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Zusammentassung

Eine Vielzahl an grundlegenden Fragestellungen im Bereich der modernen Lebens-
wissenschaften befasst sich mit der biochemischen Regulation in Organismen. Die
Aufklarung dieser hochkomplexen Prozesse dient nicht nur dem besseren Verstandnis
der Prinzipien lebender Materie, sondern vor allem auch der Pravention, Diagnostik und
Therapie im medizinischen Kontext. Vielerlei Krankheiten sind auf eine Fehlfunktion
des Stoffwechsels zuriickzufiihren, die konventionell durch Verabreichung verschiede-
ner Medikamente therapiert werden. Dieser Ansatz hat jedoch nicht selten zur Folge,
dass der Organismus tiber die lokal beeintrachtigte Stelle hinaus mit Nebenwirkungen
zu kdmpfen hat. In diesem Zusammenhang ist eine zeitlich prézise, lokal beschrénkte
und minimal invasive Behandlungsmethode eine wiinschenswerte Erganzung. Diese
Kriterien sollen mit dem Konzept der optischen Kontrolle realisiert werden. Mithilfe
moderner Laser- und Bildgebungstechnologie kann je nach eingesetzter Wellenldnge
im sogenannten phototherapeutischen Fenster eine optische Eindringtiefe von Mikro-
metern bis hin zu einigen Millimetern in biologischem Gewebe erreicht werden. Die
hierbei eingesetzte Strahlung erzielt ihre maximale Wirkung im Bereich des Fokalvo-
lumens, welches vor allem im Nahinfraroten Spektralbereich auf wenige Femtoliter
reduziert werden kann. Eine noch bessere Genauigkeit kann unter Berticksichtigung von
Mehrphotonen-Effekten wie zum Beispiel der Zwei-Photonen Absorption (2PA, engl.
two-photon absorption), die sich auf den Bereich der hochsten Photonendichte beschrankt,
erreicht werden. Zusammen mit der flexiblen Anpassung von Laserpuls-Sequenzen kon-
nen hierbei nicht nur hoch-lokalisierte sondern auch zeitlich abgestimmte Aktivierung-

oder Deaktivierungsszenarien realisiert werden.

Die vorliegende Arbeit befasst sich mit verschiedenen Strategien zur Implementie-
rung von optischer Kontrolle in biochemisch relevanten Systemen. Auf systemischer
Ebene wurde einerseits die Licht-getriebene Natriumpumpe Krokinobacter Eikastus Rho-
dopsin 2 (KR2) vor dem Hintergrund optogenetischer Anwendungen untersucht, und
andererseits die Optimierung der wichtigsten photochemischen Parameter von pho-
tolabilen Schutzgruppen (PPG, engl. photolabile protecting group) angestrebt. Von der
technisch-photophysikalischen Seite wurde ein weiterer Fokus auf den Aktivierungs-

und Deaktivierungsschritt gelegt. Hierbei wurden vor allem Mehrphotonen-Prozesse
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Zusammenfassung

betrachtet, die entweder durch simultane Absorption zweier Photonen zu einer spezifi-
schen hoch-energetischen Anregung fiihren, oder durch sequentielle Absorption eine
sukzessive Aktivierung und Deaktivierung eines Systems bewerkstelligen konnen.

Die in dieser Arbeit gesetzten Fragestellungen wurden im Rahmen der DFG finanzier-
ten Graduiertenschule CLiC bearbeitet. Die Optimierung verschiedener PPGs wurde
in enger Kollaboration mit dem Arbeitskreis von Prof. Dr. Alexander Heckel (Design
und Synthese, Goethe Universitdt) und dem Arbeitskreis von Prof. Dr. Irene Burghardt
(Computergestiitzte Photochemie, Goethe Universitit) betrieben. Die Untersuchung mi-
krobieller Rhodopsine - hier KR2 - fuf$t auf einer lang anhaltenden Kollaboration mit dem
Arbeitskreis von Prof. Dr. Clemens Glaubitz (NMR-Spektroskopie, Proteinbiochemie,
Goethe Universitat), der Nachwuchsgruppe von Prof. Dr. Igor Schapiro (Computerge-
stiitzte Photochemie, Hebrew University of Jerusalem) und der Emeritus-Gruppe von
Prof. Dr. Ernst Bamberg (Elektrophysiologie, MPI fiir Biophysik).

Der Wildtyp der Natriumpumpe KR2 ist nachgewiesener Mafsen je nach Proteinumge-
bung in der Lage monovalente Kationen wie zum Beispiel Natriumionen, Lithiumionen
oder Protonen vom intrazelluldren in den extrazelluldren Raum zu transportieren. Durch
gezielte Mutationen einzelner Aminosduren konnte KR2 sogar zu einer Kalium- oder
Caesiumpumpe umfunktioniert werden. Diese Vielschichtigkeit und das Potenzial zur
Anwendung als neuronales Werkzeug weckte grof3es Interesse im Bereich der Optogene-
tik. Bis zur Entdeckung von KR2 wurde die Existenz einer Kationenpumpe, mit Aus-
nahme der Protonenpumpe, aufgrund der elektrostatischen Umgebung im Inneren der
mikrobiellen Rhodopsine nahezu ausgeschlossen. Hierbei stellen sich nun erneut Fragen
beziiglich des Zusammenhangs zwischen der Struktur, der Funktion und den jeweiligen
Pumpmechanismen. Die grundlegenden Unterschiede zwischen denen im Wildtyp gén-
gigen (Natrium- oder Protonen-) Pumpmechanismen wurden mittels zeitaufgeloster IR-
und UV /vis-Spektroskopie untersucht. Bei der Probenpraparation wurde darauf geach-
tet, dass eine kompetitive Kinetik zwischen beiden Pumpmechanismen ausgeschlossen
werden konnte. Bereits auf den ersten Blick lassen sich grundlegend unterschiedliche
Photozyklen nachweisen. Wohingegen die Photointermediate der Natriumpumpe na-
hezu sequentiell durchlaufen werden, zeichnen sich bei der Protonenpumpe mehrere
kinetische Gleichgewichte ab. Diese Gleichgewichte dufiern sich vor allem in den Ethy-
lenmoden des Chromophors, die im direkten Vergleich zu den korrespondierenden
Absorptionsanderungen im UV /vis Bereich eine verlangsamte Relaxationskinetik auf-
weisen. Insbesondere im Bezug auf den Natriumtransport konnten, durch Zuweisung
charakteristischer IR-Banden, wichtige funktionelle Gruppen wie die Aminosdure N112

oder die ECL1-Doméne identifiziert werden. Erstere ist - je nach Strukturreferenz - zu-
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sammen mit S70 oder D251 direkt an der transienten Koordination des Natriumions
wihrend des O-Intermediates beteiligt. Der ECL1-Doméne hingegen wurde bis dahin
lediglich eine stabilisierende Wirkung der Proteinstruktur, nicht jedoch ein direktes
Einwirken in den Natriumtransport zugeschrieben.

Einen tieferen Einblick in die strukturellen Anderungen des Retinals und dessen
Umgebung wahrend der einzelnen Photointermediate ergaben Untersuchungen mit-
tels NMR und optischer Spektroskopie, die zusammen mit dem Arbeitskreis Glaubitz
durchgefiihrt wurden. Hier konnte aufgezeigt werden, dass der Chromophor im Ver-
gleich zu anderen mikrobiellen Rhodopsinen in nahezu allen Phasen des Photozyklus
stark verdrillt vorliegt. Dies resultiert vor allem aus der ausgepréagten Interaktion mit
dem Gegenion D116, das eine direkte Wasserstoffbriicke mit der Schiff’schen Base des
Retinals ausbildet. Dariiber hinaus liefern diese Studien einen klaren Hinweis, dass im
charakteristischen O-Intermediat das Retinal tatsdchlich in der all-trans Konfiguration
vorliegt. Dies konnte mit zeitaufgelosten Messungen im nahen UV-Bereich erhartet
werden. Die hierbei neu entdeckte Signatur erstreckt sich von wenigen hundert Femtose-
kunden bis hin zu einigen Millisekunden ohne dabei signifikante spektrale Anderungen
zu durchlaufen. Diese Beobachtung ist vor allem vor dem Hintergrund der Photozy-
klusdynamik interessant, die fiir gewohnlich durch starke spektrale Verschiebungen
im UV /vis-Bereich geprégt ist. Einen tieferen Einblick in die Energetik des Chromo-
phors konnte durch im Arbeitskreis Schapiro durchgefithrte QM /MM-Rechnungen der
K-, M- und O-Intermediate von KR2 gewonnen werden. Die ausbleibende spektrale
Verschiebung im nahen UV-Bereich lisst sich mit sogenannten Ubergangselektronen-
dichten beschreiben, die hier eher auf eine Anderung des Bindungscharakters entlang
des Retinalriickgrats hinweisen und grofitenteils die Umgebung der Schiff’schen Base
unbeeinflusst lasst. Dementsprechend sorgen elektrostatische Anderungen in der un-
mittelbaren Retinalumgebung, zum Beispiel induziert durch Wechselwirkungen mit
dem Gegenion, fiir keine signifikante Anpassung der Ubergangsenergie. Interessanter-
weise verschwindet die Oszillatorstirke dieses Ubergangs fiir diejenige Struktur des
O-Intermediats, welche ein all-trans Retinal enthilt. Infolgedessen konnte die Signatur
im nahen UV-Bereich als SBS (engl. second bright state) des 13-cis Retinals identifiziert
werden.

In Anlehnung an die sogenannte Blaulicht-induzierte Deaktivierung (engl. blue-light
quenching effect), wurde eine analoge Nutzbarkeit der SBS-Bande fiir die Deaktivierung
des Photozyklus untersucht. Hierfiir wurde KR2 aus einem photostationdren Zustand
mittels fs-Pulsen im nahen UV bestrahlt. Tatsdchlich konnte hier eine Deaktivierungs-

dynamik festgestellt werden, die zu einer Regeneration des Dunkelzustandspektrums
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fiihrt. Der zeitliche Verlauf der Deaktivierung ist dabei abhidngig vom deaktivierten
Intermediat, das je nach eingestellter Probenbedingung bevorzugt im photostationdren
Zustand akkumuliert wird. Obwohl - ausgehend vom M-Intermediat - sowohl ein
Protonierungs- als auch ein Isomerisierungsschritt vollzogen werden muss, ist die Aus-
bildung des Dunkelzustandspektrums um mehr als eine Groflenordnung schneller als
bei der Deaktivierung des K-Intermediates. Dies kann zum einen an der stark ausge-
pragten Wechselwirkung zwischen Gegenion und Schiffbase liegen, die eine schnelle
Reprotonierung erleichtert, zum anderen aber auch an der starken Verdrillung des Re-
tinals im K-Intermediat, welche eine Regenerierung der Dunkelzustandskonfiguration
erschwert. Die hierbei aufgezeigten Ergebnisse bieten nicht nur interessante Ausgangs-
punkte fiir weitere mechanistische Untersuchungen dieser Deaktivierungsdynamik,
sondern auch methodisch eine Perspektive fiir die Anwendung von Pulssequenzen fiir

die gezielte Aktivierung und Deaktivierung der Pumpfunktion.

