Meta-F intermediate on the ps
timescale, which already exhibits a Pr-like absorption. [151,154,172]

The nomenclature of these states is under debate as cryotrapping studies, preceding
the availability of ultrafast transient absorption studies on the Pfr state, assigned the
Lumi-F intermediate to a blue-shifted species. [184,194,195] However, time-resolved stud-
ies found that the primary photointermediate is red-shifted compared to Pfr and is only
blue-shifted on the later ps timescale. [151,154,172,173,192] This lead to the inconsistency that
the red-shifted primary intermediate was not termed Lumi-F in earlier works. [173] Due
to its short lifetime and consequently small thermal barrier to the next blue-shifted
state, the red-shifted primary intermediate most likely cannot be observed in the cryo-
trapping studies. To stay consistent with the established nomenclature that the first
photointermediate is termed Lumi, the red-shifted state is termed Lumi-F in more re-
cent time-resolved studies, whereas the blue-shifted species is termed Meta-F. [151,154,192]

Similar to the forward dynamics, the role of GSH in the ultrafast ES dynamics is
actively discussed for the reverse dynamics. In SynCph1, multiphasic ES dynamics were
attributed to separate evolution of a productive and a non-productive GS subpopulation
distinguished by either different chromophore conformations or hydrogen bonding
patterns. [151,154,155] In contrast, in Agp1 and PaBPhP, multiphasic ES dynamics were
assigned instead to branching on the ES surface. [169,191]

On a structural level, only minor side-chain adjustments occur in the chromophore
binding pocket during Lumi-F to accommodate the isomerized chromophore. [59,143] In-
terestingly, the partner swap of the propionic side-chain of ring C already occurs on this
early timescale. [190,193] The chromophore then relaxes from its distorted conformation
in Lumi-F to form Meta-F. [59,143,190] These events trigger the reorganization of several
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amino acid residues in the binding pocket leading to a destabilization of the tongue
fold, initiating the refolding of the tongue. [143,189,190]

The final transition from Meta-F to Pr then proceeds on the µs-ms timescale, and
involves rearrangement of the hydrogen bonding network, tongue refolding and the
deprotonation of the propionic side-chain of ring C, which is suggested as a key event
for tongue refolding. [96,143,183,189,190,196,197] Simultaneously, a hydrophobic pocket around
ring D is formed similar to the one observed in the Pr state. [189] In contrast to the forward
dynamics, these changes do not result in major spectral changes in the visible spectral
range. [96,183,196,197]

2.2.6 Aim of Research

The central role of the immediate chromophore environment for the dynamics and ef-
ficiency of photoisomerization reactions in phytochromes is strongly suggested by its
high level of conservation and the impact GSH is suggested to enact on the photody-
namics. In the phytochrome community, several key elements are highly debated in this
context. As the immediate protein environment greatly influences the dynamics of the
photoisomerization, the question arises which amino acids are critical for the kinetics
and efficiency of the photoproduct formation and how they specifically alter the respec-
tive dynamics. Hence, this thesis aims to identify and investigate the specific influence
of the chromophore’s protein environment on the photodynamics. In particular, the role
of a conserved tyrosine in proximity to the chromophore as part of the steric gate and the
relevance of dynamic protein reorganization were studied, as well as the impact of the
PHY domain on the overall photocycle. Another point of discussion is the significance
of GSH as a general approach to describe the multiphasic ES photodynamics of phy-
tochromes. Here, the separate evolution of the different chromophore conformations
due to slightly different immediate surroundings is suggested as the basis of most to
all kinetics associated with the ES of phytochromes. However, this represents a rather
static approach without considering dynamic movements of the protein environment
or solvation effects that may contribute to the multiphasic nature of phytochrome pho-
todynamics. This work aims to answer if GSH impacts the photodynamics, using a
model system where GSH can be abolished without significantly altering the stationary
spectroscopic properties. From the results, an alternative dynamic description of the
multiphasic ES kinetics on the basis of dynamic protein reorganization was developed.
The thesis also clarifies the role of GSH in the forward and reverse dynamics of phy-
tochromes. Lastly, this thesis aims to bring the first insights into the yet unexplored
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photodynamics of knotless or group II phytochromes to highlight their unique aspects
as a link between canonical phytochromes and CBCRs.

To address these questions, two key proteins, the knotless phytochromes All2699g1g2
and SynCph2 were studied, using predominantly fs time-resolved transient absorption
and flash photolysis.

All2699

The central system of interest in this work is the phytochrome All2699 from Nostoc sp.
All2699 consists of three GAF domains followed by a HK as the OPM. [95] The first and
third GAF domains bind a PCB chromophore, while the second GAF domain inter-
acts with the GAF1 domain via a PHY-like tongue, similar to the structurally related
SynCph2. [88] The first and second GAF domains are, therefore, categorized as a knot-
less phytochrome (All2699g1g2), while the third GAF (All2699g3) domain represents
a CBCR with red/orange photochemistry and remarkably fast thermal reversion. [88,95]

The All2699g1 and All2699g1g2 samples investigated here were provided by Qianzhao
Xu and Lisa Köhler from the group of Wolfgang Gärtner and Jörg Matysik (University
Leipzig).

Remarkably, the single GAF1 domain (All2699g1) is able to photoconvert reversibly
between a Pr dark state (λmax = 637 nm) and a Pfr light-adapted state (λmax = 689 nm), [95]

even in the absence of the GAF2/PHY domain. [95] The presence of the GAF2/PHY
domain in the complete knotless phytochrome All2699g1g2 shifts the absorption of the
Pfr state (λmax = 705 nm), but does not spectrally influence the Pr state. [88] Structurally,
magic angle spinning nuclear magnetic resonance (MAS-NMR) experiments carried out
on the Pr state of both constructs showed that the addition of the PHY domain reduces
the available space within the binding pocket and, in turn, abolishes the heterogeneity
of the chromophore, otherwise observed in All2699g1. [88] However, despite the reduced
available space, the amino acid Y142 (Y263 in SynCph1), which acts as a steric gate for
ring D rotation, is located further away from the chromophore which may influence
the ultrafast photodynamics. [88] These findings make All2699g1 and All2699g1g2 an
important model system to study not only the influence of structural heterogeneity and
the positioning of the conserved Y142 on the photochemistry of phytochromes, but also
the role of the PHY domain in the overall photodynamics. Comparison to group II
and III phytochromes gives a perspective on the evolutionary role of the PHY domain,
since group III phytochromes lack this domain. Additionally, as the ultrafast dynamics
of knotless phytochromes have remained unexplored until now, the investigation of
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All2699g1g2 provides first insights into these dynamics and allows a comparison to the
dynamics of group I and III phytochromes.

SynCph2

The second system of interest in this work is the knotless phytochrome Cph2(1-2) from
Synechocystis sp., the most prominent member of group II phytochromes. [61,62,93] The
samples were provided by Petra Gnau from the group of Lars-Oliver Essen (Philipps-
University Marburg). The full-length phytochrome of SynCph2 consists of an array of
two GAF domains, a GGDEF, an EAL, a third GAF, and a second GGDEF domain. [90,93]

It functions as a light-dependent regulator of cyanobacterial motility and phototaxis
by controlling cytosolic c-di-GMP levels. [90,198] Out of the three GAF domains only
the first and third carry a PCB chromophore, while the second GAF domain interacts
with the first via a PHY-like tongue. [90,94] Due to this interaction, the GAF2 domain is
considered a PHY domain. The fold of PHY domains is in general related to a GAF
fold with a central five-stranded β-sheet core with the fold of the PHY/GAF2 domain
in SynCph2 being especially similar to GAF domains. [53,90,96] In comparison to other
PHY folds, the fold and core of SynCph2 GAF2 differ from typical PHY domains of
canonical PCB binding phytochromes like SynCph1 and remain closer to BV-binding
bathyphytochromes. [90] Therefore, both terms, GAF2 and PHY, have been used to
describe this domain. Consequently, the first two GAF domains can be classified as
a knotless phytochrome, whereas the third single GAF domain is considered a CBCR
with blue/green photochemistry. [90,93] In this dissertation, the PCM of SynCph2(1-2), the
knotless phytochrome consisting of GAF1 and GAF2, was selected as a representative
for investigation of group II phytochromes and is in the following referred to as just
SynCph2.

SynCph2 photoconverts between a Pr dark state (λmax = 643 nm) and a Pfr light-
adapted state (λmax = 690 nm)(Fig. 2.14). [94,199] The photoconversion efficiency of the
Pr→ Pfr reaction is 12%, while the reverse reaction Pfr→ Pr shows a larger QY of 19%. [94]

On the ms timescale, the photodynamics of SynCph2 adopt the typical photocycle
described above for other phytochromes. However, the ultrafast forward and reverse
dynamics have not been studied prior to this work. [96]

A major advantage of SynCph2 as a model system is the availability of a crystal
structure and a basic photochemical characterization of mutants of key amino acids,
facilitating comparison to canonical and bacterial phytochromes and their binding
pocket structure in terms of available space and positioning of amino acids. [90,94] Hence,
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2.2 Phytochromes

Figure 2.14 – Left: Crystal structure of the Pr state of SynCph2 module (PDB ID: 4BWI). [90]

The PCB chromophore (orange) is embedded into the GAF domain. The PHY domain
(light green) contacts the chromophore binding pocket via a tongue-like protrusion (dark
green). Right: Absorption spectra of SynCph2 in the Pr (light red) state, the photostationary
state (PSS) (purple), and the Pfr (dark red) state. The pure Pfr spectrum was obtained by
subtracting 36% of the pure Pr spectrum (factor determined by visual inspection of the
resulting spectrum) from the PSS spectrum and multiplying the resulting spectrum with a
factor of 1.56 to simulate complete conversion to the Pfr state. Figure taken from Ref. [III].

SynCph2 is a complementary model system to All2699g1 and All2699g1g2 to study the
relationship between the structure and photodynamics of knotless phytochromes on the
basis of the available crystal structure. [90] As SynCph2 is the most well known knotless
phytochrome, studying and comparing its ultrafast photodynamics to All2699g1g2 and
the extensively studied photodynamics of group I and III phytochromes also represents
a central target of this work.
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2.3 Indigoid Photoswitches
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Figure 2.15 – Basic structure
of Hemiindigo, Hemithioindigo,
and Iminothioindoxyl photo-
switches.

Indigoid photoswitches comprise a class of organic
chromophores derived from the indigo dye exhibit-
ing absorption in the visible spectral region in both
isomeric states even without complex substitution pat-
terns at the indigo core. [11,200–203] The photoactivation
using visible light promises great potential for appli-
cations in biological systems intolerant to the often
damaging high energy UV light due to its cell toxic-
ity. [11,203,204] This property combined with fast and ef-
ficient photoconversion, pronounced photochromism,
typically high thermal bistability, robust photostabil-
ity, and simple synthetic functionalization and ac-
cess lead to the extensive characterization and ap-
plication of indigoid photoswitches. [11,201,203] In order
to diversify their potential, several subtypes of in-
digoid photoswitches have been developed including
Hemiindigo (HI), Hemithioindigo (HTI), and more re-
cently Iminothioindoxyl (ITI) photoswitches. Each of
these classes shows unique properties while employ-

ing a rather similar hybrid chromophore structure, combining an indigo or thioindigo
fragment with a hemistilbene or hemiazobenzene (Fig. 2.15). [11] HTI derivatives, in par-
ticular, have been exploited for researching the driving forces of distinct photochemical
pathways of C=C double bonds in indigoid photoswitches with the perspective of
tailoring the photodynamics to desired applications. [201,202,205–210]

2.3.1 Hemithioindigo Photoswitches

HTIs consist of a thioindigo and a stilbene fragment connected by a C=C double
bond (Fig. 2.15) that undergoes Z/E isomerization upon photoexcitation. They have
found numerous applications in biological chemistry, [211–213] supramolecular chem-
istry [214–218] and as molecular machines [219–222] based on their favorable photochemical
properties such as spectral tunability in the visible range, high thermal bistability, and
photofatigue-resistance. [11,201,202,206,223–228]

HTIs have also been employed as model systems to study light-induced reaction
mechanisms of substituted C=C double bonds. [205,206,208–210] Their photoreaction typi-
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cally involves Z/E isomerization of the central C=C double bond (double bond isomer-
ization (DBI)) between a few fs up to hundreds of ps. [202,206,209,227–229] Additionally, the
formation of twisted intermediate charge transfer (TICT) states associated with single
bond twisting (SBT) has been proposed as an alternative deactivation pathway. [209,210]

The occurrence and efficiency of the TICT pathway is determined by the substitution
pattern and the solvent polarity. [209,210] In general, inducing a pre-twist in the sin-
gle bond adjacent to the central double bond with sterically demanding substituents,
adding electron donating groups to the stilbene moiety and using solvents with high
polarity favor the TICT pathway and diminish DBI yield. [209,210]

However, since the photoproduct of a SBT/TICT reaction is not distinguishable from
the educt of the photoreaction, direct proof of such mechanisms remained rather elusive.
To provide solid evidence, double bond substituted HTIs with an oxidized sulfur were
developed. [230,231] These compounds contain a significantly pre-twisted single bond
ideal for TICT formation, which cannot rotate freely due to strong steric constraints in-
duced by the steric clash between the oxidized sulfur and the double bond substituents.
The introduction of ortho-substituents on the stilbene moiety then renders these com-
pounds non-symmetric turning the two rotamers of the same double bond configuration
into two atropisomers yielding four geometrically distinct diastereomeric states. [205]

Photoexcitation of such HTIs shows three distinct possible photoreaction pathways
with diastereomers as photoproducts distinguishable by NMR spectroscopy: [205] DBI, a
full rotation of the single bond termed single bond rotation (SBR) potentially accessible
via SBT/TICT, and a third mechanism representing a combined process of DBI and SBR
called Hula-Twist (HT). [232–234] The ratio between these processes can be controlled by
solvent polarity, viscosity, and temperature. Consequently, this study provided the first
experimental evidence for the previously proposed HT mechanism. [205] These findings
render HTIs an interesting target system to study the photochemistry and photody-
namics of constrained C=C double bonds and the differences and similarities of the
respective photochemical pathways.

2.3.2 Iminothioindoxyl Photoswitches

Recently, the newly developed class of ITI photoswitches has raised interest based
on their favorable photochemistry showing a predominantly solvent independent band
separation of over 100 nm in the visible spectral range between the isomers. [235,236] Struc-
turally, ITIs employ a thioindigo scaffold similar to HTIs with the second half of the
photoswitch being a hemiazobenzene instead of a hemistilbene. [235] The introduction
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of the C=N double bond leaves the absorption spectrum mostly unaffected compared
to HTIs, but changes the photochemical properties tremendously. The thermostable
Z-isomer undergoes photoisomerization on the fs timescale, forming the metastable
E-isomer and the hot GS of the Z-isomer that cools within ~10 ps. [235] Thermal relax-
ation of the E-isomer to the Z-isomer then proceeds on the ms timescale. [235] Hence,
compared to HTIs, the photodynamics in ITIs proceed much faster and only metastable
photoproducts are formed with reduced QY. [235] The addition of strong protonating
agents like trifluoroacetic acid improves the thermal stability of the E-isomer by pro-
tonating the nitrogen of the C=N double bond, which, in turn, hinders the nitrogen
inversion. [236] However, a thermal bistability of the photoswitch has not been achieved
for the ITI system. Interestingly, the photochromism is reversed by substituting the
sulfur in the thioindigo scaffold with an N-acetyl or N-methyl moiety rendering the
E-isomer the thermostable form due to increased steric repulsion of the azobenzene and
the N-acteyl moiety in the Z-form. [237]

The fast thermal recovery rate is a promising feature for application in photocontrol
of fast biological processes like signal transduction and neuronal activity where pho-
toswitches with quick reisomerization have been employed previously. [235,238,239] To
broaden the field of application, development of ITIs exhibiting thermal bistability by
exploring the multitude of potential substitution patterns represents a long term goal
for this newly developed class of photoswitches.

2.3.3 Aim of Research

Hemithioindigo

The primary goal of the HTI project was the photochemical investigation of a sterically
crowded HTI compound to provide direct dynamic evidence of the Hula-Twist (HT)
photoisomerization mechanism. The investigated HTI was synthesized by Aaron Ger-
wien from the group of Henry Dube (Friedrich-Alexander-University Erlangen). It
employs an electron donating dimethylamino (DMA) group in the para position at the
hemistilbene scaffold, an oxidized sulfur and a tert-butyl group attached at the C=C
double bond next to the hemistilbene. These substitutions increase thermal bistability,
introduce pre-twist into the double bond to favor TICT and abolish thermally driven
SBR. [230,231] A non-symmetric methyl substitution in the ortho-position of the hemistil-
bene yields four diastereomers (Fig. 2.16), which can be interconverted by light via DBI,
HT and SBR.

Applying transient absorption spectroscopy, the individual photochemical pathways
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Figure 2.16 – Diastereomers 1-A to 1-D of the investigated HTI compound with indicated
reaction mechanisms for photoconversion between the diastereomers. Of the eight total
diastereomers only the ones with the sulfinyl oxygen placed above the paper plane are
displayed to indicate the non-planarity of the sulfinyl group. However, all isomers are
racemic mixtures containing both conformations.

should be identified and investigated in terms of their solvent dependence to pro-
vide evidence for the HT photomechanism. To support the mechanistic interpretation,
quantum mechanical calculations were conducted by Jonas Leitner from the group of
Andreas Dreuw (University Heidelberg) identifying the minimum energy pathway and
the related conical intersections between ES and GS.

Iminothioindoxyl

In the ITI project, predominant relaxation of ITIs via a hot GS and the consequential
release of substantial amounts of vibrational energy was applied to develop a vibrational
energy donor for biological systems. Such probes can be utilized for the identification
of anisotropic vibrational energy transfer (VET) pathways - specific pathways that
distribute vibrational energy in complex systems like proteins - which were suggested
to be involved in long distance signaling within proteins by theory. [240–246] Studies of
VET require a pair of donor and sensor depositing and detecting vibrational energy at
specific positions in the protein. The challenge lies in finding probes that show favorable
photochemical properties like strong absorption in the visible spectral region, ultrafast
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relaxation, little to no product formation, and a small size providing more precise
spatial information and preventing major structural changes upon incorporation into
proteins. [247] The ultrafast relaxation is required to avoid temporal overlap of the energy
transfer between donor and acceptor and the vibrational relaxation of the acceptor itself.
ITIs possess most of these properties [235] and represent a promising alternative to the
available vibrational energy injectors. [248,249]

To further enhance their potential in biological applications, Larita Luma from the
group of Alexander Heckel (Johann Wolfgang Goethe-University Frankfurt) synthe-
sized two ITI compounds, the DMA-ITI and the Julolidin (J)-ITI, with further red-shifted
absorption than previously known (Fig. 2.17). [235,236]
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Figure 2.17 – ITI compounds investigated in this thesis. The J and DMA-ITI were converted
to L-alanine (Ala) analogues still carrying a tert-Butyloxycarbonyl (Boc) protecting group
(ITI-Ala(Boc)). These amino acids were coupled to L-azidohomoalanine (Aha), a vibrational
energy sensor (ITI-Ala(Boc)-Aha) to create a minimal model system. In a last step, the
protecting group was removed (ITI-Ala-Aha).

In this thesis, the photochemical properties and ES dynamics of a minimal VET dipep-
tide model system were investigated in dependence on the solvent and the excitation
wavelength. The model dipeptide consists of an ITI photoswitch converted to a non-
canonical Ala amino acid and the established vibrational energy sensor Aha. [247,248]

The results represent the basis for the proof of principle VET studies of the same min-
imal model system in the IR spectral region by Carolin Feid from the group of Jens
Bredenbeck (Johann Wolfgang Goethe-University Frankfurt).
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Chapter 3: Research Projects

This chapter presents the accumulated results and central conclusions of the research
projects conducted in this dissertation. Results that have been published and the re-
spective papers are indicated at the appropriate place. The results are split into projects
related to phytochromes and indigoid photoswitches. The two main topics are divided
into appropriate subtopics where several publications and aspects can be attributed to
the same subtopic.

3.1 Phytochromes

The phytochrome related results are split into five sections. In section 3.1.1, the results
on the ultrafast forward dynamics of all investigated phytochromes are discussed in
different contexts comprising the publications [I]-[III] and [V]. Next, the unpublished
ultrafast reverse dynamics of All2699g1 and All2699g1g2 as well as the results on
SynCph2 published in reference [III] will be elaborated in section 3.1.2. Based on the
results presented in these two sections the role of GSH in the ultrafast dynamics of
knotless phytochromes is summarized in section 3.1.3. In the following section 3.1.4,
the obtained results on the ms-dynamics of knotless phytochromes will be presented in
section which are published in reference [IV]. Finally, the effect of the PHY domain on
the general photodynamics of knotless phytochromes is discussed in section 3.1.5 as a
summary of the results of this dissertation in this regard.

3.1.1 Ultrafast Forward Dynamics of Knotless Phytochromes

The main contents of this section and its subsections have been published in refer-
ences [I]-[III] and [V]. The ultrafast forward dynamics of knotless phytochromes have
remained unexplored prior to this work despite their interesting evolutionary posi-
tion located between group I phytochromes and CBCRs in terms of domain archi-
tecture. In contrast, extensive research has been conducted on these dynamics in
groups I and III producing a variety of mechanisms to describe the complex ES dy-
namics including models based on static GSH [98,150,152,161,176–178] and ES proton trans-
fer. [139,140,157,167,179] The variability in the ES lifetime, ranging from ~30 ps in some
canonical phytochromes [107,150,172–175,250,251] to up to ~1 ns in CBCRs, [97,98,161,177,178] in
spectrally and structurally similar Pr states employing similar chromophores is remark-
able. Based on these observations, a strong influence of the protein environment is
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expected predominantly determining the ES dynamics of phytochromes. Studying this
influence requires a model system where the protein environment can be modified
without disturbing efficient photochromism. One major factor determining the pro-
tein environment of the chromophore is the PHY domain, specifically the interaction
of the tongue with the chromophore binding pocket, which compacts and shields the
chromophore from the solvent. [83,84,88] Considering these two aspects, the single GAF
domain All2699g1 and its corresponding knotless phytochrome All2699g1g2 represent
a unique model system to not only study the effect of the PHY domain and its modula-
tion of the pocket environment, but also the photodynamics of knotless phytochromes
in general. The finding that the addition of the PHY domain to All2699g1 abolishes its
previously pronounced GSH in the Pr state according to MAS-NMR [88] stresses the po-
tential of this model system. By comparing the photodynamics in presence and absence
of the PHY domain, this system offers the unique possibility to study the effect of GSH
on the photodynamics of phytochromes directly in one model system.

All2699g1 represents a minimal photoswitchable model of knotless phytochromes
that can be readily compared to CBCRs in terms of the occurrence of structural hetero-
geneity based on MAS-NMR [88] with a Pr and Pfr state spectrally similar to canonical
cyanobacterial phytochromes like SynCph1. [77,95] As such, the mechanistic study [I] on
All2699g1 provides the first insight into the photodynamics of knotless phytochromes
and their relation to CBCRs and group I phytochromes.

Apart from the similar absorption spectra of All2699g1 compared to canonical group I
phytochromes, its CD spectra are also quite similar and retain the pattern and pattern
shift upon photoconversion, indicative of comparable conformations of the bilin rings A
and D in respect to the B-C plane. In contrast, the QY of both the forward and reverse
reaction are lower than typically observed in both group I and III phytochromes. The
lack of the PHY domain could cause this reduced efficiency as SynCph2 shows QYs
similar to group I phytochromes. [96]

The ultrafast photodynamics of All2699g1 proceeds in two major steps: First,
chromophore-related spectral shift dynamics occur without loss of ES population on
the sub 30 ps timescale, then the ES decays on the timescale of hundreds of ps in one
step with a temporally broad lifetime distribution. The temporally broad distribution
was assigned to non-exponential dynamics, which result from the isomerization being
controlled by the protein environment or solvation processes (Fig. 3.1). An evolution of
distinct GS substates in context of GSH was excluded based on the lifetime distribution
pattern, the excitation wavelength independence, the lack of ES decay in the early
lifetimes and an equally good fit by using a stretched exponential instead of two expo-
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Figure 3.1 – Illustration of the conserved kinetic pattern and its associated processes in the
LDM and single transients of the ultrafast forward dynamics of the Pr state of All2699g1.
(Left) LDM corresponding to the ultrafast forward dynamics of All2699g1 after excitation
at 635 nm.[I] Arrows indicate the location of the respective transients shown in the center
of the figure. The dotted boxes highlight the two separate processes of chromophore
dynamics (teal) and protein controlled ES decay (purple) and the associated pattern in the
LDM. (Center) Selected transients in the ESA (cyan) and the GSB/SE overlap region (blue
side (green), red side (orange)). The dotted boxes highlight the chromophore dynamics
and protein controlled ES decay. Note that the ESA is not affected by the chromophore
dynamics as indicated by the lack of amplitude changes in the respective transient (cyan)
on the tens of ps timescale. (Right) Schematic representation of the envisioned model for
the chromophore isomerization. While the isomerization is blocked initially by Y142, the
chromophore dynamics trigger a reorganization of the protein matrix withdrawing the
tyrosine and enabling the completion of the chromophore isomerization. Adapted from
[I],[II].

nentials in GTA despite the presence of GSH. The involvement of ES proton transfer
reactions previously observed in other phytochromes was excluded due to a lack of
kinetic isotope effect in D2O. [139,140,157,167,179] Based on this, a model was constructed
where the chromophore dynamics trigger the non-exponential reorganization of the
protein matrix which are required for the isomerization to proceed. With support of
hybrid quantum mechanics/molecular mechanics calculations from the Schapiro group
(Hebrew University of Jerusalem), Y142 was identified as a steric gate preventing the
ring D from rotating and completing the isomerization prior to protein reorganization.
During this reorganization, Y142 is pulled away from the chromophore far enough
for the isomerization to proceed. However, immediately after isomerization its steric
demand is required to stabilize the Lumi-R intermediate. A movement of Y142 on the ps
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timescale was later on verified by time-resolved X-ray crystallography in DrBphP. [132]

The high barrier imposed by Y142 matches well with the observed extended ES lifetime
of ~270 ps. Furthermore, its predicted movement away from the chromophore to
allow isomerization and formation of the primary photoproduct can be reasonably
associated with the distributed non-exponential kinetics. The widespread use of
GTA for analyzing similar phytochrome time-resolved data does not easily allow the
description of these non-exponential kinetics without explicit consideration within the
expected model. In contrast, the applied LDA is able to describe such dynamics without
previous knowledge which represents a valuable advantage in identifying this type
of kinetics. Establishment of this technique within the field of ultrafast phytochrome
dynamics will aid in the future assignment of this type of kinetics to prevent confusion
of non-exponential dynamics and multiphasic evolution of distinct GS substates.

The constructed model is further supported by follow-up studies on the complete
knotless phytochromes All2699g1g2 [II] and SynCph2 [III] observing a similar two
step mechanism. Strikingly, neither the dynamics assigned to the chromophore, nor the
distributed nature of the ES decay changes and are, therefore, present in both constructs.
This supports the assignment towards non-exponential dynamics instead of multiphasic
ES kinetics based on GSH. If the distributed decay were to originate from GSH, the
homogeneous GS of All2699g1g2 should exhibit monoexponential kinetics instead of the
observed distributed decay. Hence, the distributed nature can be clearly associated with
non-exponential dynamics, most likely protein reorganization dynamics as suggested
by the model derived in reference [I]. Note that this entails that static GSH does not
necessitate multiphasic ES kinetics with a separate evolution of each excited GS substate.
However, GSH may contribute slightly to the width of the distribution describing the
ES decay in All2699g1 instead of being its underlying origin.

Fs-transient Vis-pump IR-probe data of SynCph2 presented in reference [III] further
solidified the nature of the two observed steps. In the sub-50 ps time regime, changes
occur only in chromophore related vibrations like the C19=O and the C9=C10 vibra-
tions confirming that the first step is, indeed, predominantly limited to chromophore
dynamics that is conserved in the investigated knotless phytochromes. The lack of
simultaneous decay of all ESA features, again, rules out the assignment of the early
dynamics to ES decay in the context of co-evolution of distinct subpopulations typi-
cally suggested in other phytochromes. Only at later delay times the repopulation of
the GS becomes apparent, matching the distributed exited state decay in the Vis-pump
Vis-probe measurements.

These results are in contrast with studies on other phytochromes exhibiting GSH
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where the distinct evolution of separate GS substates was suggested as the origin of
both the early dynamics and the distributed decay instead of early chromophore dy-
namics and a distributed evolution dependent on protein reorganization. [150,152,176] The
concept of protein reorganization controlling the isomerization kinetics and the appli-
cation of non-exponential functions to describe this process represent a breakthrough in
understanding the dynamics of photoreceptors in general and phytochromes in particu-
lar. This extends to the assignment of the early dynamics being related to chromophore
dynamics acting as a trigger for the following protein reorganization, which may extrap-
olate to other photoreceptors as well. Later studies on other phytochromes supported
this concept, where multiple exponential decays were described in terms of one non-
exponential process related to active-site solvation or protein reorganization instead of
the distinct evolution of GS substates as a result of GSH. [130,170,171] Hence, the approach
presented in this dissertation adds to the already ongoing discussion on the influence of
GSH on the photodynamics in phytochromes, highlighting that not all GSH observed
by solid state nuclear magnetic resonance (ssNMR) or other low temperature techniques
necessarily yields a separate evolution of the distinct GS substates. It also showcases the
power of LDA as a model independent analysis method to unveil non-exponential dy-
namics. The observed influence of Y142 and the significance of the protein environment,
furthermore, are the starting points for the following studies within the dissertation.

The Role of Y142 in the Ultrafast Forward Dynamics of Knotless Phytochromes

The conserved tyrosine Y142 and its equivalents in other phytochromes have been
considered to play a significant role in tuning the photophysical properties and pho-
todynamics of phytochromes through steric interactions [128–130] and hydrogen bond-
ing capabilities. [60,83,113,121,128,130] Replacement of the tyrosine by phenylalanine in-
creases the ES lifetime and hence boosts the fluorescence efficiency in a variety of
phytochromes, [114,117,128,130] however, the exact mechanism behind this behavior has
yet to be understood. Following up on our findings on the role of Y142, which steri-
cally gates the isomerization until it is withdrawn from the chromophore via protein
reorganization, a study of the photochemistry and the ultrafast photodynamics of Y142
mutants was conducted in this work and published in reference [V].

Without relying on mutants, some conclusions may already be drawn from the inves-
tigations on All2699g1 and All2699g1g2. A MAS-NMR study suggests that the steric
clash of Y142 with the chromophore is reduced in All2699g1g2 by a positional shift of
this residue despite an overall reduction of space in the chromophore binding pocket. [88]
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The observed decrease of the ES lifetime of All2699g1g2 confirms that the positioning
and steric demand of Y142 indeed affects the distributed protein controlled kinetics as
suggested by the calculations on All2699g1 [I]. Furthermore, time-resolved X-ray crys-
tallography on DrBphP reveals a movement of Y263 away from the chromophore as
early as 10 ps after excitation. [132]

In this work, the effect of the Y142F and Y142W mutations on the ultrafast forward
dynamics of All2699g1 was studied. The tryptophan in this position was selected in
reference to red/green CBCRs like Slr1393g3, where a position similar to Y142 is adopted
by a tryptophan. [252] The Y142F mutant shows the expected reduction in product for-
mation QY and increase of fluorescence QY, whereas Y142W shows an almost complete
loss of productive photochemistry and a fluorescence QY similar to the wildtype (WT).
The LDA of the ultrafast dynamics reveals that the kinetic pattern in the LDMs remains
conserved in the mutants until ~30 ps, while the distributed ES decay shows significant
variations in lifetime and temporal broadness. The similarities until 30 ps suggest that
the initiation dynamics of the chromophore is not affected by the mutation. This cor-
relates well with the lack of striking spectral changes in Pr absorption and emission.
Only the distributed kinetics related to the reorganization of the protein environment
and more specifically Y142 are strongly affected confirming our initial model that this
distributed decay is related to the properties of Y142 and consequentially changes when
this residue is mutated. Here, the decay of Y142F, which interacts more closely with
ring D of the chromophore, is extended into the ns timescale, while Y142W decays even
faster than the WT.