Die Untersuchungen an PPGs orientierten sich an den zwei wichtigsten Kenngrofsen
fiir die photoinduzierte Abspaltung: Der Fahigkeit der PPG Photonen einer bestimmten
Wellenldnge zu absorbieren und der Effizienz der daraus resultierenden photochemi-
schen Antwort. Im Hinblick auf den letzteren Aspekt wurde vor allem ein Augenmerk
auf die kompetitiven Deaktivierungsprozesse gelegt. Hierbei wurde zugrunde gelegt,
dass eine Reduzierung eben dieser Prozesse zu einer Steigerung der Abspaltungsaus-
beute fithren miisste. Diese Hypothese wurde durch systematische Modifikationen an
DEACM (engl. (7-diethylaminocoumarin-4-yl)methyl)-basierenden Modellsystemen und
deren Auswirkung auf den angeregten Zustand derselbigen untersucht. Analoge Uber-
legungen gab es bereits im Bezug auf das Design fluoreszierender Molekiile, deren
Fluoreszenzquantenausbeute durch gezielte Inaktivierung nicht-strahlender Deaktivie-
rungspfade optimiert werden konnten. Ahnlicherweise wurde hier durch eine Fixierung
der Amingruppe mittels Zyklisierung, die Quantenausbeute der Abspaltung um das
zwei- bis dreifache im Vergleich zur DEACM-Schutzgruppe erhoht. Eine weitere signifi-
kante Verbesserung wurde durch zusitzliche Planarisierung der Struktur erreicht. Einen
tieferen Einblick in die Dynamik des angeregten Zustands konnte durch zeitaufgeloste fs-
Spektroskopie gewonnen werden. Die Anregung von Coumarin-basierenden Molekiilen
fiihrt zu einem Gleichgewicht zwischen einem lokalen angeregten Zustand und einem
Ladungstransferzustand. Letzterer ist ausschlaggebend fiir den Reaktionsweg, der zur
Abspaltung der Abgangsgruppe fiihrt, da - wie fiir Schutzgruppen tiblich - hierfiir eine
Abschwéchung der zu spaltenden C-C-Bindung nétig ist. Die Ladungsverschiebung
selbst wird durch die unmittelbare Umgebung des Molekiils entweder stabilisiert oder

destabilisiert. Hierbei spielen vor allem die Protizitdt und die Polaritidt des eingesetzten
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Losemittels eine Rolle. Diese Effekte wurden ebenfalls systematisch untersucht und ein-
geordnet. Mit der Inaktivierung nicht-strahlender Deaktivierungspfade, resultierend aus
der strukturellen Optimierung, ging zwangsldufig auch eine signifikante Verbesserung
der Fluoreszenzeigenschaften aller Modellsysteme einher. Fluoreszenz ist jedoch ein
weiterer Prozess, der mit der photo-induzierten Abspaltung konkurriert. Interessanter-
weise zeigten alle untersuchten Verbindungen, die eine Abgangsgruppe enthalten und
demnach effektiv als PPG fungieren, eine deutlich reduzierte Lebenszeit des angeregten
Zustands auf. Einerseits ldsst sich daraus schliefsen, dass ein signifikanter Anteil der
Deaktivierung durch die tatsdchliche photochemische Reaktion bedingt wird. Anderer-
seits eroffnet sich hier auch die Moglichkeit fiir die optische Identifizierung von Edukt
und Produkt zum Beispiel mittels Fluoreszenzlebensdauer-Mikroskopie. Konzeptionell
hat die Refunktionalisierung von Fluorophoren hin zu PPGs auch den Vorteil, dass
zusétzlich zur grofien Vielfalt an dafiir geeigneten Molekiilklassen auch die Kosten und

der Aufwand fiir die Synthese reduziert werden kénnen.

Die grofie Bandbreite an Anwendungen von PPGs bedingt auch eine ebenso grofse
Bandbreite an dafiir geeigneten Verbindungen. Die Verwendbarkeit einer solchen Schutz-
gruppe ist jedoch oftmals auf nur einen relativ schmalen Bereich des sichtbaren Spek-
trums limitiert. Dementsprechend werden PPGs in den meisten Fillen auf das jeweilige
Einsatzgebiet optimiert. Ein Ziel dieser Arbeit war demzufolge die spektrale Flexibi-
lisierung solcher Schutzgruppen, die durch das Anbringen sekundérer Photonenan-
tennen bewerkstelligt werden sollte. Als Modellsystem diente hierbei BODIPY (engl.
Boron-dipyromethene) als Grundgeriist fiir die PPG und ein Rhodamin als Antenne.
Letztere Molekiilklasse zeichnet sich vor allem durch tiberdurchschnittlich hohe 2PA-
Einfangsquerschnitte und einen langlebigen angeregten Zustand aus. Nach Anregung
des Rhodamins wird die Energie in einem Zeitfenster von wenigen hundert Femtose-
kunden effizient an das BODIPY abgegeben und lokal eine photochemische Antwort
hervorgerufen. Eine identische lichtinduzierte Dynamik lief sich durch die direkte Be-
strahlung von BODIPY feststellen. Die Dynamik dieser Prozesses wurde zum einen
mittels zeitaufgeldster Spektroskopie nachvollzogen, und zum Anderen mit computer-
gestiitzten Rechnungen untermauert. Insgesamt ist das Grundgeriist, bestehend aus
BODIPY und Rhodamin, in der Lage einen grofien Teil des sichtbaren Spektrums (500-680
nm) abzudecken. Unter Beriicksichtigung der 2PA von Rhodamin kann dieser Bereich
sogar in das Nahinfrarote erweitert werden, wodurch der Grofiteil des phototherapeuti-
schen Fensters zugdnglich gemacht wird. Im letzten Schritt wurde die photoinduzierte
Abspaltung untersucht. Hierfiir wurde PNA (engl. p-nitroaniline) als Abgangsgruppe
gewdhlt. Die Abspaltung von PNA konnte zwar spektroskopisch nachvollzogen wer-
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den, jedoch erwies sich eine quantitative Aussage iiber die Reaktionseffizienz aufgrund
vieler tiberlappender Signaturen als schwierig. Dementsprechend sind hier noch weitere
Optimierungsschritte notig, die vor allem auf die Reaktionsausbeute selbst aber auch
auf mogliche Strategien fiir eine vereinfachte Nachverfolgung der Reaktion abzielen.
Die hierbei gefundenen strukturellen und spektroskopischen Kenngrofien, die vor allem
einen effizienten Energietransfer garantieren, liefern hierfiir einen vielversprechenden

Ausgangspunkt.
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Introduction

By far one of the oldest but still not fully resolved scientific questions deals with the
origin of life. Even though there have been many breakthroughs in coming closer to an

answer, some aspects still remain vividly debated. In the current scientific community,

however, it is widely accepted that life evolved around the formation of ribonucleic acid]
(RNA)SI This world hypothesis was first proposed by Alexander Rich in 19624
and the actual term was later coined by Walter Gilbert in 1986.2 With the in its

different forms, the first basic processes like reproduction and chemical catalysis were

introduced, which ultimately lead to the rise of the first single-cell organisms similar to
the ones we know of today.ll

During the first two billion years of biological evolution, the procaryotic organisms
have developed the most fundamental biochemical processes for all life on earth. One
of these processes is called photosynthesis, Il which harnesses light from the sun to
convert it into chemical energy. In the first stages of evolution, the photosynthetic
reaction was reliant on H and H,S as electron and proton donors.®¥l The most commonly
known oxigenic photosynthesis, however, was developed later with the occurrence of
cyanobacteria.’l Almost all organic material on earth, and as a consequence also the
major composition of the atmosphere, is the product of this natural process.

Fast forward to today, the vast majority of the visible world is now dominated by more
complex multi-cellular organisms like plants and animals. Yet, an incredible amount
of biochemical throughput in an ecosystem still comes from procaryotic or single-cell
eukaryotic systems like algae or some fungi.l'%l In the context of photosynthesis in plants
or light-reception in animals, the evolutionary pathway originating from single-cell
organisms is evident. Chloroplasts, which are colloquially called the powerhouse in
plant cells, are considered to be the result of cyanobacterial endosymbiosis.['12l Vision
in animals, for instance, is strongly reliant on (G-protein coupled) rhodopsins which are
evolutionary related to rhodopsins found in microbial systems. 13l

With the revolutionary developments in physics from the theory of electrodynamics,

to the theory of light up to the theory of quantum mechanics, many new scientific fields



Chapter 1 Introduction

- most noteworthy the molecular sciences - have emerged over the years. This also lead
to a growing interdisciplinarity which blurred the boundaries between the domains
of biology, chemistry and physics. In the same manner, this also drove technological
advances like lasers and high-resolution microscopes which made the direct observation
of structures and dynamics on the atomic scale possible. Ever since, our understanding
of life and its underlying molecular mechanisms has risen tremendously.

In the context of life sciences, the regulation of biochemical processes is one of the key
questions of fundamental and medical significance. On the one hand, such processes
are at the heart of the basic principles of life on the molecular level, but even more
importantly our understanding of the same is crucial to identify and treat malfunctions
which lead to diseases. Conventionally, a treatment involves the supplementation of
drugs, which directly interfere with a specific biochemical process. In many cases,
however, critical malfunctions are just localized on smaller parts of the organism. Here it
is desirable to find ways which allow a spatial and also temporal control of the treatment
to minimize additional harm to the overall organism.

The concept of optical control has become one of the fastest growing drivers in the
(bio-)molecular sciences of recent years.!4] By utilizing the properties of UV /vis and
IR lasers, it is possible to achieve relatively high tissue penetration depths, localized
irradiation in small volumes and variable irradiation durations. The development of
photopharmacological strategies addresses the previously mentioned challenges by

making drugs optically activatable. Common strategies involve the implementation

of a [photolabile protecting group (PPG), which irreversibly releases the biologically

relevant compound after irradiation with light, or the implementation of a photoswitch
to reversibly switch the activity of a drug “on” and “off”. Besides the evaluation of
the complex biochemical functionality, a major effort in this field of research goes
into the molecular design and the photochemical characterization and optimization of
prospective systems.

A different approach is chosen in the relatively new field of optogenetics, >/l which
focuses on the implementation of wildtype or modified photoreceptors (i.e. rhodopsins)
into a non-native organism to manipulate cell activity. This methodology is different to
photopharmacology, due to the inherent use of genetically encoded (and photosensitive)
proteins which are directly expressed in the cells of interest allowing a very specific

targeting of individual cells or cell compartments. For instance in neurons this is exten-

sively done via microbial rhodopsins (mRhos)| which enable the direct manipulation

of the electrochemical potential across the cell membrane. In the earlier stages, this
research mainly aimed at the controlled activation or deactivation of such neuronal



activity in order to map the overall neuronal circuitry and ultimately brain function. In
the recent years, however, the focus started to shift towards the development of medical
applications which might help to treat diseases by regenerating muscular or neuronal
functionality.

In the course of this work, various aspects of photocontrol have been studied. This
was done on the systemic level by taking a closer look into the photodynamics and
photochemical properties of[mRhos|and [PPGs| From a more methodological perspective,

the possibilities for the activation or deactivation of such molecular systems - including
multiphoton processes - were explored. In the first part of this dissertation, the theoretical
framework of the experimental methodology and the investigated systems will be
introduced. This is followed by the discussion of the individual research projects. The
corresponding publications and an overview of the respective author contributions are

found in the appendix.






Theoretical and Experimental

Framework

2.1 Fundamentals of Optical Spectroscopy

2.1.1 Light and the Electromagnetic Spectrum

The nature of light and its interactions with any form of matter has been a major field
of interest for many generations of researchers. In the common language light is often

referred to the visible portion of the electromagnetic (EM)|spectrum, whereas in physical

sciences it is synonymously used with any sort of EM]|radiation. In fact, the visible part -
defined by the perception of the human eye - spans just a very small range of the overall

spectrum (Fig.[2.1). In general, any [electromagnetic wave (EMW)) carries a certain

amount of energy E and momentum p which are characterized by the wavelength A or

the frequency v of the oscillation

he
h h
P=7=2 22)

The quantities defined above are connected by the speed of light ¢ and the Planck
constant 1 which are direct results of the Maxwell equations and quantum mechanical
considerations. The rise of quantum mechanics in the early 20th century along with its
concept of wave-particle duality did not just mean a complete paradigm shift in the
domain of physics but it also resulted in the emergence of molecular sciences and their
neighboring disciplines. The quantum nature of atoms and molecules manifests itself
in the quantization of their intrinsic properties such as the electronic configuration or
the vibrational and rotational states. The development of sophisticated spectroscopical

methods was therefore a necessary means to investigate such quantum systems in more
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FIGURE 2.1: The electromagnetic spectrum and a zoom-in of the UV /vis part.

detail. Prominent examples are nuclear magnetic resonance (NMR)| lelectron paramag

netic resonance (EPR) and optical spectroscopy. Even though there is a large variety

of different techniques, the underlying principle - the interrogation of a system by [EM]
radiation - remains the same. If one is also interested in the molecular dynamics of a

system, several aspects have to be considered:
1. The type of molecular transition
2. The corresponding transition energies AE
3. The timescale of the transitions

Here it is important to understand that the temporal and the spectral resolution of
a spectroscopic technique is inherently limited by the applied [EM|radiation due to the
time-bandwidth product

(1) - (v) > constant (2.3)

with the uncertainties (or spread) of time (7) and frequency (v). Further details on
this relationship and their implications on time-resolved spectroscopy will be introduced

in later sections.