Interestingly, there is no general trend that a shorter or longer ES lifetime is more
productive. From studies on All2699g1g2, it would have been expected that a shorter
lifetime yields more photoproduct, however, the situation appears to be more com-
plex. The reduction in photoproduct formation of the Y142W mutant can be explained
by a lack of stabilization of the primary photoproduct after the isomerization, which
is most likely connected to suboptimal positioning of the tryptophan moiety as the
pocket of All2699g1 is not designed to accommodate this bulky residue. The increased
steric demand of the tryptophan likely requires it to be positioned further away from
the chromophore rationalizing the shorter lifetime. In contrast, the smaller phenyl-
alanine residue adopts a similar but slightly closer position compared to the native
tyrosine [114,128] yielding a longer ES lifetime in return. In this case, the similar position
of the phenylalanine still allows photoproduct formation and stabilization of Lumi-R
to some extent, even though the increase of the competing fluorescence and the lack
of the hydrogen bonding capabilities reduce the Lumi-R QY. Hence, it is important to
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note that the observed modulation of the photodynamics cannot be solely explained
by steric demand and positioning. It has been shown that the hydrogen bonding
capability of the tyrosine plays an important role in the stabilization of the primary
intermediate [123,128,134,142] and the Pfr state, [60,83,84,113] and is potentially also involved in
determining the ES kinetics. [131] Overall, the complex interplay of the available space
in and flexibility of the binding pocket and the positioning, steric demand and hy-
drogen bonding capabilities of this residue determines the ES dynamics in knotless
phytochromes. The observation that this kinetic pattern in the LDMs is conserved de-
spite the introduction of various mutations is quite remarkable and suggests that this
mechanism may apply more generally. The extent of the extrapolation to other groups
of phytochromes will be discussed in the following section.

Conserved Mechanism of the Ultrafast Forward Dynamics

At this point, this work established that a kinetic pattern consisting of specific lifetime
distribution amplitudes is conserved among the knotless phytochromes All2699g1g2,
SynCph2, the single GAF domain All2699g1, and various mutants of these phy-
tochromes. As the application of LDA is still quite rare in studies on phytochrome
dynamics, a broad comparison to multiple members of other groups is impossible at the
moment, however, data on Slr1393g3, a red/green CBCR (adapted from reference [97])
and SynCph1, a prominent canonical phytochrome assigned to group I have been
recorded for comparison. An overview of the LDMs of the ultrafast forward dynamics
of these PCB binding phytochromes employing a Pr dark state reveals that even among
other phytochrome groups the same pattern is observed (Fig. 3.2).

This discovery indicates that the mechanism proposed in this work may indeed
be conserved beyond group II phytochromes. Unfortunately, the lack of comparable
data on plant or bacterial phytochromes containing different chromophores limits the
extension and general applicability of this model, however, even among PCB binding
phytochromes the degree of conservation is quite remarkable.

In summary, the studies conducted on the ultrafast forward dynamics revealed a
conserved photomechanism consisting of chromophore initiation dynamics associated
with slight spectral shifts of the SE and a distributed non-exponential decay of the
ES related to the dynamics being controlled by the reorganization of the protein en-
vironment. While Y142 plays a central role during this reorganization, as evident by
the results on All2699g1 mutants [V], other factors have to be considered. It is pro-
posed that the available space and the flexibility of the chromophore binding pocket,
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Figure 3.2 – LDMs corresponding to the Pr dynamics from all groups of phytochromes
displaying the conserved kinetic footprint identified in this work. While the lifetime distri-
bution pattern remains conserved until ~30 ps, the center of the distributed ES decay (black
dashed line) shifts in lifetime in different phytochromes. (Top) LDMs corresponding to
the Pr dynamics of WT phytochromes: Slr1393g3 [97] and All2699g1 [I] (single GAF domain
phytochromes), All2699g1g2 [II] and SynCph2 [III] (knotless phytochromes) and SynCph1
(canonical phytochrome). (Bottom) LDMs corresponding to the Pr dynamics of mutant
phytochromes: All2699g1 Y142W [V], All2699g1 Y142F [V], SynCph2 Y133F, and SynCph2
S385A.

the hydrogen bonding network and its protonation state as well as the hydration of
the chromophore determine the extended ES dynamics of the Pr state. Whereas this
work mainly focuses on the first two points, complementary studies showed that the
latter two also have significant impact on the dynamics. [130,131,167,170] This model is also
capable of describing and rationalizing the dynamics of phytochromes exhibiting faster
decays as the increased flexibility would facilitate the isomerization and rationalize the
faster ES dynamics. [130] In terms of GSH, a larger flexibility of the pocket would allow
multiple conformations to coexist leading to GSH and potentially multiphasic ES kinet-
ics which, however, is not imperative as shown by the results on All2699g1 [I]. Overall,
the concise model envisioned in this work provides a reasonable description of the
ultrafast forward dynamics of multiple phytochromes employing a Pr dark state and
may be extrapolated to the general ultrafast forward photochemistry of phytochromes.
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3.1.2 Ultrafast Reverse Dynamics of Knotless Phytochromes

The research on the ultrafast reverse dynamics of SynCph2 discussed here has been
published in reference [III], while the manuscript on the ultrafast reverse dynamics in
All2699g1, All2699g1g2 and the SynCph2 mutants is still in preparation.

The ultrafast reverse photodynamics of knotless phytochromes, similar to the forward
dynamics, has remained unexplored prior to this dissertation. In group I phytochromes,
the reverse dynamics is typically much faster than the forward dynamics with the ES
decaying within a few ps. [151,154,155,172,173,175,191,192] This is likely due to the reduced steric
hindrance for reisomerization and the already tense conformation of the chromophore in
the Pfr state. [121,149,164,165] In contrast, in group III phytochromes, a larger diversity of life-
times is observed spanning all the way into the hundreds of ps timescale. [97,158,162,178,253]

This discrepancy can be rationalized by structural differences in the photoproduct state
apparent by the spectral variety of photoproduct absorption. As the discovered knotless
phytochromes show spectral and structural characteristics like the tongue interaction
similar to group I phytochromes, it is expected that their kinetics are more comparable
to group I than group III phytochromes as well. Here, the model system of All2699g1
and All2699g1g2 offers the unique possibility to study a single GAF domain similar to
CBCRs in terms of heterogeneity and the lack of the PHY domain and the complete
knotless phytochrome, which is more closely related to group I phytochromes. GSH
in particular represents an interesting aspect of the ultrafast dynamics as the impact of
GSH on these dynamics might be different if the ES is short lived and not equilibrated
for extended times on the ES surface. It can be hypothesized that the difference between
the individual GS subpopulations may have a more significant effect without equilibra-
tion leading to distinct kinetics for each subpopulation and consequentially multiphasic
ES kinetics as observed in SynCph1. [151,154,155] Since the heterogeneity of the Pfr state in
our model system is abolished by the PHY domain, in analogy to the Pr state, it enables
a direct evaluation of the influence of heterogeneity on the ES dynamics of the reverse
reaction.

On this basis, it would be expected that All2699g1g2 and SynCph2 exhibit homo-
geneous ES dynamics, while All2699g1 may exhibit multiphasic ES kinetics based on
GSH. The ultrafast transient absorption data of All2699g1g2 and SynCph2 (Fig. 3.3)
are indeed homogeneous and exhibit three positive signals at 450-675 nm, >730 nm,
and 575-600 nm. These signals are straightforwardly assigned to ESA, the primary
photointermediate Lumi-F and the Meta-F intermediate in reference to the published
assignment for SynCph2 [III]. Accordingly, the negative signal (700-740 nm) is assigned
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to GSB/SE (Fig. 3.3). The ESA and GSB/SE decay on the sub-ps timescale give rise
to the Lumi-F intermediate, which converts to the Meta-F intermediate within tens of
ps. This intermediate then persists beyond the timescale of the transient absorption
measurements.
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Figure 3.3 – Transient absorption data and corresponding LDMs of the ultrafast Pfr dynamics
of All2699g1 (top), All2699g1g2 (center), and SynCph2 (bottom). The decay of the ES is
indicated in the LDMs by black dashed lines with one component in All2699g1g2 and
SynCph2 and three components in All2699g1, identified by kinetic modeling (unpublished
results).

LDA reveals the underlying kinetic features and allows a more precise assignment of
the kinetics. After departure from the Franck-Condon region described by the positive
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(650-700 nm) and negative (700-750 nm) amplitude distributions at ~100 fs, the ES decays
with lifetimes of ~340 fs in both proteins, forming the red-shifted Lumi-F intermediate
as indicated by the pair of positive (450-650 nm) and negative amplitude (720-750 nm)
distributions. Here, the spectral position of the negative amplitude does not match the
GS absorption initially and is red-shifted instead, probably due to the decay of the SE
and the rise of the Lumi-F intermediate that match this spectral position. At slightly later
lifetimes, the negative amplitude distribution is then shifted towards the spectral range
of the GS absorption matching its maximum at ~710 nm and ~690 nm in All2699g1g2
and SynCph2 respectively. This illustrates that the GS is recovered from a vibrationally
hot GS intermediate Lumi-Fhot, which can either relax into Lumi-F representing the
pathway of productive photochemistry or restore the GS. The described branching
was validated in SynCph2 using a kinetic target model (Fig. 3.4) and supported by
complementary IR-data [III]. From the relaxed Lumi-F intermediate, the reaction then
proceeds via several GS intermediates to the Meta-F intermediate indicated by the pairs
of positive (>725 nm, 675-750 nm) and negative (650-725 nm, 525-650 nm) amplitude
distributions at ~2-4 ps and ~1 ns respectively. The final pair of positive (550-660 nm)
and negative amplitude (660-750 nm) distributions describes the Meta-F intermediate
that persists up to the µs timescale and the remaining GSB.

The transient absorption data of All2699g1 exhibit similar features, although two
main differences are observed: the ESA and GSB/SE signals show extended lifetimes
into the tens of ps timescale and the positive feature corresponding to the Lumi-F in-
termediate above ~730 nm is absent. LDA reveals that the features from the complete
knotless phytochromes are retained; however, they overlap significantly with two ad-
ditional ES decays and their consecutive evolution either back to the Pfr state or to the
Lumi-F intermediate (Fig. 3.4), as derived from the elongated positive and negative
amplitude distributions corresponding to ESA and GSB. These decays are assigned to
two additional GS populations arising from GSH and their evolution in the ES.

The lack of Lumi-F absorption can be rationalized by the spectral overlap of the
GSB corresponding to these two slower ES populations with the Lumi-F absorption.
Additionally, the blue-shift of the negative amplitude distribution from ~720 nm to
~700 nm between 700 fs and 30 ps confirms that the Lumi-F intermediate is still formed
in analogy to the complete knotless phytochromes, and further suggests that the amount
of Lumi-F formed by the individual ES populations might differ, as GS recovery is
observed predominantly at longer lifetimes.

From these data, three main conclusions can be drawn. Firstly, the ultrafast dynamics
of knotless phytochromes proceed similar to group I phytochromes, however, no distinct
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Figure 3.4 – Schematic illustration of the kinetic model derived from the transient absorption
data of All2699g1g2/SynCph2 (left) and All2699g1 (right). The left model is based on the
published calculated model for SynCph2 [III]. The model for All2699g1 was derived from
the SynCph2 model and the differences between the LDMs of SynCph2 and All2699g1.

GSH is observed. Secondly, the addition of the PHY domain abolishes GSH in the Pfr

state of All2699g1 similar to the Pr state. The PHY domain is, therefore, one of the
main contributors to the presence of GSH in the presented model systems. Thirdly,
while heterogeneity is present in both the Pr and the Pfr state, the evolution of separate
subpopulations was only observed in the ultrafast dynamics of the Pfr state.

In order to identify the structural factors influencing GSH in the Pfr state and po-
tentially pinpoint what slows down the dynamics of the slower subpopulations in
All2699g1, site specific mutagenesis was applied in both SynCph2 and All2699g1. The
Y142F mutant in All2699g1 and the corresponding Y133F mutant in SynCph2 (Fig. 3.5)
exhibit extended ES decays and reduced quantum efficiencies when compared to their
respective WT. Judging from the positive amplitude distribution (420-600 nm) assigned
to the ESA of the excited Pfr state in the LDM of the Y142F mutant, it seems that either the
relative occupancy of the population decaying with a lifetime of ~550 fs is significantly
reduced in favor of the slower two (~3.5 ps and ~16.4 ps derived from a preliminary
kinetic target model) or that the dynamics of all populations have gotten slower. Further-
more, the negative amplitude distribution (650-720 nm) corresponding to GS recovery
is now much more pronounced, while the negative amplitude distribution (720-750 nm)
assigned to Lumi-F formation in All2699g1 WT seems to have significantly decreased
in the mutant. This matches the reduction in QY of the reverse reaction from ~11% to
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Figure 3.5 – LDMs corresponding to the Pfr dynamics of All2699g1 WT, All2699g1 Y142F,
SynCph2 WT, SynCph2 Y133F, and SynCph2 S385A displaying the effects of the respective
mutation on the lifetime and distribution of populations based on GSH. The different
components of ES decay are indicated by black dashed lines in the LDMs. In All2699g1
and SynCph2 WTs, these lines were verified by kinetic modeling, while in the mutants the
lines were either drawn at identical lifetimes to represent the shift in population between
the components or at newly emerging distributions.

~7%. It also strongly suggests, that all populations in All2699g1 are productive, as the
strong reduction of the fast population does not abolish productive photoconversion to
the Pr state.

In the homogeneous SynCph2, introduction of the equivalent Y133F mutant has a
smaller effect, however, it seems that a second, slower population with an approximate
lifetime of a few ps emerges, causing the positive amplitude distribution (430-650 nm)
corresponding to ESA decay to broaden temporally and shift towards later lifetimes.
This slower population now dominates the decay of the ES and the overall lifetime
distribution of the ES decay appears similar to All2699g1, suggesting the introduction
of GSH into SynCph2 through the Y133F mutation. Based on the simultaneous increase
in the negative amplitude distribution (650-710 nm) corresponding to GS recovery at
similar lifetimes, it is likely that, indeed, a second population emerges. However, to
obtain valid proof, NMR or RR studies would be required to verify heterogeneity of
the Y133F mutant of SynCph2. Another interesting mutant is S385A in SynCph2 as
it simulates the detachment of the tongue from the chromophore’s hydrogen bonding
network allowing a closer comparison to All2699g1 where these interactions are also
missing due to the lack of the PHY domain. However, the tongue itself is involved in
more interactions than just the hydrogen bonding of the chromophore with its PRXSF
motif (see section 2.2.3), and a true removal of the tongue would probably result in more
severe effects. Despite the fact that the dynamics of S385A are much less affected than
in the Y133F mutant, the decay of a second population can be identified with a lifetime
of a few ps by the positive amplitude distribution at 430-550 nm in analogy to Y133F.
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The disturbance of the immediate chromophore environment in the Pfr state by mutants
removing some tongue interactions or altering the conserved tyrosine Y133/Y142 in
terms of size and most likely hydrogen bonding capabilities induces slower populations
in SynCph2 similar to All2699g1 and enhances the proportion of the slower populations
in All2699g1 itself. From these results, the conclusion may be drawn that the slower
populations in All2699g1 might be related to missing hydrogen bonds from Y142 or
a mispositioning of this residue. In SynCph2, the presence of the tongue and the
compacting of the pocket may prevent the rise of such subpopulations as indicated by
the rise of multiphasic ES dynamics when starting to remove these tongue interactions,
i.e., in the mutant S385A.

Figure 3.6 – Structural representation of the hydrogen bonding interactions of the chro-
mophore ring D in the Pfr state of DrBphP F469W (PDB ID:5C5K). [127] The chromophore
(cyan) and ring D in particular is stabilized in its isomerized form in the Pfr state by hydro-
gen bonding interactions (orange dashes) of its pyrrole nitrogen with D207 (green), which
is part of a hydrogen bonding network with Y263 (pink) and S468 (yellow).

The absence of the PHY domain in All2699g1 probably allows multiple conformations
of Y142, otherwise restricted by its involvement in a hydrogen bonding network with
the ring D pyrrole nitrogen, D87 (D207 in DrBphP), and the conserved serine (S468 in
DrBphP) in the PRXSF motif (exemplarily shown in the crystal structure of DrBphP in
its Pfr state in Fig. 3.6), which may be the underlying origin of the observed hetero-
geneity. Recent studies support the importance of this hydrogen bonding network [154]

and the overall water network surrounding the chromophore in the ultrafast reverse
dynamics. [193] Therefore, the results accumulated here provide first insights into the
ultrafast reverse dynamics of knotless phytochromes. Additionally, suggestions for the
structural factors inducing GSH which influence the respective reverse dynamics are
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derived from site specific mutagenesis studies.

3.1.3 The Role of Ground State Heterogeneity in the Ultrafast Dynamics
of Knotless Phytochromes

The investigation of the ultrafast forward and reverse dynamics of knotless phy-
tochromes presented here and in the references [I-III] and [V] illustrates the different role
of GSH in the ultrafast forward and reverse dynamics. While heterogeneity in All2699g1
does not lead to multiexponential kinetics in the forward dynamics (see section 3.1.1),
its effect is striking in the reverse dynamics inducing separate ES decays for three sub-
populations which disappear upon removal of GSH by addition of the PHY domain in
All2699g1g2. On the basis of these results, one can hypothesize that the lifetime of the
ES and more specifically the time the different populations have to equilibrate on the ES
surface after excitation significantly impacts the effect of GSH. In the forward dynamics,
the different populations equilibrate on the ES surface without being able to progress
because of the high energy barrier imposed by the steric gate Y142. Due to the high
energy injected into the system upon excitation, it is likely that potentially small barriers
between the populations may be overcome and rendered irrelevant in light of the much
higher barrier to proceed with the photoreaction given enough equilibration time. In
contrast, the reverse dynamics progresses in the sub 500 fs time regime indicating a
pathway without major barriers to the conical intersection with the GS. Based on the
lack of time for equilibration, the evolution of the subpopulations may be significantly
affected by small structural differences resulting in different lifetimes for the specific
conformations of each subpopulation. Hence, heterogeneity has a more striking impact
on the ultrafast reverse dynamics. To further solidify this hypothesis, more studies
on model systems with similar potential need to be performed to confirm whether the
observed trend is generally applicable or exclusive to All2699g1 and All2699g1g2; such
systems would be the CBD and CDB-PHY constructs of DrBphP [128] which have yet
to be studied regarding their ultrafast reverse dynamics, especially suited due to the
availability of crystal structures of CBD, CDB-PHY, and even of mutants like Y263F both
in presence and absence of the PHY domain. [128,131]

3.1.4 Millisecond-Dynamics of Knotless Phytochromes

The results presented in this section have been published in reference [IV]. In order
to complete the investigations on the photocycle of knotless phytochromes and the
influence of the PHY domain on these dynamics, the ms-dynamics of All2699g1 and
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All2699g1g2 were studied. Unlike the ultrafast dynamics, the ms-dynamics of knotless
phytochromes have been initially characterized for SynCph2. [96] Its forward dynamics
closely resembles those of SynCph1 and Agp1 showing the transition from Lumi-R to
Meta-Ra on the early µs timescale, followed by a suggested deprotonation to form the
blue-shifted Meta-Rc intermediate within a few ms. [103,136,182] Finally, the photoproduct
Pfr is formed within tens of ms. For the reverse dynamics of SynCph2 and PhyA65 [196]

overall similar lifetimes have been reported, however, the lack of strong spectral changes
as compared to the forward dynamics renders a comparison of the individual processes
much more challenging. On these slower timescales, the role of heterogeneity is very
minor and has not been considered in detail. Only protonation equilibria seem to play
a role in the dynamics and were suggested as one possible origin for biphasic product
formation observed in SynCph1. [136] In contrast, the presence of the PHY domain is
expected to significantly impact and control the dynamics as large scale rearrangements
within the PHY domain are observed during the final transition to the photoproducts.

In general, the forward dynamics of All2699g1g2 resembles those of SynCph2 with
almost identical lifetimes for the transitions from Lumi-R to Meta-Ra and Meta-Ra to
Meta-Rc. The only major differences are observed in the final transition from Meta-Rc

to Pfr where All2699g1g2 shows a biphasic formation of Pfr with an additional second
component exhibiting longer lifetimes in the range of hundreds of ms. While this differs
from SynCph2, it resembles the kinetics observed in SynCph1 where a similar biphasic
transition was observed and connected to a difference in proton release and uptake. [136]

On this basis, pH dependent measurements are required to confirm that the two kinetic
phases originate from different pH dependent species. However, a pH dependence of
All2699g1g2 was not feasible due to its precipitation at most pH values far away from
pH 8.

In All2699g1, the Meta-Ra intermediate represents the first observableµs-intermediate
(Fig. 3.7). Therefore, the reaction progresses faster than in All2699g1g2 where the first
observable intermediate is still the Lumi-R intermediate and the transition to Meta-Ra

can be observed within hundreds ofµs. The acceleration of the photodynamics becomes
even more evident in the following Meta-Ra to Meta-Rc transition, where the reaction
proceeds tenfold faster in All2699g1 than in All2699g1g2 indicating higher thermal
barriers for the relaxation of the chromophore binding pocket in All2699g1g2 (Fig. 3.7).
This is in line with previous studies suggesting that the chromophore binding pocket
becomes more rigid through the interaction with the PHY domain slowing down the
relaxation of the strained chromophore and the starting protein reorganization. [88,163,254]

Interestingly, the timescale of the Pfr formation is not strongly affected by the presence
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Figure 3.7 – Flash photolysis data and GLA of the Pr state in All2699g1g2 (A,B) and
All2699g1 (C,D) at pH 8 after excitation at 640 nm. In All2699g1g2, the first observable
intermediate is the Lumi-R intermediate (A) which evolves to Meta-Ra with a lifetime of
0.15 ms (red, B). In All2699g1, this transition cannot be observed as Meta-Ra is already
present at the beginning of the measurement time frame (C). Taken from [IV].

of the PHY domain even though this final step is associated with the refolding of the
PHY tongue and other large scale protein reorganization. [89,91,96,123] As a result, the rate-
limiting step of Pfr formation appears to be determined by the GAF domain, which was
previously suggested for DrBphP [91] and is now confirmed by the direct comparison
provided in this dissertation.

Most importantly, the biphasic formation of Pfr is still observed in All2699g1 allowing
a pH dependent investigation of this process as All2699g1 is much more robust to
changes in the buffer conditions. By comparing the amplitudes and lifetimes of the
DAS obtained for the biphasic transition in GLA, a clear trend can be isolated.

The process with the shorter lifetime is accelerated and increases in amplitude with
rising pH, while the slower process dominates at low pH and almost vanishes at pH
8.4 (Fig. 3.8) providing strong evidence towards a pH dependent equilibrium of the
chromophore or most likely its surrounding hydrogen bonding network, resulting in
two protonation states with different kinetics. Based on the determined pKa of ~7.2,
H139 and H169 represent the most likely candidates for deprotonation/protonation in
this equilibrium. In particular, H139 mutants have been reported as dysfunctional be-
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Figure 3.8 – DAS obtained from GLA of the pH dependent flash photolysis data of the
Pr state in All2699g1 at pH 6.1, 7.2 and 8.4. The DAS show similar lifetimes and spectral
features at all pH values. However, the amplitudes of the last two lifetimes (blue, green)
describing the biphasic transition to the Pfr change significantly with depending on the pH.
The fast lifetime (blue) increases in amplitude with rising pH, while the slower process
dominates at low pH and almost vanishes at pH 8.4. Taken from [IV].

yond the Meta-Rc intermediate hinting towards a crucial role of this residue in the final
transition to the photoproduct state. [103,113,145,146] However, as no significant spectral
differences between the two processes were observed, the deprotonation cannot affect
the spectral properties of the chromophore, which, given the proximity of H139 to the
chromophore B-C plane and the pyrrole water, seems unlikely. Therefore, the depro-
tonation of another residue in the hydrogen bonding network is more likely but the
protonation state of this residue still has to play a role in the kinetics of the transition
to the Pfr state. The overall acceleration of the Pfr formation at high pH may also be at-
tributed to a suggested increased protein mobility as observed in SynCph1 under these
conditions. [165] In summary, the studies on the forward ms-dynamics presented here,
offer insight into the role of the PHY domain and the complex pH dependence during
the later steps of the photocycle (Fig. 3.9). While a potential mechanism can be sug-
gested based on the data, further studies using mutants and techniques with structural
resolution like RR, IR, or NMR spectroscopy with freeze trapped intermediates are a
target for future studies to fully decipher the processes and protonation steps occurring
during the forward ms-dynamics of phytochromes.

Concerning the reverse dynamics, much smaller spectral changes can be observed in
both All2699g1 and All2699g1g2. Based on the more pronounced blue shift of the major
absorption band between 530-650 nm on the ms timescale, it can be concluded that a
similarly blue shifted and most likely deprotonated species as Meta-Rc is formed in
the reverse dynamics. This Meta-Fc intermediate was previously observed in SynCph2
but not associated with a process similar to the forward dynamics. [96] The population
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Figure 3.9 – Complete photocylce of All2699g1 and All2699g1g2. [I]-[V] Processes exclusive
to All2699g1 like the multiphasic formation of Lumi-F and the shunt from Meta-F to the Pfr
state are displayed as dotted arrows. The dashed arrow represents the thermal recovery
from the Pfr to the Pr state. Multiple arrows pointing in the same direction for one transition
indicate multiple lifetimes for this process while the arrows between Meta-F and Meta-Fc
indicate an equilibrium. From this equilibrium the Pfr state is recovered via the shunt
pathway (purple, dotted). Colors are matched to [IV]. Adapted from [IV].

of this intermediate strongly differs between the knotless phytochromes investigated
here, rising from All2699g1 to All2699g1g2 to SynCph2. In analogy to the forward
dynamics, its formation cannot be observed in All2699g1, while it can be clearly as-
signed to a 500 µs lifetime in All2699g1g2 related to the increased flexibility of the
pocket in absence of the PHY domain. The variations in amplitude and the presence of
the spectral features of both intermediates simultaneously may indicate an equilibrium
between Meta-F and Meta-Fc, probably dependent on the exact protein environment
and its pKa value in particular, as the process is most likely associated with the de-
protonation of an amino acid residue in proximity of the chromophore. D207 (D87
in All2699g1) may play a crucial role during this deprotonation according to studies
on other phytochromes; [103,113,145] however, pinpointing an amino acid residue without
time-resolved data providing structural information is rather speculative.

In contrast to the forward dynamics, All2699g1 exhibits an additional lifetime of a
few ms in the reverse dynamics not observed in All2699g1g2 associated with a shunt
pathway leading back to the Pfr GS from the Meta-F and Meta-Fc equilibrium. This
shunt pathway was not observed in the same measurement at pH 7.2 leading to the
conclusion that this process is also most likely pH dependent. Therefore, pH dependent
measurements of the reverse reaction of All2699g1 may provide promising opportuni-
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ties for further mechanistic studies on this fairly rare process otherwise only observed in
the forward reaction of Agp1 and the reverse reaction of Agp2. [255] The final transition
to the Pr state is again biphasic and slower in All2699g1g2 in analogy to the forward
dynamics representing a target for future pH dependent studies as well. Based on these
results, a complete photocycle can be constructed for the ms-dynamics of All2699g1 and
All2699g1g2, summarizing the respective findings of this work (Fig. 3.9).

3.1.5 The Influence of the PHY Domain on the Photodynamics of
Knotless Phytochromes

Finally, the influence of the PHY domain on the UV/Vis photodynamics of knotless
phytochromes can be evaluated from the results accumulated in the references [I]-[IV]
and the additional results presented in sections 3.1.1-3.1.4. The importance of the
PHY domain for phytochrome photochemistry is quite apparent based on the close
interaction with the chromophore and its binding pocket in the GAF domain and the
role of tongue refolding in the signal transduction of phytochromes. In contrast, the
ability of single GAF or PAS-GAF constructs like All2699g1 [I] or the PAS-GAF module
of DrBphP [128,131] and the entire group of CBCRs to photoconvert despite lacking the
PHY domain shows that it is not required for the photodynamics of phytochromes and
in case of CBCRs not even for signal transduction to the OPMs. While it is most likely
necessary for signaling in group I and group II phytochromes, alternative signaling
pathways have to be present in group III and may be present rudimentarily in the
former groups as well. [53] This raises the question of the role of the PHY domain for the
photodynamics and photophysical properties in group I and II phytochromes, and, in
turn, which aspects of CBCRs photochemistry may be attributed to the lack of the PHY
domain.

Based on the model systems All2699g1 and All2699g1g2, the central effects of the PHY
domain were identified as the reduction or removal of GSH [88] and the compacting of
the chromophore binding pocket through the tongue interactions. [88] The reduction of
GSH represents the most apparent property lacking in CBCRs, where pronounced GSH
is commonly observed most likely due to the lack of the PHY domain. Both the reduc-
tion of GSH and the compacting of the binding pocket result in the observed increase
in photoconversion efficiency changing from ~10% in both directions in All2699g1 to
13% and 16% in All2699g1g2 for the forward and reverse dynamics respectively. Con-
sidering the spectral changes of the stationary absorption, the quantum efficiency and
the ultrafast dynamics, the PHY domain seems to have a greater impact on the reverse
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dynamics and the properties of the Pfr state in general. While the Pr states of All2699g1
and All2699g1g2 show similar absorption maxima and only small changes of the ES
lifetime, a spectral shift of more than ~15 nm, a drastic reduction of ES lifetime, and the
complete removal of two ES decay components is observed in the Pfr state. This can
be rationalized by the different effect of GSH in the forward and reverse dynamics and
the much more direct interactions of the PHY tongue with the chromophore in the Pfr

state. Here, the salt bridge between D87 and R387 in the Pr state does not have a direct
impact on the ring D of the chromophore, while S389 is part of the hydrogen bonding
network interacting with the ring D pyrrole nitrogen in the Pfr state.

In contrast to the ultrafast dynamics, where the more compact binding pocket and the
optimized position of key residues and an entailing increase of directionality result in
faster and more efficient photodynamics, the PHY domain decelerates the dynamics on
the ms timescale. The reduction of the available space prolongs the thermal relaxation
of the chromophore and the large scale protein reorganization processes defining the
ms-dynamics of phytochromes. In summary, the PHY domain fulfills a complex role
in the photodynamics of phytochromes that goes beyond transmitting a signal to an
OPM. Through its interactions with the chromophore binding pocket, it optimizes the
photoconversion by removing GSH and increases the directionality of the reaction at
the cost of conversion speed on the ms timescale.
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3.2 Indigoid Photoswitches

The research related to indigoid photoswitches comprises the HTI Hula-Twist project
and the ITI VET project.

3.2.1 Hula-Twist Mechanism in a Sterically Crowded HTI

The results presented here have been published entirely in reference [VI]. The applica-
tion of HTIs in molecular motors represents one of the main motivations to understand,
control and selectively access the photochemical pathways leading to specific motions
like SBR and DBI. A multitude of studies on the factors favoring SBR associated with
a TICT state formation and DBI have been performed. [205,206,208–210] However, recent
efforts have been made to tailor HTI systems towards undergoing an HT pathway, a
concerted motion of SBR and DBI in order to broaden the possible motions induced
by photoactivation. Here, the main challenge lies in the design of molecules, where
the HT photoproduct has to be spectrally distinguishable from the products of DBI or
SBR, and where thermal isomerization has to be prevented. [205] The latter is required
since an HT photoproduct could also arise from light-driven DBI followed by thermal
SBR otherwise, which would disqualify HT as a concerted light-driven photoreaction.
Alternatively, a potential HT product could just undergo SBR to form the DBI product
and would not be identified as originating from HT. These requirements hindered the
direct observation of the HT mechanism and a detailed mechanistic understanding of
this process, and the factors controlling it are still missing.

The conducted studies on an HTI tailored to undergo an HT upon illumination aim
towards providing first direct dynamic evidence of the HT mechanism. The molecular
design was based on previous findings by the Dube group, who verified the occurrence
of HT in steady state illuminations using a specific molecular setup which consists
of an electron donating group in the para- and a non-symmetric substitution in the
ortho-position of the hemistilbene, an oxidized sulfur in the thioindigo fragment, and
a second, bulky substituent at the C=C double bond. [205,230,231] This molecular design
fulfills the aforementioned conditions of preventing thermally driven isomerization, and
therefore, turns two diastereomers with different double bond configuration into four
geometrically distinguishable diastereomers. However, the atropisomers with similar
double bond configuration can only be clearly distinguished by NMR, but not by UV/Vis
spectroscopy. The diastereomer 1-A (Fig. 3.10) was chosen for further investigation out
of the four diastereomers as NMR studies by the Dube group showed that it exhibits
the largest overall QYs and the highest HT QY in particular. All QYs were found to be
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strongly solvent dependent with a total photoconversion QY above 50% in the apolar
solvent cyclohexane whereas photoconversion was completely abolished in the polar
solvent acetonitrile (MeCN).
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Figure 3.10 – Overview of the spectroscopic data on diastereomer 1-A. (A) Molecular struc-
ture of the investigated HTI 1-A. (B) Photoconversion QYs of 1-A determined by Aaron
Gerwien with NMR spectroscopy. (C) Normalized absorption (solid line) and fluorescence
spectra (dashed line) of 1-A in cyclohexane (grey), benzene (red) and MeCN (blue). (D)
Selected transients at 500 nm (ESA) extracted from the transient absorption data of 1-A in
cyclohexane (grey), benzene (red) and MeCN (blue). The transients illustrate the signifi-
cantly different ES lifetimes of 1-A depending on the solvent polarity. Adapted from [VI].