2.1.2 Interactions of Light with Matter

When light hits a material there are several physical phenomena which can occur with
the most prominent ones being diffraction, scattering and absorption. These effects
are strongly dependent on the properties of the incident light and the molecular and

structural composition of the material. Even though diffraction is at the heart of most
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crystallographic techniques as well as many optical components used in modern spec-
troscopies, it is of lower importance on the atomistic or molecular level. Scattering and
absorption effects on the other hand make up the majority of resonance or off-resonance

molecular spectroscopy methodologies and shall therefore be introduced in more detail.

Scattering

Light scattering usually leads to a change of trajectory with respect to the direction of
incidence. The strength of this effect is mainly determined by the ratio of the wavelength
A to the size of the scattering centre D,, following the relationship

_ Dy

n = 1 (2.4)

with the values &« < 1 corresponding to Rayleigh scattering, '8l « ~ 1 to Mie
scattering!’®l and & >> 1 to macroscopic (or geometric) scattering. Besides the change of
direction of scattered light, and hence its momentum, the energy remains unchanged. In
such a case the scattering process is referred to as elastic. The more complex, and spec-
troscopically more relevant case, occurs when in addition to the change of momentum a
part of the photon energy is transferred to the molecule. This inelastic form of scattering
is referred to as Raman effect??] and it is the basis for all Raman spectroscopies. Here,
one distinguishes between Stokes and anti-Stokes scattering, which corresponds to either
a red- or blue-shift of the scattered light. The energetic difference comes from the popu-
lation or depopulation of specific vibrational modes in the molecule. Such Raman-active
modes require a change of polarizability with respect to the normal coordinate of the

vibration.

Absorption

The absorption of light by a molecule can be understood as the conversion of photon
energy into molecular motion. For such a process to occur, several conditions have

to be met which are determined by molecular symmetry and quantum mechanical

considerations. The basic description of a molecule is given by the molecular orbital|
(MO)|theory, 2122 which defines the wavefunction ¥; of a @I as a c;j weighted sum of
its constituing [atomic orbitals (AOs)|$;

Y= ; Cij¢i (2.5)
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This |linear combination of atomic orbitals (LCAO)[23] yields different kinds of
such as bonding (o, 7r), non-bonding (n) and anti-bonding (¢*, 77*) depending on the
symmetry and the spatial distribution of the electron densities of the The potential
surface of an electronic state is given by the anharmonic Morse potential of the form

V(r) = De(l . e*ﬂ“*rf))Z (2.6)

with the dissociation energy D,, the equilibrium distance 7, and the anharmonicity
constant a. The corresponding vibrational states E, are then obtained by solving the

Schrodinger equation

(02 4v()¥6) = B2 @7)

For a quantum mechanical treatment of photoabsorption, several aspects have to be
considered. First, the absorbed photon has to match the energetic difference of the initial
and final state (Bohr resonance condition). The rate of such a transition is derived from

perturbation theory and results in the so-called first-order Fermi-Wentzel golden rule!*)

Rif = 27Tg(a)i,f) |uci,f‘2 (2.8)

Here, the transition rate is expressed as the product of the acting light source function
g(w) at the transition frequency w; s and the square of the transition matrix element
between the initial and the final state. By considering the actual wavefunctions of these
states one can rewrite equation[2.§]

R:; — 21 ) S Al |2
if <h2 >g(wz,f)|E0 (Yrlalts) | (29

The introduced quantity i is the dipole moment operator, which is given in the form

p=Yern—Y eZurm (2.10)

with r,, and r,, being the coordinates of the electrons and the positive charges in the nu-

clei, respectively. The wavefunctions ¥ can be separated into their electronic, vibrational

and spin contributions according to the Born-Oppenheimer (BO)|approximation!2!

Y = I-PBXUUS (211)

By considering a vibronic transition, thus a transition involving the change of the
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electronic as well as the vibrational state, one can write the transition dipole moment

Moo = ($rxvlftl9ixo) (oflor) (2.12)

Due to the orthonormality of the spin wavefunctions, the first selection rule for a
vibronic transition is obtained. The transition dipole moment is just non-zero if the
multiplicity stays the same. Transitions which involve a change of multiplicity, e.g.
singlet to triplet or vice versa, are forbidden in the framework of this approximation.
The remaining integrals given in can be reduced by separating the electron and

nuclei contributions of the dipole moment operator

Miosro = e (sl Y ralgn) (xolxo) = Meisss (xvlxo) (2.13)

The expression {x, |xo) is the so-called [Franck-Condon (FC)|integral2%27l (or [FC|factor
in its squared form), which denotes the overlap of the vibrational wavefunctions in

the initial and final electronic state. The sum of these vibronic transitions constitute an

absorption band and are expressed as follows

—

Mg = M Y (xv|x0) (2.14)
1/,

Here it is assumed that higher vibrational energy levels (v > 1) in the initial electronic
state are not significantly populated. The overall strength of such an absorption band is
usually given by the oscillator strength f;¢, which is proportional to the square of the

transition dipole moment

fif o |Mz‘—>f’2 (2.15)

A similar analysis can be done for transitions which do not involve a change of the
electronic state. Such vibrational transitions are the domain of infrared spectroscopy. In
solution, the contributions of the rotational transitions are usually negligable, so that

one can define the vibrational transition dipole moment

My = (xflftolxi) (2.16)

with the corresponding vibrational dipole moment operator fi,, which can be approxi-

mated in a Taylor series expansion about the equilibrium bond length position
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B B d
fio = fin(7) = u(fe) + Za—fa(ra —7¢) + (2.17)

a

For small deviations from the equilibrium position r, the higher order terms can be
neglected, so that substitution of into the integral given in then yields

~ N N 0
Moisr = (xfliolxi) = n(7) (xrlxi) + Za%l (Xfl(ra —7e)1xi) (2.18)

The first term in vanishes due to orthogonality of the vibrational wavefunctions,
which indicates that a permanent dipole moment has no relevance for such a transition.
In fact, for the overall M,;_, £ to be non-zero, a vibrational transition requires y to vary

along the vibration of the specific mode. Such modes are also referred to as|infrared (IR)
active.

The Beer-Lambert Law

In molecular absorption spectroscopy the sample is interrogated by application of
radiation. The amount of residual light which is collected in the spectrometer then yields
information about the sample composition. Even though the spectral domain of these
techniques can vary from low-energetic radiowaves up to high-energetic X-rays, the
underlying principles remain similar. Due to fundamental, as well as methodological
limitations, absorption spectroscopy usually relies on the measurement of molecular
ensambles. In practice, the absorbance A; of a species is usually determined by the
so-called Beer-Lambert law!282’]

Al' = €; (1/) Cid (219)

with the molar extinction coefficient €; (v) of a transition, the concentration c; of the
corresponding molecule and the thickness d of the sample at question. Whereas ¢; and
d can be adjusted by the experimantator, the intrinsic molecular information of an
absorption band is contained in €;(v). By integrating the extinction coefficient over the
spectral width of the absorption band, one can obtain the oscillator strength f given in
the following relationship

fi= 4’”3‘: €0z 10 / ei(v (2.20)

It is important to be aware thatﬂ 2.19)and [2.20)are just valid if molecules in a sample
do not interfere with each other. Effects outside of this linear regime, such as strong

10
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solvation effects, stacking or dimerization might lead to distortions of the absorption
band, which complicates the spectral analysis.

2.1.3 Molecular Relaxation Processes

The absorption of a photon leads to the population of higher energetic states. In the
domain of UV /vis spectroscopy, the photon energies correspond to vibronic transitions
which are discussed in 2.1.2. The timescale of such a transition is determined - in simple
terms - by the interaction time of the photon with the molecule and is on the order of a
fraction of a femtosecond. The release of this excess energy is significantly slower and
can range from hundreds of fs up to s and the corresponding decay pathways are usually
summarized in a Jablonski diagram (Fig. .130] One generally distinguishes between
radiative, i.e. transitions which involve the emission of a photon, and nonradiative

decays.

A vibronic transiton from the electronic|ground state (GS)| Sy to thelexcited state (ES)|

Sy usually involves the population of vibrational modes v,, in that[ES| The initial decay of
these vibrational modes right after photoexcitataion is often referred to as|FC|relaxation
which occurs on the order of up to several hundred fs. If the excitation involves higher
electronic states (N > 1), than the system has to undergo further relaxation processes
up to the point where the lowest electronic state is reached. This includes
frelaxation (VR)| processes, which are the result of interactions between the excited

molecule and its surrounding medium. The transition from a higher electronic state to a

lower electronic state under conservation of multiplicity is called [internal conversion|

Once the S; state is populated, several processes can occur.

Firstly, the molecule can return into its[GS by further collisions with its environment,
leading to a full conversion of photonic energy into heat. Secondly, the electronic
is repopulated by fluorescence under emission of a photon. And finally, the system
can undergo a change of multiplicity leading to the population of a triplet state. Such

intersystem crossings (ISCs)|are generally forbidden by the selection rules. However, in

a real molecule this is not strictly the case due to effects which are usually not considered
in most approximate derivations. Such effects include spin-orbit couplings®! which are
prominent in molecules with heavy atoms. In the triplet state, the energy can be released
by[VR]into the lowest excited triplet state configuration. From there the singlet[GS|can be
repopulated either by another or phosphorescence under the emission of a photon.
Both radiative processes, namely fluorescence or phosphorescence, have to obey Kasha’s
rulelZl which is a direct result of the [FC|integrals for vibronic transitions from a higher

11
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VR: vibrational relaxation (10™-10™s)

A VR — IC: internal conversion (10™-10™s)
% X ISC: intersystem crossing (10°-10°s)
IC X S —
abs. (10™s) = ’ N
x D . T, IC
pho. (10°-10s) ¢ S absorption "t _5
IC t S, IsC
& -« v R > — v,
] N
s T, ¢, —
L A4
phosphor- v :
< escence 1 <
VZ
g S v s v,
S 3 T
[

FIGURE 2.2: Jablonski diagram of the photochemical relaxation pathways. Processes involving
absorption or emission of a photon are depicted in color. Non-radiative processes are depicted
with black arrows: VR(curled), IC (solid) and ISC (dashed).

to a lower electronic state. It states that the probability for the emission of a photon from
an [EY|is just significantly high, if the electron populates the lowest possible vibronic
state of given multiplicity. The rates for such photochemical processes of molecules in

solution usually follow a first-order law

Nutexe(t) = Nagexe (t = 0)e~ (Ziko)!t (2.21)

with the population Ny exc (t) of the molecule in the excited state, the starting ex-
cited state population and the rate constants k; corresponding to the respective decay

processes.

2.1.4 Non-linear Optics

The temporal and spatial evolution of an electromagnetic wave is mathematically de-
scribed by the Maxwell equations®®3l and the thereby resulting linear and homogeneous

wave equation of the form

n? 92

(V-3

Jw(F 1) =0 (2.22)

12
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with the index of refraction n and the vacuum speed of light cy. If an travels
through a medium, it induces an oscillatory response of bound charges in the material.
Such oscillations, in turn, generate which then propagate through the respective
medium. This phenomenon can be expressed in terms of the electric displacement field

—

D

D=¢ekE+P (2.23)

with € as the permittivity in free space, E the electric field component of the initial
and the polarization P which is induced by this electric field. The polarization is
usually expressed in terms of a Taylor-series

P=e ) x"E" (2.24)
n

P=¢- [Xll:fl + XZEZ + X3E3 + .. (2.25)

where the tensor x" is the n'"-order susceptibility of the medium. The high order
terms in eq. are responsible for a wide range of non-linear effects which are inte-
gral for advanced spectroscopic techniques. However, these effects only occur in the
high intensity regime, which is commonly applied by short laser pulses. In order to
demonstrate the aforementioned effects, one can consider a generalized with two
oscillating electric field components

E=E +E (2.26)

E = Ey - cos (wlt — k??) + Egp - cos <cu2t — k}?) (2.27)

with the respective frequencies w1, and wavevectors k1. After substitution of eq.
into the second order polarization term, one yields

P? =eox@ )E?)legzz
+ eox? [E()] cos (21t — 2]317) + Eazzcos (2wyt — 2]32?)]

|
(2

(2.28)

+ 60)( EO]EOZCOS( w1 + wz)t — (k1 + kz) )]

+ eox 2 1E?)2cos( —wy)t — (la —k})?)]