Stationary UV/Vis spectroscopic studies supported this observation as illumination
of 1-A did not result in spectral changes in MeCN, whereas a significant conversion
to the E-isomers could be observed in cyclohexane (Fig. 3.10). While the absorption
spectrum of 1-A is predominantly independent of the solvent polarity, the fluorescence
shows a large Stokes shift of >100 nm in cyclohexane and an even stronger additional
red shift of ~150 nm upon switching to the slightly more polar benzene, hinting towards
a pronounced solvent dependent stabilization of the S1 ES (Fig. 3.10). The fluorescence
QY decreases with increasing solvent polarity and in MeCN no fluorescence can be
observed predicting a significant change in ES lifetime.

To investigate the dynamics of 1-A, UV/Vis transient absorption measurements were
performed, which are dominated by strong ESA signals overcompensating the GSB
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signal. In accordance to the fluorescence measurements, the ES lifetime varies strongly
depending on the solvent polarity (Fig. 3.10). It increases at first from cyclohexane
(~3 ns) to benzene (~4.6 ns), but decreases significantly in MeCN (~20 ps) with only one
major ES decay. Based on these observations, a mechanistic model was constructed
(Fig. 3.11).
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S1,FC
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S1

S0,min

S1,min

CIPCIQ

CIQ

S1,min

PP
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polar
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Figure 3.11 – Schematic representation of the developed mechanistic model of the kinetics
of the investigated sterically crowded HTI. The S1,min is strongly stabilized in polar solvents
(red) due to its strong charge transfer character. In contrast, the Franck-Condon region is
mostly solvent independent resulting in an increased excess energy in polar solvents. Due
to the stabilization, the solvent independent barrier to the productive conical intersection
CIP increases in polar solvents preventing photoproduct formation. Instead, a quenching
conical intersection CIQ becomes accessible due to the available excess energy in polar sol-
vents and quenches the ES rapidly. Therefore, product formation is only observed in apolar
solvents where both conical intersections are presumably equally accessible. Adapted from
[VI].

After excitation to the solvent independent Franck-Condon region, the molecule
relaxes on the ES surface into the S1,min, which is strongly stabilized with increasing
solvent polarity. The solvent reorganization stabilizing the S1,min geometry is reflected
in a <5 ps lifetime in the transient absorption data. In benzene and cyclohexane, a high
barrier then has to be overcome to access a conical intersection leading to GS recovery
and photoproduct formation as evident by the long ES lifetimes. In comparison to the
S1,min this barrier is hardly stabilized with increasing solvent polarity and therefore,
rises with respect to the S1,min in more polar solvents. This is evident by the increase
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in ES lifetime from cyclohexane to benzene. As the S1,min is stabilized even further in
MeCN, this productive conical intersection is inaccessible in MeCN resulting in the loss
of productive photochemistry. Consequently, the short lifetime of MeCN can only be
explained by the stabilization of a second conical intersection in polar solvents leading
back to the initial GS of 1-A without forming any photoproducts.

This model (Fig. 3.11) was verified by quantum mechanical calculations by Jonas
Leitner from the group of Andreas Dreuw. The calculations show that the S1 state
possesses strong charge transfer character reproducing the strong stabilization of the
S1,min and the associated red shift of the fluorescence. The two conical intersections
proposed to describe the experimental data could be distinguished as a productive
conical intersection being located along an HT coordinate, suggesting the HT as the
dominant reaction pathway. Conversely, the quenching conical intersection is located
close to the S1,min and is hardly accessible in apolar solvents. Since the HT product is not
the sole product of the photoreaction, the twisted geometry of the conical intersection
most likely allows SBR and DBI pathways as well. The ratios between these pathways
then depend on the conical intersection’s exact geometry, which was shown to be
modulated by the solvent polarity.

The results provide first insight into the solvent dependence of the photochemistry in
a sterically crowded and pre-twisted HTI taking takes the first step to understand the
HT mechanism in HTIs and suggesting its existence as a relevant concerted photore-
action pathway based on the time-resolved transient absorption data. Therefore, this
work extends the mechanistic understanding of HTI photochemistry by introducing a
dynamic perspective on the HT mechanism.

3.2.2 ITI Photoswitches as Vibrational Energy Donors for VET

The rather new class of ITI photoswitches shows promising spectral properties with
reasonably high extinction coefficients, absorption in the Vis spectral range, and a
large band separation between isomers. [235] However, their lack of thermal bistability
renders them unsuitable for most biological applications, which require a photoswitch
in a classical sense and major advances towards stabilizing the photoproduct state have
yet to be presented. Exploring other applications, this work aims towards harnessing
their promising properties and ultrafast photochemistry with predominant relaxation
via a hot GS [235] for the design of a vibrational energy donor in VET systems. Here, the
predominantly unproductive photochemistry of ITIs represents a desired property for
optimal release of vibrational energy without lasting photoproducts. Their potential in
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biological applications of VET is further elevated by the synthesis of ITIs exhibiting a
strongly red-shifted absorption beyond 500 nm.
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Figure 3.12 – (A) UV/Vis absorption spectra of the DMA-ITI-Ala(Boc)-Aha dipep-
tide in methanol (MeOH), phosphate-buffered saline (PBS)/MeOH (1:1 mixture) and
dimethylsulfoxid (DMSO). (B) UV/Vis absorption spectra of the J-ITI-Ala(Boc)-Aha dipep-
tide in MeOH, PBS/MeOH (1:1 mixture) and DMSO. (C) Comparison of the protected Ala
analog (DMA-ITI-Ala(Boc)), the protected dipeptide (DMA-ITI-Ala(Boc)-Aha) and the un-
protected dipeptide (DMA-ITI-Ala-Aha) based on the DMA-ITI in MeOH. (D) Comparison
of the absorption spectra of the two protected ITI dipeptides in MeOH.

The two ITI compounds synthesized by Larita Luma, the DMA- and the J-ITI, were
converted into Ala analogues with a Boc protected amino group. The obtained amino
acid analogues were attached to a vibrational energy acceptor, Aha, creating dipeptide
model systems to explore the potential of ITIs as vibrational energy injectors for VET.
The spectra of the dipeptides DMA-ITI-Ala(Boc)-Aha and J-ITI-Ala(Boc)-Aha exhibit
absorption maxima at ~517 nm and 562 nm respectively (Fig. 3.12) with extinction
coefficients of ~20000 M-1 cm-1 (determined by Larita Luma).

These maxima are red-shifted in a PBS/MeOH 1:1 mixture to 539 nm and 591 nm
respectively, but remain mostly unchanged when switching to DMSO as the solvent.
The addition of the Aha acceptor and the removal of the Boc protecting group result
in only minor changes in the absorption spectrum inducing a bathochromic shift of
~4 nm. In summary, the absorption spectra of the investigated compounds are mostly
unaffected by the performed modifications and attachment of the acceptor, while a
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noticeable red shift of the absorption is observed in the presence of an aqueous buffer.

UV/Vis transient absorption experiments were performed (Fig. 3.13) to verify that the
dipeptides derived from the DMA- and J-ITI still exhibit the typical photochemistry of
ITIs with an ultrafast ES decay on the sub-ps timescale and consecutive cooling of a hot
GS, required for VET.
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Figure 3.13 – Transient absorption data and the corresponding LDMs of the DMA-ITI-
Ala(Boc)-Aha and J-ITI-Ala(Boc)-Aha dipeptides in MeOH after excitation at 520 nm and
560 nm respectively. The black arrow highlights the tilted positive lifetime distribution
amplitude representing the cooling of the hot GS.

Due to a lack of unprotected sample, experiments were conducted predominantly
on the protected dipeptides, and later on compared to the unprotected dipeptide for
the DMA-ITI to verify that the protecting group does not affect the dynamics. Both,
the DMA- and the J-ITI dipeptide, show ESA (DMA: 425-475 nm, J: 425-530 nm) and
GSB/SE (DMA: 475-700 nm,J: 550-710 nm) signatures in MeOH, where only the ESA
decays with sub-ps lifetimes, while the bleach remains at first. With the decay of the
ES, a positive signal (DMA: 575-700 nm, J: 625-700 nm) emerges that can be associated
with a GS intermediate. This intermediate undergoes a blue shift starting at ~0.5 ps
and ~1 ps respectively and completely recovers the GS after ~6 ps without forming any
other positive signatures. Application of LDA reveals the underlying kinetic features
and allows an assignment of the respective processes. First, the departure from the
Franck-Condon region with a lifetime of <100 fs is represented by the pair of negative
(440-625 nm) and positive amplitude (625-710 nm) distributions indicating a red shift of
the stimulated emission. Next, the positive amplitude distribution at 440-600 nm can be
assigned to a decay of the ES and its associated ESA with a lifetime of 250 fs in the DMA
and 360 fs in the J-ITI dipeptide, while the simultaneous rise of the GS intermediate is
indicated by the negative amplitude distribution between 600 nm and 710 nm. Finally,
the blue shifting behavior is represented by a tilted positive amplitude distribution
(~500-710 nm, black arrow in Fig. 3.13) spanning from 400 fs to 3 ps in the DMA- and
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1 ps to 4 ps in the J-ITI dipeptide. The tilt of the distribution translates to non-exponential
shifting kinetics associated with cooling dynamics, which cannot be fitted adequately
by monoexponential functions like in GLA. Therefore, the GS intermediate is assigned
as a hot GS that cools on the ps timescale to recover the initial GS. The absence of
residual signal after the cooling dynamics indicates no to very low isomerization QY
ideal for VET applications. Comparing the two compounds, the DMA-ITI exhibits faster
kinetics in both, ES decay and cooling of the hot GS. Additionally, more hot GS seems
to be formed in the DMA-ITI judging from its higher amplitude, however, this can only
be determined accurately in the IR spectral region, where overlap with the GSB can
be avoided. Similarly, it can be expected that the hot GS in the DMA-ITI carries more
vibrational energy due to its spectral position at shorter wavelengths, while retaining
the same difference of ~100 nm to the GSB.

In order to identify tools to boost the amount of vibrational energy released and to ex-
plore the photodynamics of the investigated ITI compounds further, a solvent (Fig. 3.14)
and wavelength dependence (Fig. 3.15) of the ultrafast dynamics was measured. The
mechanism of the photodynamics remains unchanged in DMSO and in PBS/MeOH mix-
ture (Fig. 3.14); however, the dynamics are accelerated in the presence of aqueous buffer
and decelerated in DMSO (compare position of the white dashed line in the LDMs of
Fig. 3.14), most likely due to the increased viscosity of the latter solvent. The amplitude
of the hot GS (highlighted by the black circle in Fig. 3.14) is increased in DMSO, while
the presence of water does not significantly alter the amplitude of the hot GS, making
DMSO a promising solvent for VET studies.

The excitation wavelength dependence (Fig. 3.15) of both compounds, again, shows
no major change of the mechanism itself, but the ES decay is accelerated at longer exci-
tation wavelengths (compare position of the white dashed line in the LDMs of Fig. 3.15),
while the cooling of the hot GS remains mostly unaffected by the excitation wavelength.
Additionally, the spectral position of the GSB is shifted to longer wavelengths with in-
creasing excitation wavelength revealing a second maximum within the ESA. Whether
the ESA or the GSB undergo the spectral shift remains unclear. A shift of the GSB would
be rather peculiar hinting towards ground state heterogeneity or different ESs that can
be addressed in the main absorption band which does not alter the photodynamics.
Therefore, it is more likely that the ESA undergoes an excitation wavelength dependent
red shift. Furthermore, the relative amplitude of the hot GS is increased at shorter exci-
tation wavelengths, which can be rationalized by the larger amounts of energy injected
into the system depositing more energy in vibrational modes. Therefore, high energy
excitation may provide a tool to generate more vibrational energy for VET elevating the
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Figure 3.14 – Solvent dependence of the transient absorption data and the corresponding
LDM of the DMA-ITI-Ala(Boc)-Aha and J-ITI-Ala(Boc)-Aha dipeptides in DMSO (top),
MeOH (center), and PBS/MeOH (1:1 mixture) (bottom). The DMA-ITI dipeptide was excited
at 520 nm, 520 nm and 560 nm and the J-ITI dipeptide at 560 nm, 560 nm and 610 nm in
DMSO, MeOH, and PBS/MeOH (1:1 mixture), respectively. The white dashed line in the
LDMs indicates the decay of the ES, while the black circle highlights the hot GS and its
variations in amplitude.

application potential of ITIs for VET studies.

Finally, the applicability of the presented results for the unprotected dipeptides was
verified by UV/Vis transient absorption measurements of DMA-ITI-Ala(Boc), DMA-
ITI-Ala(Boc)-Aha and DMA-ITI-Ala-Aha under identical conditions. As the resulting
transients perfectly match (Fig. 3.16), it can be reasonably assumed that the addition of
Aha and the removal of the Boc protecting group do not affect the photodynamics in
the dipeptides.

In summary, the UV/Vis characterization of the ITI compounds confirms their ex-
cellent photophysical properties for VET applications. This includes a broad excitation
range in the Vis spectral region, high extinction coefficients, and little to no photoisomer-
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Figure 3.15 – Excitation wavelength dependence of the transient absorption data and the cor-
responding LDM obtained by LDA of the DMA-ITI-Ala(Boc)-Aha and J-ITI-Ala(Boc)-Aha
dipeptides in MeOH. Both dipeptides were excited at 465 nm (top), their respective ab-
sorption maximum of 520 nm in the DMA-ITI-dipeptide, and 560 nm in the J-ITI-dipeptide
(center), and 610 nm (bottom). The white dashed line in the LDMs indicates the decay of
the ES.

ization with a high efficiency for hot GS formation instead, which is independent of the
solvent. The extinction coefficients of the ITIs are especially remarkable compared to the
standard VET donor azulenylalanine exhibiting an extinction coefficient of ~600 M-1 cm-1

at the Vis maximum of 600 nm [256] compared to coefficients ~20000 M-1 cm-1 in the re-
spective maxima of the investigated ITIs. These properties make them excellent donors
for VET studies, especially in biological systems sensitive to UV light. IR studies by
Carolin Feid have verified that VET from the ITI donors to the Aha acceptor is possible
and yields higher signal amplitudes than the established azulenylalanine due to the
higher extinction coefficients of the ITI compounds. The results presented in this work
highlight the promising application potential of ITIs in the field of VET research and
shed light onto the photodynamics of two novel ITI compounds and their related amino
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Figure 3.16 – Selected transients at 454 nm (left) and 625 nm (right) extracted from the
transient absorption data of DMA-ITI-Ala(Boc) (blue), DMA-ITI-Ala(Boc)-Aha(red), and
DMA-ITI-Ala-Aha(green) after excitation at 520 nm in MeOH scaled to similar intensities.
The transients correspond to ESA and the hot GS respectively.

acid analogues.
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Chapter 4: Conclusion

In this work, several aspects of photoisomerizations in phytochromes and indigoid
photoswitches have been explored. Both fields of research share essential similarities
like the guidance by steric interactions and the strong influence of polarity or ionic
environment. However, there are factors that cannot be universally applied as the
elaborate chromophore binding pocket with a complex hydrogen bonding network
cannot be replicated for a single organic photoswitch in solution.

In the field of phytochromes, the relative positioning of knotless phytochromes within
the super family of phytochromes among canonical group I phytochromes and CBCRs
in terms of their photodynamics has been elaborated. It was shown that knotless phy-
tochromes exhibit long-lived ES in their forward dynamics, which share a common
kinetic pattern with both a group I and a group III phytochrome employing a similar
Pr dark state. The kinetics corresponding to this pattern were unveiled based on ultra-
fast time-resolved investigations of the single GAF domain All2699g1 in comparison to
the complete knotless phytochrome All2699g1g2 and the structurally similar knotless
phytochrome SynCph2 showing complex multiphasic ES kinetics in all cases. It was
ruled out that GSH represents the origin of the multiphasic nature of the ES kinetics
and the temporally distributed ES decay by performing time-resolved IR studies on
SynCph2 and kinetic modeling of All2699g1g2 containing a homogeneous Pr GS and
All2699g1 exhibiting GSH. Instead, chromophore-driven initiation dynamics associ-
ated with spectral shifts at the edge between ESA and GSB/SE were described as the
first part of the kinetic pattern, describing the kinetics in multiple phytochromes until
~30 ps. These dynamics trigger a reorganization of the protein matrix in vicinity of the
chromophore, crucially involving the withdrawal of the conserved tyrosine 142 from
the chromophore to allow the isomerization to proceed. The opening of this steric
gate and the involvement of this residue was highlighted on the basis of single-point
mutagenesis studies which also revealed that both the hydrogen bonding capability
and the steric demand of this residue are critical for proper photochemistry in knotless
phytochromes, in analogy to similar studies in other phytochromes. The derived mech-
anism represents a striking similarity between multiple PCB binding phytochromes that
may be even further conserved among phytochromes in general, paving the way for
future studies on this potentially conserved mechanism.

Concerning the light-driven back isomerization from the photoproduct state Pfr, a
significant similarity between the kinetics in group I phytochromes and knotless phy-
tochromes was revealed in this work. In both SynCph2 and All2699g1g2, these dynamics
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4 Conclusion

proceed ultrafast with ES lifetimes below 500 fs, followed by the evolution of multiple
intermediates in the GS. A unique feature discovered here is the branching of the pho-
toreaction towards GS recovery and productive photochemistry to the Pr state from a
hot Lumi-F intermediate, assigned to the evolution of a single homogeneous population.
In contrast, All2699g1 exhibits distinctive multiphasic kinetics with three overlapping
ES decays most likely originating from a heterogeneous GS of All2699g1 in its Pfr state.
These findings highlight the different role of GSH on the ultrafast dynamics depending
on the equilibration time and thermal barriers between the different subpopulations.

In order to complete the description of the photodynamics of knotless phytochromes,
the evolution of the primary photointermediate on the ms timescale was investigated for
both the forward and reverse dynamics. The forward dynamics in particular exhibits a
strong pH dependence, where the dynamics forming the photoproduct Pfr is accelerated
at high pH, as a faster population dominates in this condition, while a slower one
prevails at low pH. This complex equilibrium in the Meta-Rc intermediate was assigned
to differently protonated hydrogen bonding networks and the two conserved histidines
in the network in particular based on their matching pKa value.

Finally, the overall effect of the PHY domain on the photodynamics was identified
in the All2699g1 and All2699g1g2 model systems. Through its tongue interaction in
particular, the PHY domain controls the properties of the chromophore binding pocket,
and hence, the immediate environment of the chromophore restricting the conforma-
tional space and reduces GSH in knotless phytochromes. These effects increase the
efficiency of the photoreaction despite reduction of the available space and even accel-
erate both the ultrafast forward and reverse dynamics. In contrast, the ms-dynamics are
decelerated in presence of the increased steric restrictions imposed by the PHY domain
indicated by slower thermally driven progression of the photocycle on this timescale.

Overall, the findings presented here highlight the importance of the complex inter-
play between the chromophore and its protein environment. On top of that, a conserved
kinetic footprint was identified in the forward dynamics of several PCB binding phy-
tochromes, and first insight into the photodynamics of group II phytochromes was
provided. Finally, the role of both GSH and the PHY domain on the ultrafast photo-
isomerizations of the bilin chromophore was elaborated.

In the field of indigoid photoswitches, the presence and relevance of the HT mech-
anism in a sterically crowded HTI and the influence of the solvent polarity on its
photodynamics and efficiency was explored. The ES of the investigated HTI exhibits
strong charge transfer character, and its minimum geometry in particular is strongly
stabilized in polar solvents reflected in a large Stokes shift and an additional red-shift
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upon increasing the solvent polarity. From this stabilized minimum, two conical inter-
sections are accessible, one following an HT coordinate and the other one representing
a quenching pathway for GS recovery. The height of the barriers towards these inter-
sections strongly depends on solvent polarity, with the productive conical intersection
being inaccessible in polar solvents. In contrast, the quenching conical intersection is
stabilized in polar solvents and drains the ES within tens of ps rationalizing the unpro-
ductive photochemistry in polar environments. These findings highlight the relevance
of steric restrictions and electronic setups to guide a photoreaction along specific path-
ways and provide further evidence for the existence and influence factors of the HT
photoisomerization mechanism.

Finally, the results of the ITI project show that the photochemistry of photoactive
double bonds can be harvested for promising applications, even when there is only one
thermally stable isomerization state. As the Z/E isomerization of the C=N double bond
forms a significantly less stable E intermediate due to facilitated inversion at the ni-
trogen atom, ITIs show fundamentally different photochemistry than the related HTIs,
recovering the GS predominantly by dissipating vibrational energy. This energy release
was shown to be independent of the modification of the photoswitch to an amino acid
or dipeptide, the solvent polarity, and the excitation wavelength making ITIs auspicious
candidates for applications as vibrational energy injectors for VET studies. While the
amount of released energy may differ slightly depending on the conditions, the overall
mechanism and dynamics are maintained, which stands in stark contrast to the obser-
vations in the HTI project. Overall, the promising potential of ITIs as vibrational energy
donors for VET studies based on their photophysical properties was highlighted in this
work. The results showcase the versatility of the photochemistry based on photoisom-
erizations and the importance of considering a multitude of influences when aiming
towards controlling the photochemistry of respective photoswitchable compounds. It
also illustrates the importance of further research on the guiding principles of photo-
isomerizations.

In conclusion, the control of photoisomerizations as the primary photoreaction by the
properties and interactions of the immediate chromophore environment e.g., the flexibil-
ity of the surrounding pocket, the electrostatic and hydrogen bonding interactions and
GSH is elaborated in this dissertation on the example of phytochrome photoreceptors.
Furthermore, the critical relevance of steric restrictions by substituents and the influ-
ence of solvent polarity as well as the chemical nature of the atoms participating in the
double bond was demonstrated based on the investigations on indigoid photoswitches.
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Phytochromes are a diverse family of bilin-binding photoreceptors
that regulate a wide range of physiological processes. Their pho-
tochemical properties make them attractive for applications in
optogenetics and superresolution microscopy. Phytochromes un-
dergo reversible photoconversion triggered by the Z ⇄ E photo-
isomerization about the double bond in the bilin chromophore.
However, it is not fully understood at the molecular level how
the protein framework facilitates the complex photoisomerization
dynamics. We have studied a single-domain bilin-binding photo-
receptor All2699g1 (Nostoc sp. PCC 7120) that exhibits photocon-
version between the red light-absorbing (Pr) and far red-absorbing
(Pfr) states just like canonical phytochromes. We present the crys-
tal structure and examine the photoisomerization mechanism of
the Pr form as well as the formation of the primary photoproduct
Lumi-R using time-resolved spectroscopy and hybrid quantum me-
chanics/molecular mechanics simulations. We show that the un-
usually long excited state lifetime (broad lifetime distribution
centered at ∼300 picoseconds) is due to the interactions between
the isomerizing pyrrole ring D and an adjacent conserved Tyr142.
The decay kinetics shows a strongly distributed character which
is imposed by the nonexponential protein dynamics. Our findings
offer a mechanistic insight into how the quantum efficiency of
the bilin photoisomerization is tuned by the protein environ-
ment, thereby providing a structural framework for engineer-
ing bilin-based optical agents for imaging and optogenetics
applications.

knotless phytochrome | photoisomerization | ultrafast spectroscopy | X-ray
structure | QM/MM

Phytochromes represent a large and versatile superfamily of
photoreceptors identified in plants, fungi, and a wide range

of bacteria (1, 2). These photoreceptors are involved in regula-
tion of morphogenesis, photosynthesis, phototaxis, and physio-
logical response to harmful radiation (1, 2). They have also been
exploited as synthetic biology tools for optogenetics applications
(3) and as fluorescence probes in biomedical imaging (4). Pho-
toreceptors in the phytochrome superfamily bind tetrapyrrole
chromophores (bilin) via a thioether linkage to a conserved cysteine
residue and undergo reversible photoconversion with strong absorp-
tion shifts between a thermostable parental state and a photoproduct
state. This photochromism arises from the Z ⇄ E isomerization of
the C15=C16 bond in the methine bridge connecting the pyrrole rings
C and D of the bilin (SI Appendix, Scheme S1).
In canonical phytochromes (group I), the photosensory core

module consists of the PAS-GAF-PHY array (1, 2). The PAS
and GAF domains form a figure-of-eight knot, while a long
extension (“tongue”) from the PHY domain interacts with
the GAF domain-embedded chromophore (1, 2). In these

phytochromes all three N-terminal domains (PAS-GAF-PHY)
are essential for the photoconversion (5–7). Some phytochromes,
such as Cph2 from Synechocystis PCC6803 (8, 9), lack the PAS
domain, and therefore they are classified as knotless phyto-
chromes (group II) (1, 2). Phytochromes in those two groups
photoconvert reversibly between the red light-absorbing (Pr)
state and the far red-absorbing (Pfr) state (5). Most of them
adopt Pr as the dark-adapted state and Pfr as the photoproduct
state. In contrast, many cyanobacteriochromes (CBCRs) are
modular components of larger signaling proteins that exhibit a
tandem GAF domain structure, in which one or more GAF
domains covalently incorporate bilin chromophores (10). CBCRs
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are characterized by wide spectral diversity with absorption
maxima spreading over the near-ultraviolet, visible, and near-
infrared (near-IR) spectral regions (11–15). Moreover, single
GAF domains from CBCRs preserve their photoconversion ca-
pability. The compact size and diverse photochemistry make
photoactive GAF domains attractive as optical probes in opto-
genetics applications and superresolution microscopy (4). How-
ever, to tailor such modular photoreceptors for specific applications,
a better understanding of their photochemistry at the molecular
level is needed.
The primary photoconversion kinetics varies significantly

among phytochromes and CBCRs. In canonical phytochromes
(e.g., PhyA, Cph1, Agp1), the forward (Pr→ Pfr) photoisomerization
commences with an ultrafast (subpicosecond [sub-ps]) departure
of the excited bilin from the Franck-Condon (FC) region. This is
followed by conformational dynamics (∼2- to 5-ps lifetimes) of the
chromophore on the excited state (ES), involving the onset of ring
D rotation. The process is completed (∼30- to 50-ps lifetimes) with
the formation of the primary, redshifted intermediate (Lumi-R)
after overcoming a barrier on the S1 ES surface (16–22). Recent
studies on photoisomerization in the Pr state of Cph1 suggested
ground state (GS) heterogeneity with two different GS pop-
ulations of the bilin (23): 1) a faster (∼5-ps lifetime) nonreactive
population and 2) a slower (∼30- to 50-ps lifetime), reactive
population with a pretwisted ring D geometry (22, 24). In contrast,
results from two-dimensional spectroscopy support a homoge-
neous model (25). In some bacteriophytochromes (e.g., RpBphP3,

DrBph) including bathy phytochromes (Agp2, PaBphP), longer
ES lifetimes (100–300 ps) were attributed to ES proton transfer
(ESPT) and reorganization of the hydrogen-bonding network of
the chromophore (26–30). Compared to canonical phytochromes,
the early ES dynamics of the Pr state in CBCRs is generally slowed
down, extending to hundreds of picoseconds (31–34). It was pro-
posed that a GS heterogeneity is responsible for different Pr*
reactive and nonreactive populations (31–33). Alternatively, the
Pr* decay was described by a single very broad lifetime distribution
at ∼400 ps (34).
In this work, we present the crystal structure of a photoactive

single GAF domain obtained from a knotless phytochrome
in the Pr state and investigate the primary forward photo-
conversion (Pr → Lumi-R) dynamics using ultrafast spectros-
copy and hybrid QM/MM simulations. This single-domain
phytochrome system offers a unique link between the CBCR
and phytochrome subfamilies, allowing us to study how the
photoisomerization dynamics is modulated by the protein en-
vironment. Our results provide a mechanistic framework for
engineering phytochrome photoreceptors for biotechnological
applications.

Results and Discussion
Crystal Structure of All2699g1 Reveals a Single-Domain Phytochrome
Photoreceptor. All2699 from Nostoc sp. PCC7120 consists of
three tandem GAF domains at the N terminus followed by a
histidine kinase (SI Appendix, Fig. S1A). The first bilin-binding

A B

C D

Fig. 1. Crystal structure of All2699g1. (A) Ribbon representation of the structure highlights the conserved GAF core domain shown in rainbow colors from
the N (blue) to C terminus (red) except for the two extra β-strands (gray). (B) All2699g1 shows the transfacial Asp87O-pW-His139Ne coordination highly
conserved among phytochromes. Red dashed lines mark the hydrogen bonds and ionic interactions between the bilin chromophore and the protein moiety.
(C and D) Side-by-side comparison between All2699g1 (in gray and cyan) (C) and a representative CBCR AnPixJ (PDB ID/3W2Z) (in gray and pink) (D). Red
shaded circles mark the acidic side chain of the highly conserved Asp, which points away from the chromophore in All2699g1 while forming hydrogen bonds
with the pyrrole nitrogen atoms in AnPixJ.
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GAF domain of All2699, denoted All2699g1, binds phycocyanobilin
(PCB) and photoconverts reversibly between the Pr (λmax: 637 nm)
and Pfr (λmax: 689 nm) states (35). We have determined the crystal
structure of All2699g1 (PDB ID 6OZA) using the molecular
replacement method (SI Appendix, Methods and Table S1).
Although All2699g1 was first categorized as a CBCR due to its
ability to undergo full Pr ⇄ Pfr photoconversion in a single
bilin-binding GAF domain (35, 36), All2699g1 exhibits all of
the structural elements characteristic of a phytochrome, spe-
cifically the presence of a pyrrole water and hydrogen bonding
of the pyrrole nitrogen atoms to the backbone carbonyl of the
conserved Asp counterion (Fig. 1). In addition, All2699g1 fea-
tures two extra β-strands to the central 2–1–5–4–3 β-sheet in the
GAF core, while a much shorter linker is found in CBCRs
(Fig. 1A and SI Appendix, Fig. S2B). This region topologically
corresponds to a large loop insertion found in canonical phy-
tochromes where the figure-of-eight knot structure between the
PAS and GAF domains is formed (SI Appendix, Fig. S2). Further
evidence is provided by sequence alignment (SI Appendix, Fig. S5)
and a homology model (36) that features a tongue-like extension
from the second GAF domain of All2699, similar to the PHY
domain in phytochromes.
The Pr state of the All2699g1-PCB crystal was confirmed by

the crystal color and single-crystal absorption spectrum (for
comparison, see Fig. 2B and SI Appendix, Fig. S1D). The simu-
lated annealing omit map shows a ZZZssa chromophore co-
valently attached to Cys138 via a thioether linkage at the C3

1

position (Fig. 1 and SI Appendix, Scheme S1) in an R configu-
ration (SI Appendix, Fig. S3). At the β-face (i.e., below the rings
B–C coplane) of the bilin, All2699g1 features the DIP motif
(residues 87–89, SI Appendix, Fig. S5) which is highly conserved
among phytochromes (Fig. 1 B and C and SI Appendix, Fig. S6A).
Specifically, the main chain carbonyl of Asp87 forms hydrogen
bonds with the pyrrole nitrogen atoms of rings A/B/C. This dis-
position contrasts with those found in CBCRs where the acidic
side chain of Asp mediates hydrogen bonds with the pyrrole
nitrogens (SI Appendix, Fig. S6B). Furthermore, All2699g1 fea-
tures a highly conserved His139 at the α-face (i.e., above the
rings B–C coplane), which interacts with the pyrrole rings via a
pyrrole water molecule, denoted pW. Such trans-facial coordination,
i.e., Asp87O-pW-His139Ne, is characteristic for all phytochromes
from plant, cyanobacteria, and nonphotosynthetic bacteria
(Fig. 1B). Additional similarities are found near the propionate
groups, where the ring B propionate forms salt bridges with
Arg133, while the ring C propionate adopts a recoiled confor-
mation forming hydrogen bonds with His139 and a water molecule
that bridges to ring D (Fig. 1 B and C and SI Appendix, Fig. S6A).
In contrast, the ring B propionate recoils in CBCRs while an ex-
tended ring C propionate interacts with a conserved Arg residue
(corresponding to Arg102 in AnPixJ) from the GAF-β3 strand
(Fig. 1D and SI Appendix, Fig. S6B). Based on these crystallog-
raphy data and structural comparisons, we categorize All2699
as a knotless phytochrome. Therefore, All2699g1 represents a
phytochrome-like single-domain photoreceptor that is distinct
from CBCRs.