13
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The cross-terms in equation [2.28| contain new frequencies as a result of frequency-

mixing between the initially applied fields. The hereby introduced [second harmonic]

Igeneration (SHG)) [sum-frequency generation (SFG)|and |difference-frequency generation|

are crucial processes for spectral tuning in time-resolved optical spectroscopies.

Phase-matching

For frequency-mixing processes to be efficient, the
optical interacting pulses have to satisfy conservation of

axis energy and momentum

hws = hwy + hwy + AE (2.29)

ks = k1 + ko + Ak (2.30)

Processes of this sort are also referred to as para-
metric. The energy loss AE in eq. is in general
non-zero. Under the assumption that the complex
amplitude of an[EMW]|varies slowly compared to the
periodic oscillations of the carrier wave, the wave
equation [2.22] can be simplified to a first-order equa-
tion. This [slowly varying envelope approximation|

(SVEA)|results in AE — 0.4 In practical terms, eq.
is simply met by choosing the right central fre-

FIGURE 2.3: The index ellipsoid of
a birefringent crystal. The relative

orientation between the direction of
incidence and the optical axis deter- quencies wi and w; of the initial pulses to match the

mine the elliptic surface of the n, and  desired output frequency ws.
1o components. The experimental challenge, however, lies in eq.
In an isotropic medium, dispersion leads to a
phase mismatch Ak between the respective pulses and consequently to destructive
interference. This effect becomes significant at a material thickness which exceeds the
coherence length of the generated pulse. To achieve phase matching, one needs to reside
to anisotropic materials, such as birefringent crystals, which allow a precise tuning of
the phase parameters. A uniaxial crystal is described by a main axis, which is referred to
aslextraordinary (e)} and two axes. A more rarely used biaxial crystal, in
turn, consists of two¢land one [o]axes. Once light enters such a material, its components

will propagate along theleor [o]axis according to the polarization of their electric field. In

14
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the case of a uniaxial crystal, the applied indices of refraction 7, and n are given by the
index ellipsoid (Fig. of the form
1 cos?(0)  sin®(0)

= 2.31
2@ m o om .

with 0 being the angle between the optical axis of the crystal and k of the incident
beam. In the laboratory, the crystal has to be oriented in such a way, that the polarization
of the interacting beams match the respectivee| or [o]axis. In the simple case of one
can find an optimal configuration which satisfies

1o (w) = n.(2w) (2.32)

by additionally tilting the crystal, and therefore changing 6. In time-resolved optical

spectroscopy, one of the most commonly used materials is [3-barium-borate (BBO)|in

its crystalline form, which is cut at appropriate angles for the specific phase matching

range.

Collinear Parametric Processes

In contrast to frequency-mixing, which combines two photons of low energy into one
photon of higher energy, it is also possible to convert a high energy photon into two
photons of lower energy. In laser spectroscopy, such a conversion process utilizes a high
energy pump beam, which is then converted into lower energetic signal and idler beams.
In principle, the amount of possible combinations for such signal and idler pairs is
infinite. If the orientation of the non-linear crystal and the incident beams is appropriate,
this continuum of generated frequencies, also called parametric fluorescence, can be

seen behind the crystal. However, the resulting beams with frequency ws and w; are

usually too weak and therefore require further amplification. Such|optical parametric]

lamplification (OPA)|requires an input beam of frequency ws;, also referred to as seed,

which is then amplified by the pump following the relationship
wpy = ws + wj (2.33)

Non-collinear Parametric Processes

Even though the utilization of non-linear crystals can compensate the mismatch of

spectral phases, this is not the case for the group velocities of the individual pulses.

15
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During pulses with different central frequencies w and temporal widths At are
overlapped in the crystal. Dispersion inside the material leads to a |group velocity]

mismatch (GVM)| between the initially overlapped pulses which in turn causes the

amplified signal to be temporally stretched. This becomes especially problematic in
ultrafast applications, since short propagation distances already result in significant loss

of temporal resolution. The established way to circumvent this issue is given by a non-

collinear configuration of the incident beams. In such anon-collinear optical parametric

lamplification (NOPA), the angle between pump and seed pulses needs to be adjusted in

such a way that the group velocity components of signal and idler are matched. This
comes with the additional advantage that the resulting beams propagate at an angle,
which simplifies the extraction of the signal beam in the optical setup. By making use
of a spectrally broad [supercontinuum (SC)|as a seed pulse, the process enables
spectral tuning of the generated signal pulse from the UV /vis up to the NIR.2

2.2 Experimental Techniques

As discussed in section 2.1.1 and 2.1.3, molecules can undergo complex dynamics on
a timescale ranging from fs up to s.B% Naturally, with increasing complexity of the
molecule, the complexity of involved molecular processes increases as well. In terms of
the actual experiment this requires a methodology, which does not just span the temporal
range, but is also able to probe the relevant processes of the molecule at question. For
optically active molecules, i.e. molecules which are able to absorb light, time-resolved
optical spectroscopy is well suited. However, there is no spectroscopic technique which
can probe the complete set of dynamics in a molecule simultanously. Hence, in order
to understand the photochemistry of a system, a large variety of methodology and
instrumentation is necessary. In this section, a selection of spectrocopic techniques,
which were integral to this work, will be introduced.

2.2.1 Pump-probe Spectroscopy

The most well established techniques in modern time-resolved optical spectroscopy are
based on the pump-probe configuration. The basic principle of this method involves a
laser source, which generates high intensity and temporally short pump pulses to initiate
a photochemical reaction, and another light source which interrogates this process and

serves as a probe.

16
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Here it is helpful to introduce the difference be-

tween continuous and stroboscopic probing (Fig.

2.4). The former one utilizes a [continuous wave]
[(cw)|light source to constantly send light through
the sample which is then collected by the detector.
If the wavelength of the cw}beam corresponds to
a transition in the molecule, it is possible to fol-

low the dynamic changes of that specific transition.
The information is then contained in the transient
change of the difference absorption amplitudes.
With the current state-of-the-art instrumentation it
is possible to achieve temporal resolutions in the ns

and ps timescale, with the bottleneck being the rise-

time of the detection system. The spectral resolu-

tion on the other hand is determined by the spectral
width AA of the probe light. A good resolution can
be achieved by using quasi-monochromatic light, FIGURE 2.4: Schematic representation

such as emitted by [light-emitting diodes (LEDs)| or ©f cw- and stroboscopic probing in a
pump-probe experiment.

by splitting white light into its spectral components
prior to illumination of the sample.

The major disadvantage of [cw}probing lies in the required time for data-acquisition.
Complex dynamics, which usually stretch over a broad spectral range, make a recording
of several dozens of transients at different probing wavelengths necessary. This problem
is circumvented by broadband probing, which utilizes a spectral continuum in the
form of a temporally short pulse. This technique is inherently stroboscopic, due to the
delay between the pump and the probe pulses. The resulting data contains difference
absorption spectra at specific delay times, which in sum can be used to reconstruct
the transient dynamics of the system. In principle, the lower limit for the achievable
temporal resulution is given by the temporal width At of the pump pulse. However, for
experiments on the slower timescale it is mainly determined by the electronics, e.g. the
flash lamp, the detection system and the synchronization of the individual components.
Despite its simplicity, the actual implementation of the pump-probe technique in the
laboratory setup can vary greatly depending on the temporal resolution of interest, the

mode of probing and the complexity of the experiment.
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2.2.2 Flash Photolysis

The flash photolysis (FP)l*l is one of the oldest time-resolved spectroscopic techniques,

which was developed by Eigen, Norrish and Porter in 1949 and was later awarded the
Nobel Prize in Chemistry in 1967. Initially, this term was coined for the general concept
of pump-probe spectroscopy, however, these days the term is synonymously used with
ns-pump-probe techniques by the majority of scientists in the spectroscopy community.
The setup used in this work (Fig. consists of three home-built modules, which
allow measurements in the UV /vis and |[IRl They are fed with pump pulses generated

by a coupled [Neodymium-doped-yttrium aluminium garnet (Nd:YAG)|laser (Spitlight

600, Innolas Laser GmbH, Germany) and |optical parametric oscillator (OPO)|system
(preciScan, GWU Lasertechnik, Germany). The[Nd:YAG)is Q-switched with a Pockel s
cell at a 10 Hz frequency. The 1064 nm fundamental of the source is used
for SHG| with a 532 nm and [third harmonic generation (THG)| with a 355 nm output.
These frequencies are mixed in the to generate pump pulses covering the range of

412-2550 nm central wavelength with approximately 9-20 ns temporal width. UV pulses
can be generated by using the SHGmodule of the which allows an additional
tuning in the range of 257-354 nm and 355-514 nm, respectively. The adjustment of the
crystals and the corresponding phase-matching angles in the are controlled by
the commercial preciScan software. An optical shutter at the laser output is used to
block unwanted pulses by default and to adjust the desired excitation sequence for the
experiment. Before the pump beams are guided into the individual modules, they are
resized and recollimated with a pair of lenses for each excitation pathway. Since the
generation of the pump pulses is similar for all three modules, the next sections will

primarily deal with the respective detection systems and their unique properties.

UV /vis Flash Photolysis

For measurements in the UV /vis, [cw|and broadband probing are implemented in the
setup, which requires two sets of different probelight sources and their suitable detectors.
To obtain [cw]light, a broadband beam generated by a mercury-xenon lamp (LC8, Hama-
matsu, Japan) is guided through a monochromator (Photon Technologies International,
USA) with interchangable gratings of 300 nm or 500 nm blaze. The output wavelength
can be manually adjusted with 0.5 nm precision via a screw on the outside of the casing.
After passing the sample cuvette, the light passes a second monochromator to filter out

straylight from the pump pulses before it finally enters the photomultiplier tube (PMT)]

This device converts light into an electrical signal which can be amplified by up to eight
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FIGURE 2.5: Schematic overview of the flash photolysis setup including cw- and pulsed UV /vis
probing, as well as cw-probing in the IR. All three setups are fed with pump-pulses from the
Nd:YAG and OPO configuration.

orders of magnitude. The thereby obtained transient electrical signal is then readout,
recorded and saved with a digital oscilloscope (DPO 5204B, Tektronix, USA). The data
acquisition is synchronized with the pump pulse sequence set by a digital pulse delay
generator (PDG, Quantum Composers, USA). In contrast, the broadband probelight
is generated by a xenon flashlamp (L7685, Hamamatsu, Japan) which yields pulses
of a spectral width from 190 nm to 2000 nm and a temporal width of approximately

3 pus. These spectrally broad pulses are detected with an [intensified charge-coupled|

camera (PI-MAX 3, Princeton Instruments, USA) after passing through
the sample cuvette or the reference arm of the setup.

The most integral part of the intensifier in such an[I[CCD]is composed of a photocath-
ode, a microchannel plate and a phosphor screen.P8# The incident light is converted
into photoelectrons, which are accelerated towards the microchannel plate by a con-
trolled voltage ramp. These accelerated photoelectrons, in turn, produce a cascade of
secondary electrons inside the microchannel plate leading to an amplification of the
initial signal. The secondary electrons are caught by the phosphor screen and converted
back into light, which is then guided towards the attached CCD array. Therefore, [CCDs|
are well suited for applications with low light intensities and very short exposure times

due to the high gain capability and fast shutter operation.*!l The advanced electronics in
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the broadband detection require a more sophisticated data acquisition software, which
allows a precise synchronization of the pump pulse sequence, the gating of the
and the variable delay of the probe pulses. Here a customized LabView program is used

which works in tandem with the commercially available WinSpec package.