Photochromism of the Red-/Far Red-Absorbing All2699g1. In both
solution and crystals, the dark-adapted Pr state of All2699g1 has
an absorption maximum at 637 nm (Q band) and a fluorescence
maximum at 666 nm independent of the excitation wavelength
(Fig. 2B and SI Appendix, Fig. S1 C and D) (35). The photo-
product Pfr state shows an absorption maximum at 689 nm, and
its fluorescence is not detectable in steady state experiments,
possibly due to a very short lifetime of the Pfr* state. Under
steady state irradiation (590 nm), the extent of Pr → Pfr con-
version is ∼65%, limited by a significant spectral overlap be-
tween the two forms. The photoisomerization efficiencies of both

the forward (Pr → Pfr) and the reverse (Pfr → Pr) reactions were
determined to be ∼8% (SI Appendix, Methods).
We computed the absorption spectrum of the Pr state of

All2699g1 (Fig. 2B) by performing QM/MM calculations with a
molecular dynamics (MD) sampling protocol (SI Appendix,Methods)
based on the crystal structure (Fig. 1). The lowest energy maxima at
654 nm (1.89 eV) and 367 nm (3.38 eV), corresponding to the Q and
Soret bands, respectively, show a slight redshift (0.05 eV and 0.13 eV)
compared to the experimental counterparts. The same simulation
protocol also yielded good agreement between the calculated
and observed absorption spectra for the Pr state of the CBCR
Slr1393g3 (37).
Circular dichroism (CD) spectroscopy shows that the Pr and

Pfr states of All2699g1 switch their sign of the CD signal corre-
sponding to the Q band (35). The Pr state shows a negative, while
the Pfr state shows a positive CD signal above 500 nm (Fig. 2C).
For bilin-binding proteins, the signs of the Soret and Q bands in
the CD spectrum are indicative of the orientation of the pe-
ripheral rings A and D with respect to the coplane of rings B and
C (38). The calculated CD spectrum in the Pr state (Fig. 2C)
shows a negative sign of the Q band and a positive sign of the
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Fig. 2. Photoconversion of All2699g1 in solution. (A) Absorption difference
spectrum for the Pr → Pfr photoconversion. (B) Steady state absorption and
fluorescence spectra of the Pr and Pfr forms and computed Pr spectrum. The
Pr spectrum was computed using the resolution-of-identity algebraic-
diagrammatic construction through second order [(RI-ADC(2)]. The pure Pfr
spectrum was obtained by subtraction of the pure Pr spectrum (35%, upper
limit contribution) from the spectrum of the photostationary state at 590 nm
irradiation (PSS590) and then multiplying by a factor of 1.5 to yield the
spectrum for a fully converted system. The extinction coefficient of Pr is
∼79,000 M−1 cm−1, as determined previously (35). The extinction coefficient
of Pfr was determined to be ∼70,000 M−1 cm−1 from that of 15ZPr and using
the isosbestic point at 660 nm. (C) CD spectra of the Pr and Pfr, and computed
Pr CD spectrum [RI-ADC (2)]. The CD spectrum of pure Pfr was obtained from
the PSS590 CD as described in B.
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Soret band (intensity ratio of 4:3), which is in good agreement
with the experimental CD data (intensity ratio 1:1). This result is
consistent with the facial disposition of rings A and D in the
All2699g1 structure (Fig. 1B). This behavior is analogous to what
is observed for plant and cyanobacterial phytochromes, but
differs from bacteriophytochromes and many CBCRs where
the Q band in the CD spectrum does not switch its sign upon
conversion into the photoproduct state and remains negative
(31, 38–40).

Ultrafast Dynamics of Pr* and the Formation of Lumi-R. To examine
the early dynamics in the Pr → Pfr transformation, we con-
ducted femtosecond (fs) transient absorption (TA) experiments
(Fig. 3 and SI Appendix, Fig. S12; see SI Appendix for details on
the setup). The results did not show any significant kinetic isotope
effect (SI Appendix, Fig. S15) suggesting that ESPT, such as the
one found in some bacteriophytochromes (26), is not involved in
the Pr* kinetics of All2699g1. Further, no major excitation wave-
length dependence was detected which indicates homogeneity of
the absorption band (SI Appendix, Figs. S12 and S13). Therefore,
we focus on the 635-nm excitation dataset (Fig. 3). The TA data
show a broad positive signal in the spectral range below ∼575 nm
due to ES absorption (ESA). Above 575 nm, the TA data are
dominated by the negative signals of the GS bleach (GSB) and the
stimulated emission (SE). These spectral features are very similar to
those found in the forward dynamics of red/green CBCRs (31, 34).
The ESA, GSB, and SE signals appear to decay simultaneously on
the 0.1- to 1-ns timescale forming a very clear isosbestic point
signature at ∼575 nm (Fig. 3A and SI Appendix, Fig. S12). Their
decay uncovers a new product absorption signal in the 650- to
700-nm range (Fig. 3A) that can be straightforwardly assigned to
the primary photoproduct Lumi-R.
The lifetime-distribution analysis (see SI Appendix and ref. 41

for explanation of the methodology) reveals further details of the
early ES dynamics of Pr (Fig. 3B and SI Appendix, Fig. S13). The
pair of negative- and positive-amplitude lifetime distributions at
∼100 fs in the 600- to 750-nm range account for the redshift of
the SE signal, and thus we assign them to the departure of the ES
wavepacket from the FC region. The next lifetime distributions
(∼500 fs and 2- to 8-ps ranges) are located in the overlap region be-
tween the steep edges of the GSB and the SE signals (600–700 nm),
which makes them very sensitive to any spectral shift dynamics
(Fig. 3B). In addition, on this scale we do not observe any
substantial Pr* decay (no lifetime distribution with positive
amplitude in the ESA spectral range below 600 nm). Therefore,
we attribute these features to dynamics on the ES potential
energy surface (PES) possibly correlated with conformational
changes in the chromophore.
The LDM is dominated by the lifetime distributions above

100 ps. The spectrally broad (<600 nm) lifetime distribution with
positive amplitude that stretches from ∼50 ps to ∼1.1 ns de-
scribes the Pr* decay. Above 600 nm, a very pronounced, oblong,
lifetime distribution with negative amplitude is present in the
650- to 700-nm region, which is overlaid onto a weaker but
spectrally much broader distribution (600–750 nm). The two
negative-amplitude lifetime distributions match the combined
spectral shape of the GSB and the SE. Therefore, they can be
assigned to the Pr* decay and the associated recovery of the
GSB. The more pronounced, negative-amplitude lifetime dis-
tribution (650–750 nm) also describes the rise of the primary
photoproduct Lumi-R, which gives this component its stretched
shape (in lifetime). The negative and the positive distribu-
tions >1 ns represent the nondecaying (on this timescale) GSB
and Lumi-R signals.
The near-IR TA data show a broad positive absorption difference

signal that is not contaminated byGSB or SE (SI Appendix, Fig. S14A).
The dynamics of this signal is described by three lifetime
components (SI Appendix, Fig. S14B). The two short lifetimes

(100 fs and 2.2 ps) have derivative-like decay-associated spectra
(DAS) and thus, similarly to the shorter lifetime distributions
from the data in the visible range (Fig. 3A and SI Appendix, Fig.
S13), represent spectral shift dynamics. On the other hand, the
long lifetime component (270 ps) has an all-positive DAS that
matches very well the center of the visible ESA decay lifetime
distribution (Fig. 3B) and can thus also be assigned to the Pr* decay.
Consequently, the near-IR data reaffirm that no significant Pr*
decay occurs on the sub-50-ps timescale.

Distributed Character of the Pr* Photoisomerization Kinetics. We
performed combined data analysis of the experimental datasets
using a sequential model (Global Target Analysis) (41, 42). This
analysis yields the so-called evolution-associated difference
spectra (EADS). Five states were necessary to obtain a satis-
factory fit quality (Fig. 4A). The first three EADS show identical
amplitudes in the ESA spectral range, thereby confirming that no
major ES decay occurs with lifetimes shorter than 50 ps (Fig. 4A).
This result contrasts with studies on some canonical phytochromes
(Cph1, PhyA, Agp1) and some CBCRs where shorter decay
components have been associated with Pr* relaxation (16–22, 31).
However, in All2699g1 and in Slr1393g3 (34), the ∼3-ps compo-
nent is due to a shift dynamics as evidenced by the EADS of S2
and S3 showing identical amplitude with shifted spectral position
(Fig. 4A and SI Appendix, Fig. S16 B,D, and F). Similar picosecond
components were also observed in some bacteriophytochromes
(e.g., RpBphP3 and Agp2) (26, 29).
The first detectable decay of the EADS is associated with the

50-ps lifetime component, while the major decay occurs with the
∼300-ps component (SI Appendix, Fig. S16). The EADS of these
two components are spectrally identical. Similar lifetime components
have been observed in some CBCRs and assigned to reactive Pr*
populations in the frame of a heterogeneous kinetic model. However,
the lifetime-distribution analysis (Fig. 3 and SI Appendix, Fig. S13),
the identical EADS (SI Appendix, Fig. S16 B, D, and F),
and the relatively small contribution of the 50-ps component
(SI Appendix, Fig. S16 A, C, and E) raise the question whether
the observed ES decay in All2699g1 has a distributed rather
than distinctly heterogeneous kinetics. Therefore, we per-
formed combined analysis with a four-state sequential model,
where the third state was modeled with a stretched exponential
decay (43, 44). This analysis yielded equally good results
(Fig. 4B and SI Appendix, Figs. S17 and S18). Moreover, the use
of a stretched exponential is in line with the remarkably broad
lifetime distribution characterizing the Pr* decay (Fig. 3B). Most
importantly, the description of the extended ES kinetics by a
broad lifetime distribution and a stretched exponential bring the
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Fig. 3. Ultrafast ES dynamics of the Pr state. (A) TA data from the forward,
15ZPr → 15EPfr, dynamics of All2699g1 after 635 nm excitation. (B) Corre-
sponding lifetime density map (LDM) obtained from the lifetime-distribution
analysis of the TA data.
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question about the role of the dynamics of the protein environ-
ment in the observed kinetics.
The use of stretched exponentials as a phenomenological de-

scription of distributed kinetics occuring in constrained envi-
ronments and during protein dynamics is well documented
(45–47). The distributed kinetics can arise from static hetero-
geneity or from dynamic changes in the environment. However,
the long ES lifetime of Pr, which indicates the presence of a
significant energetic barrier on the ES PES, rather suggests that
the observed distributed relaxation kinetics is associated with
dynamic reorganization of the protein. Therefore, based on this
association, we propose a mechanistic picture for the steps in-
volved in the Pr* photoisomerization. In essence, after the initial
FC relaxation (∼100 fs), the excited bilin undergoes conforma-
tional changes, which are reflected in the 2- to 5-ps minor
spectral shift dynamics. These conformational changes of the
chromophore trigger larger-scale protein motions, involving the
nearby amino acid residues. We suggest that these changes are
necessary to accommodate the rotation of ring D. In effect, the
excited chromophore can proceed along the isomerization
reaction coordinate and reach a conical intersection with the
GS. Under such conditions, the photoisomerization dynamics
of the bilin is modulated by the protein dynamics, thereby
exhibiting the observed distributed kinetics. This proposed
mechanism not only explains the observed distributed kinetics
in All2699g1 and in the CBCR Slr1393g3 (34), but also ac-
counts for the relatively slow relaxation kinetics of the em-
bedded chromophore as compared to isolated bilins (48–51) or
bilins embedded in other phytochromes (e.g., PhyA, Cph1,
Agp1) (16–20, 22). We note here that while GS heterogeneity
possibly plays a role in the dynamics of CBCRs and phyto-
chromes with sub-50-ps lifetime components [e.g., in some
CBCRs (31) or Cph1 (22, 24)], this effect is diminished for
systems with longer lifetime components, for which the protein
dynamics takes a leading role in controlling the relaxation
kinetics.

Mechanism of the Photoisomerization in Pr*. To investigate the
molecular mechanism of photoisomerization and the origin of
the extended ES lifetime of the Pr state of All2699g1, we cal-
culated a relaxed scan along the torsion of the C15 = C16 bond of
the PCB chromophore (Fig. 5A). The relaxed scan was started
from the FC point in S1. The corresponding GS geometry is
pretwisted around the C15 = C16 double bond (C14–C15 =

C16–C17 dihedral angle of −166°), in line with the crystal struc-
ture (Fig. 1B) and the CD spectrum (Fig. 2C) of the Pr state.
There are two possible directions of rotation for ring D, clock-
wise and counterclockwise. During the rotation in both senses
the C14–C15 bond is shortened and the C15 = C16 bond is elon-
gated (Fig. 5B). Such changes in the bond lengths, which are well
known from retinal proteins (52), are due to a change of the
electronic structure in the ES. However, in contrast to the in-
version of single and double bond lengths observed in pro-
tonated retinal Schiff base, we find that the C15 = C16 double
bond of the PCB chromophore is shorter than the C14–C15 single
bond during the rotation in both the clockwise and the coun-
terclockwise direction. Inversion of the bond length alternation
was achieved after ∼30° of counterclockwise rotation (Fig. 5B).
The clockwise rotation requires high distortion (∼70° from the
FC point or ∼55° from planarity) to reach bond lengths nearly
equal to those in the case of the counterclockwise rotation. The
counterclockwise rotation appears to be energetically more fa-
vorable with the ES energy exceeding that of the FC starting only
at −135° of the torsion angle. In comparison, the clockwise ro-
tation reaches this point already at 155°, which is much closer to
a planar structure. However, in both directions of rotation there
is an ES energy barrier that prevents the completion of the
isomerization. To pass the barrier, a large rearrangement of the
protein is required, which cannot be addressed by a relaxed scan.
Nevertheless, we deduce that the counterclockwise rotation is
favored due to the pretwist of ring D in the GS and a smaller
barrier on the ES. The progress in rotation is associated with a
decrease in the S0-S1 energy gap, but a crossing between the GS

400 500 600 700
-80

-60

-40

-20

0

20

EA
D
S
[a
.u
.]

Wavelength [nm]

[ps]:
S1 (0.08)
S2 (2.8)
S3 (53)
S4 (313)
S5 (inf)

400 500 600 700
Wavelength [nm]

[ps]:
S1 (0.09)
S2 (3.3)
S3 (2740.82)
S4 (inf)

A B

Fig. 4. Modeling of the ultrafast Pr kinetics. Analysis of the experimental
data from the Pr → Pfr dynamics of All2699g1 after 635 nm excitation
using a sequential kinetic scheme. The kinetic model fitting results in the
so-called EADS. (A) EADS from fitting a sequential scheme with five
states. (B) EADS from fitting a sequential scheme with four states, with
the third state (S3) being modeled with a stretched exponent with
β = 0.82.

1.36

1.40

1.44

1.48
0.0

0.5

1.0

1.5

2.0

2.5

3.0

S0,min

FC

S1,min

h

-120°-140°120°

Bo
nd
le
ng
th
[Å
]

100° 140° 160° ±180° -160°

C14-C15
C15=C16

-100°

B

A

Ex
ci
ta
tio
n
en
er
gy
[e
V]

clockwise

without protein
with protein

counterclockwise

±180°

-160°

160°

-140°

C14-C15=C16-C17

C
13
-C

14
-C

15
=C

16

C

Fig. 5. ES relaxed scan. (A) Relaxed scan along the torsion angle C14–C15 =
C16–C17 of the PCB chromophore in the Pr form with and without the protein
environment. (B) Change in the bond lengths of the methine bridge be-
tween rings C and D of the bilin. (C ) Change in the dihedral angle of
C13–C14–C15 = C16 as a function of the change in the dihedral angle C14–C15 =
C16–C17. The red arrow indicates the S0 → S1 excitation. The vertical dashed
gray line indicates the last point before the hydrogen-bonding network with
ring D disrupts.

16360 | www.pnas.org/cgi/doi/10.1073/pnas.1921706117 Slavov et al.

D
ow

nl
oa

de
d 

at
 G

oe
th

e-
U

ni
ve

rs
ita

t F
ra

nk
fu

rt
 o

n 
Ju

ly
 2

4,
 2

02
0 



and the ES was not encountered. This finding is in line with the
2- to 8-ps lifetime-distribution component found in our ultrafast
data and assigned to conformational changes of the bilin
(see above).
To estimate the role of the protein environment in the isom-

erization process we recalculated the optimized points of the
scan without the protein (empty circles in Fig. 5A). These are
single point calculations where the protein is removed but the
chromophore remains in the conformation induced by the pro-
tein. The resulting energy profiles show that the ES barrier does
not disappear after removal of the protein environment, which is
in agreement with previous computational studies in the gas
phase (51, 53). In the absence of the protein the isomerization
path shows a slightly lower barrier in the counterclockwise sense
with a nearly constant offset. In the clockwise direction, the
barrier decreases with the progress in rotation. Overall, a larger
lowering in the S1 energy is observed for the clockwise rotation
compared to the counterclockwise. Hence, there is a difference
in the interaction of ring D with the protein for the two senses
of rotation.
At the FC point, the C15 = C16 double bond has a dihedral

angle of −166°. This deviation from planarity is due to the in-
volvement of ring D in a hydrogen-bonding network with sur-
rounding amino acid residues and water molecules. The pyrrole
nitrogen hydrogen-bonds to a water molecule (1.80 Å) forming a
bridge to the Tyr142 side chain and the propionate at ring C, and
the pyrrole carbonyl group hydrogen-bonds with the e-NH group
of His169 (2.01 Å) (Fig. 6). Clockwise rotation of ring D would
disrupt this hydrogen-bonding network. To prevent rupture of
this network, the methine single bond C14–C15 compensates the
motion by rotating counterclockwise out of plane with respect to
the B-C coplane (Fig. 5C and Movie S1). In addition, Tyr142,
His169, and the bridging water molecule follow the displacement
of ring D to maintain the hydrogen bonding. Nevertheless, fur-
ther clockwise rotation of the double bond beyond 135° results in
the breaking of the hydrogen-bonding network. As a conse-
quence, the single bond planarizes (Fig. 6A and Movie S1) and
changes by ∼50° in the course of the relaxation.
In contrast, rotation in the counterclockwise direction retains

the hydrogen-bonding network until the last obtained point of
the relaxed scan (−105°). The rotation of ring D is accommo-
dated by a minor displacement of the Tyr142 residue (the dis-
tance between the pyrrole moiety of ring D and e-CH1 of Tyr142
decreases from 2.66 Å at the FC point to 2.21 Å at a torsion
angle of −105°), while the His169 remains in its position (Movie S2).
The torsion of the double bond occurs along with an out-of-plane
movement of the methine bridge, where the bridge moves up relative
to the B-C coplane. Further rotation beyond −105° is hindered
by Tyr142 which would have to move away from the binding
pocket (Fig. 6B and Movie S2). However, convergence of the
relaxed scan beyond −105° was not obtained, suggesting that
large motions of Tyr142 and other surrounding residues are re-
quired. This necessity of larger changes in the protein supports the
model derived on the basis of the analysis of the time-resolved
data and explains the long ES lifetime (∼300 ps, broad lifetime
distribution).

Conclusion
By combining X-ray crystallography, ultrafast spectroscopy, and
QM/MM calculations, this work provides a mechanistic insight
into the photoisomerization of the bilin chromophore in the
single-domain phytochrome All2699g1. A coherent picture
emerges, revealing that the early picosecond dynamics of Pr* is
associated with conformational changes in the chromophore,
while the long ES lifetime is attributed to a large barrier for the
ring D rotation in a confined environment. Relaxed scans along
the rotational trajectory about the C15 = C16 bond further show
asymmetric barriers for the clockwise and counterclockwise

directions of rotation arising from specific protein–chromophore
interactions. The heights of these energetic barriers imply that a
significant reorganization of the chromophore environment is
required for the isomerization to proceed. This protein re-
organization and the associated reduction in the energetic bar-
rier cannot occur spontaneously but are rather initiated by the
early conformational changes in the excited chromophore as
indicated by the 2- to 8-ps lifetime. Once activated, the protein
moiety reorganizes to accommodate the rotation of ring D on
the longer timescale as evidenced by the extended Pr* lifetime
(broad distribution around 300 ps). In other words, the photo-
isomerization dynamics is governed by an intricate interplay
between the excited chromophore and the protein, in which the
chromophore acts as a trigger, while the protein moiety controls
the reaction dynamics. In effect, the protein dictates the lifetime
and the ensuing quantum yield of photoisomerization. This
mechanistic insight provides a framework for design and engi-
neering of novel photoreceptors for optogenetics and fluores-
cence probes for superresolution microscopy.

Materials and Methods
Detailed description of the materials and methods is provided in the
SI Appendix. This includes information on the sample preparation,
crystallization, and structure determination; the spectroscopic and data
analysis methods; as well as details on the QM/MM computations.

Counterclockwise

Clockwise

TYR142

HIS169

A

B

Fig. 6. Molecular rearrangements along the relaxed scan. Counterclockwise
(A) and clockwise (B) rotation of ring D with the amino acid residues in the
vicinity. The initial structure is shown in light blue, while the final point in
each sense of direction is shown in gray (solid).
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Data Availability. The coordinates and structure factor amplitudes of the
All2699g1-PEB and All2699g1-PCB structures have been deposited to the
Protein Data Bank (https://www.rcsb.org) under the accession numbers
6OZA and 6OZB, respectively.

Note Added in Proof.
After the acceptance of this work, a manuscript on the same
protein was published (54).
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Effect of the PHY Domain on the Photoisomerization Step of the
Forward Pr!Pfr Conversion of a Knotless Phytochrome

Tobias Fischer,[a] Qianzhao Xu,[b] Kai-Hong Zhao,[c] Wolfgang G-rtner,[b] Chavdar Slavov,*[a]

and Josef Wachtveitl*[a]

Abstract: Phytochrome photoreceptors operate via photo-

isomerization of a bound bilin chromophore. Their typical ar-

chitecture consists of GAF, PAS and PHY domains. Knotless
phytochromes lack the PAS domain, while retaining photo-

conversion abilities, with some being able to photoconvert
with just the GAF domain. Therefore, we investigated the ul-

trafast photoisomerization of the Pr state of a knotless phy-
tochrome to reveal the effect of the PHY domain and its

“tongue” region on the transduction of the light signal. We

show that the PHY domain does not affect the initial confor-

mational dynamics of the chromophore. However, it signifi-

cantly accelerates the consecutively induced reorganizational

dynamics of the protein, necessary for the progression of
the photoisomerization. Consequently, the PHY domain

keeps the bilin and its binding pocket in a more reactive
conformation, which decreases the extent of protein reor-

ganization required for the chromophore isomerization.
Thereby, less energy is lost along nonproductive reaction

pathways, resulting in increased efficiency.

Introduction

Phytochromes are bilin-binding photoreceptors that regulate
various biologically relevant processes (e.g. , photosynthesis,

morphogenesis, phototaxis, and photoprotection).[1, 2] They

function via a light-induced transformation between a thermo-
stable parental state and a photoproduct state. The transfor-

mation is triggered by a Z Q E photoisomerization of the C15=

C16 double bond and a subsequent rotation of the D-ring of

the embedded bilin chromophore (Scheme 1).
Phytochromes consist of chromophore-binding GAF do-

mains, PAS and PHY domains (Figure 1).[1, 2] The PHY domain

forms an antiparallel b-sheet (“tongue”) which interacts with
the chromophore embedded in the GAF domain, and the PAS

and the GAF domains form a figure-eight knot.[1, 2] A complete
PAS-GAF-PHY array is required for photoconversion in canoni-

cal phytochromes (e.g. , PhyA, Cph1, Agp1),[3–5] while knotless

phytochromes (e.g. , Cph2)[6, 7] lack the PAS domain.[1, 2]

Interestingly, single GAF domains of cyanobacteriochromes

(CBCRs)[9] and some knotless phytochromes[8, 10] preserve their
photoconversion capability, which makes them attractive for

biotechnological applications.[11, 12] The parental and the photo-
product states of canonical and knotless phytochromes are
red-light (Pr) and far-red-light (Pfr) absorbing, respectively.[5] The

photoisomerization reaction and the primary photoproduct
(Lumi-R) formation in the forward (Pr!Pfr) photoconversion of

these phytochromes proceeds with a lifetime of tens[13–20] to
hundreds[21–25] of picoseconds. Photoisomerization in other mo-
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Scheme 1. Chemical structure of the phycocyanobilin (PCB) chromophore.
The arrow indicates the photoisomerization of the C15 = C16 double bond
and the counterclockwise rotation of ring D.[8]
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lecular systems (e.g. , azobenzenes[26, 27] and rhodopsins[28–30]) is
typically ultrafast, which raises the question about the origin of

the remarkably slow photoisomerization rates in phyto-
chromes. Recently, we could show that the excited state decay

kinetics in a single GAF domain (g1) derived from a knotless
phytochrome (All2699g1g2 from Nostoc sp. PCC7120) is

strongly distributed, and we assigned this behavior to confor-
mational changes in the bilin-binding pocket that control the

photoisomerization of the chromophore.[8] Here, we report on

the forward (Pr!Pfr) photoisomerization dynamics of the com-
plete knotless phytochrome All2699g1g2 (structurally similar to
Cph2).[31, 32] The homology model of All2699g1g2[32] (Figure 1)
shows that the “tongue” region of the g2 domain interacts

with the chromophore bound to g1, just like the PHY domains
of canonical phytochromes. Therefore, the g1g2 construct pro-

vides a unique opportunity to directly evaluate the role of the

“tongue” and thereby of the protein matrix in the photoisome-
rization of phytochromes. Furthermore, our results give insight

into the photochemistry of knotless phytochromes, as their ul-
trafast dynamics has not been studied previously.

Results and Discussion

Photochromism of All2699 g1 g2

The Pr form of g1g2 has an absorption maximum at 637 nm,
which is similar to that in g1,[8, 33] while the Pfr form is signifi-

cantly red shifted (by 73 nm) to 710 nm (689 nm in g1;[8, 33] Fig-
ure 2 A). Thus, the observed spectral shift of Pfr appears to be

induced by interactions of the PCB chromophore with the
“tongue” region of the g2 domain in g1g2.[32, 34] Interestingly,

we find that the quantum yield (QY) of the Pr!Pfr transition is

increased from ~8 % to ~13 % (a similar QY is observed in the
related Cph2[35]). Hence, it follows that while the presence of

the g2 domain does not directly affect the spectral properties
of the Pr form it does affect its photochemistry.

The circular dichroism (CD) spectra of both proteins (g1g2
vs. g1) have similar shape and undergo a sign inversion of the

Q-band CD signal upon Pr$Pfr switching (Figure 2 B).[8, 33] The
Q-band CD signals exhibit opposite signs for the different

states, negative for Pr and positive for Pfr. The Pfr signal of g1g2
is further red shifted and shows an increased extinction coeffi-

cient.
The signs of these signals indicate the orientation of the pe-

ripheral rings A and D with respect to the co-plane of rings B

and C.[8, 36] This overall orientation appears unaffected by the
presence of the “tongue”, which is in line with the slight
changes in the dihedral angle of rings A and D observed by
NMR.[32] In comparison, other phytochromes like Cph1[37] and
Cph2[35] exhibit a similar sign change of the Q-band, while
most CBCRs and bacteriophytochromes show no sign change

upon switching.[36, 38–40]

Ultrafast dynamics of Pr
* and formation of Lumi-R

The role of the protein environment on the ultrafast photoiso-

merization dynamics of the PCB chromophore was investigat-
ed by femtosecond transient absorption (TA) measurements

on g1g2 as compared with the single-domain g1.[8] The TA

data of g1g2 show three main features (Figure 3 A): i) a broad
positive signal below 575 nm which can be assigned to excited

state absorption (ESA), ii) a negative signal above 575 nm due
to ground state bleach (GSB) and stimulated emission (SE), and

iii) a positive photoproduct absorption (PA) appearing at later
times at 670 nm associated with the formation of the primary

Figure 1. Schematic representation of the structural homology model of the
Pr state of the All2699g1g2 construct.[32] The structure of the GAF1 domain
is based on the crystal structure of the sole GAF1 module (PDB ID 6OZA),
while the GAF2 domain was modelled based on the crystal structure of the
structurally similar Cph2[32] (PDB ID 4BWI). The PCB chromophore (orange)
embedded in the GAF1 domain (green) is in close interaction with a tongue-
like protrusion (pink) from the GAF2 domain (yellow), which also shields the
PCB from the solvent.

Figure 2. A) Stationary absorption spectra of the Pr and Pfr forms of g1g2
(solid lines) and g1[8] (dotted lines). The pure Pfr spectrum was obtained by
conservative subtraction of 38 % of the pure Pr spectrum from the PSS spec-
trum, followed by multiplication with a factor of 1.61 to yield the spectrum
for the fully converted system. The extinction coefficient of Pr is
~79 000 m@1 cm@1 (similar to g1[33]), while the extinction coefficient of Pfr is
~61000 m@1 cm@1. B) CD spectra of the Pr and Pfr states of g1g2 (solid lines)
and g1[8] (dotted lines). The pure Pfr CD spectrum was derived from the PSS
CD as described in A).
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photoproduct (Lumi-R). The rise of the Lumi-R signal coincides
with the decay of the ESA, GSB and SE on the timescale of 100

to 400 ps.

The lifetime distribution analysis of the experimental data
(see Supporting Information and Ref. [41] for methodology)

gives further insight into the early ES dynamics of Pr (Fig-
ure 3 B). The positive- (>690 nm) and the negative-amplitude

(<690 nm) distributions with a lifetime of 100 fs can be as-
signed to a red shift of the SE and therefore to the departure

of the ES wavepacket from the Franck-Condon (FC) region. The

lifetime distributions between 1 ps and 10 ps are located at
the overlap of the steep edges of the GSB and SE, making this

region very sensitive to slight spectral changes.
Because there is no substantial decay of the ES on this time-

scale, we assign these distributions to dynamics on the ES po-
tential energy surface. Based on the spectral position of the

ESA, GSB and SE signals, the broad lifetime distributions

(stretching from 30 ps to 1 ns) with positive (420–575 nm) and
negative (600–740 nm) amplitudes can be attributed to the si-

multaneous decay of these signals, and thus to the decay of
Pr

*.

Compared with the positive-amplitude distribution repre-
senting the decay of the ESA signal, the negative-amplitude

distribution, especially at 675 nm, appears stretched in lifetime.
This can be explained by an overlaid additional negative-ampli-
tude distribution describing the rise of the primary photoprod-

uct Lumi-R commencing with the ES decay. On the scale
longer than 1 ns, the negative and positive-amplitude lifetime

distributions correspond to the non-decaying GSB and Lumi-R
signals.

Distributed character of the Pr
* photoisomerization kinetics

Previously, we showed that the Pr
* decay kinetics in the single-

domain g1 is described by broad and structureless lifetime dis-

tributions (see Figure S2B and discussion in[8]) and can be mod-
elled well using a stretched exponential function,[42, 43] thereby

avoiding introduction of unnecessary kinetic components. The
lifetime distributions describing the Pr

* decay of g1g2 (from

30 ps to 1 ns in Figure 3 B) are similarly broad and structure-
less, thus we followed our previous approach and analyzed the

TA data using a four-state model in which one of the states is
modelled by a stretched exponent (Figure 4). This model yields

an excellent fit of the data without additional kinetic compo-
nents (compare the case of the five-state model (Figure S5)).

Stretched exponentials are used to model distributed kinetics

occurring in constrained environments[44–46] and here underline
the importance of the protein in the isomerization kinetics of
the PCB chromophore.

The evolutionary associated difference spectra (EADS) of the

first three states (Figure 4 B) clearly show that at early times no
significant change in the amplitude of the ESA occurs, reaffirm-

ing the conclusion that the sub-20 ps dynamics of Pr
* is not as-

sociated with ES decay. Therefore, similarly to the single GAF
domains All2699g1[8] and Slr1393g3,[47] the EADS of S2 and S3

of g1g2 show only a minor spectral shift in the GSB and SE
overlap area, indicating that the ~3 ps component (Figure 4) is

due to ES dynamics of the chromophore. The Pr
* relaxation

and the associated PCB photoisomerization occur on the

100 ps timescale from state S3 after overcoming a barrier on

the ES potential energy surface.[8] This state is modeled as a
stretched exponent, showing that the Pr

* decay of g1g2 fol-

lows a distributed type kinetics.
Recently, it was reported that in g1 and in g1g2 there exists

a broad distribution of ground state subconformations that
rapidly interconvert in solution.[32, 48] These subconformations

could partially contribute to the observed distributed character

of the Pr
* decay kinetics. However, their rapid interconversion

denotes that they are separated by low energetic barriers, and

thus cannot explain the large excited state barrier that deter-
mines the relatively slow Pr

* decay kinetics (100 ps timescale).[8]

Such a barrier can be overcome only via dynamic reorganiza-
tion of the system, which in turn provides the dominant contri-
bution to the distributed kinetics of Pr

* decay. Therefore, our

Figure 3. A) TA data from the forward, Pr!Pfr, dynamics of g1g2 after
635 nm excitation. B) Corresponding lifetime density map (LDM) obtained
from the lifetime distribution analysis of the TA data. The reading of the
LDMs is as for a decay-associated spectrum from global lifetime analysis :
i) positive (red) amplitudes account for decay of excited state and product
absorption (ESA, PA) or rise of ground state bleach and stimulated emission
(GSB and SE); ii) negative (blue) amplitudes account for rise of absorption
(ESA, PA) or decay of GSB and SE. The white dashed line indicates the center
of the lifetime distribution of the Pr

* decay of g1.[8]

Figure 4. Analysis of the experimental data from the Pr!Pfr dynamics of
g1g2 after 635 nm excitation using a sequential kinetic scheme. The kinetic
model fitting results in the so-called evolution-associated difference spectra
(EADS) and decay associated spectra (DAS): A) DAS and B) EADS from fitting
a sequential scheme with four states, with the third state (S3) being mod-
eled with a stretched exponent with b= 0.79.

Chem. Eur. J. 2020, 26, 17261 – 17266 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH17263

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202003138



results point to a more dynamic picture of the kinetics in knot-
less phytochromes. In contrast, distinct ES decay components,

including such on the sub-50 ps timescale, have been reported
for other phytochromes (e.g. , Cph1, PhyA) and CBCRs, and

were discussed in the framework of static ground state hetero-
geneity of the Pr form.[15, 18, 20, 38, 49, 50]

Comparison of the ultrafast dynamics of g1 g2 and g1: the
effect of the g2 (PHY) domain

The comparison of the ultrafast dynamics of the g1g2 con-
struct with the dynamics of the sole GAF domain g1[8] provides

a direct assessment of the effect of the g2 (PHY) domain. Strik-

ingly, the early dynamics of both proteins are identical and
even the coherent oscillations observed in the SE region up to

~2 ps (Figure 5 B) match in frequency and phase.
The similarity in the g1g2 and g1 early kinetics is in agree-

ment with the lack of an immediate effect of the PHY domain
on the steady state properties of the Pr form (Figure 2), and
thus further supports the conclusion that the primary dynam-

ics are indeed due to conformational changes in the PCB chro-
mophore. Only at later times, the Pr

* kinetics of g1g2 deviates
from that of g1. Figure 5 clearly shows that in the g1g2 con-
struct the ES decay and the formation of the primary photo-

product Lumi-R are accelerated relative to g1. This effect is
also illustrated by the corresponding LDMs (Figure S2). Consid-

ering the time range up to 10 ps, the lifetime distribution

structure remains the same for both proteins, while the later
lifetime distributions (from 30 ps to 1 ns) describing the ES

decay are shifted to shorter lifetimes in the case of g1g2 (for
comparison, the center lifetime of the corresponding g1 distri-

bution is indicated by a white dashed line in the LDM of g1g2,
Figure 3 B). Therefore, the direct comparison of the Pr

* kinetics

of g1g2 and g1 reveals the impact of the g2 (PHY) domain and
categorically demonstrates the critical role of the protein envi-

ronment on the photoisomerization step of the PCB chromo-
phore.

Mechanistic model

Based on the analysis presented above, we propose the follow-

ing molecular picture for the photoisomerization dynamics of
g1g2 (Figure 6). After excitation, the PCB chromophore leaves
the FC region (~100 fs) and undergoes ES conformational dy-

namics on the early ps timescale (<20 ps). This dynamics acts
as a trigger for larger scale motions in the protein environ-

ment, which alleviates restrictions hindering further evolution
on the ES (illustrated by the barrier on the ES potential energy
surface). Interestingly, similar conclusions were derived in
recent studies on related bacteriophytochromes[51, 52] and a cya-

nobacteriochrome.[53] As the protein reorganizes, the barrier on
the ES decreases which allows Pr

* relaxation to proceed. This
model explains the distributed character of the Pr

* decay kinet-

ics as it is imposed by the conformational dynamics of the pro-
tein. Eventually, Pr

* decays (~130 ps) yielding the primary pho-

toproduct Lumi-R.
Previously, we demonstrated that the ring D rotation of the

PCB chromophore in g1 is hindered by a nearby Tyr residue

(Tyr142).[8] In the g1g2 (GAF-PHY) construct, the interaction of

Figure 5. Comparison of the transient absorption decays of g1g2 (orange)
and g1[8] (cyan) at selected wavelengths within A) the ESA (523 nm), and
B) the GSB/SE (655 nm) spectral regions. The transient decays were mea-
sured after 635 nm excitation of the Pr form.

Figure 6. Main reaction coordinates determining the photoconversion kinet-
ics in the Pr form of g1 and g1g2. For the larger construct, the interaction of
the “tongue” region with the PCB chromophore results in a lower barrier
(red, solid vs. orange, dashed lines). The early (<10 ps) dynamics of the PCB
chromophore triggers reorganizations in the protein binding pocket, which
lower the energetic barrier at later timescales (DE1 vs. DE2) and unlock the
photoisomerization.
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the “tongue” region of the PHY domain with the chromo-
phore-binding pocket in the GAF domain limits the conforma-

tional space of rings A and D of the PCB and drives the Tyr142
residue away from the chromophore as compared with g1.[32]

Therefore, it appears as if the “tongue” region keeps the chro-
mophore and the binding pocket in a more reactive conforma-

tion. This decreases the extent of protein conformation reor-
ganization required for facilitating the isomerization of the PCB
chromophore and results in an accelerated Pr

* decay kinetics
(Figure 5) and a more efficient Pr!Pfr photoconversion (less
energy being lost on nonproductive degrees of freedom).

Conclusions

Our work provides direct evidence for the essential role of the

protein environment in the control of the photoisomerization
kinetics of the PCB chromophore and outlines a detailed mech-

anistic picture of the Pr
* photoisomerization dynamics in knot-

less phytochromes. From an evolutionary perspective, the PHY
domain “tongue” represents a development in phytochromes

that tunes the photoreception efficiency. This is a key design
principle for the development of optimized photoreceptors for

biotechnological applications.
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Abstract: The family of phytochrome photoreceptors contains proteins with different domain ar-
chitectures and spectral properties. Knotless phytochromes are one of the three main subgroups
classified by their distinct lack of the PAS domain in their photosensory core module, which is in
contrast to the canonical PAS-GAF-PHY array. Despite intensive research on the ultrafast photody-
namics of phytochromes, little is known about the primary kinetics in knotless phytochromes. Here,
we present the ultrafast Pr � Pfr photodynamics of SynCph2, the best-known knotless phytochrome.
Our results show that the excited state lifetime of Pr* (~200 ps) is similar to bacteriophytochromes,
but much longer than in most canonical phytochromes. We assign the slow Pr* kinetics to relaxation
processes of the chromophore-binding pocket that controls the bilin chromophore’s isomerization
step. The Pfr photoconversion dynamics starts with a faster excited state relaxation than in canonical
phytochromes, but, despite the differences in the respective domain architectures, proceeds via
similar ground state intermediate steps up to Meta-F. Based on our observations, we propose that the
kinetic features and overall dynamics of the ultrafast photoreaction are determined to a great extent
by the geometrical context (i.e., available space and flexibility) within the binding pocket, while the
general reaction steps following the photoexcitation are most likely conserved among the red/far-red
phytochromes.

Keywords: tetrapyrrole-binding photoreceptors; phytochromes; photochemistry; photoisomeriza-
tion; time-resolved spectroscopy

1. Introduction

Phytochromes represent a superfamily of photosensory receptors that regulate photo-
morphogenesis, photoprotection, phototaxis and other biologically relevant processes in a
variety of organisms [1,2]. Their function is enabled by the Z↔ E photoisomerization of
a bilin chromophore embedded in the protein scaffold. The isomerization is followed by
several intermediate steps involving reorganization of the protein matrix. Ultimately, these
transformations result in photoswitching between a dark-adapted and a light-adapted
state. Recently, phytochromes have attracted considerable attention due to their application
potential in optogenetics and as fluorescent probes in biomedical imaging [3–6].

Phytochromes can be classified into subgroups depending on the domain architec-
ture of their photosensory core modules (PSM). In group I phytochromes, comprised of
canonical plant and cyanobacterial phytochromes (e.g., PhyA and SynCph1) as well as

Int. J. Mol. Sci. 2021, 22, 10690. https://doi.org/10.3390/ijms221910690 https://www.mdpi.com/journal/ijms
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bacteriophytochromes (e.g., Agp1 and DrBphP), the PSM consists of a PAS-GAF-PHY
array where all three domains are necessary for photoconversion [7–9]. The PAS do-
main forms a figure-of-eight knot structure with the chromophore-binding GAF domain,
whereas the phytochrome specific PHY domain interacts with the chromophore in the
GAF domain via a tongue like protrusion which stabilizes the chromophore and shields
it from the solvent [1,2,10,11]. Group II phytochromes, also termed knotless or Cph2-
like phytochromes, lack the PAS domain (Figure 1) and mostly consist of cyanobacterial
phytochromes with Cph2 from Synechocystis sp. (SynCph2) being the most prominent
member [1,2,12,13]. Lastly, Group III consists of cyanobacteriochromes (CBCRs) where
single GAF domains form the PSM [14]. While the phytochromes of Group I and II photo-
convert almost exclusively between Pr (red-absorbing) and Pfr (far-red-absorbing) states,
CBCRs exhibit significant spectral diversity covering the near-UV/visible/near-IR spectral
range [13,15–22].

The primary photoconversion dynamics of phytochromes is highly complex, often
involving ground state heterogeneity and/or multiple excited state decay pathways. The
Pr photoisomerization kinetics varies significantly amongst the phytochromes from Groups
I and III. In canonical phytochromes (e.g., PhyA, SynCph1, Agp1), the kinetics can be
described by three processes: (i) ultrafast departure from the Franck-Condon region (sub-ps
lifetime); (ii) conformational dynamics of the chromophore with the onset of D-ring rotation
(~2 to 5 ps lifetime) and (iii) formation of the primary red-shifted photointermediate
Lumi-R (~30 to 50 ps lifetime) [23–29]. Alternatively, processes (ii) and (iii) have also
been interpreted as kinetics of two different populations in the context of ground state
heterogeneity [23,30,31]. In bacteriophytochromes, overall longer excited state lifetimes
(~100 to 300 ps) have been observed which were linked to excited state proton transfer
and reorganization of the hydrogen bonding network [32–37]. The excited state kinetics
is prolonged to hundreds of picoseconds also in CBCRs. In some studies the kinetics
was modelled by a series of non-reactive and reactive populations based on ground state
heterogeneity [38–40], while other works hint towards active site relaxation and distributed
type kinetics rather than distinct heterogeneity [41–43].

Presently, the primary photoisomerization in the reverse reaction (Pfr → Pr) is exclu-
sively studied in Group I phytochromes. It is relatively conserved amongst the different
representatives of the group and occurs faster than the forward (Pr→ Pfr) reaction. Follow-
ing the ultrafast departure from the FC-region (~100 fs), the primary photointermediate
Lumi-F is formed on the sub-ps time scale (~500 to 700 fs lifetime) [27,28,44–48]. This
intermediate evolves on the ps time scale via several relaxation steps resulting in a spectral
blue shift [27,45,47]. In SynCph1, multiple excited state decays have been proposed and
were linked to reactive and non-reactive chromophore conformations with different life-
times [45,47]. Similar observations in the bacteriophytochromes PaBphP (bathy) and Agp1
were instead interpreted as branching on the excited state surface [48,49]. Such multiphasic
kinetics was not reported in oatPhyA, where a single excited state decay was sufficient to
describe the data [27].

In contrast, little is known about the ultrafast forward and reverse dynamics of Group
II phytochromes. To date, only the forward photoisomerization direction of the knotless
phytochrome All2699g1g2 has been examined [50], but no details on the reverse reaction are
available. To shed light on the ultrafast primary photoreaction of knotless phytochromes,
here we present both the ultrafast forward (Pr → Pfr) and reverse (Pfr → Pr) dynamics of
the most prominent group member, SynCph2.
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Figure 1. Left: Schematic representation of the structure of SynCph2 (PDB ID: 4BWI) [51]. The phycocyanobilin (PCB)
chromophore (orange) is embedded in the GAF domain (cyan) interacting with a tongue-like protrusion (dark green) of
the PHY domain (light green). Right: Absorption spectra of SynCph2 in the Pr (light red) and Pfr (dark red) state. To
obtain the pure Pfr spectrum 36% of the pure Pr spectrum (factor determined by visual inspection of the resulting spectrum)
was subtracted from the photostationary state (PSS) spectrum (purple), followed by multiplication with a factor of 1.56 to
simulate full conversion to the Pfr state (as done previously [50]). Fluorescence spectra of the Pr state and a fluorescence
quantum yield of 3.2% were reported previously while no fluorescence was observed for the Pfr state [13].

2. Results and Discussion
2.1. Ultrafast Pr* Dynamics and Lumi-R Formation

The femtosecond transient absorption (TA) data show three major contributions
(Figure 2A): (i) a broad positive signal below ~550 nm due to excited state absorption (ESA),
(ii) a broad negative signal extending from 575 nm to 740 nm due to Pr ground state bleach
(GSB) and stimulated emission (SE) and (iii) a positive signal (product absorption; PA) at
675 nm which is uncovered after the decay of SE and the partial recovery of the GSB and is
accordingly assigned to the absorption of the primary photoproduct Lumi-R.
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Figure 2. Ultrafast excited state dynamics of the Pr state in SynCph2 investigated in the vis spectral
range. (A) TA data of the Pr → Pfr dynamics after excitation at 640 nm. (B) Corresponding lifetime
density map (LDM) obtained from the lifetime distribution analysis of the TA data displayed in (A).
The GSB signal coincides with the ground state absorption spectrum in Figure 1.

We performed lifetime density analysis (LDA) (for details see Material and Methods
or [52]) to reveal further features of the excited state dynamics (Figure 2B). The negative-
and positive-amplitude lifetime distributions at ~100 fs from 600 nm to 675 nm and 675 nm
to 740 nm respectively, represent the red shift of the SE signal and can be assigned to the
departure from the FC-region. The following pairs of negative- and positive-amplitude
distributions at ~0.6 ps and 2–8 ps show slight spectral changes at the edge of the GSB
and SE signals. These can be ascribed to changes on the excited state surface related to
conformational dynamics of the chromophore. The dominant feature of the lifetime density
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maps (LDM) is located at ~200 ps with a positive-amplitude distribution in the range of
the ESA signal (400–575 nm) and a negative-amplitude distribution in the GSB-SE range
(600–740 nm) indicating the decay of the excited state, the recovery of the ground state
and the formation of the primary photoproduct Lumi-R. The broadness of the lifetime
distributions reflects the distributed type of the excited state decay kinetics as shown by
the detailed analysis in our previous studies [50,53]. The final pair of lifetime distribution
amplitudes at 3 ns represents the remaining GSB and Lumi-R absorption at 680 nm.

Additionally, we performed ultrafast vis pump-IR probe TA experiments covering
two regions of interest comprising predominantly the C=O (1750–1670 cm−1) and the C=C
(1670–1550 cm−1) vibrations of the bilin chromophore (Figure 3A). In the C=O region,
we identify three major contributions: a negative signal at 1705 cm−1, and two positive
features at 1745–1715 cm−1 and 1682 cm−1. Based on previous reports [23,29,54], we assign
the 1705(−)/1682(+) signal pair to the GSB and ESA signals of the C19=O stretch vibration
at ring-D, and the 1745–1715 cm−1 positive features to the C1=O stretch vibration at ring-A.
The corresponding C1=O negative GSB signal is plausibly weaker and narrower than the
positive ESA band, and thus is responsible for the dip in the 1745–1715 cm−1 band. The
two prominent negative signals at 1596 and 1630 cm−1 and the minimum at 1665 cm−1

are related to C=C stretch vibrations of the chromophore. The comparison with previous
studies on SynCph1 and oatPhyA suggests that the 1630 cm−1 signal originates from
the C15=C16 mode, while the 1596 cm−1 signal is either due to the C9=C10 mode or to a
delocalized mode containing this vibration [23,54,55]. The positive signal at 1560 cm−1, the
maximum between the two negative signals at 1596 and 1630 cm−1, and the positive signal
at 1654 cm−1 represent the respective ESAs of these vibrations which are all short lived
and downshifted due to a reduction of the bond order [54,56].
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Figure 3. Ultrafast excited state dynamics of the Pr state in SynCph2 investigated in the IR spectral
range. (A) TA data of the Pr → Pfr dynamics after excitation at 640 nm. The signal sizes in the C=O
region were multiplied by a factor of 2 to account for the lower excitation density used as compared
to the data of the C=C region. The transition between these regions is indicated by the dashed black
line. (B) Scaled transients at selected wavenumbers in comparison to a transient from the GSB of
the corresponding vis pump-probe measurements (Figure 2A). (C) Evolution-associated difference
spectra (EADS) obtained from a sequential model fit of the transient vis pump-IR probe data of the
Pr dynamics.

Our global target analysis (for details see Material and Methods or [52,57,58]) of the
IR TA data using a sequential model resulted in four kinetic components (Figure 3C). The
first lifetime component (300 fs) is at the limit of our experimental time resolution, and
while straightforward assignment is hard, it is plausibly related to early dynamics on the
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excited state potential energy surface as indicated by the vis TA data (see above). The
4.4 ps lifetime describes a slight decrease of the GSB of the C9=C10 or delocalized mode,
its corresponding ESA and the C19=O GSB, while most other signals remain unaffected.
The lack of simultaneous decay of all ESA signatures indicates that this lifetime component
is associated with excited state conformational changes within the chromophore. This
result agrees well with the vis TA data and with our conclusion that (1) only excited state
chromophore dynamics occurs on the sub-50 ps timescale and (2) that the Pr

* kinetics of
knotless phytochromes does not involve an early excited state decay. Here, the excited
state decay occurs with a 143 ps lifetime as designated by the disappearance of the excited
state signatures in the evolution-associated difference spectra (EADS) going from S3 to
S4 (Figure 3C). The 143 ps lifetime from the IR TA data (Figure 3A) matches the position
of the broad lifetime distribution from the visible TA data (Figure 2B). This remarkable
kinetic similarity between the UV/vis and the IR data of Pr*, despite the use of D2O buffer
for the IR experiments, is also readily observed by direct comparison of the scaled GSB
transient decays (Figure 3B). The final EADS corresponds to the IR difference spectrum
of the primary photoproduct Lumi-R. The EADS shows remaining GSB signals in the
C=C region, while in the C=O region the signals are smaller than what we can resolve at
the experimental S/N ratio. The ratio of the GSB amplitudes of the EADSs of S2 and S4
indicates a quantum yield of ~11% for Lumi-R formation, which is in excellent agreement
with the ~12% determined previously [13].

2.2. Conserved Pr Kinetics

LDMs can be viewed as a kinetic footprint of a given system. In this regard, we noticed
that the LDMs describing the Pr kinetics in the single GAF domain All2699g1 of a knotless
phytochrome [53], the complete PSMs of two knotless phytochromes (All2699g1g2 [50],
SynCph2 (Figure 2)) and the red-green CBCR Slr1393g3 [41] show a striking level of simi-
larity despite the structural and evolutionary differences of these phytochromes (Figure 4).
The LDMs, as well as the transient data, of all these longer-lived phytochromes exhibit a
common pattern of a sub-200 fs departure from the FC-region followed by two pairs of
lifetime distributions at ~0.6 ps and 2–8 ps and a distributed excited state decay in the
hundreds of ps time range. Notably, of this pattern only the distributed decay varies in
lifetime and is shifted independently of the first two features. Overall, the similarity hints
towards a common mechanistic basis for the Pr kinetics in these phytochromes.
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Figure 4. Lifetime density maps of several longer lived phytochromes with similar kinetics including SynCph2,
All2699g1g2 [50], All2699g1 [53] and Slr1393g3 [41,59].

As we previously concluded based on theoretical calculations and kinetic modelling,
the origin of the distributed kinetics can be linked to the protein environment being the
controlling factor for excited state relaxation [50,53]. As it constrains the bilin chromophore,
and in particular the D-ring, the reaction cannot proceed unless the protein binding pocket
undergoes rearrangements that facilitate chromophore isomerization. Potentially, the
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pocket rearrangements occurring on timescales >50 ps are triggered by slight conforma-
tional changes within the chromophore as deduced by the 0.6 ps and 2–8 ps lifetimes from
both the vis and IR TA data. Our conclusions are in agreement with other ultrafast studies
on the Pr state of a bacteriophytochrome and two CBCRs, where the authors identified
active site relaxation of the protein matrix and solvation as the cause of the extended multi-
phasic kinetics instead of ground state heterogeneity [36,42,43]. Based on the experimental
data similarities, we expect that the Pr forms in the latter studies would yield very similar
LDMs as the ones shown in Figure 4.

In contrast, the Pr forms of other phytochromes, such as canonical phytochromes (e.g.,
Agp1, SynCph1 and oatPhyA) [23,24,27–29,31] and some CBCRs [38,40] exhibit multiphasic
excited state decays with significantly shorter lifetimes in the range of a few ps and 30 to
50 ps. The occurrence of multiphasic Pr behavior has often been linked to distinctly different
Pr ground states [23,30,31,39]. The binding-pocket-relaxation model that we have proposed
for the dynamics of the slower Pr forms (e.g., the phytochromes shown in Figure 4) does
not explicitly exclude this type of heterogeneity as a contributing kinetic factor. However,
we do not observe distinctly heterogeneous dynamics in terms of evolution of separable
substates, instead some ground state heterogeneity might add to the distributed character of
the dynamics. Therefore, we believe that for the longer-lived phytochromes (e.g., knotless
phytochromes [50,53], some bacteriophytochromes [35,36,56] and some CBCRs [40–43])
the reorganization of the binding pocket after photoexcitation plays a dominant role in
determining the isomerization kinetics.

In this regard, the available space and the flexibility of the chromophore-binding
pocket, especially around the D-ring, have been proposed as the main factors to explain
the extended Pr kinetics [36,42,50,53]. Mutational studies have identified highly conserved
key amino acids (e.g., Y133, Y47, D79 and H160 in SynCph2 or Y263, Y176, D207 and
H290 in SynCph1 and DrBphP) in the immediate vicinity of the D-ring that directly affect
the excited state lifetime and the isomerization quantum yield [10,13,36,42,60–63]. In case
of the Tyr residues both their steric interactions with the chromophore as well as their
participation in the hydrogen bonding network have been proposed as essential for efficient
photochemistry [60,62–65]. Additionally, solvent exposure, the overall hydrogen bonding
network and the protonation state of several residues inside the pocket also appear to be
important for its properties [34,36,42,43,60,61,66] and the ensuing kinetics.

The concept of pocket flexibility does not contradict the observations made for phy-
tochromes with shorter Pr decay lifetimes (e.g., Agp1, SynCph1, oatPhyA, NpR6012g4).
Here, the pocket would have to be more flexible and spacious to allow faster relaxation
with less steric hindrances. This higher flexibility could also allow for alternative config-
urations of amino acid side chains and the chromophore itself resulting in the suggested
ground state heterogeneity and the distinct kinetics of substates. In essence, the overall
rather similar kinetics of phytochromes, despite significant structural differences, can be
rationalized well by the binding-pocket-relaxation model when flexibility is considered.

2.3. Ultrafast Dynamics of Pfr*

The femtosecond TA experiments on the primary reverse dynamics of SynCph2 show
four main contributions (Figure 5A). A broad ESA (positive) signal is present below 625 nm,
while the GSB and SE (negative) signals extend from 640 nm to 750 nm. At the long
wavelength side of our spectral window (730–750 nm), a narrow positive signal appears
after ~0.5 ps concomitantly with the decay of the ESA and SE signals. This new absorption
signal is assigned to a ground state intermediate (GSI). At longer delay times, positive
absorption (550–650 nm) is built up extending to the end of the experimentally accessible
time range. These signals can be assigned to later ground state intermediates.
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cm-1 positive band can be attributed to the Lumi-F intermediate. We observe no further 
changes in the C=O range in our measurements (up to 40 ps). 
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Figure 5. Ultrafast excited state dynamics of the Pfr state in SynCph2 investigated in the UV/vis
spectral range. (A) TA data of the Pfr → Pr dynamics after excitation at 710 nm. (B) Corresponding
lifetime density map (LDM) obtained from the lifetime distribution analysis of the TA data displayed
in A).

The details of the underlying kinetics are revealed by the corresponding LDM (Figure 5B).
The negative- (450–600 nm, 700–750 nm) and positive-amplitude distributions (610–700 nm)
at ~100 fs represent the spectral shifts of the ESA and the SE associated with the departure
of the excited state wavepacket from the FC-region. The following positive-amplitude
distribution at ~300 fs from 450 nm to 650 nm marks the decay of the ESA, while the
simultaneous SE decay and partial ground state recovery are accounted for by the negative-
amplitude distribution between 670 nm and 750 nm. The extension of the strong negative
amplitude to the red is due to the rise of the positive signal of the first GSI located at
~740 nm. In the 1–5 ps lifetime range, the positive- (730 nm to 750 nm) and the negative-
amplitude (600 to 700 nm) distributions show the decay of this first GSI to form the next,
blue-shifted GSI and to partially recover the GSB. This is clearly visible in the TA data
as a decrease in GSB amplitude. The following blue spectral shift evolution over several
GSIs is accounted for by the positive- (675–740 nm) and negative- (550–670 nm) amplitude
distributions between 50 ps and 1000 ps. On the ns timescale, the last negative- and positive-
amplitude lifetime distribution corresponds to the residual signal of the last detectable (on
this timescale) GSI and the remaining GSB signal.

The vis pump-probe results are further corroborated by our vis pump-IR probe mea-
surements in the C=O region (Figure 6A). The negative GSB of the C19=O vibration is
located at 1705 cm−1 while its corresponding broad ESA is located between 1695 cm−1

and 1660 cm−1. The positive signal in the 1750–1715 cm−1 range with a dip at 1730 cm−1

can be assigned to the broad ESA of the C1=O and its underlying narrow GSB, respec-
tively. These assignments are based on previous reports on the Pfr state of other phy-
tochromes [45,46,48,67]. The target analysis of the data using a sequential model reveals
that the ESAs decay with a lifetime of ~330 fs (Figure 6B,C). This decay is accompanied
by the rise of a new positive contribution at 1690 cm−1 which can be linked to the for-
mation of a GSI, as indicated also by the vis TA data (see above). In a next step, this
intermediate decays with a 3.9 ps lifetime which leads to a recovery of most of the GSB and
concurrent formation of a positive signal at 1720 cm−1. According to the assignment for
SynCph1 [45,46], the 1720 cm−1 positive band can be attributed to the Lumi-F intermediate.
We observe no further changes in the C=O range in our measurements (up to 40 ps).
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range. (A) TA data of the Pfr → Pr dynamics after excitation at 710 nm. (B) Corresponding decay
associated spectra and (C) evolution-associated difference spectra (EADS) obtained from a sequential
model fit of the data displayed in (A).

2.4. Kinetic Model of the Primary Pfr Kinetics

Based on the qualitative insight provided by the LDA of the vis data, we constructed
kinetic models and fitted those directly to the experimental data to obtain quantitative
information (kinetic rates for the different transition steps and the spectra of the involved
species) on the Pfr kinetics (see refs [52,57,58] for details on global target analysis and the
Methods section for specific technical details). The Pfr LDM (Figure 5B) clearly shows
only one lifetime distribution (at about 300–400 fs) accounting for the decay of the relaxed
excited state. Consequently, we used homogeneous kinetic models in the global target
analysis. We added a FC state and several GSI states to account for the kinetic features in
the LDM. In a next step, we tested models with different connectivity patterns between
the states. To support the selection of the most adequate model, we introduced the overall
quantum yield of the productive relaxation channel as an additional constraint. This was
set to 0.2 as reported previously [13].

Our analysis resulted in a model with physically reasonable kinetic rates and species-
associated difference spectra (SADS) (Figure 7). The model shows that the excited state
relaxation occurs with a ~300 fs lifetime and leads to the formation of the first ground state
intermediate (GSI-1). The SADS of GSI-1 has an absorption peak at about 750 nm (at the
edge of our spectral detection window). This state then relaxes with an overall lifetime
of 2.6 ps either back to the original Pfr ground state (80% yield) or forms GSI-2 (~730 nm
absorption, 20% yield). The transition of GSI-1 to GSI-2 is also reflected in the 1–4 ps blue
spectral shift dynamics captured by the LDM (Figure 5B) where the positive-amplitude
(red) lifetime distribution (710–750 nm) accounts for the decay of the initially formed GSI-1.
As indicated by the tilted shape of this distribution the dynamics is non-exponential and
involves cooling towards either the Pfr ground state or the GSI-2. In turn, GSI-2 decays
with about 5 ps lifetime. Note, the 3.9 ps lifetime recovered from the IR TA data (Figure 6)
appears as a mixture of the GSI-1 and GSI-2 lifetimes, which can be attributed to the low
signal-to-noise ratio of the IR data that does not permit resolving both lifetimes. Next, in a
series of steps GSI-2 converts towards GSI-5 (Figure 7A,B), which is the final intermediate
that we can observe on our detection timescale (i.e., 1.8 ns). The transition is associated with
a gradual blue shift of the SADS of the intermediates, first to GSI-3 at ~690 nm (strongly
overlapping with the GSB), consecutively to GSI-4 at 645 nm, and finally to GSI-5 with a
maximum at 640 nm (Figure 7C).

In addition to the model in Figure 7, we also tested several other models that included
either direct excited state relaxation to the Pfr ground state or a Pfr hot ground state (see
SI, Figures S4–S6). In the models with Pfr hot ground state, the SADS with absorption at
750 nm represent the hot ground state. In addition, the blue side of the corresponding
SADS is very similar to the SADS of some of the later intermediates and/or the GSI-1 SADS
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shows a relatively broad GSB contribution. These spectral features are unreasonable; thus
we clearly favor the model shown in Figure 7.
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2.5. Comparison to Other Phytochromes

The primary Pfr kinetics of SynCph2 is very similar to what is reported for other
phytochromes. After a fast relaxation from the FC-region, the excited state decays on
the sub-ps timescale to form the red-shifted GSI-1. Such a red-shifted species has been
observed in SynCph1 and oatPhyA [27,28,45,47,68] and was assigned to the primary pho-
toproduct state Lumi-F [47]. Our model expands this picture by attributing GSI-1 to the
hot Lumi-F (~750 nm), while GSI-2 to the relaxed Lumi-F (~730 nm). The kinetics of the
transition between the two Lumi-Fs and the accompanying recovery of the GSB is not
purely exponential as indicated by the lifetime distribution analysis, which is expected
given the short timescale and the significant vibrational energy present shortly after the
excited state relaxation. The following blue shift dynamics (GSIs-2/3/4) is associated with
slow adaptation/relaxation of the isomerized chromophore and its binding pocket, and
ultimately leads to the formation of Meta-F (GSI-5) on the sub-ns timescale. The blue
shift dynamics resembles the dynamics reported for oatPhyA Pfr [27,28]. In contrast to
SynCph1 [45,47], in SynCph2 we do not find an indication for distinctly heterogeneous
excited state kinetics.
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3. Materials and Methods
3.1. Protein Preparation

Preparation of SynCph2 was described elsewhere [13]. The final buffer conditions for
the experiments were set to 50 mM TRIS, pH 8.0, 300 mM NaCl, and 5 mM EDTA.

3.2. Stationary Characterization

UV/vis stationary absorption spectra of SynCph2 were recorded using a Specord S600
absorption spectrometer (Analytik Jena). The sample was converted into the Pr and the
Pfr state by illumination with an appropriate LED (730 nm and 590 nm respectively, 1W,
Thorlabs). The stationary FTIR spectra were measured on a Bruker Tensor 27 equipped with
a MCT detector under the same illumination conditions as used for the UV/vis absorption
measurements. The sample chamber was purged with nitrogen.

3.3. Vis Pump-Probe Transient Absorption Experiments

The time-resolved TA measurements were conducted using a home-built pump-probe
setup, as described in detail elsewhere [69]. In short, the fundamental laser pulses (1 mJ,
775 nm, 130 fs, 1 kHz) were provided by a Ti:Sa amplifier system (Clark, MXR-CPA-iSeries).
The pump pulses were generated using a home-built two stage NOPA (noncollinear optical
parametric amplifier) [70,71] and were compressed in a prism compressor located between
the two NOPA stages. White light continuum pulses (300–750 nm) were generated by
focusing the laser fundamental beam into a CaF2-crystal (5 mm). These probe pulses
were split into probe and reference beam. The reference beam was guided directly into
a spectrograph, while the probe beam was focused at the sample position and then col-
lected and directed into a second spectrograph. The spectrographs (AMKO Multimode)
contained gratings with 600 grooves/mm blazed at 500 nm and a photodiode array with a
detection range set to 400–750 nm. The instrument response function (IRF) of ~80 fs in the
experiments was estimated from the pump probe cross correlation. To eliminate anisotropic
contributions, the measurements were carried out under magic angle conditions (54.7◦

pump-probe polarization difference). The sample (OD ~0.4 at the excitation wavelength)
was held in a fused silica cuvette with an optical path length of 1 mm which was constantly
moved in the plane perpendicular to the direction of probe pulse propagation to avoid
accumulation of photoproducts. To keep the sample in a defined state the cuvette was
constantly illuminated with a high-power LED at 730 nm for the Pr and 590 nm for the Pfr
state experiments.