Infrared Flash Photolysis

Complementary to the electronic transitions of a molecule, an even deeper under-
standing of molecular dynamics can be obtained by taking a look at its vibrational
modes. Transitions of this nature are several orders of magnitude smaller than electronic
transitions and therefore require a different instrumentation for their detection. How-
ever, the corresponding energy gaps come with inherent limitations in suitable light
sources and detectors, making IRl measurements much more delicate than their UV /vis

counterpart. A modern alternative to the commonly used [Fourier-transform (FT)|[IR]

spectrometers243 was opened up with the invention of the [quantum cascade laser]
(QCL)|by Faist et al in 1994,144] which can be used as a high intensity and stable IR light

source for transient probing.

A is a semiconductor laser which is based on intersubband transitions in an
array of quantum wells and energy barriers. In contrast to conventional semiconductor
lasers, which require specific mixtures of material for bandgap tuning,#>%#l the subband
energies Eg ppang iN a are tuned mainly by the material thickness, allowing a
continuum of possible emission energies in the|IR| For the emission to occur, an electrical
bias has to be applied to the material which promotes electrons from the valence to the
conducting band. A transition of an electron from a higher energetic subband to a lower
energetic subband in the conduction band leads to the emission of a photon with the

energy A Equpband- This process alone, however, does not guarantee a stable lasing output

due to missing [population inversion (PI)} This [Pl|is achieved by engineering the material

in such a way, that the corresponding lower energetic subbands allow an electron to
tunnel through the energetic barrier into a neighboring quantum well. In such a case,
each quantum well is subsequently repopulated with a high energetic electron. The
initially emitted photons are then able to start a cascade of stimulated emission along
the quantum well lattice,PY which leads in principle to quantum efficiencies greater
than unity.

In practical terms, the actual composition of the material is more complicated.
The main components are condensed in the injector layer and the active region. The

injector layer is crucial for maintaining a constant supply of high energetic electrons,
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whereas the active region is the place where the quantum cascade occurs. Together they
form a periodic structure of alternating units. To achieve a stable output of coherent
radiation, the gain medium needs to be placed in an optical cavity. In its simplest variant,
the cavity is formed by the gain medium itself in a Fabry-Perot configuration, leading to
high power outputs but a lack of tunability. More common are therefore external cavitiy
configurations which allow the implementation of frequency-selective elements such as
gratings.

The system (MIRcat, Daylight Solutions, USA) used in this work is based on such
a configuration. It comes with two interchangable modules which cover a frequency
range of 930-1165 cm™ and 1510-1751 cm™, respectively. Due to the uneven output power
profile of both modules, the actual output intensity has to be adjusted with filters and an
automaticed iris. This becomes especially important for frequencies at the edges of the
spectral window where the intensity drops are most significant. To detect the[[R| probing

light, ajmercury cadmium telluride (MCT)|detector!) is used. Like all semiconductive

devices, its function is based on the separation of charges between the valence and the
conductance band. The specific detection range of an[MCT] given by the bandgap Eg, is
determined by the ratio of CdTe and HgTe and the temperature of operation, following

the relationshipP?

0
Bl Tx) = Eg(x,T) — (T~ T) 5% (2.34)

with the normalization temperature Ty = 80K and common ratios of x = 0.2,0.3,0.4
in the spectral range of 3-14 um. Advances in semiconductor growth techniques, such
as liquid phase or vapour phase epitaxy,2**# made detectors affordable and
therefore the most widely used choice for|[R|detection. The actual photodiode chip of the
detector is comprised of several functional layers. On a supportive substrate (e.g.
CdZnTe) a n-type layer (doped with In) and a p-type layer (doped with As) of HgCdTe
are consecutively grown. This complex is usually coated with a passivation layer to
ensure isolation and to avoid corrosion effects of the optically active region. [[R|radiation

induces excitation of electrons in the n-type layer which leads to an electrical bias

between the n-p-interface. This bias is transferred to a silicon based [readout integrated|
circuit (ROID)|via an indium bump contact on each pixel of the chip and then amplified.
The performance of the detector system, including the photodiode chip and the pre-

amplifier, is measured in the specific detectivity D*

D" = JAF AR (2.35)
SN
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with the characteristic responsitivity R, the spectral bandwidth Af, the active area A
and the noise spectral density Sy. D* at given frequencies, together with the risetime
Trise, are the most important quantities for choosing a suitable detector for the respective
experimental needs. The device (KV104, Kolmar Tech., USA) chosen for the
roughly matches the output profile of the modules with an optimum in the
range of 950-1250 ¢m~!. Similar to the inhomogeneity of the power spectrum,
the inhomogenious specific detectivity at different frequencies has to be compensated
by adjusting the output power of the [[R| beam to ensure comparable measurement
conditions. Analogously to the UV /vis the data acquisition and processing
is done with an oscilloscope. The individual time traces are saved, reduced and can
optionally be combined to yield a transient map of the photodynamics.

2.2.3 Ultrafast Transient Absorption Spectroscopy

Theultrafast transient absorption (fs-TA)|spectrometer relies on the stroboscopic pump-

probe principle. The temporal resolution of this technique is mainly limited by the
pulse width At of the pump pulses, which requires the utilization of a fs laser source.

The laser system used in this work is built around a |Ti3+—doped saphire (Ti:Sa)lbased
regenerative amplifier (MXR-CPA-iSeries, Clark-MXR Inc., USA). This multilayered

system is comprised of a seed-pulse generation unit, the pump-pulse generation unit

and the actual amplifier. The seed-pulses are generated by a cw diode laser which
pumps a modelocked erbium fiber oscillator. This leads to the generation of pulses with
a temporal width of 130 fs and a central wavelength of 1550 nm at a repetition rate of
1 kHz. Subsequently these pulses are converted to 775 nm via then temporally
stretched and guided into the(Ti:Sa|crystal in the amplifier. Here they are overlapped with
the pump-pulses, produced by a[Nd:YAG]laser, to achieve amplification of several orders
of magnitude. In the last step the pulses are compressed again to yield high-intensity
ultrashort pulses. The principle of amplifying a temporally stretched (i.e. chirped) pulse,

followed by its recompression is referred to as|chirped pulse amplification (CPA)[- a

technique firstly introduced by Strickland and Mourou,®?! for which they were awarded
the Nobel Prize in Physics in 2018.

The fundamental beam of 775 nm central wavelength is guided to the experimental
setup (Fig. where it is initially split into two seperate branches. Each branch makes
use of non-linear optical processes (see 2.1.4) to convert the fundamental into pump and

probe pulses, respectively. The latter are generated by focussing the fundamental beam

into a transparent (non-linear) medium. This results in the so-called supercontinuum|
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FIGURE 2.6: Schematic overview of the ultrafast TA setup. In addition to a two-staged NOPA for
pump-pulse generation, it is also possible to produce UV-pulses via SFG.

lgeneration (SCG), which describes a strong spectral broadening of an initially narrow-

bandwidth pulse. The is a complex process, which involves several non-linear

effects such as|self-phase modulation (SEM)| self-focussing and |group velocity dispersion|
The characteristics and quality of the|SC|are determined by the material of choice,
its thickness and the stability of the pump source. Typical materials used in UV /vis

spectroscopies are saphire and CaF; crystals, which cover the spectral range from
the near-UV up to the near-IR. The generated probe pulses are then split and guided
through a sample and reference branch, where they are collected in the respective
spectographs. Here they are decomposed into their spectral components and recorded
by a multipixeled photodiode array.

The pump pulses, in turn, undergo several steps before they are suitable for the actual
experiment. Besides the [non-linear optical (NLO)| processes such as and
(see 2.1.4), an adjustment of the temporal characteristics is of significant importance.

This is done with a prism compressor, which applies an additional (negative) chirp
to the pulse to compensate over the optical pathlength of the setup. The pump
beam is aligned over an optical delay stage and spatially overlapped with the probe
beam inside the sample cuvette. Unlike the ns{FP} the temporal delay between pump
and probe pulses on the ultrafast timescale can not be adjusted electronically. In the
spectrometer one therefore relies on the pathlength L each pulse has to travel. The
temporal delay is then determined by the difference in pathlength AL between the pump
and the probe arm of the setup. The time-zero position, in other words the position

at which both pulses exactly overlap temporally in the sample, is dependent on the

23



Chapter 2 Theoretical and Experimental Framework

characteristics of the pulses and the optical elements they have to pass through. Once
this position is defined, the actual delay sequence for the measurement is set relative
to this position. The amount of incremental steps and their spacing determine the size
and the temporal range of the transient dataset. For each delay position a spectrum of
the unexcited and the excited sample is recorded. This requires a specific sequence of
pump and probe pulses, which is determined by the frequency of the choppers in the

respective beam path.

In contrast to the simple[GS|spectrum, the [ES|opens

s, s\ up additional processes like|excited state absorption|
\ESUA/ (ESA)} [photoproduct absorption (PPA)|and [stimulated]

* ® (Fig.2.7). The resulting difference ab-

sorption spectra can vary in complexity depending on

the sample at question. Positive difference signals are
N usually assigned to[ESA|or[PPA} whereas negative sig-

‘ nals arise from [SEand [ground state bleach (GSB)| The
A -\ latter is the consequence of a reduced (GS|population

wavelength

due to the excitation. Each spectrum is recorded for
\_@_I a specified number of times, statistically filtered and

}% averaged to reduce shot-to-shot fluctuations. The filter

needs to be set in such a way that a certain minimal

Aabs

FIGURE 2.7: Origin of the Aabs. threshold value for usable single-shot scans is reached.

spectra in a fs-TA experiment. A complete transient scan has to be repeated several

times to improve the overall data quality.

2.2.4 Time-correlated Single Photon Counting

Measurements of radiative processes on the ps to ns timescale can be done by

icorrelated single photon counting (TCSPC)l In this method, an [ES population is induced
by a pulsed laser source or a pulsed with sufficiantly short pulse widths. The
radiative decay, namely the fluorescence, of the system is then recorded by counting the

individual emission events in a single photon detector. This results in a histogram of
photon counts at specific delay times with respect to the photoexcitation. The kinetics
follow an exponential decay function which is consistent with the rate equation given in

However, the temporal trace is convoluted with the finstrument response function|

of the excitation pulses. Therefore, the analysis must include a deconvolution in
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order to obtain the underlying kinetics of the fluorophore at question, following the
relationship[>®)

Iayz/tuwainﬂ“ﬁW (2.36)
o i

This is done with the commercially available FluoFit software package (FluoFit Pro 4.6,
PicoQuant GmbH, Germany). On the hardware side, the experimental setup used in this
work is comprised of an interchangable excitation pathway, which can either be fed by a
80 MHz|Ti:Sa|laser system (Tsunami, Spectra Physics, USA) or a selection of pulsed [LEDs|
(PicoQuant GmbH, Germany), as well as a detection unit based on a (PicoQuant
GmbH, Germany) and a fast counter card (TimeHarp Single PCle, PicoQuant GmbH,
Germany). Due to the statistical nature of such measurements, a significant amount of
emission events have to be counted. This requires on the one hand large repitition rates
of the excitation source to ensure a reasonable time frame of the measurement, and on
the other hand a moderate excitation energy to omit pile-up effects. Due to molecular
rotational effects, which become relevant on the nanosecond timescale, the excitation
and the emission light have to be set at the magic angle configuration.

2.2.5 Two-photon Induced Fluorescence

So far just the case of a jone-photon absorption (1PA)[ has been discussed. However,

given a sufficiently high photon flux, a non-linear two-photon absorption (2PA)|from

an electronic |GS| Sp to a higher energetic state Sy is possible. Similar to the extinction
coefficient in the ability of a molecule to undergo is quantified by its
cross section 0,p which is given in units of GM [IGM=10"cm*s / (photon - molecule)]
named after Maria Goeppert-Mayer.”] The total absorbance of a sample in a nonlinear
excitation regime is then given by the differential equation

—— =l + BI? (2.37)

Here, the linear term describes the commonly known Beer-Lambert law and the
second order term describes The 2P coefficient is a function of wavelength (or
frequency) and is related to op by

Mw)zéi@p (2.38)
p

with the volume density of the molecules N and the energy of the excitation photons
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Epp. m can either occur by the absorption of two photons of the same (degenerate
case) or different (generate case) energy. In both cases the combined excitation energy
must be resonant to the energetic gap of the transition. From here on, however, the more
commonly used degenerate case shall be considered. Similar to the possibility for
2PA|is determined by the selection rules which result from the quantum mechanical
treatment of the involved transition states and their corresponding wave equations.

Under aspects of molecular symmetry one can deduce that in centrosymmetric
molecules, a involves conservation of parity so that transitions of the form u — u or
g — g are allowed. Conversely, [IPAlis allowed for transitions with a change of parity,
e.g. u — g or vice versa. This mutual exclusiveness does not exist for molecules without
a center of inversion. The above mentioned aspects demand specific conditions for a
experiment.P® Significant can just be observed at sufficiently high photon
densities and ultrafast interaction times. This condition is practically met in the focal
volume of a tightly focussed femtosecond laser beam. The very small amplitudes of 2P
effects relative to the high intensity excitation sources make transmission experiments
non-trivial.l00762]

A work-around for this problem, at least for fluorescent molecules, is the indirect

measurement of via fluorescence detection. This so-called [two-photon induced|

tluorescence (2PIF)| technique uses a confocal geometry for the excitation in a small

sample volume as well as the collection of the emitted photons (Fig.[2.8). The excitation
system used in this work is based on a 80 MHz laser (Tsunami, SPectra Physics,
USA) which is pumped by ajneodymium-doped-yttrium vanadate (Nd:YVOy)[cwisource

(Millenia, Spectra Physics, USA). In order to scan the 2P response of a large variety of
molecules, the excitation source needs to be tunable on a broad spectral range. The
tunability of this system covers the NIR range from 690 nm to 1080 nm with its optimum
at 730-930 nm. To keep the emitted pulses sufficiently short, the beam is guided through
a prism compressor. Both, spectral and temporal, profiles of the pulses are checked with
a camera (BP209, Thorlabs, USA) and an auto correlator (pulseCheck, APE, Germany).
This is necessary to ensure a Gaussian beam profile which simplifies data evaluation. The
emitted photons are guided to an internally cooled spectrograph (SpectraPro 300i, Acton
Research, Germany) with an integrated CCD-camera (Roper Scientific, Germany). The
remaining excitation beam is filtered by a set of dichroic mirrors and band-pass filters
to avoid artefacts of over saturation of the detector. The data acquisition itself is done
with the WinSpec software package. This allows the recording of several subsequent

fluorescence spectra, which can be averaged to optimize the signal-to-noise ratio.

To obtain the cross section 07p, the following equation is used©2¢4
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FIGURE 2.8: Energy diagram showcasing the generate and degenerate 2PA cases. Schematic
overview of the 2PIF setup and a closed-in view on the focal volume. The remaining IR pump
beam has to be filtered with a dichroic filter in order to get a clean fluorescence signal.

I
zliﬂ'SZZ¢fl,razp,r (239)
flr
with the fluorescence quantum yield ¢, the cross section oyp, the integrated
fluorescence intensity <I > fr the concentration of the molecule ¢ and the refractive index
n of the solvent. The indices s (sample) and r (reference) emphasize that relies

on a reference compound. The obtained values are therefore not just dependent on

QD f 1s02pP,s =

the experimental setup but also on the quality and reproducibility of reported data.
Therefore, the reference and the sample have to be carefully measured with identical
excitation conditions, e.g. beam profile and laser intensity. A common, however not
generally justified approximation, lies in the assumption that the fluorescence response
after and are similar.P?¢34 In that case the fluorescence quantum yield o]
can be obtained by a simple 1P fluorescence measurement.

2.2.6 Data Evaluation

One of the main objectives in time-resolved spectroscopy lies in the extraction of ki-
netic information of a molecular system (Fig.[2.9). As introduced in section the
photochemical deactivation after the initial photoabsorption event is described by an
exponential behaviour. However, in a spectrally broad and complex dataset such as ob-
tained by flash photolysis or[fs-TA|measurements, the individual spectral changes over a
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large temporal range can not be treated independently. Instead it is necessary to subject
such data to a global analysis approach.l®>l Here one distinguishes roughly between
model-dependent and model-independent methodologies. As the names suggest, in the
former one a set of mathematical functions is used to describe a very specific reaction
mechanism, whereas the latter one works without any prior assumptions about the

mechanistic details. The most commonly used model-dependent approach is given by

lglobal lifetime analysis (GLA)|[%?] which uses a discrete sum of 1 exponential functions

n _t
S(t Aexe, Ai) = Y Aj(Aexe, Ai)e T (2.40)
j=1

The resulting fit yields the characteristic lifetimes 7; of the decay function and as-

sociates them with the amplitudes A; of each trace. These so-called |decay-associated]
spectra (DAS)|are then used as a simple representation of the spectrally resolved kinetics
of the system. It is important to stress that the obtained lifetimes - along with their

amplitudes - do not automatically correspond to a mechanistic model. The actual kinetic
modeling is rather complicated and generally requires knowledge about additional pa-
rameters, such as spectral properties, in order to reduce the amount of possible solutions.
One possibility to move away from this model-based approach is given in the
density analysis (LDA)| 17l which has gained more popularity in recent years. Even

though this method still relies on exponential functions, it describes the overall kinetics

as a continuous distribution of lifetimes

St Aexes i) = /0 " (1, Aese, Aj)e (2.41)

The spectral information is now contained in the distribution function ®(7) and is,
similarly to linked to the individual decay components. To make a numerical
solution of this integral possible, it has to be transformed into a discrete sum of n

components (with n > 50). The result is then represented in a [lifetime density mapj

which delivers a compact overview of the underlying kinetics. Both methods,
IGLAl and [LDA)] are part of the analysis software package OPTIMUSI®® which was
developed in-house and is therefore the analysis toolkit of choice in this work. As
introduced in section experimental data is usually convoluted with the [RF which
requires a deconvolution routine in addition to the actual data fitting procedure, so that

equation is reformulated to
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FIGURE 2.9: Schematic representation of time-resolved data evaluation. The dataset (middle) can
either be evaluated by GLA or LDA. The former one yields DAS, whereas the latter one yields
LDMs. Both strategies are implemented in the OPTIMUS package.

n
S(t Aexes Ai) = Y Ai (T, Aexes Ai) % @ IRF () (2.42)
j=1
Even though equation is the basis for both, and the respective analysis
differs in the implemented algorithm to find the pre-exponential factors. The details of
these algorithms can be found in the OPTIMUS documentation and the corresponding

original publication. €l

2.3 Microbial Rhodopsins

Rhodopsins constitute the largest family of light-sensitive proteins and are found
amongst all domains of life. In animals they are coupled to G-proteins,®® which in
turn regulate signal transduction processes for phototaxis or vision.%7 However, in
microorganisms - such as algae or bacteria - they are mainly responsible for the conver-
sion of light into an electric signal or chemical energy by either passive or active ion
conductance across a biological membrane. They are often divided into four different
groups: cation or anion channels, proton pumps, chloride ion pumps and sodium ion
pumps (Fig.[2.10). A precise classification therefore involves the mode of action (active or
passive) and the actual cellular function (signaling or generation of ion gradients).7172

Ever since the extraction of the proton pump [Bacteriorhodopsin (BR)I?3! from Halobac-

terium salinarium in 1971, a large number of additional[mRhos|have been discovered and
characterized. Prominent examples for - besides[BR|- are the proton pump
lteorhodopsin (PR), 74 the chloride pump [Halorhodopsin (HR)| 7578l the sodium pump
IKrokinobacter eikastus thodopsin 2 (KR2)I”/l and the ion channel [Channelrhodopsin-2|
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(ChR2) Research onis subdivided into two major sections. On the one hand

@ €

e Yo 6

FIGURE 2.10: Schematic representation of the four MRh types: Proton pumps, cation or anion
channels, chloride pumps and sodium pumps.

there is the fundamental research on the evolutionary, functional, structural and mecha-
nistic aspects of these families of photoreceptors. 7172

On the other hand there is the new field of optogenetics, 57 which has emerged
after the discovery of the light-gated ion channel [ChR2] In essence, the main objective
of optogenetic research is the implementation of [mRhos|into non-native membranes to
specifically manipulate a cells electrochemical equilibrium by application of light. This
is especially interesting in the context of neurobiology, where a change of membrane
potential leads to a neuronal response. Due to the nature of these large fields of research
a close collaborative effort of many disciplines ranging from the molecular description,
over the biochemical implementation up to the cellular readout strategy is necessary.

In this work, the main focus is put on the photophysical aspects of light reception
as well as the mechanistic response of the protein. In order to lay the ground work for
the discussion of the experimental results, the next sections will introduce some of the

fundamental structural and mechanistic features of mRhos!

2.3.1 Structural and Functional Features

Rhodopsins are made of two building blocks: the protein scaffold - which is referred
to as opsin - and the retinal chromophore. The opsin itself consists of seven E

[transmembrane helices (TMHs)| which are connected via [intracellular (ic)| and |extra}

loops (Fig.[2.1T). The chromophore is bound to the opsin via a[Schiff base]
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linkage”! between the amino group of a lysine residue in helix G (or 7) and the
aldehyde group of the retinal. Depending on the type of rhodopsin, either all-trans retinal
(type I) or 11-cis retinal (type II) are bound.”U Both kinds of chromophores originate
from the oxidative cleavage of B-carotenel® or can be interconverted from retinol (or
vitamine A).BU Even though type I and type II rhodopsins seem to be similar at first
sight, they differ largely in terms of their genetic sequence as well as their function. In
the scope of this work, however, just type I rhodopsins - which make up all[mRhos|- will
be discussed. AllmRhos|have in common that - upon irradiation with light - charges are
translocated from one side of the protein to the other. The determination of the exact
translocation pathway as well as the underlying mechanisms is still one of the major

objectives in thodopsin research.

However, several structural motifs have been identified
which turn out to be crucial for the overall functionality of
the respective The most obvious feature is the chro-
mophore. In the dark state of the the retinal is found
in the all-trans configuration with a protonated Schiff base 7!
Upon absorption of a photon, the chromophore undergoes an
isomerization to the 13-cis configuration (Fig.[2.12). In the sub-
sequent steps the protein undergoes several changes, which
typically involve protonation steps including the deprotona-
tion and reprotonation of the [retinal Schitt base (RSB), This
requires very specific amino acids which function as a
lacceptor (PA)|or [proton donor (PD)l In this func-
tional unit is formed by D85, T89 and D96.8821 This DTD motif
on helix C is highly conserved in other archaeal H*-pumping

rhodopsins. In analogy to similar functional motifs have
been identified such as DTE or DTX for bacterial H*-pumps
(e.g.[PR), TSA for archaeal Cl"-pumps (e.g.[HR), NTQ for bac-
terial CI"-pumps (e.g. CIR) and NDQ for bacterial Na*-pumps
(e.g. . In addition to the aforementioned protona- pigure 2.11: Reduced
tion steps, the charged amino acid residues play a major role structure of BR from the

in the dynamic balancing of the electrostatic environment in side, top and bottom view.
the hydrophobic protein interior.386] This is often assisted by

a tight network of protein-bound water molecules, 788l which - in many cases - intercon-
nect thefecland thelic|side of the protein. In the same context it is worth mentioning that
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FIGURE 2.12: Isomerization of all-trans into 13-cis retinal upon absorption of a photon.

bulky and aromatic amino acids, such as tyrosines and tryptophans are similarly well
conserved in the retinal binding pocket. Especially the [BR/motif W86, W182 and Y185 is
strongly tied to the electrostatic stabilization of the direct chromophore proximity.[E286]
Importantly, the strong interaction of charged residues with the retinal itself - either
directly or via hydrogen bonding - also determine its photophysical characteristics such
as the absorption maximum®??2l and the isomerization quantum yield.”>?4l The charge
distribution also dictates which ions are able to pass the interior and the vectoriality
of the ion translocation. In fact, mutagenic studies have shown that the replacement of
just a few specific amino acids already leads to a change or a complete loss of protein
function.”l' A closer look into such structural details is therefore highly important for

finding an appropriate mechanism.