3.4. Vis Pump-IR Probe Transient Absorption Experiments

The TA IR measurements were performed with a Ti:Sa regenerative amplifier (4.5 mJ,
800 nm, 90 fs, 1 kHz; Mira Legend Elite HE, Coherent, Santa Clara, CA, USA) that is
used to pump two home-built collinear OPAs. The signal and idler beams of one OPA
were used to generate broadband IR probe and reference pulses via difference frequency
generation (DFG) in AgGaS2. The signal beam of the second OPA was frequency-doubled
in a BBO to generate the pump pulses at 642 nm and 712 nm to excite the Pr and Pfr forms,
respectively. Each form was accumulated using the same background illumination as used
in the vis TA measurements described above. The relative polarization between the pump
and probe/reference beams was set to magic angle. The probe and reference beams were
dispersed using a 150 lines/mm grating inside a single spectrometer (Triax, Jobin Yvon),
resulting in a spectral resolution of about 5 cm−1. The C=C and C=O spectral regions were
probed in two separate spectral windows by shifting the center wavelength from 6220 nm
to 5800 nm. The excitation density for the experiment in the C=O region of the Pr state
was 1 µJ, while for the rest of the measurements 2 µJ excitation was used. The detector
consisted of a 2 × 32 pixel mercury cadmium telluride (MCT) detector (Infrared Associates,
USA). The IRF was about 200 fs and the pump-probe delay was mechanically scanned
from −30 ps up to about 3.5 ns. The sample (OD ~0.2–0.3 at the excitation wavelength)
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was sandwiched between two CaF2 windows, separated by a 50 µm PTFE spacer [72], and
continuously moved with a Lissajous scanner to ensure a fresh spot for each shot.

3.5. Data Analysis

Data analysis was performed using OPTIMUS (www.optimusfit.org, accessed on 23
August 2021) [52]. We used the model independent lifetime distribution analysis (LDA) for
the ultrafast TA data. This method can account for non-exponential kinetics. In LDA, a set
of 100 exponential functions with fixed lifetimes equally distributed on a log10 scale is used
to describe the data by determining the pre-exponential amplitudes. Those amplitudes
can then be displayed for each detection wavelength in form of a contour plot called
lifetime density map (LDM) [73]. LDMs are similar to decay-associated spectra: Positive
amplitudes account for decay of excited state and product absorption (ESA, PA) or rise of
ground state bleach or stimulated emission (GSB and SE). Negative amplitudes correspond
to the rise of absorption (ESA, PA) or the decay of GSB and SE.

In addition, we performed global target analysis [52,57]. In short, kinetic models are
fitted directly to the experimental data to verify their adequacy. The analysis results in
the so-called species-associated difference spectra (SADS), or when a simple sequential
model (A→B→C . . . ) is used in evolution-associated difference spectra (EADS). Unlike
decay-associated difference spectra (DADS) from global lifetime analysis, SADS and EADS
contain pure spectral information—SADS represent the spectra of the species in the kinetic
model, while EADS show the overall spectral evolution. Global target analysis also delivers
the kinetic rates of the different reaction steps, as well as the lifetimes and the conventional
DADS. Our implementation allows us to constrain the quantum yield for formation of the
last observable (on the experiment timescale) photoproduct state. This limits the parameter
fitting space and facilitates the determination of an adequate model. Since this type of
analysis involves a certain level of over-parametrization, the solutions are not unique.
Therefore, the adequacy of the models that fit the experimental data is judged based on
whether the SADS and the kinetic rates are physically reasonable.

4. Conclusions

Our work provides insight into the unexplored ultrafast dynamics of knotless phy-
tochromes. We show that the excited state Pr dynamics of SynCph2 occur on the timescale
of hundreds of picoseconds, similarly to All2699g1g2 [50], bacteriophytochromes [35,36,56],
and a number of red/green CBCRs [40–43]. In contrast to the Pr forms of some canonical
phytochromes like SynCph1, here we do not find distinctly heterogeneous but rather dis-
tributed kinetics, which we attribute to reorganization of the chromophore-binding pocket
that controls the isomerization dynamics. The Pfr dynamics of SynCph2 resembles the one
observed in oatPhyA with a fast, sub-ps excited state decay followed by consecutive blue
shifts of the formed GSIs. In general, the dynamics is also very similar to what is reported in
SynCph1. However, in SynCph2 the data again do not point to spectroscopically separable
ground states.

Quite remarkably, both the forward and the reverse dynamics of the knotless phy-
tochrome SynCph2, which lacks the PAS domain, can be readily compared to other phy-
tochromes containing a PAS-GAF-PHY array as their PSM. Furthermore, the Pr → Pfr
dynamics of SynCph2 is also very similar to some CBCRs which are composed only of a
single GAF domain. Therefore, it emerges that despite the great variation in the relevant
structural components (domains and composition), the primary photoconversion mecha-
nism appears to be fundamentally conserved in most phytochromes. Consequently, the
key to the detailed understanding of phytochrome photochemistry is the identification of
common structural patterns regulating and defining the photoisomerization step. Impor-
tantly, this will also result in a general design principle for optimized phytochromes for
biotechnological applications.
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.3390/ijms221910690/s1, Figure S1/S2: Transients and difference spectra at selected delay times for
the visible TA data of SynCph2 for the Pr → Pfr and Pfr → Pr dynamics respectively, Figure S3: FTIR
difference spectrum of Cph2, Figures S4–S6: Additional kinetic models used to fit the TA data of the
Pfr dynamics of SynCph2, Figure S7: Comparison of data and fit for the ultrafast reverse dynamics of
Cph2 using the kinetic model displayed in Figure 7 for selected wavelengths.
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Abstract
The ability of some knotless phytochromes to photoconvert without the PHY domain allows evaluation of the distinct effect 
of the PHY domain on their photodynamics. Here, we compare the ms dynamics of the single GAF domain (g1) and the GAF-
PHY (g1g2) construct of the knotless phytochrome All2699 from cyanobacterium Nostoc punctiforme. While the spectral 
signatures and occurrence of the intermediates are mostly unchanged by the domain composition, the presence of the PHY 
domain slows down the early forward and reverse dynamics involving chromophore and protein binding pocket relaxation. 
We assign this effect to a more restricted binding pocket imprinted by the PHY domain. The photoproduct formation is 
also slowed down by the presence of the PHY domain but to a lesser extent than the early dynamics. This indicates a rate 
limiting step within the GAF and not the PHY domain. We further identify a pH dependence of the biphasic photoproduct 
formation hinting towards a pKa dependent tuning mechanism. Our findings add to the understanding of the role of the indi-
vidual domains in the photocycle dynamics and provide a basis for engineering of phytochromes towards biotechnological 
applications.

Graphical abstract

Keywords  Knotless phytochrome · Photochemistry · Time-resolved spectroscopy · Flash photolysis

1  Introduction

The photoreceptor superfamily of phytochromes is involved 
in the regulation of a variety of biologically relevant pro-
cesses like photomorphogenesis, photoprotection and pho-
totaxis in a multitude of different organisms [1, 2]. Their 
regulatory function is based on the photoconversion between 
a dark-adapted and a light-adapted state. Specifically, irra-
diation induces Z ↔ E isomerization of the embedded, 
covalently bound bilin chromophore that in turn triggers 
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formation of further intermediates characterized by reor-
ganization of the protein scaffold.

Phytochromes can be divided into three groups based on 
the domain structure and composition of their photosensory 
core module (PCM). The PCM of Group I phytochromes, 
comprising canonical plant (e.g. OatPhyA), bacterial (e.g. 
Agp1, DrBphP), cyanobacterial (e.g. CphA, SynCph1) 
and fungal phytochromes (e.g. FphA, NcFph1), consists 
of a PAS-GAF-PHY array [3–5]. Group II phytochromes, 
known as knotless phytochromes, lack the PAS domain with 
its domain specific figure-of-eight knot formation with the 
GAF domain [1, 2, 6, 7], while Group III phytochromes, 
called cyanobacteriochromes (CBCRs), consist only of GAF 
domains [8]. So far, the latter two groups are found only in 
cyanobacteria [1]. In contrast to CBCRs, which cover the 
whole near-IR to UV spectral range, Group I and Group II 
phytochromes mainly switch between Pr (red-absorbing) and 
Pfr (far-red-absorbing) states [9–17].

Some knotless phytochromes retain their photoconversion 
abilities even in their isolated GAF domain (after removal of 
the PHY domain), and thus can be utilized as model systems 
to investigate the influence of the PHY domain on the pho-
toconversion process [18, 19]. This is of particular interest 
since the PHY domain interacts directly with the chromo-
phore embedded in the GAF domain via a structural element 
referred to as “tongue” (Fig. 1A). The latter undergoes sec-
ondary structure reorganization during photoconversion [6, 
7]. This reorganization not only affects the slower, protein 
driven dynamics of the later intermediates in the photocycle, 
but also plays a key role in the signal transduction towards 
the output domain [20, 21].

The forward (Pr → Pfr) reaction in the photocycle of 
canonical phytochromes typically involves three intermedi-
ates termed Lumi-R, Meta-Ra and Meta-Rc. The Lumi-R 

intermediate is formed directly after the decay of the excited 
state on the timescale of tens to hundreds of ps [24]. It con-
tains the isomerized chromophore and a reorganized hydro-
gen-bonding network. Some studies distinguish Lumi-RI and 
Lumi-RII intermediates [24–29]. The structural changes in 
Lumi-RI occur on the ps timescale and are limited to the 
ring D vicinity, while the following hydrogen bonding reor-
ganization and structural changes in the wider vicinity of the 
chromophore are attributed to Lumi-RII [24, 28, 29]. On the 
µs timescale, Lumi-R converts into the Meta-Ra intermedi-
ate via relaxation of the strained chromophore [21, 26, 27, 
30–32]. Within a few ms, in plant and some cyanobacterial 
and bacterial phytochromes, the chromophore undergoes 
deprotonation to form the Meta-Rc intermediate [30, 31, 33, 
34], which then forms the final state, Pfr, upon re-protonation 
of the chromophore on the tens to hundreds of ms timescale 
[21, 26, 27, 30–32]. However, the de-/re-protonation steps of 
the chromophore are not observed in all phytochromes, and 
thus the role of this mechanism in the dynamics of Meta-
Rc is still under debate [24]. This formation of Pfr involves 
large-scale protein changes required for the final accommo-
dation of the isomerized chromophore, reorganization of the 
hydrogen-bonding network and refolding of the tongue [20, 
21, 24, 32]. In SynCph1 and OatPhyA, this transition has 
been observed to be biphasic [27, 30].

Generally, the reverse photoconversion reaction (Pfr → Pr) 
proceeds via two intermediates – Lumi-F and Meta-F. The 
Lumi-F intermediate contains an isomerized chromophore 
and is directly formed by the ultrafast photoreaction on the 
ps timescale [35–39]. Following ground state chromophore 
relaxation and minor side chain readjustments, a spectrally 
Pr-like intermediate termed Meta-F is formed on the ps-to-ns 
timescale [36, 40, 41]. The Meta-F intermediate undergoes 
rearrangement of the hydrogen-bonding network and the 
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Fig. 1   A Schematic drawing of the structural homology model of the 
Pr state of All2699g1g2. The homology model is based on the crys-
tal structure of the All2699g1 domain (PDB ID 6OZA) [19] and the 
crystal structure of the structurally similar knotless phytochrome 
SynCph2 (PDB ID 4BWI) [22]. The PHY-like GAF2 domain (yel-
low) interacts with the chromophore (orange) embedded in the GAF1 

domain (green) via the tongue-like protrusion displayed in pink. 
Taken from [23]. B Stationary absorption spectra of the Pr and Pfr 
state in All2699g1 (dotted lines) and All2699g1g2 (solid lines). The 
method to obtain the pure spectrum of the Pfr state was described 
elsewhere in detail [18]
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binding pocket, as well as refolding of the tongue to form the 
Pr state [41]. These steps occur on the µs-ms timescale and 
do not involve major spectral changes in the visible spectral 
range [40, 42, 43].

In this work, we expand our ultrafast studies on knotless 
phytochromes [18, 19] to the ms timescale. We compare the 
ms dynamics of the knotless phytochrome All2699g1g2 and 
its isolated GAF domain All2699g1 to reveal the effect of the 
PHY-like g2 domain on the forward (Pr → Pfr) and reverse 
(Pfr → Pr) photoconversion of knotless phytochromes. We 
further compare our results to the previously investigated 
knotless phytochrome SynCph2 and discuss the similarities 
and differences observed for these structurally related knot-
less phytochromes.

2 � Materials and methods

2.1 � Protein preparation

Preparation of All2699g1 and All2699g1g2 was described 
elsewhere in detail [19, 44]. The final buffer conditions for 
the experiments were set to 50 mM TRIS, 200 mM NaCl, 
5% Glycerol, pH 8.0. For the pH dependence measurements 
of All2699g1, the following buffer conditions were used: 
20 mM MES, 150 mM NaCl, 5% Glycerol, pH 6.1; 20 mM 
KPB, 150 mM NaCl, 5% Glycerol, pH 7.2; 20 mM TRIS, 
150 mM NaCl, 5% Glycerol, pH 8.4.

Preparation of SynCph2 was described elsewhere [9]. 
The final buffer conditions for the experiments were set to 
50 mM TRIS, 300 mM NaCl, 5 mM EDTA, pH 8.0.

Samples were measured in a 2 × 10 mm quartz cuvette 
with an optical density between 0.4 and 0.8 on 10 mm.

2.2 � Stationary characterization

Stationary absorption spectra of the investigated samples 
were obtained using a Specord S600 absorption spectrom-
eter (Analytik Jena). Conversion between the Pr and the Pfr 
state was achieved by illumination with appropriate LEDs 
(730 nm and 590 nm respectively, 1 W, Thorlabs).

2.3 � Transient flash photolysis experiments

The pump pulses were provided by an optical parametric 
oscillator (OPO) (preciScan, GWU-Lasertechnik) pumped 
by a Nd:YAG laser (SpitLight 600, Innolas Laser). The OPO 
was set to 640 nm for Pr and 702 nm for Pfr measurements 
with an average pulse energy of 2.4–2.6 mJ/cm2. The probe 
light was generated by a spectrally broad continuous wave 
Xenon lamp (Hamamatsu LC-8) and two matched mono-
chromators before and after the sample. The absorbance 
changes were then detected with a photomultiplier tube 

(PMT) and the resulting signal was converted into an electri-
cal signal and recorded using an oscilloscope (DPO5204B-
10RL, Tektronix). Time points were measured every 100 ns, 
except for the g1g2 Pfr measurements where a point was 
measured every 200 ns. For all samples absorbance changes 
were recorded between 500 and 750 nm with at least 30 aver-
aged scans per wavelength. Between each individual scan 
the sample was illuminated for 4 s using an appropriate LED 
(Pr → Pfr, 730 nm; Pfr → Pr, 590 nm) to avoid accumulation 
of photoproducts. For analysis, the single transients were 
reduced by averaging data points in a combined linear and 
logarithmic timescale to obtain feasible data sizes.

For the pH dependence measurements of the ms dynam-
ics of All2699g1, transients at six key wavelengths (510, 
540, 600, 630, 680, and 710 nm) were measured and ana-
lyzed like the complete datasets. To validate the reduction 
to the 6-wavelength datasets, a comparison of the analysis 
to a complete dataset is shown exemplarily in the SI for pH 
7.2 (SI Fig. S1).

2.4 � Data analysis

Data analysis was performed using OPTIMUS (http://​www.​
optim​usfit.​org/) [45]. We performed global target analysis 
(GTA) [45, 46] on all datasets using a sequential model. This 
model is fitted directly to the experimental data and results 
in the lifetimes, the decay-associated spectra (DAS) and the 
so-called evolution-associated difference spectra (EADS) for 
the respective kinetic components. The DAS contain both 
spectral and kinetic information, i.e. the positive amplitudes 
in the DAS account for decay of photoproduct absorption 
(PA) while negative amplitudes account for rise of absorp-
tion or recovery of the ground state bleach. Unlike DAS, 
EADS contain pure spectral information.

3 � Results and discussion

3.1 � Forward (Pr → Pfr) ms dynamics

3.1.1 � Comparison between All2699g1 and All2699g1g2

The flash photolysis data of the Pr state of All2699g1 and 
All2699g1g2 (Fig. 2) appear very similar. Both show a dom-
inant negative difference signal visible throughout the entire 
detected time range, which can be straightforwardly assigned 
to the ground state bleach (GSB) of the Pr state after exci-
tation. Additionally, several distinct positive signals, at 
660–690 nm, 660–700 nm, 500–560 nm and 660–750 nm, 
are present at different delay times in the data. These absorp-
tion changes are associated with the different intermediates 
observed during the photocycle. We performed global target 
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analysis using a sequential model to reveal the kinetic details 
of the Pr → Pfr conversion.

Five components were required to fit the Pr data of 
All2699g1g2. Based on the resemblance to the primary 
photoproduct formed on the ultrafast timescale [18], we 
assign the S1 evolution-associated difference spectrum 
(EADS, Fig. 2C), peaking at 675 nm, to the Lumi-R inter-
mediate. The positive (575–660 nm) and negative ampli-
tudes (660–730 nm) of the 150 µs decay-associated spectrum 
(DAS, Fig. 2B), indicate the Lumi-R-to-Meta-Ra transition, 
which occurs with a red spectral shift (S1 vs. S2 EADS) 
induced by the bilin chromophore relaxation. In a next step, 
the chromophore undergoes a prominent spectral blue shift 
with a 1.5 ms lifetime to form the Meta-Rc intermediate 
(positive amplitude DAS at 575–750 nm and negative ampli-
tude DAS at 500–575 nm in Fig. 2B, S2 → S3 EADS tran-
sition in Fig. 2C). We attribute this blue spectral shift to a 
chromophore deprotonation step following the assignment 
made previously for other phytochromes [31, 33, 34]. The 
following re-protonation of the chromophore is biphasic (S3 
and S4 EADS). The corresponding DAS show similar spec-
tral features representing the decay of the Meta-Rc absorp-
tion (positive amplitude at about 550 nm in τ3 (26 ms) and 
in τ4 (210 ms)) and the rise of the absorption of the final 
photoproduct Pfr (negative amplitude 650–750 nm). In con-
trast to τ3, the DAS amplitude of τ4 is negative in the range 
of 610–650 nm, potentially indicating some recovery of the 

spectrally coinciding Pr ground state via a shunt pathway as 
reported in some bacteriophytochromes [47, 48].

The major difference between the Pr flash photolysis data 
of All2699g1g2 (Fig. 2A) and All2699g1 (Fig. 2D) is that 
for g1 the kinetics is accelerated and can be described with 
only four components (Fig. 2E-F). Following the assign-
ment above, those four components correspond to Meta-Ra 
(660–700 nm), Meta-Rc (500–560 nm), Pfr (660–740 nm) 
and the Pr GSB. The Lumi-R-to-Meta-Ra transition occurs 
on a timescale shorter than what is detected in our experi-
ment (i.e. < 20 µs). Thus, the 150 µs component represents 
instead the Meta-Ra-to-Meta-Rc transition as indicated 
by the negative amplitude between 500 and 550 nm in 
the corresponding DAS (Fig. 2E). The Meta-Rc decay in 
All2699g1, albeit accelerated, is also biphasic (11 ms and 
91 ms lifetimes, see below for more detailed discussion).

3.1.2 � Effect of the PHY domain on the forward dynamics

The Lumi-R-to-Meta-Ra and Meta-Ra-to-Meta-Rc transi-
tions are significantly slower (~ 10-fold) in All2699g1g2 as 
compared to All2699g1, which indicates that the presence 
of the PHY domain imposes a higher energetic barrier for 
the associated chromophore relaxation and proximal protein 
structural rearrangements. This conclusion is in line with 
previous NMR [23, 49] and RR [28] studies, where it was 
proposed that the interaction with the PHY tongue makes 
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Fig. 2   Pr → Pfr ms dynamics of All2699g1g2 (A–C) and All2699g1 
(D–F) at pH 8. A, D Flash photolysis data of the Pr → Pfr ms dynam-
ics after excitation at 640  nm. B, E Corresponding decay-associ-
ated spectra (DAS) and C, F evolution-associated spectra (EADS) 
obtained after global target analysis of (A,D). G Schematic repre-

sentation of the proposed photocycle for the Pr → Pfr ms dynamics of 
All2699g1g2 and All2699g1 at pH 8. The dashed line indicates the 
thermal reversion from Pfr to Pr, while the dotted line represents the 
initial photoreaction
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the chromophore-binding pocket more rigid. In contrast, 
the final chromophore transition (Meta-Rc-to-Pfr), typically 
associated with major structural changes (tongue refolding 
[20, 21, 24, 32]) in the protein environment distal to the 
chromophore, is affected to a smaller extent (twofold) by the 
lacking PHY domain in All2699g1. Furthermore, the pre-
served biphasic character of the Meta-Rc-to-Pfr transition in 
All2699g1 suggests that the chromophore transitions associ-
ated with this step are predominantly determined by factors 
within the binding pocket of the GAF domain. Previously, a 
similar conclusion was derived based on time-resolved X-ray 
and UV/Vis studies on DrBphP [21].

3.1.3 � Origin of the biphasic meta‑Rc to Pfr transition

To further investigate the origin of the biphasic Meta-Rc-to-
Pfr kinetics in All2699g1 and All2699g1g2, we performed 
flash photolysis measurements at selected detection wave-
lengths (510, 540, 600, 630, 680, and 710 nm) and at three 
different pH values (6.1, 7.2, and 8.4). A direct comparison 
of the transients at 710 nm reveals that the Pfr formation is 
significantly accelerated at high pH values (Fig. 3A). This 
clear pH dependence is further corroborated by the DAS of 
the three datasets (Fig. 3B).

While the lifetime components do not vary significantly, 
their corresponding amplitudes and especially the amplitude 
ratio between the shorter and the longer component (corre-
spondingly marked blue and green in Fig. 3B) change with 
the pH. At pH 6.1, the amplitude of the longer component 
is higher than that of the shorter one resulting in the slowest 
overall Meta-Rc-to-Pfr transition (Fig. 3A). At pH 8.4 the 
ratio is reversed, the shorter component clearly dominates, 
thus making the overall Meta-Rc decay fastest. At pH 7.2 
the two components have nearly identical amplitude. Conse-
quently, the process occurring with the shorter lifetime com-
ponent is favored at high pH, while the process described by 
the longer lifetime component is favored at low pH. Further-
more, the monoexponential formation of the Meta-Rc and 
the lack of spectral differences in the two DAS describing 

its decay imply that there is a single chromophore population 
in Meta-Rc and that the following re-protonation reaction 
is dependent on the pKa value of the proton donor residue 
and the state of the hydrogen-bonding network linking it 
to the solvent. Thereby, the faster component represents a 
chromophore re-protonation reaction occurring from a pro-
tonated residue, while for the slower component the residue 
is deprotonated, and thus the re-protonation requires proton 
uptake from the environment. Such a proton uptake step has 
been reported for Cph1 [30]. In effect, the role of the slower 
component is prominent at low pH, while at higher (H+ defi-
cient) pH, its contribution is diminished.

While we cannot directly identify the relevant residue, 
based on the nearly identical amplitudes of the DAS of the 
two Meta-Rc decay components, we can deduce that its 
pKa value is close to 7.2. Mutational studies on other phy-
tochromes (SynCph1, DrBphP, Agp1) identified histidine 
residues that are part of the extended hydrogen-bonding 
network of the chromophore and affect its protonation state 
[33, 50–53]. The respective residues in All2699g1, His139 
and His169, are therefore potential candidates for the origin 
of the observed pH dependence. His139 is in direct contact 
with the pyrrole nitrogens of the bilin chromophore and was 
reported to be directly involved in the proton uptake lead-
ing to the formation of the Pfr state as some mutants of this 
residue do not progress past Meta-Rc in their photocycle 
[33, 52]. In addition, the His139-homologous residue H260 
exhibits a pKa value of 7.4 in the Pr state of SynCph1, strik-
ingly similar to the value we derive here for the biphasic 
transition to Pfr [51]. His169 is part of the extended hydro-
gen-bonding network, and thus it is in an indirect contact 
with His139. It is also in contact with the chromophore in 
both Pr and Pfr interacting with the D-ring carbonyl or the 
C-ring propionate, respectively [54]. As such, its protona-
tion state could influence the hydrogen-bonding network 
potentially contributing to the biphasic kinetics. However, 
we consider His139 a more likely candidate since mutants 
of His169 exhibit only minor impact on the chromophore 
and/or hydrogen-bonding network pKa [50]. The highly 
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conserved Asp87 may also be considered as a candidate 
involved in the protonation steps. This residue interacts 
with the chromophore through the pyrrole water and simi-
lar to His139 is involved in tuning the chromophore pKa 
and its hydrogen-bonding network [33, 52]. However, it is 
reported that this Asp87 retains its protonation state during 
the photocycle rendering a direct involvement in the repro-
tonation unlikely [24]. Indirectly, an increase in the protein 
mobility, such as that observed in SynCph1 [34], may also 
be contributing to the overall acceleration of Pfr formation 
at higher pH.

3.1.4 � Comparison of the Pr dynamics to other 
phytochromes

The lifetimes of the intermediates observed in the knot-
less phytochrome All2699g1g2 match well with previ-
ously reported lifetimes for SynCph1 [30], SynCph2 [32], 
and Agp1 [31] indicating high similarities between the 
dynamics of knotless and knotted phytochromes on the ms 
timescale. In the only investigated knotless phytochrome 
SynCph2, the lifetimes for the Lumi-R-to-Meta-Ra and Meta-
Ra-to-Meta-Rc transition (170 µs and 1.6 ms, SI Fig. S2) 
are nearly identical to those found here for All2699g1g2 
(150 µs and 1.5 ms, Fig. 2B). However, the Meta-Rc-to-Pfr 
transition is significantly faster in SynCph2 and proceeds 
monoexponentially with a lifetime of 17 ms. In contrast, the 

Meta-Rc-to-Pfr transition in SynCph1 is similarly biphasic 
with lifetimes close to those we find in All2699g1g2. A com-
parison between SynCph2 and All2699g1 shows a different 
involvement of water molecules and propionic side chains 
in the extended hydrogen-bonding network, which can result 
in different pKa values and explain the occurrence or lack of 
biphasic Meta-Rc decay in different phytochromes.

3.2 � Reverse (Pfr → Pr) ms dynamics

3.2.1 � Comparison of All2699g1 and All2699g1g2

To provide a complete picture of the influence of the PHY 
domain on the dynamics of knotless phytochromes, we 
investigated the ms reverse reaction (Pfr → Pr) in All2699g1 
and All2699g1g2. The GSB (negative absorption differ-
ence) signal in the Pfr flash photolysis data of both samples 
is located above 650 nm (Fig. 4). However, reflecting the 
difference in the Pfr absorption spectra (Fig. 1), the GSB 
of All2699g1g2 is red shifted. In addition to the GSB sig-
nal, we observe a spectral evolution of the positive absorp-
tion difference signal associated with the transitions of the 
intermediate states towards the final photoproduct Pr (i.e. 
from ~ 550–650 nm through ~ 575–660 nm to ~ 500–630 nm, 
Fig. 1). This evolution is better discerned for All2699g1g2.

The global target analysis with a sequential scheme yields 
four lifetime components for both samples. In All2699g1g2, 

0.1 1 10 100
500

550

600

650

700

750

]
mn[

htgneleva
W

Time [ms]

-40 -20 0 20

mOD

500 550 600 650 700 750

-4

-2

0

2

4

         [ms]
2.0
58
220
Inf

D
AS

 [a
.u

.]

Wavelength [nm]

Pr

F2/Meta-Fc

Lumi-F

Pfr

μs

ms

Meta-F

ps

ps

(g1)

500 550 600 650 700 750

-4

-2

0

2

4

EAD
S [a.u.]

Wavelength [nm]

S1
S2
S3
S4

0.1 1 10 100 1000
500

550

600

650

700

750

]
mn[

htgneleva
W

Time [ms]

-20 0 20 40 60

mOD
A

D

B

E

C

F

500 550 600 650 700 750
-6
-4
-2
0
2
4
6
8

         [ms]
0.59
58
860
Inf

D
AS

 [a
.u

.]

Wavelength [nm]
500 550 600 650 700 750

-6
-4
-2
0
2
4
6
8

EAD
S [a.u.]

Wavelength [nm]

S1
S2
S3
S4

G

∆

∆
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ated spectra (DAS) and C, F evolution-associated spectra (EADS) 
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tation of the proposed photocycle for the Pfr → Pr ms dynamics of 
All2699g1g2 and All2699g1 at pH 8. The vertical black dashed line 
indicates the thermal reversion from Pfr to Pr, while the dotted line 
represents the initial photoreaction. The short dashed purple line rep-
resents the shunt pathway present in All2699g1
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the S1 EADS (Fig. 4C) resembles the spectrum of the spe-
cies present at the end of the ultrafast Pfr dynamics in Syn-
Cph2 [37] or SynCph1 [36], and thus can be assigned to 
the Meta-F intermediate. Meta-F decays with a lifetime of 
590 µs to form a blue-shifted intermediate (S2 EADS) as 
described by the positive–negative amplitudes of the cor-
responding DAS (Fig. 4B). A similar blue-shifted species 
has also been observed in SynCph2 and termed F2 [32]. The 
F2 intermediate then decays to form the final Pr state with 
two lifetimes where the amplitude of the 860 ms component 
is significantly higher than that of the 58 ms component 
(Fig. 4B).

The Pfr flash photolysis data of All2699g1 exhibit similar 
signals (Fig. 4D). However, the S1 EADS is broadened on 
the blue spectral side, which indicates that the F2 intermedi-
ate is already present at the beginning of the measurement 
in equilibrium with Meta-F (Fig. 4F). Thus, in analogy to 
Meta-Ra from the forward dynamics of All2699g1, in the 
reverse direction we cannot clearly detect the rise of F2 in 
the single domain sample. Instead, the first lifetime compo-
nent (2 ms) in All2699g1 indicates a shunt pathway to the Pfr 
ground state from a leftover Meta-F population. Such a path-
way is not present in the reverse dynamics of All2699g1g2 
and is not observed in SynCph2, but has been observed in 
bacteriophytochromes [47, 48]. The following transition 
from F2 to the Pr state is described again by two lifetimes. 
However, in contrast to All2699g1g2, the difference in the 
amplitude of the two components is much smaller. In addi-
tion, the second lifetime component is significantly shorter in 
All2699g1 (i.e. 220 ms). As a result, the overall Pr formation 
is accelerated in All2699g1. Interestingly, in both samples, 
there appears to be an equilibrium between the Meta-F and 
F2 intermediates. This equilibrium is shifted towards Meta-
F in All2699g1, while in All2699g1g2 the F2 and Meta-F 
intermediates have similar amplitudes. The S3 EADS of 
All2699g1g2 (Fig. 4C) suggests that at longer timescales 
the equilibrium shifts towards high F2 populations.

3.2.2 � Effect of the PHY domain on the reverse dynamics

In both the forward and the reverse dynamics, the photoreac-
tion is accelerated in absence of the PHY domain, i.e. the 
Meta-Ra in the forward and F2 in the reverse dynamics are 
formed in All2699g1 earlier than in All2699g1g2. We attrib-
ute this to fewer restrictions in the binding pocket in absence 
of the PHY domain as revealed by previous NMR and cryo-
trapping experiments [23, 28, 49]. The photoreaction then 
follows similar steps where an intermediate spectrally close 
to the final photoproduct (Meta-Ra and Meta-F) converts into 
a blue-shifted one (Meta-Rc and F2). The final photoproduct 
(Pfr or Pr) is formed with a biphasic kinetics, as indicated 
by a corresponding red shift on the ms timescale. Similar 
to the spectral shift of Meta-Rc in the forward direction, we 

observe a spectral shift of F2 in the reverse direction. This 
resemblance suggests that the formation and the decay of F2 
may also occur via deprotonation and re-protonation steps. 
For consistency, we propose that F2 is termed Meta-Fc by 
analogy to Meta-Rc.

3.2.3 � Comparison of the Pfr dynamics to other 
phytochromes

It is particularly remarkable that the Meta-F-to-Meta-Fc 
transition in All2699g1g2 is on a timescale (hundreds of 
µs) similar to that found in SynCph2 and PhyA while the Pr 
formation step is two orders of magnitude slower [32, 40]. 
Even in comparison to other phytochromes like CphA [40] 
or PstBphP1 and PaBphP1 [43] that exhibit slightly different 
reverse kinetics, the formation of the photoproduct is still 
exceptionally slow in both All2699g1g2 and All2699g1. The 
unknown origin of the striking temporal difference for the 
final photoproduct formation step between the two structur-
ally very similar knotless phytochromes (All2699g1g2 and 
SynCph2) should be addressed in future studies.

4 � Conclusion

Our work provides a dynamic picture of the effect of the 
PHY domain on the ms dynamics of knotless phytochromes. 
We show that the occurrence and spectral signature of the 
involved intermediates are not significantly affected by the 
presence of the PHY domain. However, the µs dynamics 
involving relaxation of the chromophore are slowed down 
for both the forward and the reverse direction. We attribute 
this effect to a more confined chromophore binding pocket in 
presence of the PHY domain. Quite remarkably, the lifetimes 
describing the transition to the final photoproduct are much 
less affected by the presence/absence of the PHY domain. 
This supports previous findings that the rate limiting step of 
the photoproduct formation observed by UV/vis spectros-
copy is imposed by internal factors of the GAF (PAS-GAF) 
domain and are not directly related to tongue refolding.