2.3.2 The Primary Reaction

The functionality of is closely tied to their ability to absorb light of a defined
wavelength. The event of photoabsorption by the chromophore leads to a population
of its excited state.”>??l This HOMO—LUMO-transition is accompanied by a charge
transfer from the 3-ionone ring towards the leaving the former moiety positively
charged compared to the part.®’l Several studies in the last two decades have found
that the sudden change of charge distribution in this primary event is in fact crucial to
prepare the protein for the subsequent translocation processes.®2°71101]

From here, different energetic pathways are possible which are determined by the
topology of the correspondingpotential surfaces (Fig. .[93‘95‘%] As already men-
tioned in the previous section, the photophysical properties of the chromophore are
strongly influenced by its direct environment. In terms of potential surfaces these ef-
fects can then be understood as a modulation of the energetic barriers along a reaction
coordinate. From our current understanding, the mechanism of a functioning
must involve the isomerization from all-trans to 13-cis retinal. However, the isomeriza-

tion quantum yield ¢;q, is found to be 30-70% depending on the system.[20102104] This
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implies that a substantial amount of initially absorbed energy is actually dissipated in

non-reactive pathways. The existance of such [reactive pathways (RPs) and non-reactive|
[pathways (NRPs) have been shown spectroscopically on a large variety of This
is usually expressed in a fast lifetime on the timescale of a few hundred fs, and slower

lifetimes which can reach up to the ps range.[!%711l n this sense, the fast lifetime corre-
sponds to the transition from the [ES|to the isomerized [GS photoproduct via a
intersection (Cl), whereas the slower lifetime components reflect the of retinal back

to its initial [GS|configuration. Mechanistically this results remain ambiguous and highly

debated, which is reflected in two opposing models (and their variants) for the primary

dynamics: Thelexcited state branching (ESB)|and the [ground state heterogeneity (GSH)|

model P3O5I05I1ZAIS] Tt jg important to note that a thorough assessment of the viability
(i.e. strengths and weaknesses) of both models is out of scope of this work, however
some key aspects will be briefly introduced.

As the name suggests, the model postulates
that parts of the [ES|population are branched off
at specific points on the [ES|potential surface. The
initial branching into the and [RP| must oc-
cur right after photoabsorption - namely in the
regime - due to the very fast isomerization time
of retinal. LS However, ¢4, is not solely dic-
tated by the population of the [112‘120‘121] In fact,
an additional branching of the [ES population at
the between the S; and Sy states is required
to account for this inconsistency. The ratio of the

S, \AT 13-cis
non-reactive reactive

species species
>

non-isomerized and isomerized retinal products is
rJ116]

<
< >
arbitrary coordinate reaction coordinate

then mainly influenced by a variable barrie

which is the result of the coupling between the
FIGURE 2.13: Schematic representation

S; and S, states. Th ling of these states i
1 and o states. The coupling of these states 15— . e ESB () and GSH (b) models.

in turn modulated by changes of the electrostatic
environment of the chromophore.[122l

In contrast, the[GSH|model is based on the view that the[ES|dynamics is predetermined
by the[GS|configuration of the retinal and its close surroundings. Differences in the [GS
configuration therefore result in heterogeneous subpopulations, which will undergo

different pathways once they are excited by a photon. This model is usually supported

by the fact, thatsuch as [PRII08IT13[123] 96‘113‘124‘125] and 1021130126) ghow a
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strong pH-dependence in terms of [ES|dynamics. Here, it is suggested that ¢;s, is mainly
modulated by hydrogen bonding!!!®l between the chromophore and neighboring amino
acids (i.e. the counter-ion) or water molecules. Subpopulations without such a hydrogen
bond would in turn undergo the Even though the [GSH|model is fairly simple and
reasonable, it still comes with a few inconsistencies. A major critique is rooted in the fact,
that the lifetime distribution of the [ES|decay seems to be temperature independent.!1/]
It is therefore important to keep in mind that each model excells at describing certain
aspects of the primary dynamics in[mRhos| but they still come with a set of flaws.

2.3.3 The Photocycle

The overall functional mechanism from the photoabsorption, over the actual transloca-
tion of a charge up to the regeneration of the initial dark state involves several structural
changes in the protein which span a broad timescale from fs up to s.”l Due to the cyclic
nature of this process, one generally refers to the collective description of all these steps
as a photocycle (Fig. [2.14). Historically, the individual intermediates in a[mRho| photocy-
cle have been defined and named after the prototypic mechanism found in [71] Even
though [mRhos| differ slightly in terms of structure and function, the generalized model
based on BR|still holds very well in many cases.

In total there are six distinct intermediates which dif-
fer in their structural configuration and as a result also
in their spectral properties.B21287131 Ag already dis-
cussed in the previous section, the initial photoabsorp-
tion leads to either a or [RP| Populations which
undergo the|RP|can then end up with an isomerized
- but still strongly twisted - 13-cis retinal.l®2261132] This
vibrationally hot [GS|photoproduct is populated in a
few hundred fs and is referred to as the J-intermediate

(J). With the cooling process on the ps timescale the
FIGURE 2.14: Generalized photo- thermally stable K-intermediate (K) is formed. After
cycle scheme with the crucial M- @ structural change in the retinal binding pocket, the
intermediate highlighted in blue. proton is prepared to be transferred to the [PA[[133]

This stage is usually ascribed to the L-intermediate
(L). Once the proton is transferred, and hence the [RSB|becomes deprotonated, the M-

intermediate (M) is formed.[®9134] This intermediate now contains a 13-cis retinal and
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TABLE 2.1: Highlighted photocycle characteristics in BR. The prefices d (deprotonated) and p
(protonated) in the RSB, PD and PA columns indicate proton movements along the respective

transitions.
intermediate retinal configuration RSB PD PA misc.

DS AT p p d -

J 13-cis p p d hot GS

K 13-cis ) p d -

L 13-cis p p d contact pRSB and dPA
M 13-cis d P P -

N 13-cis ) d d -

@) AT ) P d -

a deprotonated which leads to a major spectral blue-shift of the chromophore ab-
sorption. In proton-pumps, M is also considered electrogenic due to the net-movement
of charge.”I113%] Tn a subsequent step the is then reprotonated by the leading to
the formation of the N-intermediate (N).[1364139] The thermal reisomerization to all-trans
takes place in the last step forming the O-intermediate (O). Further adjustment in the
protein then leads to the final regeneration of the initial dark state. The kinetics involved
in the photocycle are strongly dependent on the protein conditions such as pH-value,
salt concentrations, oligomerization state, temperature and even the medium of reconsti-
tution. A quick way to identify an intermediate is given by UV /vis spectroscopy. On
the downside, this methodology is blind to many structural nuances since it is most
sensitive to the changes of the chromophore itself. For a more complete picture it is
therefore required to involve (time-resolved) vibrational spectroscopy, or X-ray
crystallography.

2.4 Photolabile Protecting Groups

The introduction of a [protecting group (PG)|into a molecule is an established strategy

in organic synthesis which allows the modulation of chemoselectivity.!!*% The basic
concept involves an alteration of a functional group so that a specific chemical reaction
is prevented. In an additional step the functionality of the molecule must then be
restored.!121142] Conventionally the deprotection is done chemically by a single or
several successive reactions with added reactants.['*3l On large scales this turns out to
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be very costly due to the comparibly low yields of the additional reaction steps relative
to the amount of required material. From a synthesis perspective it is therefore often
desired to find alternative reaction routes which make the utilization of PGsl obsolete.
On the small scale, however, open up interesting applications in the domain of
biochemistry. By and large such applications evolve around the activation or deactivation
of specific receptors, which are involved in major biochemical responses.!44145 The
microscopic or sub-microscopic scale, as well as the enormous chemical complexity of
such systems like whole cells or smaller organelles, require a delicate way to achieve
deprotection of the The most promising strategy is given by the application of
light, which allows high spectral selectivity, temporal and spatial resolution and non-
invasiveness. of this sort are then referred to as or photocages.l141148] Tn fact,
this expression was already coined in one of the very first publications on [PPGs| by
Barltrop and Schofield,!'*)l who proposed a way to liberate glycine after irradiation
with UV light. Another outstanding application - which has still a significant impact
on the scientific profile at Goethe University Frankfurt - was proposed by Engels and

Schlaeger.>Y They used an ortho-nitrobenzyl (0NB)|scaffold to protectjadenosine cyclid|

13”,5"-phosphate (cAMP)|, which plays an important role in the regulation of various

cellular processes. Their molecular design did not just add an additional degree of
control, but it was also crucial to overcome low cell permeability of in its native
form.

The design and further development of new is stimulated from different di-
rections. On the one hand there is a broad spectrum of applications in biochemistry,
pharmacology and medicine which all come with different requirements for a meaning-
ful use.[1441450151H154] Op the other hand there is the fundamental research, which mainly
focusses on the photochemistry of such molecular systems.!*¥l Especially the latter field
has been growing very fast in the recent years due to the large improvements of compu-
tational methodologies, which significantly facilitate overall design strategies.[1>>1157]
The mechanistic details of a photocleavage (or uncaging) vary from system to system
but there are some general steps which need to be followed.

Generally, the absorption of a photon must lead to a change of electronic configuration
so that the bond, which is meant to be cleaved, is either weakened or chemically more
accessible 148158l Sych an intermediate state must then be temporally stabilized, for
example by the solvent, in order for the actual chemical reaction to occur. Finally, both
photoproducts - the remaining [PPG|scaffold and the liberated molecule - must be stable
enough to prevent a backreaction. The overall efficiency of the uncaging reaction is

mainly determined by the ability of the molecule to absorb light of specific wavelengths,
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the competing relaxation pathways!!>! from the excited state, the solvent interactions

and the leaving group (LG)|itself.l148] These factors are often not independent from each

other, which makes a rational design rather complicated. In terms of the final application,
however, several properties are of larger importance than others. For example, high
uncaging quantum yields ¢, are often desired, but a high light-sensitivity could also
limit the use of a in situations where ambient light is inevitable. Likewise, large
substituents for an increased solubility in a specific medium could hamper the photo-
chemistry due to additional vibrational decay channels. Therefore it is crucial to adjust
the design of PPGs|by prioritizing individual characteristics for the specific application.

In the domain of biology - which is the most prominent field of application - the
most important aspects include: non-toxicity, water-solubility and absorption in the
so-called phototherapeutic window (300-800 nm) paired with a sufficient efficiency in
that wavelength range.!1481%0 The latter aspect is usually defined by the absorption of
[deoxyribonucleic acids (DNAs)| [RNAs|and proteins in the near-UV and the resonance of
water in the near-IR. This implicitly includes the principle of spectral selectivity, 161162l

which demands a well seperated spectral window of operation in order to limit any
side effects upon initiation of the photocleavage. In order to minimize tissue damage,
a red-shifted absorption is often prefered as long as the uncaging efficiency remains
sufficiently high. This also led to the search of two-photon activatable which are

meant to address this issue.!1211163-166]

2.4.1 Coumarin-based PPGs
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FIGURE 2.15: The basic structure of coumarin (a) and its PPG-variants based on the 7-alkoxy-
(b), 6,7-dialkoxy- (c), 6-bromo-7-alkoxy- (d) and 7-dialkyl-amino-subsituted coumarins (e).