Interestingly, we find that the Meta-Rc-to-Pfr transition 
is biphasic in both All2699g1 and All2699g1g2, but not in 
SynCph2. Based on the pH dependence of the transition in 
All2699g1, we associate this behavior to the pKa value of 
the proton donor residue in the Meta-Rc intermediate. The 
lack of biphasic behavior in some phytochromes suggests 
that the rate of photoproduct formation can be tweaked 
through fine tuning of the pKa value of the hydrogen-bond-
ing network.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s43630-​022-​00245-9.
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Conserved tyrosine in phytochromes controls the photodynamics through 
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A B S T R A C T   

Using ultrafast spectroscopy and site-specific mutagenesis, we demonstrate the central role of a conserved 
tyrosine within the chromophore binding pocket in the forward (Pr → Pfr) photoconversion of phytochromes. 
Taking GAF1 of the knotless phytochrome All2699g1 from Nostoc as representative member of phytochromes, it 
was found that the mutations have no influence on the early (<30 ps) dynamics associated with conformational 
changes of the chromophore in the excited state. Conversely, they drastically impact the extended protein- 
controlled excited state decay (>100 ps). Thus, the steric demand, position and H-bonding capabilities of the 
identified tyrosine control the chromophore photoisomerization while leaving the excited state chromophore 
dynamics unaffected. In effect, this residue operates as an isomerization-steric-gate that tunes the excited state 
lifetime and the photoreaction efficiency by modulating the available space of the chromophore and by stabi
lizing the primary intermediate Lumi-R. Understanding the role of such a conserved structural element sheds 
light on a key aspect of phytochrome functionality and provides a basis for rational design of optimized pho
toreceptors for biotechnological applications.   

1. Introduction 

Phytochrome photoreceptors operate via a light-induced transition 
from a thermostable dark state to a light-adapted state (photoproduct). 
The transition is accomplished by Z → E photoisomerization along the 
C15––C16 double bond of the embedded bilin chromophore (Fig. 1). The 
isomerization initiates reorganization of the entire protein matrix via 
several intermediate steps to form the light-adapted state [1,2]. 

This superfamily of photoreceptors is responsible for the regulation 
of photomorphogenesis, photoprotection, phototaxis, and other biolog
ically relevant processes in a variety of organisms [3–8]. Moreover, 
phytochromes have attracted considerable interest due to their appli
cation potential in optogenetics and biomedical imaging [9–13]. 
Evidently, the engineering of phytochromes with properties aiming to
wards specific applications relies strongly on understanding the intricate 
mechanism of their photodynamics. However, such detailed under
standing is still lacking due to the high complexity and diversity of the 

phytochrome dynamics [14–20]. At present, different models have been 
proposed to explain the observed experimental results. In some phyto
chromes, the dynamics is described with multiple excited state decays in 
the context of ground state heterogeneity [21–24]. In contrast, other 
phytochromes have highly non-exponential dynamics [25–29], plau
sibly resulting from protein active-site relaxation/solvation and/or 
distributed type kinetics rather than distinct ground state heterogeneity 
with reactive and non-reactive populations [25,27–30]. 

Previously, we pointed out certain shared kinetic features in the 
multiphasic ultrafast dynamics of the red-absorbing form (Pr) of several 
cyanobacterial phytochromes exhibiting long excited state lifetimes 
(All2699g1 [27], All2699g1g2 [28], SynCph2 [30], Slr1393g3 [19]). 
These phytochromes show nearly identical chromophore-related Pr 
excited state dynamics until ~50 ps followed by a distributed, non- 
exponential excited state decay with phytochrome-specific lifetimes 
[19,27,28,30]. Thus, our results suggested a common mechanism where 
the distributed kinetics arises from control of the photoisomerization by 
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the reorganization of the protein binding pocket. In particular, we 
identified a conserved tyrosine residue (Y142 in All2699g1, Fig. 1) in the 
vicinity of the chromophore [27,28,30] with a potentially instrumental 
role in the photoisomerization process [27,29,31,32]. The positioning of 
this residue together with the geometry and flexibility of the pocket 
were assumed to be major factors affecting the photophysical properties 
of phytochromes [27–29,33]. 

Therefore, manipulating these properties should result in a shift of 
the protein reorganization timescale [28] and in turn in a change of the 
bilin excited state lifetime, thereby affecting the photochemical and 
fluorescence quantum yields of phytochromes [31,32,34]. To provide 
direct evidence for the special role of this highly conserved amino acid 
residue, we designed two different mutants (Y142F and Y142W) of 
tyrosine 142 in the GAF domain All2699g1 of the knotless phytochrome 
All2699g1g2 (Nostoc sp. PCC 7120) and compared their primary ultra
fast Pr photodynamics to the wild type. All2699g1 undergoes a photo
chemical reaction between 638 nm (dark state) and 689 nm 
(photoproduct). 

2. Materials and methods 

2.1. Protein preparation 

Preparation of All2699g1 was described elsewhere in detail [27]. 
The two mutants, Y142F and Y142W of All2699g1, were generated by 
PCR using the plasmid pET30 encoding All2699g1 from Nostoc as a 
template and the degenerate primers 5’-GTGGAATTYTTAACAGCAA- 
TGGGTGTG-3′ (fw) and 5’-GCTGTTAARAATTCCACATGACAAGAGTC-3′ 
(rv). The above-mentioned plasmid as well as the plasmid pACYC car
rying the PCB-generating enzymes ho1-pcyA were co-transformed into 
E. coli BL21 DE3 competent cells to allow heterologous protein expres
sion and in vivo assembly of the phytochromes. Purification was per
formed as described for the WT [27,35]. The final buffer conditions for 
the experiments were set to 20 mM KPB, 150 mM NaCl, and 5 % Glycerol 
at pH 7.2 in the WT and both mutants [27,35]. 

2.2. Stationary characterization 

Stationary absorption spectra of the investigated samples were 

obtained using a Specord S600 absorption spectrometer (Analytik Jena). 
Conversion between the Pr and the Pfr state was achieved by illumina
tion with appropriate LEDs (730 nm and 590 nm; respectively, 1 W, 
Thorlabs). To obtain a pure Pfr spectrum from the mixture of Pr and Pfr in 
the photostationary state (PSS) generated after illumination at 590 nm, a 
scaled Pr spectrum was subtracted to optimally remove Pr contribution. 
The scaling factor S was determined by visual inspection and the 
resulting Pfr spectrum was then multiplied by 1 + (S/(1 S)) to simulate 
complete conversion to the Pfr state. 

Fluorescence spectra were measured with an FP 8500 fluorimeter 
(Jasco) and corrected for background, reabsorption, detector sensitivity, 
and solvent contributions. 

CD spectra were recorded using a J-710 CD-spectrometer (Jasco) 
under a constant nitrogen flow of 2.0 l/min. To avoid accumulation of 
the Pfr state from the instrument's measuring beam, samples were irra
diated with a 730 nm LED (1 W, Thorlabs) after each scan for five single 
scans in total. These scans were averaged to yield the Pr spectra. The 
scans were recorded at 20 ◦C. 

Quantum yields (QY) were determined by monitoring the induced 
absorption increase at 700 nm or decrease at 640 nm using a V-650 
spectrometer (Jasco) under constant illumination by the appropriate 
LED at a set temperature of 20 ◦C. The LED light was focused, recolli
mated and coupled into an optical fiber. The fiber was then positioned 
such that the light emerged from the light guide directly above the 
sample surface to ensure that the complete output of the fiber is 
collected within the sample. The light intensity entering the sample 
cuvette was measured using a calibrated light detector (P-9710, 
Gigahertz-Optik). The changes in absorption were measured every 2 s 
for 15 min. The probe light was determined to have negligible actinic 
effect in absence of the illumination. In the calculations, only the linear 
part of the absorption changes (typically first 200 s) was used, to avoid 
contributions of the photoproduct absorption. The calculations were 
performed as described previously [36], for details see Supporting 
Information. 

2.3. Vis-pump-Vis-probe transient absorption (TA) measurements 

The time-resolved TA measurements were recorded using a home- 
built pump-probe setup, as described in detail previously [36]. To 
summarize, the fundamental laser pulses (1 mJ, 775 nm, 130 fs, 1 kHz) 
provided by a Ti:Sapphire amplifier system (Clark, MXR-CPA-iSeries) 
were used to generate the pump pulses using a home-built two stage 
NOPA (noncollinear optical parametric amplifier) [37,38] with a prism 
compressor for pulse compression located between the two NOPA 
stages. White light continuum probe pulses (300–750 nm) were gener
ated by focusing the laser fundamental beam into a CaF2-crystal (5 mm). 
Afterwards, the probe pulses were split into probe and reference beam 
where the probe beam was focused at the sample position, collected and 
directed into a spectrograph while the reference beam was guided 
directly into a second spectrograph. The spectrographs (AMKO Multi
mode) contained gratings with 1200 grooves/mm blazed at 500 nm and 
a photodiode array with a detection range set to 490–710 nm. The in
strument response function (IRF) of ~70 fs in the experiments was 
estimated from the pump probe cross correlation and confirmed using an 
autocorrelator (APE, APE Pulse Check). All measurements were carried 
out under magic angle conditions (54.7◦ pump-probe polarization dif
ference) to eliminate anisotropic contributions. The sample (OD ~0.4 at 
640 nm) was held in a fused silica cuvette with an optical path length of 
1 mm. To avoid accumulation of photoproducts the cuvette was 
constantly moved in the plane perpendicular to the direction of probe 
pulse propagation while being constantly illuminated with a high-power 
LED at 730 nm recovering the Pr state during the measurement. 

2.4. Data analysis 

Data analysis was performed using OPTIMUS (http://www.optimu 

Fig. 1. Structural snapshot of the chromophore binding pocket of All2699g1 
(PDB ID: 6OZA) [27]. The phycocyanobilin (PCB) chromophore (cyan) interacts 
with the highly conserved amino acids D87 and H139 via the pyrrole water 
(partly obscured by the tyrosine side chain) forming a hydrogen bonding 
network. This network extends to H169 via another water molecule. Y142 
(orange) forms a hydrogen bond to D87 via its hydroxyl group. The black arrow 
indicates the isomerization direction. 
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sfit.org/) [39]. We performed model-independent lifetime distribution 
analysis (LDA) on all ultrafast transient absorption datasets. LDA utilizes 
a quasi-continuous set of 100 exponential functions with fixed lifetimes 
which are equally spaced on a log10 scale where the pre-exponential 
amplitudes are fitted to the data. By plotting these amplitudes in 
dependence on the detection wavelength in form of a contour plot the 
so-called lifetime density maps (LDM) are obtained [40]. LDMs are read 
similarly to decay-associated spectra (DAS) from global lifetime anal
ysis: positive amplitudes represent the decay of excited state and prod
uct absorption (ESA, PA) or rise of ground state bleach or stimulated 
emission (GSB and SE), while negative amplitudes represent the rise of 
absorption (ESA, PA) or the decay of GSB and SE. Another main 
advantage of LDA besides its independence from kinetic models is its 
ability to account for non-exponential kinetics. 

3. Results and discussion 

3.1. Photochemical properties of the tyrosine mutants 

The normalized absorption spectra of All2699g1 wildtype (WT) and 
both mutants show that the overall spectral shape and position of the Pr 
absorption remain mostly unaffected in WT and Y142F (λmax = 638 nm), 
while a red shift (9 nm) is observed for Y142W (λmax = 647 nm) 
(Fig. 2A). In terms of fluorescence, WT and Y142W exhibit similar in
tensities, while the emission is significantly increased in Y142F 
(Fig. 2B). In analogy to the absorption, the spectral position of the 
fluorescence maximum is similar for Y142F and WT and red shifted (~7 
nm) in Y142W. The CD-spectra of the Pr state show only minor differ
ences in the positive 350 nm band. Similar to the red shift found in the 
corresponding absorption spectrum, the negative CD band in the Y142W 
mutant is shifted to ~647 nm (Fig. 2C). Overall, these properties suggest 
that the chromophore geometry is not radically altered upon introduc
tion of the respective mutations in agreement with previous reports on 
related mutations in other phytochromes [33,34,41,42]. 

In contrast, we observe significant differences for the Pfr state, 
including reduced Pfr formation in both the Y142F and – most dramat
ically – the Y142W mutants as compared to the WT, and a spectral shift 

and broadening of the Pfr absorption band [31,34]. The photoconversion 
quantum yield (QY) of the Pr → Pfr reaction is diminished from ~10 % in 
the WT to 2.4 % in Y142F. It is even lower in the Y142W mutant, where 
we measured a QY of only 0.2 %. These values agree well with the 
relative amount of Pfr state obtained by constant illumination. The 
reduced product formation QY in Y142F, as compared to the WT, cor
relates with the increased fluorescence QY (by a factor of ~5) and is in 
agreement with observations for homologous mutants of other phyto
chromes [29,31–34]. Notably, despite the similar fluorescence intensity 
with the WT, the Y142W mutant exhibits an even lower photo
conversion QY, which implies a dominant role of non-radiative deacti
vation in the W-mutant. 

3.2. Ultrafast Pr* dynamics in the tyrosine mutants of All2699g1 

The critical role of the conserved tyrosine residue is documented by 
the direct impact of the mutations on the ultrafast excited state dy
namics. The TA data (Fig. 3) of all three samples show two signal con
tributions: a broad positive signal below 550 nm previously assigned 
[27] to excited state absorption (ESA) and a broad negative signal from 
575 nm to >700 nm corresponding to the ground state bleach (GSB) and 
stimulated emission (SE). Depending on the sample, these features decay 

Fig. 2. (A) Normalized stationary absorption spectra of the Pr state, the pho
tostationary state (PSS) and the Pfr state (top to bottom) of the All2699g1 WT 
[27], the Y142F, and the Y142W mutants. The pure Pfr spectrum was obtained 
by subtraction of a scaled Pr spectrum from the PSS spectrum, followed by 
multiplication with a factor to simulate complete photoconversion to the Pfr 
state. (B) Fluorescence spectra of the Pr state of WT (λfl,max = 666 nm), Y142F 
(λfl,max = 666 nm) and Y142W (λfl,max = 673 nm) after excitation at 638 nm, 
638 nm and 648 nm. (C) Normalized CD spectra of the Pr state of WT, Y142F 
and Y142W. 

Fig. 3. (Left) Transient absorption data of the forward (Pr → Pfr) dynamics of 
All2699g1 WT, Y142F, and Y142W phytochromes after excitation at 640 nm. 
(Right) Lifetime density maps (LDM) obtained from lifetime distribution anal
ysis of the transient absorption data. In analogy to interpreting decay-associated 
spectra [39,43], the positive (red) amplitudes account for the decay of excited 
state (ESA) and product absorption (PA) or rise of ground state bleach (GSB) 
and stimulated emission (SE). Negative amplitudes correspond to rise of ab
sorption (ESA, PA) or decay of GSB and SE. 
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on the 100 ps to 2 ns timescale. Only in the WT, a positive signal asso
ciated with the formation of the primary photoproduct Lumi-R is 
detected at later delay times between 650 and 710 nm [27]. Due to the 
low photoisomerization yields, the latter signal is not detectable in the 
mutants' datasets. 

The lifetime distribution analysis (LDA) of the experimental datasets 
from the investigated samples result in similar kinetic patterns (Fig. 3). 
The pairs of positive (675–710 nm) and negative amplitude (575–675 
nm) distributions at ~100 fs represent departure from the Franck- 
Condon region. The following lifetime distributions between 1 and 30 
ps reflect spectral shift dynamics at the overlap range of the steep edges 
of the ESA and GSB/SE bands (650–680 nm). The absence of positive- 
amplitude distributions in the spectral range of the main ESA band 
(525–560 nm) indicates that essentially no excited state decay occurs 
with lifetimes below 30 ps. Accordingly, we assign these distributions to 
dynamics on the excited state potential energy surface, mostly corre
lated to conformational dynamics of the chromophore and/or active-site 
relaxation [25,27–30]. In the WT and in Y142F, the negative-amplitude 
distribution (575–675 nm) with a lifetime of ~20 ps is resolved clearly. 
In Y142W, the corresponding lifetime distribution is also present, but it 
merges with the subsequent negative-amplitude distribution. 

The following pair of positive (500–550 nm) and negative amplitude 
(575–710 nm) distributions account for the decay of the excited state 
based on their spectral positions coinciding with the spectral signature of 
the ESA and GSB/SE. The distributed nature of this decay is associated 
with protein controlled dynamics within the binding pocket that deter
mine the excited state relaxation timescale [27,28,30]. The distributions 
appear significantly broadened in lifetime and their maxima vary between 
the mutants and the WT – 250 ps in WT, 1000 ps in Y142F, and 90 ps in 
Y142W. Notably, the relative distribution width (in lifetime) is 

significantly increased in Y142W, as indicated by the positive-amplitude 
distribution of the ESA decay at 500–550 nm. In the WT, the elongation 
of the negative amplitude distribution at wavelengths >650 nm accounts 
for the formation of the primary photoproduct Lumi-R. Also in the WT, the 
formed Lumi-R is represented by the positive (650–710 nm) and negative 
amplitude (500–650 nm) distributions at >1 ns. In Y142F, the lack of 
observable Lumi-R formation is due to the long excited state lifetime 
exceeding the time window of our measurement, while in Y142W the 
extremely low QY of 0.2 % can be directly correlated to the absence of 
Lumi-R absorption. 

3.3. The key role of the conserved tyrosine in the Pr dynamics 

Our results can be summarized in the following scheme (Fig. 4). 
Strikingly, the mutations of Y142 predominantly affect the lifetime 
distributions longer than 30 ps, i.e., those components associated with 
the distributed excited state decay. In contrast, the early sub-30 ps dy
namics, arising from conformational changes of the chromophore itself 
(see above), remain mostly unchanged. Note that slight changes in ring 
D torsion are not excluded by our model on this timescale. However, due 
to the limited mobility of ring D, motions in other parts of the chro
mophore contribute predominantly to the observed spectral shifts. These 
early chromophore dynamics initiate reorganization of the protein 
binding pocket which ultimately enables the isomerization by with
drawing the conserved tyrosine from the chromophore (Fig. 4A) [27]. 
Consequently, the results imply that the mutations do not drastically 
alter the chromophore conformation and properties in the Pr state which 
is in line with the similar spectral shape of the absorption, CD and 
fluorescence spectra of Y142F and Y142W. This interpretation is further 
supported by structural studies of similar mutants of other 

Fig. 4. Schematic representation of the mechanistic understanding derived for the primary Pr photodynamics of the All2699g1 WT (cyan), Y142F (green) and Y142W 
(yellow) mutants. (A) Photoisomerization mechanism of All2699g1 WT. Initially the isomerization is sterically blocked (red lines/arrow) by Y142. After reorga
nization of the protein matrix, the residue is withdrawn to allow the isomerization to proceed (green lines/arrow) on the hundreds of ps timescale depending on the 
mutant. (B) Different types and extents of stabilization of the primary photointermediate Lumi-R for All2699g1 WT, Y142F, and Y142W. While the WT stabilizes the 
isomerized ring D by both hydrogen bonding to the pyrrole nitrogen and steric interactions, in the Y142F mutant Lumi-R is only stabilized by steric interactions 
rationalizing the reduced QY. In Y142W, both steric and hydrogen bonding stabilization is mostly absent leading to a lack of stabilization and significantly reduced 
QY. (C) Schematic representation of the Pr photodynamics in the investigated mutants. 
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phytochromes [31,33,34]. 
Beyond 30 ps, the center position of the lifetime distributions 

describing the excited state decay varies significantly between the mu
tants and the WT. In Y142F, the excited state lifetime is extended 
considerably, explaining the observed high fluorescence QY. In contrast, 
in Y142W, the lifetime distribution describing the excited state decay 
shifts towards shorter lifetimes (90 ps). The distribution is also compa
rably broader, hinting towards a larger conformational space of the 
protein environment and a more flexible binding pocket. We hypothe
size that in the binding pocket of the mutant, the tryptophan, due to its 
steric demand, adopts a more distal position to the chromophore as 
compared to the smaller aromatic amino acid residues in the WT and 
Y142F. While this orientation does facilitate the access to the isomeri
zation conical intersection, as indicated by the reduced excited state 
lifetime, the tryptophan residue lacks the ability to stabilize the primary 
photoproduct Lumi-R. Effectively, this favors rapid relaxation to the Pr 
state over formation of the Lumi-R intermediate (Fig. 4B), and explains 
both the accelerated excited state relaxation and the diminished product 
QY. 

Interestingly, we do not observe a general trend for the QY in relation 
to the lifetime of the excited state. Our previous studies on All2699g1 
and All2699g1g2 WT [27,28] suggested that shorter excited state life
times translate to more efficient photoconversion. Similar observations 
were made in red/green CBCRs [22,24,44,45]. However, in the case of 
the tyrosine mutants the fastest reaction (Y142W) is in fact the most 
inefficient one. Evidently, a complex interplay of protein and chromo
phore dynamics is required to reach and stabilize the primary photo
intermediate, i.e., to ensure efficient photoconversion rather than just 
fast photochemistry. 

Considering the structural differences of tryptophan and phenylala
nine as compared to the native tyrosine, the significant reduction in 
Lumi-R, and consequently in Pfr formation, in both Y142F and Y142W, 
can be rationalized by the lack of the properly positioned hydroxyl 
group and its hydrogen bonding capabilities. In particular, the 
conserved tyrosine residue is crucially involved in stabilizing Lumi-R 
[31,46–48] and Pfr [2,42,49,50], either via direct hydrogen bonding 
to the D ring or through the corresponding hydrogen bonding network; 
interactions that are missing or strongly modified in the Y142F and 
Y142W mutants studied here (Fig. 4B). Recently, it has been suggested 
that the removal of the hydroxyl group alters the water content inside 
the binding pocket of bacteriophytochrome DrBphP, interrupting the 
hydrogen bonding network [33]. Such a disruption may further hinder 
or even prevent the proper opening of the steric gate. Note, however, 
that the presence of such water molecule in the Pr state of knotless 
phytochromes has not been confirmed [27,51,52]. 

While Y142F does lack the hydroxyl group of tyrosine, and thereby 
hydrogen bonds from this substituent, it is still very similar to tyrosine in 
terms of shape and steric demand, as illustrated by the crystal structures 
of the Y263F mutant of SynCph1 (PDB ID: 3ZQ5) [34] and DrBphP (PDB 
ID: 5NWN) [31,33] in their Pr state. However, the phenylalanine adopts 
a more proximal position to the D ring as compared to the WT tyrosine 
[33]. This more compact phenylalanine packing correlates with the 
increased lifetime in the context of our model requiring an extended 
time to be withdrawn from the chromophore. 

Traditionally, the multiphasic kinetics of the Pr state of long lived 
phytochromes have been described in a rather static manner relying on 
ground state heterogeneity [21–24]. Recently, Wang and co-workers 
challenged this picture by evoking active-site solvation [29]. We showed 
previously that ground state heterogeneity is neither the origin nor a 
dominant factor defining the kinetic pattern [27,28,30] we observe in 
multiple phytochromes [30]. Instead, our results offer a distinctly dynamic 
perspective where the reorganization of the protein matrix assumes con
trol on the timescale of the photoisomerization reaction. Note, photo
isomerization reactions especially in photoreceptors are inherently 
ultrafast (i.e. proceed on the sub-picosecond-to-picosecond timescale) 
[53–57], and in general hardly occur on the hundreds-of-picoseconds 

timescale. Phytochromes defy this general rule by dynamically adjusting 
the photoisomerization energetic barrier (Fig. 4). In effect, the protein 
scaffold can serve as an environmental sensor that regulates and fine-tunes 
the photoreception quantum efficiency [58–61]. 

4. Conclusion 

Overall, the considerable impact of the tyrosine mutations (Y142F 
and Y142W) on the ultrafast Pr dynamics emphasizes the direct role of 
this conserved amino acid residue. It is evident that the ultrafast dy
namics can be separated into two parts: i) an initial sub-30 ps confor
mational dynamics linked to the chromophore on the excited state and 
ii) a slower distributed excited state decay. The former process is unaf
fected, while the latter is significantly altered by the mutations. The 
presence of this pattern in multiple long-lived phytochromes (Pr excited 
state lifetime >100 ps) [19,27,28,30] and in the here reported mutants 
supports a common mechanism where the excited state-chromophore 
dynamics trigger changes in the protein environment in proximity of 
the chromophore necessary to accommodate the isomerization. The 
associated protein dynamics that effectively opens the steric gate 
(repositioning of the conserved tyrosine) in turn control the timescale of 
the photoisomerization reaction, thereby imposing a distributed kinetics 
character on it [27,28]. In this context, the position of the conserved 
tyrosine, the available space, the flexibility of the pocket, and the 
properties of the hydrogen bonding network can be identified as decisive 
factors for the progression and the resulting photochemical efficiency of 
phytochromes [25,28,29,33]. Consequently, our study highlights the 
existence of common structural and mechanistic patterns in the photo
activation of phytochromes, which can serve as a basis for rational 
design of optimized phytochromes for biotechnological applications. 
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ABSTRACT: The Hula-Twist (HT) photoreaction represents a fundamen-
tal photochemical pathway for bond isomerizations and is defined by the
coupled motion of a double bond and an adjacent single bond. This
photoreaction has been suggested as the defining motion for a plethora of
light-responsive chromophores such as retinal within opsins, coumaric acid
within photoactive yellow protein, or vitamin D precursors, and stilbenes in
solution. However, due to the fleeting character of HT photoproducts a
direct experimental observation of this coupled molecular motion was
severely hampered until recently. To solve this dilemma, the Dube group has
designed a molecular framework able to deliver unambiguous experimental
evidence of the HT photoreaction. Using sterically crowded atropisomeric
hemithioindigo (HTI) the HT photoproducts are rendered thermally stable and can be observed directly after their formation.
However, following the ultrafast excited state process of the HT photoreaction itself has not been achieved so far and thus crucial
information for an elementary understanding is still missing. In this work, we present the first ultrafast spectroscopy study of the HT
photoreaction in HTI and probe the competition between different excited state processes. Together with extensive excited state
calculations a detailed mechanistic picture is developed explaining the significant solvent effects on the HT photoreaction and
revealing the intricate interplay between productive isomerizations and unproductive twisted intramolecular charge transfer (TICT)
processes. With this study essential insights are thus gained into the mechanism of complex multibond rotations in the excited state,
which will be of primary importance for further developments in this field.

■ INTRODUCTION
In recent years, the class of hemithioindigo (HTI) photo-
switches has gathered attention based on a multitude of
favorable properties such as high thermal bistability, fatigue-
resistant switching, and light responsiveness in the visible
spectral region.1−6 These properties allow for various
applications in the fields of biological chemistry,7−10 supra-
molecular chemistry,11−14 and molecular machines.15

Apart from these applications, HTIs have also been used as
model systems to study light-induced reaction mecha-
nisms.4,16−19 Upon illumination, HTIs typically undergo
double bond isomerization (DBI) within a few fs to ps.
However, depending on the substitution pattern and solvent
polarity, the formation of twisted intramolecular charge
transfer (TICT) states associated with single bond twisting
(SBT) can be observed as an alternative deactivation channel
(Scheme 1).18,19

TICT formation can be induced by introducing a pretwist
into the single bond adjacent to the central double bond as
well as electron-donating substituents at the stilbene moiety.
The ratio of SBT via TICT vs DBI can then be controlled by
the polarity of the solvent, where high polarity favors the SBT/

TICT pathway nearly abolishing DBI and low polarity entirely
eliminates SBT/TICT favoring very efficient DBI.18

To evidence other possible photochemical bond rotations,
the Dube group developed the synthesis of double bond
substituted HTIs20 and sulfur oxidized HTIs (Scheme 1b).21

By combining these two substitution patterns, it was possible
to create derivatives containing a significantly pretwisted single
bond, which cannot rotate easily in the ground state because of
very strong steric hindrance. If this twisted stilbene fragment is
additionally rendered nonsymmetric by different ortho-
substituents such as in derivative 1 (Scheme 1 and Figure
1), atropisomers can be distinguished as diastereomers in these
structures. In total, four diastereomers can be isolated at
ambient temperatures for structures like 1 and three different
isomerization reactions are possible for each of them. The first
one is the long known DBI, the second is a full single bond
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rotation (SBR − note that this motion is different from the
SBT, as in the latter case no full rotation but rather a twist is
executed), and the third is a combined DBI and SBR process
also known as Hula-Twist (HT).22−24 With a molecular setup
similar to 1 it was possible to provide a first direct experimental
evidence for the HT isomerization and in addition
demonstrate significant influences of solvent polarity, viscosity,
and temperature on this photoreaction.17 Since then, the HT
photoreaction was applied in the construction of new
archetypes of molecular machines, such as photon-only driven
motors,25 or multistate photoswitch architectures that allow
high-state densities and extremely selective sequential switch-
ing processes.26 These examples already highlight the immense
potential of novel photoreactions for the construction of smart
and responsive molecular systems.
Despite the progress, conscious design and rational tailoring

of HT photoreactions are currently out of reach as no detailed

mechanistic understanding is available. Earlier attempts at
mechanism elucidation in e.g. stilbene23,27 and vitamin-D
precursors28,29 were hampered by the ambiguity of different
possible and overlapping photoreactions and no direct
evidence of the HT photoreaction itself.30−32 Similarly, HT
photoreactions are also disputed for biologically relevant
chromophores such as p-coumaric acid.33−35 The particular
HTI molecular setup allows direct study of the mechanism,
dynamics, and environmental influences of the HT photo-
reaction as well as the competition of HT with DBI and SBR
pathways. It thus represents an ideal molecular framework to
gain deep knowledge about an intricate and fundamental
photoreaction and its mechanism.
In this work, we present a combined ultrafast UV/vis

spectroscopic and quantum chemical investigation to elucidate
the contribution of HT and other photoreaction mechanisms
within a novel donor-substituted HTI photoswitch. We reveal

Scheme 1. Different Photoreactions Executed by the Hemithioindigo (HTI) Photoswitch: (a) Two Previously Evidenced
Photoreactions of HTIs, DBI (top) and SBT/TICT Formation; (b) Hula-Twist (HT) and SBR as Additional Photoreactions
That Can Be Evidenced for Sterically Hindered Sulfoxide HTI Derivativesa

aThe molecular structure of HTI 1 was used for elucidation of the excited state mechanism in the present study.

Figure 1. Structures of 1-A to 1-D and their thermal conversions. (a) Schematic representations of the four diastereomers of HTI 1 (only
enantiomers with (S)-configured sulfoxide stereo center are shown. Thermal conversions occur selectively as HT processes between 1-A and 1-D as
well as 1-B and 1-C. (b) Structures of 1-A to 1-D in the crystalline state.
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the overall photodynamics, identify competing excited state
pathways, and test for environmental influences on the
photoreactions. We further discuss whether HT and DBI
occur on separate pathways or branch from a common
pathway on the excited state surface.

■ EXPERIMENTAL SECTION
Sample Preparation. The investigated compound 1-A was

dissolved in the respective solvent and diluted appropriately. For
steady state and transient absorption measurements (1 mm cuvette)
optical densities (OD) of roughly 0.5 at 460 nm were used in
acetonitrile (MeCN) and benzene solution while in cyclohexane
(cHex) solution an OD of 0.3 was used due to limited solubility. For
the fluorescence measurements (1 cm cuvette) an OD of 0.1 at 460
nm was used.
Spectral Characterization. Absorption spectra were recorded on

a Specord S600 absorption spectrometer (Analytik Jena). Fluo-
rescence spectra were obtained on an FP 8500 fluorimeter (Jasco)
with excitation at 460 nm. The recorded fluorescence spectra were
corrected for reabsorption, background, nonlinearity of detector
sensitivity for different wavelengths, excitation intensity, and solvent
fluorescence.
Quantum Yield Determination. See Supporting Information

(SI) for details.
Transient Absorption (TA). Time-resolved transient absorption

(TA) measurements were performed using a home-built pump−
probe setup described previously in detail.36 In summary, ultrashort
laser pulses (1 mJ, 775 nm, 130 fs, 1 kHz) used for pump and probe
generation were provided by a Ti:Sa amplifier system (Clark, MXR-
CPA-iSeries). Pump pulses were generated using a home-built two
stage NOPA (noncollinear optical parametric amplifier). To obtain
short pulses a prism compressor was used and placed between the two
NOPA stages. To generate the probe pulses the laser fundamental was
focused into a continuously moving CaF2 crystal (5 mm). The probe
pulses were then split into probe and reference beam. The reference
beam was guided directly into a spectrograph (AMKO Multimode),
while the probe beam was focused at the sample position, collected,
and directed into a second spectrograph. The spectrographs contained
gratings with 600 grooves/mm blazed at 500 nm and a photodiode
array with a detection range of 360 to 720 nm. Anisotropic
contributions were eliminated by measuring under magic angle

conditions (54.7° pump−probe polarization difference). The experi-
ments were carried out in a fused silica cuvette with a 1 mm optical
path length, which was constantly moved in the plane perpendicular
to the pump pulses to avoid accumulation of photoproducts. In the
experiments conducted in this work, pump energies of 90 nJ/pulse
were used since higher energies induced multiphoton effects in
benzene, which led to mixed dynamics. For similar reasons the
excitation wavelength was not shifted further into the UV toward the
maximum of the observed absorption bands.
Data Analysis. Data analysis was performed using OPTIMUS

(www.optimusfit.org).37 We applied global target analysis (GTA)
using a sequential model (A → B → C → ···) to adequately fit the
data. Aside from the decay-associated spectra (DAS) routinely
obtained in global lifetime analysis, GTA yields the so-called
evolution-associated difference spectra (EADS), which contain
spectral information on the states present in the kinetic model.
Computational Details. All quantum chemical calculations were

performed using Gaussian 1638 unless mentioned otherwise. The
ground state structures were optimized with density functional theory
(DFT)39 using the CAM-B3LYP40 exchange-correlation (xc) func-
tional and def2-SVP basis set. Solvent effects were included through
the integral equation formalism (IEF) of the polarizable continuum
model (PCM).41 The dielectric and optical dielectric constants of all
studied solvents are listed in Table S3 in the SI. Linear-response time-
dependent DFT (TD-DFT)42 was employed for the calculation of
absorption spectra and excited states properties using the same xc-
functional/basis set combination. Excited state geometry optimiza-
tions of the first excited singlet state S1 were performed to investigate
the influence of solvent effects on the emission energy. The Z/E
isomerization is further studied by means of one-dimensional relaxed
scans along the isomerization coordinate represented by the marked
dihedral angle in Figure 5. In general, solvent effects were included in
excited state calculations by means of the linear-response (LR-) PCM
formalism, while single-point energies at specific equilibrium geo-
metries of the S0 and the S1 states, for example, were further
calculated using the state-specific (SS-) PCM formulation.
Further investigations of relaxation pathways involving S0/S1

conical intersections (CI) were performed using Q-Chem 5.2.43

Spin-flip DFT (SF-DFT)44 has been employed for optimizations of
the minimum energy crossing points (MECP) using the CAM-
B3LYP/def2-SVP xc-functional/basis set combination and the
conductor like polarizable continuum model (C-PCM). Thereby

Figure 2. Schematic representation of possible productive photochemical reaction pathways in HTI 1-A. (a) Schematic representation of the four
possible diastereomers (1-A to 1-D), where 1-A and 1-B are Z-isomers and 1-C and 1-D E-isomers. Isomer 1-A can be converted to 1-B via SBR,
to 1-C via DBI, or to 1-D via HT. (b) Quantum yields for the individual photoreactions of 1-A determined in solvents of different polarity
(cyclohexane (cHex), benzene and acetonitrile (MeCN)). Dashed arrows indicate quantum yields <0.01%. (c) Normalized absorption (left) and
fluorescence spectra (right) of isomer 1-A in different solvents. Fluorescence spectra were recorded after excitation at 460 nm.
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two CIs have been optimized along the previously determined
isomerization coordinate. Note that the Tamm−Dancoff approx-
imation (TDA)45 was applied.

■ RESULTS AND DISCUSSION
Synthesis of 1. The synthesis of 1 follows an established

protocol reported earlier.20 It starts from commercially
available thiosalicyclic acid (2) and α-bromo-ketone 3. After
a nucleophilic substitution reaction, the corresponding
thioether 4 is obtained in 98% yield. Base addition leads to
formation of the hydroxyl-HTI 5 in 97% yield. Chlorination
using thionyl chloride gives the chlorinated HTI 6
quantitatively, which was then cross-coupled with boronic
acid 7 to give double-bond substituted HTI 8. A final oxidation
of the sulfur to the corresponding sulfoxide yields HTI 1 again
in very good yield.
Properties of HTI 1. HTI 1 can assume four diasteromeric

states 1-A to 1-D (Figure 1a), which are thermally stable at
ambient conditions. Each of these can assume two
enantiomeric forms depending on the configuration at the
sulfoxide stereo center. For clarity we only show the
enantiomers with (S) configured sulfoxide, although racemic
mixtures were studied here.
All four diastereomers 1-A to 1-D were separated, and

crystals suitable for X-ray structural analysis were obtained for
enantiopure 1-A-(S) and 1-B-(S) as well as for racemic 1-C
and 1-D (Figure 1b), which allowed direct assignment of
spectra to a particular diastereomer.

Investigation of the thermal behavior revealed very selective
interconversions between isomers of HTI 1. At elevated
temperatures of 80 °C combined double and single bond
rotations (i.e., HT) occur as thermal isomerization reactions
interconverting only 1-A and 1-D or 1-B and 1-C. For each
interconverting pair the Z configured isomers are thermally the
most stable (i.e., 1-A and 1-B), but an appreciable amount of
the E configured isomers is present in thermal equilibrium in
both cases (for more details and quantitative numbers see the
Supporting Information).
Steady State Properties of 1-A. To understand the

photophysical properties of sterically restricted HTI 1, steady
state absorption and fluorescence spectra were measured as
well as the photoisomerization quantum yields of isomer 1-A
in different solvents (see Figure 2 and Supporting Informa-
tion). Isomer 1-A was chosen for this study, as it undergoes
pronounced HT photoreactions upon irradiation, the relative
propensity of which can be modulated strongly by solvent
polarity. Thus, the process of HT can be studied most
conveniently for this isomer without the need to resort to low
temperature experiments.
In cHex, isomer 1-A exhibits its main absorption peak at 433

nm, which is slightly red-shifted and broadened in more polar
solvents. The bathochromic shift in benzene amounts to 13 nm
while in more polar solvents like CH2Cl2, DMSO, or MeCN
no further red-shifting but instead broadening is observed,
indicating only a small influence of the polarity on the S0 →S1
gap. In contrast, the fluorescence is significantly more solvent
dependent (see Figure 2c and the Supporting Information for

Figure 3. Ultrafast excited state dynamics of 1-A after excitation at 460 nm in cHex (a,b,c), benzene (d,e,f), and MeCN (g,h,i). (a,d,g) Transient
absorption spectra of 1-A. Red indicates positive signals of ESA and product absorption (PA), while negative signals can be assigned to leftover
contributions of a coherent artifact. (b,e,h) Decay-associated spectra (DAS) and (c,f,i) evolution-associated difference spectra (EADS) obtained
from the respective global target analysis of (a,d,g). Note that the first sub-100 fs lifetime was omitted in all data sets due to limited time resolution
caused by a complex and strong coherent artifact.
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further details). In cHex, the fluorescence maximum is located
at 550 nm showing a large Stokes shift of ∼120 nm. With
increasing solvent polarity, the fluorescence undergoes a large
bathochromic shift of >100 nm in benzene and >200 nm in
CH2Cl2 before disappearing completely in the very polar
MeCN. In DMSO, a possible dual fluorescence could be
present. This behavior is similar to other amine-donor
substituted and twisted HTIs where the fluorescence is
believed to be quenched by a strongly stabilized conical
intersection of a TICT state with the ground state in polar
environments.19

Upon illumination with blue light, photoconversion of
isomer 1-A to the two E-isomers 1-C and 1-D and the Z-
isomer 1-B are observed by NMR spectroscopy in apolar
solvents. Using UV/vis spectroscopy, no distinction between
the two atropisomers of either E or Z configuration is possible
because of their very similar spectra and only the sum amount
of formed E-isomer can be estimated. Productive photo-
isomerization of 1-A decreases with increasing polarity of the
solvent and is completely abolished in MeCN. Precise
determination of the photoreaction quantum yields with
NMR spectroscopy revealed more details on the influence of
solvent polarity on the individual reaction pathways, as all
isomers 1-A to 1-D can be distinguished with this method. In
cHex, DBI is the most pronounced pathway with a 47%
quantum yield while SBR and HT are less pronounced with 4%
and 2%, respectively. However, already in the slightly more
polar benzene the DBI quantum yield is reduced to only 5%,
while the SBR vanishes almost completely. Interestingly, the
proposed HT pathway is significantly less affected by the
solvent change, which leads to a situation in which DBI and
HT possess similar quantum yields. A further increase of
polarity to CD2Cl2/CH2Cl2 or MeCN abolishes any form of
photoproduct formation while also fluorescence is quenched
entirely. Similar solvent polarity dependencies of the product
formation quantum yield have been observed in other HTIs,
especially in pretwisted systems.18,19

Ultrafast Dynamics of 1-A. To obtain a dynamic picture
of the excited state behavior of 1-A, we performed ultrafast
transient absorption measurements in cHex, benzene, and
MeCN solutions (Figure 3). In all measurements, only positive
signals are observed, which can be assigned to excited state
absorption (ESA). The small negative signals at times <100 fs
in all solvents can be assigned to a coherent artifact, which
could not be removed completely. Surprisingly, no ground
state bleach (GSB) or stimulated emission (SE) signals were
observed, which are most likely overcompensated by the strong
ESA signals. The ESA signals in cHex and benzene persist until
the end of the time range of our experiments showing a very
long-lived excited state (Figure 3a,d), while in MeCN the
excited state is shorter lived decaying completely within 30 ps
(Figure 3g). The short lifetime in MeCN is in good agreement
with the drastically reduced fluorescence observed in the
stationary experiments.
We performed global target analysis applying a sequential

model to uncover further details of the excited state dynamics
(Figure 3 b,c,e,f,h,i). In cHex, the first lifetime component at
4.2 ps shows an overall decrease of the ESA (Figure 3b). This
could be assigned to an initial decay of the excited state or
alternatively to solvent reorganization. A similar low ps lifetime
can be observed in both benzene and MeCN with 3.8 and 0.9
ps, respectively, but with different spectral signatures, which is
most likely due to the different electrostatic properties of the

three solvents. Considering the presence of such a component
in all three solvents this lifetime is most likely due to solvent
reorganization. The necessity of solvent reorganization
occurring on the excited state surface is based on the
considerable difference in polarity of 1-A between ground
and excited state. This becomes evident by the different
shifting behavior of absorption and fluorescence upon
changing the solvent polarity.
At later times, a second lifetime component of 120 and 34

ps, respectively, can be observed in both cHex and benzene
showing a positive amplitude in the DAS < 420 nm and >450
nm indicating a decay or change in extinction coefficient of the
ESA and potentially a ground state recovery. Due to significant
overlap of the strong ESA signal, the ground state absorption
of isomer 1-A, and the photoproducts, it is challenging to
assign photoproduct formation to this step. If this process was
related to ESA decay, a prior excited state branching would be
required yielding a second excited state population with the
same absorption profile, which is quite unlikely. Note,
additionally, that the small amplitude compared to the
following main excited state decay indicates that this cannot
be the main productive channel for the Z/E isomerization. In
such case, a significantly larger amplitude would be expected in
cHex compared to the amplitude of the main excited state
decay because of the high DBI quantum yield in this solvent.
Hence, it is more plausible that this process is related to
relaxation in the excited state or further solvent reorganization
modulating the extinction of the excited state and in turn the
amplitude of the ESA.
The excited state then decays on a much longer time scale

where the decay occurs later in benzene than in cHex as readily
observable by the higher amplitude of the ESA at long delay
times. Consequently, the kinetic analysis yields lifetimes of 3.0
ns in cHex and ∼4.6 ns in benzene. In contrast, in the polar
MeCN an overall excited state lifetime of only 18 ps was
observed. Thus, there is an interesting behavior established for
the overall excited state lifetime maximum, when changing the
polarity of the solvent. First, the excited state lifetime increases
upon increasing the polarity from cHex to benzene, but when
moving to the very polar MeCN the lifetime is shortened
significantly (Figure 3g,h,i). This contrasts the behavior in
many photoswitches and most HTIs, where only a continuous
trend is seen when increasing solvent polarity.
Such discontinuity typically signifies a change of mechanism

and a change of photoreactive pathways (for a related
discontinuity of the excited state mechanism in response to
systematic substituent changes, see ref 5). In twisted HTIs
bearing strong donor groups, a similar maximum behavior in
terms of excited state lifetimes as well as a significant decrease
in photoisomerization quantum yield in response to increasing
solvent polarity is observed. This behavior could be associated
with a second deexcitation pathway via a TICT state, which
competes with the DBI pathway starting from an initial excited
state S1,min.

18,19 In another study, planar HTIs were reported to
show a continued increase in excited state lifetime and
fluorescence intensity with increasing solvent polarity. In that
case, the barrier in the excited state increased due to
stabilization of the prior polar S1 minimum (S1,min) but
TICT formation was not observed due to a lack of pretwisting
in the ground state.46 For HTI 1-A, we observe a behavior
more similar to twisted HTIs with the excited state lifetime
first increasing, then decreasing with rising solvent polarity.
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Apart from the different excited state lifetimes, the overall
dynamics are similar in all three solvents with different degrees
of solvent reorganization followed by excited state decay.
Additionally, throughout all measurements the spectral shape
of the ESA itself remains rather similar despite the significant
change in excited state lifetime and product ratios. This
behavior rules out the occurrence of completely separate
reaction pathways for the individual reaction processes like
SBR or DBI. In such a case, a significant difference in the shape
of the ESA would have been expected for HTI 1-A in benzene
and cHex based on the significant reduction in population of
the DBI pathway. Therefore, it seems that all photoproducts
are generated on a shared pathway, or the distinctions can only
be observed on the ns-time scale outside our measurement
window. This contrasts with other HTIs where a clear spectral
separation into a TICT/SBT pathway and a DBI pathway is
observed.18,19

Based on these findings a preliminary model can be
constructed. With the long-lived excited state in benzene and
cHex, a significant barrier is expected on the excited state
surface for productive photoreactions, which increases at first
with rising polarity. This is in good agreement with the
observed red shift in the fluorescence, indicating that the S1,min
state, formed after excitation and before passing the barrier, is
likely stabilized in polar conditions similar to a previously
proposed model.46 To accommodate for the decrease in
lifetime and quantum yield, an additional pathway draining the
S1,min population has to be present at higher polarity of the
solvent. We can further characterize this pathway based on the
observation that the spectral shape of the ESA is only weakly
solvent dependent and does not change significantly during the
photoreaction. Therefore, the additional pathway must
originate from the same S1,min. Otherwise, a different state
with identical ESA features generated by excited state
branching would have to be present, which is unlikely. To
further support and refine our model, we performed ground
and excited state quantum chemical calculations to identify the
specific reactive pathways.
Quantum Chemical Calculations. In a first step, we

calculated the S0 → S1 vertical excitation energies of 1-A at its
ground state equilibrium geometries (Table 1). All energeti-
cally higher excited states do not play a role in the investigated
isomerization mechanism. Within the expected accuracy of our
calculations, the results agree well with the experimental
absorption bands and show only a small dependence on the
solvent polarity. The natural transition orbitals (NTO)

calculated without a solvation model are shown in Figure 4,
and the static dipole moments of S1 are listed in Table 1, which
allow for a judgment of the charge transfer (CT) character of
the S1 state. Indeed, S1 possesses CT character: electron
density is transferred from the stilbene fragment to the
thioindigo fragment. Furthermore, S1 can be identified as a
TICT state, which is already present at the Franck−Condon
(FC) geometry, due to the strong pretwisting of 1-A. In
contrast, previous calculations on unsubstituted HTI identified
S1 to be of ππ* character,4,46,47 while the corresponding TICT
state is reached via a competing relaxation channel that renders
the DBI less productive.18

This difference in excited state character is a consequence of
the electron-donating substituents on the stilbene fragment
and the oxidation of the sulfur on the thioindigo part, which
increases the electron-donating and -accepting capabilities of
the stilbene and thioindigo fragments, respectively. Altogether,
this stabilizes the CT state as S1, and thus isomer 1-A is
initially excited into S1, which has strongly pronounced CT
character.
In a next step, the equilibrium geometry of the S1 state has

been optimized starting at the FC geometry, i.e., the
equilibrium geometry of the ground state. However, the
structure of 1-A changes only slightly during this geometry
optimization. Therefore, the experimentally observed strong
Stokes shift in polar solvents is most likely dominated by the
CT and the subsequent relaxation of the surrounding solvent
molecules rather than by exhaustive structural relaxation of 1-A
itself. The corresponding calculated emission energies from the
S1 minimum are listed in Table 1. In contrast to the absorption
energies, the fluorescence energies show a strong dependence
on the solvent polarity: the S1 emission energies decrease
strongly with increasing solvent polarity. This is a consequence
of the strong stabilization of the polar S1 CT state in polar
environments, which reproduces the experimentally observed
red shift of the fluorescence qualitatively. Only state-specific
(SS) PCM is capable of correctly reproducing this trend, while
LR-PCM only yields a minor red shift below 0.1 eV comparing
cHex and MeCN, since SS-PCM is able to capture the strong
response of the solvent to the CT excitation. Therefore, the
stabilization of the polar S1 state is much stronger with SS-
PCM than with LR-PCM.48 However, these results emphasize
the importance of performing additional SS-PCM single point
calculations to improve the description of the CT S1 state.
A first preliminary explanation for the reduced excited state

lifetime in polar environments can already be given: due to the
increasing difference between the S1 energies at the FC
geometry and the S1 equilibrium geometry, E1,S0,min − E1,S1,min,
more excess energy is available in polar solvents once the S1
equilibrium structure is reached. In other words, the S1 state is
more strongly vibrationally excited, i.e., simply hotter.
Simultaneously, the S0 and S1 states approach each other in
the S1,min region strongly hinting at a spatially close-by conical
intersection, which should become more accessible in polar
solvents due to the significantly higher excess energy. This
generally leads to an acceleration of the radiation-less
relaxation with increasing solvent polarity.
To further investigate the Z/E-isomerization of 1-A, the

energetically most favorable isomerization pathway starting
from the S1 Z-minimum has been calculated using LR-PCM for
one apolar solvent, i.e., benzene, and one polar solvent, i.e.,
MeCN. Therefore, relaxed scans along the central dihedral
angle of 1-A have been computed by fixing the angle to a

Table 1. Excitation Energy ω and Dipole Moment μ for the
Excited S1 State Computed at the Ground State (S0,min; the
FC Geometry) and S1 (S1,min) Equilibrium Geometries at
TD-DFT/CAM-B3LYP/def2-SVP/SS-PCM Level of
Theorya

S0,min/FC
geometry S1,min geometry Excess energy

ω1 [eV] μ1 [D] ω1 [eV] μ1 [D] E1,S0,min − E1,S1,min [eV]

gas phase 3.36 12.9 2.60 15.9 0.33
cHex 2.55 20.5 1.96 18.9 0.20
benzene 2.44 20.9 1.86 19.3 0.20
MeCN 2.57 20.5 0.52 23.4 1.32

aAdditionally, the difference in the absolute energies of the S1 state at
S0,min and S1,min configuration, the excess energy, is given.
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constant value between 190° and 0° and allowing all other
nuclear coordinates to relax freely. The one-dimensional PES
cuts are shown in Figure 5. In Figure 5a and b, the S1 state is
relaxed; i.e., a S1 minimum energy path is depicted along with
the corresponding ground state energies. In Figure 5c and d,
the S0 state is structurally relaxed, these curves thus display a
thermal isomerization path in the ground state. Hence, the
pathways in Figure 5a,b and Figure 5c,d describe generally
different isomerization pathways with different ground state
energies. Analysis of the nuclear motions along these relaxed
scans reveals an HT isomerization mechanism; i.e., HT is
energetically more favorable than the exclusive DBI for the Z/
E-isomerization, in both the ground and excited state. The
sterically demanding substituents hinder Z/E-isomerization via
DBI, since the methyl group on the stilbene fragment is
clamped between the two oxygens of the thioindigo fragment,

which immediately leads to a corotation of the phenyl ring
when rotating around the central double bond.
The relaxed scans in the S1 state (Figure 5a and b) feature

similar shapes in MeCN and benzene: starting from the S1
minimum of the Z-isomer 1-A on the left, an isomerization
barrier must be passed, which depends on the solvent polarity.
The barrier height in benzene is 0.45 eV, while in MeCN a
smaller barrier of 0.25 eV is found when the LR-PCM
formalism is applied. However, the barrier heights drastically
increase to 0.94 and 1.54 eV in benzene and MeCN,
respectively, if the more reliable SS-PCM is applied, i.e., the
barrier now grows with increasing solvent polarity, which
agrees well with the experimentally observed decreasing
quantum yield in more polar solvents. The increasing barrier
height can be explained by means of the stabilization of the
polar S1 state: the S1 minimum is more strongly stabilized than

Figure 4. Highest occupied (left) and lowest unoccupied (right) NTO for S1 of 1-A in the gas phase with an isovalue of 0.035.

Figure 5. Relaxed one-dimensional scans of the PES of 1-A leading to 1-D along the dihedral angle θ (marked red in the inset). In the upper row
(a,b), the S1 relaxed scans are shown, while in the lower row (c,d) the relaxation has been calculated in the electronic ground state. Note that these
correspond to two different reaction coordinates although the same dihedral angle θ has been scanned, therefore the ground state energies differ in
the upper and lower panels. For the scans in the left column (a,c) a PCM for benzene has been employed, while for the right column (b,d) one for
MeCN has been used.
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the maximum of the barrier, as indicated by the lower dipole
moments of 11.6 and 13.5 D in benzene and MeCN,
respectively. Recalling the previously discussed excess energies
of 0.20 eV in benzene and 1.32 eV in MeCN, the energy in
both solvents is insufficient to cross the isomerization barrier
easily. However, in MeCN only 0.22 eV is missing making it
more likely to pass the barrier, while in benzene most of the
population is trapped in the S1 minimum.
At dihedral angles θ = 120° and 100° in MeCN and

benzene, respectively, an S0/S1 conical intersection is passed,
which leads to the observed discontinuities in the one-
dimensional cut through the PES. By inspection of the state
dipole moments, it becomes evident that S0 and S1 have
interchanged, i.e., in the central parts of the scans at dihedral
angles θ between 50° and 120° in MeCN and 30° and 100° in
benzene, the initially excited CT state has become the ground
state. In other words, in this region of the PES, the ground
state can be assigned as the TICT state. Thus, the seeming
discontinuities arise from the change of the optimized state
and the resulting structural modifications. In particular, the
carbonyl oxygen can now pass a methyl group of the tert-butyl
group due to the constrained dihedral angle. Together, the
sudden concomitant changes of electronic and geometric
structure of S1 explain the discontinuity of the energy in the
one-dimensional representation of Figure 5a and b. Note that
the second discontinuity at lower dihedral angles can be
explained similarly. In the central part of the relaxed scans
between the two discontinuities in Figure 5b, it is suggestive
that a stable ground state TICT equilibrium structure should
exist in MeCN. However, this is not the case, since
unconstrained ground-state geometry optimizations starting
at these structures have always led back to the minima of the
apolar ground state. On the contrary, the S1 state, which is the
non-CT state in this PES region, possesses an excited-state
equilibrium structure at a dihedral angle of 97° in MeCN and
98° in benzene.
Overall, S0 and S1 possess a similar shape in the central part

of the relaxed S1 scan and are energetically separated by only a
small energy gap. This suggests that an S0/S1 CI may be
spatially close. Therefore, we validated the TD-DFT results by
recalculating the relaxed scans with SF-DFT (Figure S56 in the
SI), which can generally better cope with such multiconfigura-
tional situations. Indeed, SF-DFT reproduces the TD-DFT
results qualitatively. In addition, a minimum-energy crossing
point (MECP) optimization has been performed starting at the
optimized non-CT S1 minimum between the discontinuities in
the central part of the PES cuts at the SF-DFT level to locate
and investigate the CI. In both solvents, a CI could be
identified with a dihedral angle of 103° lying structurally close
to the isomerization coordinate. Due to almost degeneracy of
S0 and S1 between the two discontinuities visible in Figure 5a
and b, relaxation back to the electronic ground state can in
principle occur at any point in this region. The molecular
motion between the two discontinuities can be understood as a
motion within the 3N-8 dimensional branching space of one
CI. Since the E-isomer is formed when the excited molecules
reach this CI and relax back to the ground state, this CI will be
termed “productive” CI (CIP) in the following. The
productivity of this CI, however, also depends on whether
the Z to E isomerization is completed in the ground state once
the excited molecules reach it through the CI. This information
is provided by the relaxed scans performed in the ground state.
As can be seen from Figure 5c and d, the excited molecules

must return to S0 after the ground state barrier for the Z to E
isomerization to be completed, i.e., at dihedral angles θ smaller
than 80°, since they otherwise revert to the Z-isomer. Because
in MeCN the CI is reached at an angle of 120°, while in
benzene the CI is shifted toward a smaller angle of 100°, the
excited molecules can relax back to the ground state earlier in
more polar solvents. As a result, less molecules will isomerize
to the E form in MeCN than in benzene once the productive
CIP is reached.
Due to the very fast unproductive relaxation in MeCN, a

second unproductive CI is very likely to be present, possibly in
the vicinity of the S1 Z-minimum geometry. Another MECP
optimization starting at the S1,min geometry did indeed reveal
the presence of an additional CI, which lies energetically 0.35
and 0.5 eV above the S1 Z-minimum in benzene and MeCN,
respectively when the LR-PCM formalism is used. This
represents an unproductive, immediate relaxation channel
back to the S0 Z-minimum, a so-called quenching CI (CIQ).
Since the energy difference between the CI and the S1
minimum depends strongly on the stabilization of the latter
by the solvent and LR-PCM is known to underestimate the
latter, the energy difference computed by LR-PCM is certainly
too small. A more reliable SS-PCM calculation is unfortunately
not possible at the CI due to the degeneracy of the relevant
states. Considering the excess energies of 0.20 and 1.32 eV and
barrier heights larger than 0.35 and 0.5 eV in benzene and
MeCN, respectively, this unproductive channel is energetically
accessible only in polar environments.
Finally, we are now able to discuss the availability of the two

competing relaxation channels involving either the productive
or the quenching CI. The key quantity to consider is the excess
energy, that is the energy available in the S1 state for the
molecules to perform reactions. In MeCN, the HTI molecules
gain 1.32 eV of excess energy when relaxing from the Franck−
Condon geometry to the S1 Z-minimum, while in benzene they
gain only as little as 0.2 eV. In MeCN, this energy is only
sufficient to reach the quenching CIQ at about 0.5 eV, which
brings most of the excited state population back to the ground
state, while the productive CIP is unavailable due to a high
isomerization barrier of 1.54 eV. Therefore, most of the excited
state population should immediately relax through the
quenching CIQ. This is in line with the experimentally
observed fast unproductive relaxation in MeCN. Furthermore,
the productive CIP is shifted toward more unfavorable dihedral
angles in polar solvents, decreasing the probability of product
formation in MeCN. Overall, the calculations show that in
MeCN most of the excited state population is drained through
a quenching channel, while product formation is barely
possible.
Moving on to benzene, the excess energy is significantly

reduced, preventing efficient relaxation through either of the
CIs, independent of the chosen solvation model. Most of the
population is thus trapped in the S1 Z-minimum resulting in a
significantly extended excited state lifetime. Since the barrier of
0.35 eV toward the quenching CIQ only represents a lower
boundary of the true barrier, it is not possible to identify a
main decay channel in benzene solely from the quantum
chemical calculations. However, according to the low
combined quantum yield of ∼10%, the quenching CIQ should
be at least as accessible as the productive CIP. Overall, most of
the excited state population relaxes back to the ground state
without isomerization, while those few molecules that
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eventually arrive at the productive CIP most likely isomerize to
the E-isomer.
Model of HTI Photodynamics. Overall, the findings of

our quantum chemical calculations reproduce and explain the
experimental data very well and allow us to construct a concise
model for the ultrafast dynamics of the investigated sterically
restricted HTI 1-A (Figure 6). Following the excitation to the

FC-region, the system relaxes quickly into the S1,min. In
contrast to the ground state S0, the S1 exhibits significant CT
character. This is reflected by the solvent dependent
stabilization of S1,min as evident by the strong red shift of the
fluorescence with increasing polarity and supported by the
calculated energies (Table 1). Due to the drastic change of the
dipole moment between the S0 and S1, the solvent molecules
reorganize on the few ps time scale causing shifts or small
changes in the ESA intensity.
From the S1,min a barrier has to be overcome in all solvents to

reach the CIs with the S0 ground state based on the lifetimes in
the range of tens to thousands of ps. The height of this barrier
depends on the stabilization of the S1,min and the respective CI.
Two CIs, a productive CIP following a HT pathway and a
quenching CIQ exhibiting only small geometric changes with
respect to the S1,min structure, determine the relaxation of the
excited state population to the ground state. The accessibility
of these CIs depends predominantly on the excess energy
generated by relaxation from the FC-region and the barrier
height to the CI.
In the case of the polar solvent MeCN, it can be concluded

that the excess energy exceeds the barrier toward the

quenching CIQ in the excited state to explain the observed
short excited state lifetime despite the uncertainty of the
calculated barrier height. On the other hand, the high
isomerization barrier prevents relaxation through the produc-
tive CIP. In combination with the lower probability of product
formation at the productive CIP, this explains the vanishingly
small quantum yields in MeCN.
In the apolar benzene, the excess energy is insufficient to

immediately cross the barriers leading to vibrational cooling
and the population being trapped in the S1 minimum. This is
in good agreement with the increased fluorescence intensities
and excited state lifetimes observed in the TA. The excited
state population is then drained through both the productive
CIP and quenching CIQ where the ratio approximately
correlates to the ratio of the barrier heights. Therefore, it is
expected that the majority of the excited molecules undergo
unproductive relaxation. However, those molecules accessing
the productive CIP most likely undergo efficient isomerization
due to the more favorable location of the CIP in apolar solvents
reasonably explaining the observed low quantum yields. The
finding that we do not observe distinct excited state
populations that evolve separately indicates that the formation
of photoproducts probably occurs on a shared pathway
through the productive CIP instead of distinct pathways with
individual CIs as observed for other HTIs previously.18,19 If
one would assign the observed small excited state decay within
tens to hundreds of ps to a distinct productive pathway, it
would be expected that its ratio with the main decay correlates
with the quantum yield if the solvent polarity is changed. A
shared pathway seems plausible, due to the fact that the S1,min
geometry already has significant resemblance and similar
properties to a TICT state, which is typically the alternative
relaxation pathway besides DBI.
It is likely that from the geometry of the productive CIP

relaxation via DBI or SBR is also possible instead of only
forming the HT product. The distribution between these
processes strongly depends on the exact landscape of the CIP,
which as we show in our calculations is strongly modified by
the solvent polarity. The calculation of the direct SBR and DBI
was not possible here, as the forced change of the appropriate
coordinates would result in immediate steric clashes within the
molecule due to significant steric constraints. Nevertheless, we
were able to explain the different excited state lifetimes and
investigated the quenching CIQ, which should represent a
competing relaxation channel for all three isomerization
pathways.

■ CONCLUSION
In summary, our work provides first insights into the excited
state dynamics and HT mechanism of a sterically restricted
HTI by using a combination of ultrafast spectroscopy and
quantum chemical calculations. We show that the HT
photoreaction is a concerted process in which the central
double bond and the adjacent single bond rotate concom-
itantly in the excited state to form the HT photoproduct. Due
to large steric constraints and the presence of a strong electron-
donating anilin fragment, the excited state lifetimes are
extended and very sensitive to changes in solvent polarity.
We assign this sensitivity to the strong CT character of the first
excited state, which leads to significant modifications of the
barrier height, excess energy in the excited state, and the
resulting availability of alternative relaxation pathways. In
contrast to other HTIs, we do not observe an obvious splitting

Figure 6. Schematic PES for the HTI 1-A photoisomerization in
benzene (black) and MeCN (red). Upon excitation to the FC-region
(located at similar energies in both solvents) the excess energy in
benzene is not sufficient to pass the barriers to the quenching CI
(CIQ) or productive CI (CIP) immediately, trapping the molecule in
the S1,min. In MeCN, the excess energy is strongly increased due to the
greater stabilization of S1,min with respect to S1,FC, allowing fast
relaxation through the accessible CIQ. As the barrier to the CIP
possesses a lower dipole moment, it is less stabilized by MeCN and
cannot be passed from the strongly stabilized S1,min. In benzene, both
CIs are accessible but only after passing significant barriers of similar
height, which leads to the observed long excited state lifetime.
Eventually, both CIs may be accessed, and photoproduct can be
formed through the CIP in contrast to MeCN and in agreement with
the experimental quantum yields.
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into different photoreaction pathways like DBI and TICT
formation, as there is only one major excited state decay. This
behavior is consistent throughout all three investigated
solvents of different polarity even though the product yields
and ratios change significantly. Therefore, we propose that in
strongly constrained HTIs the product formation occurs on a
shared pathway and splits into the individual product pathways
from the same CI. The variation in solvent polarity might be
enough to shift the PES landscape around the productive CI
and modify the product ratios accordingly as evident by the
solvent dependent shift of the productive CI in the theoretical
description. The gained detailed insights thus lay the
foundation for an atomistic understanding of the HT
photoreaction and will aid future design and control of
complex light-powered bond rotations in a fully conscious
manner.
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