Coumarin and its derivatives are among the most commonly used photochemically
active molecules. Common applications include laser dyes, 10718 fluorophores for imag-

37



Chapter 2 Theoretical and Experimental Framework

ing and sensitizers in larger molecular constructs. The conversion of a coumarin scaffold
into a was first reported in 1984 by Givens and Matuszewski, who used a
Imethoxycoumarin-4-yl)methyl (MCM)|derivative to protect diethylphosphate.l1® Ever

since, other derivatives with a large range of modifications have been designed and
reported. They can be roughly categorized into four groups consisting of 7-alkoxy-, 6,7-
dialkoxy-, 6-bromo-7-alkoxy- and 7-dialkyl-amino-substituted coumarins (Fig.[2.15). The
substituents at given positions are crucial for the performance of the overall compound
in terms of solubility, permeability, spectral properties and [ES|dynamics. The effects of a
large variety of site-specific modifications on such coumarin compounds are well stud-

ied and have been reported in numerable original publications and reviews.[14815911707172]

Considering the potential use in biological systems, |(7-diethylaminocoumarin-4-yl)methyl
and its variants have become model compounds of choice. Besides the rela-
tively large red-shift towards 370-410 nm - depending on the substituents -
based also have an increased uncaging|quantum yield (QY)]

Photochemistry and Uncaging Mechanism

Since parts of this work deal with the systematic characterization of 7-dialkyl-amino-
substituted coumarins, the general photochemistry of these compounds shall be ex-
plained on the simple example of DEACM| Like all coumarins, absorbs most
dominantly in the UV. The main absorption band is attributed to a 7 — 7r*-transition
which corresponds to a transition from HOMO to LUMO (Sp — Sz). The energeti-
cally close n — 7t*-transition is characterized by HOMO-2 — LUMO and HOMO-2 —
LUMO+2 transitions (So — S1), which do not exhibit significant oscillator strengths and
are therefore spectrally dark.!'73l

The spectral position and the shape of the main band is strongly dependent on the
solvent and the attached substituents.[”4l This is rationalized in the electronic configu-

ration of the corresponding HOMO and LUMO orbitals, which in general facilitate an
[173/175)

lintramolecular charge transfer (ICT)|from the benzylic to the pyranone moiety.
The character of this sort is stabilized by polar solvents. Likewise, an additional
enhancement of this effect is achieved with strong push-pull systems, consisting of

an electron-donating and an electron-withdrawing substituent at position C7 and C3,
respectively.!148] Besides a simple an additional twisted intramolecular charge trans{

fer (TICT)/”®l was postulated and reported for DEACM)|and its derivatives.[l7Z178] n

such a[TICT}state, the dialkyl-amino-substituent at the C7 position undergoes a twisting

to form a pyramidal configuration, which further stabilizes the |charge transfer (CT)|
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character. As a result of nearly four decades of research, a large number of publications
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FIGURE 2.16: Reaction pathways pathways of DEACM after photoabsorption. The photochemi-
cal cleavage occurs via a TIP, which needs to be stabilized by the solvent.

on the uncaging mechanism of coumarin based have been published.!1711741791180]
Even though slight differences might arise depending on the [LG|or the attached linker,
it is accepted that the uncaging mechanism (Fig. involves the formation of a
between the coumarinylmethyl cation and the|LG|conjugate base.!'”]
The initial excitation of the coumarin leads to the population of a locally [ES which
is in equilibrium with the [ICT] state mentioned previously. Depending on the local
environment of the molecule, e.g. solvent, this state is either stabilized or deac-
tivated via non-radiative or radiative processes.[l59‘173‘174] In the state, the bond
between the benzylic carbon and the [LG|can be heterolytically cleaved which results
in the aforementioned This needs to be sufficiently stabilized by the solvent
in order to prevent a recombination process which would yield the initial educt. If the
coumarinylmethyl cation is stabilized it can be attacked by a nucleophile to form the
inactivated making it inaccessible for the This mechanism is facilitated by strong
electron-donating groups on the benzylic moiety and [LGs| with a low pK, value, which
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help to stabilize the cation and the anion, respectively. The overall efficiency of this
process is also determined by the availability of the nucleophile. Practically solvents
like water or alcohols can take that role, so that the kinetics is usually not limited by
the amount of nucleophiles. At the same time, the solvent has a major influence on the
excited state dynamics of the coumarin!!>181182l yhich can also lead to a decrease of
uncaging efficiency. This is one of the reasons why the optimization of the uncaging
reaction still remains non-trivial.

2.4.2 BODIPY-based PPGs

[Boron-dipyromethene (BODIPY)|and its derivatives are strongly fluorescent dyes which

are structurally related to porphyrins. They were first described by Treibs and Kreuzer
in 1968,11%3 however the unsubstituted core structure itself has just been isolated in
2009.18%118¢] The high extinction coefficient (> 80000M~!cm '), high fluoresence
(> 0.5), narrow absorption and fluorescence bands and the rich derivative chemistry has
made a popular scaffold for a wide range of applications such as laser dyes,
fluorescence labels in imaging and sensor systems.[18711°0]

meso
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FIGURE 2.17: Mesomeric structures of the BODIPY|scaffold.

The |[GS|structure of the unsubstituted consists of two mesomeric forms (Fig.
2.17), which is the reason why position 8 is often refered to as meso. This position turns out
to be chemically easily accessible, despite the rather stable structure of the core.148191192]
Therefore, the first succesful attempts to functionalize into a utilized
the meso position to attach a ”91‘1951 The results opened up the possibility to move
further away from the UV into the visible range of the spectrum. This is especially crucial
for applications in biological tissue, due to the reduced phototoxicity and deeper tissue
penetration depth. Even though there is a large variety of vis-absorbing molecules, their
functionalization into a is challenging due to the non-trivial structure-reactivity
relationship.!#8] The computation of photophysical properties is often not enough to
make a meaningful prediction on the uncaging behavior of a compound. In contrast,
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the simple synthesis of BODIPY|and its derivatives helped to circumvent this issue in
part by accumulating large amounts of experimental datasets via laborious screening.
Certainly, this is also reflected in the high number of original publications and reviews

on these compounds in the recent decades.!2!

Photochemistry and Uncaging Mechanism

Most of the aforementioned properties of BODIPY|compounds are based on the rigidity
of the core structure which is strongly stabilized by the BF,-group. However, significant
tuning of the photophysical properties, solubility and overall chemical functionality is
possible by substitution at positions 1-8.1°11%l The most prominent derivatives contain
heavy atoms at position 2 or 6, which results in a significantly higher population of
triplet states due to spin-orbit coupling. Positions 1,3,5 and 7 are usually substituted to
increase solubility in specific solvents or to change the spectral properties. For example,
the attachment of large aromatic systems can lead to a significant bathochromic shift
of the main absorption band. From a photophysical perspective, this band is usually
attributed to a HOMO — LUMO transition (So — S1) with significant electron density
in the LUMO at the meso position.l'2197] The energetic gap of the transition is therefore
strongly influenced by the electron-withdrawing or electron-donating character of the
substituent at this position.

The electronic shift is also crucial for the photocleavage of common meso-substituted
If a[LG]is attached, the uncaging mechanism (Fig. involves - similarly to
[DEACM]- the formation of a carbocation. 2241971 The additional charge at the meso po-
sition facilitates heterolytic cleavage of the[LG|and stabilizes the formed carbocation. The
underlying photochemical pathways, however, are not yet fully resolved. In principle

LG 13r + -2* Nu
CH, | g

/ +/ =\_ J +/ — tNu_ g +/ =
=N =N/ =N_ =N/ |67 \=NC NS
/B\ /B\/ /B\
FF FF FF

FIGURE 2.18: Uncaging mechanism of BODIPY-based PPGs. The mechanism involves the forma-
tion of a carbocation, which is stabilized by the solvent. Both, singlet and triplet, mechanisms
have been reported.
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both, singlet and triplet, mechanisms are possible and have been reported. 121192l The
efficiency of the uncaging reaction varies quite strongly depending on the derivative and
its corresponding substituents. Besides the influence of the[LGlitself, the most significant
increases in ¢, are observed for compounds with high triplet formation rates. This
observations can be rationalized either by the spin-forbidden recombination of the TIP|
or simply by the increased lifetime of the [ES|itself. A further enhancement is achieved in
an oxygen-free environment. The strong triplet reactivity renders the legitimate question
whether are generally suited as in a biological application. This might
not be a big problem in reduced systems with well-defined experimental conditions,

however even more so in more complex systems like a whole cell.
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Aims and Scope

The research in this work was done under the umbrella of the graduate school[Complex
ILight Control (CLiC), which is funded by the |Deutsche Forschungsgemeinschaft (DFG)!
The research focus of this consortium is set around light as a means to initiate and drive

a chemical output. This requires the development of such optical control methodology
on the one hand, but on the other hand also the design, synthesis and implementation of
specific compounds and more complex systems which are photochemically addressable.
This broad spectrum of expertises is also reflected in many of the individual projects of
[CLiCl- some of which will be discussed in the framework of this thesis.

In the context of this work, different approaches/strategies for optical control have
been studied with a focus on[mRhos|and [PPGs| Whereas are often evolutionary
optimized in terms of their photophysical properties and functionality in their native

environment, are designed for a specific application in any (biochemical) system.
The utilization of these compounds as optical tools, in turn, requires different technical
strategies for the implementation and functionalization of the same.

The light-driven sodium pump and its variants sparked large interest in the
scientific community, due to their ability to pump several kinds of monovalent posi-
tive charges (H*, Na*, K* and Cs*) across a biological membrane. The assessment of
the structure-function relationships of the involved pumping mechanisms is therefore
crucial to develop optimized optogenetic tools of this sort. Here, time-resolved UV /vis
and IR spectroscopy is used to follow the photo-induced protein dynamics from the
initial absorption in the chromophore up to the protein response. Besides this photo-
chemical characterization, a major effort is put in the development of optical control
schemes, which are needed for a temporally precise activation and deactivation of the
photocycle dynamics. The projects related to are embedded in the long-standing
collaborations between the Wachtveitl group (Goethe University), the Glaubitz group
(Goethe University), the Schapiro group (Hebrew University of Jerusalem) and the
former Bamberg group (MPI for Biophysics).

In the field of the focus is put on two main aspects: the optimization of the
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uncaging and the spectral accessibility. The optimization of the photochemistry
in coumarin-based compounds is addressed in a bottom-up approach, using DEACM
as a simple base structure which is consecutively modified. Here, the main goal lies
in the identification of structural features, which are integral for the photochemical
performance of the desired

In the previous iteration of Dr. Christopher Hammer (Wachtveitl group), Dr.
Andreas Jakob (Heckel group) and Dr. Konstantin Falahati (Burghardt group) worked
on a coumarin-based molecular dyad with the main focus on two-photon sensitization
of the Even though the overall functionality of this dyad was demonstrated, some
photochemical aspects were not yet ideal. The project in this work expands on this
conceptual framework in terms of the structural design as well as the spectral properties
of such molecular systems. To allow a flexible use in the phototherapeutic window, both,
1PA and 2PA cases are considered. Such broadly addressable dyads, in turn, require a
shift from coumarins to more red-absorbing compounds like and rhodamines.
The individual constituents are then chosen in such a way, that the ET properties from
the photosensitizer (Rho) to the PPG scaffold (BPY) are optimized. Again, all phases from
the design, over the photochemical characterization up to the actual finalization and
implementation of the sensitized are done in tight collaboration with the Heckel
and Burghardt group.
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Research Projects

In this chapter, the major aspects of the conducted experiments and their results will
be discussed for each research topic. The first part of the respective project section will
briefly introduce the framework of the research and the rationale behind the inves-
tigation. Overall, there are three major projects which will be discussed. Section
deals with the mechanistic and photophysical description of the light-driven sodium
pump and its applicability as an optogenetic tool. Section4.2]is centered around the
systematic optimization of coumarin photochemistry in terms of photocleavage and suit-
able spectroscopic readout strategies. The project discussed in section [4.3]expands on the
concept of photosensitization of [PPGs|which is shown for a[BODIPY}rhodamine dyad
system. All projects are highly collaborative and therefore involve a broad spectrum
of methodologies and expertise. The main focus of the discussion will be set around
the spectroscopic contributions of this work, however it will be contextualized in the
overarching framework whenever it is due. For a detailed look into the experimental
conditions or the complete datasets of the individual research topics, the respective

publications are attached in the appendix of this thesis.

4.1 Krokinobacter Eikastus Rhodopsin 2

4.1.1 Introduction

The light-driven sodium pump was discovered in 201377 and is the first example
of its kind. Like every[mRho} it consists of the opsin unit and the retinal chromophore. A
distinct structural feature is given in the antiparallel S-sheet of the ECL1-domain, 198199
which is differently oriented in comparison to the one found in Some studies have
proposed its involvement in the Na* binding and transport mechanism, whereas others

mainly ascribe its significance in terms of thermal stabilization.[1%l The mechanistically

most important features are found in the [retinal binding pocket (RBP)| In contrast to
does not contain a [PD|/[PA}pair but an aspartic acid counterion at position
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FIGURE 4.1: Absorption spectra of KR2 at different conditions (a). Close-up view on the RBP at
neutral (b) and acidic (c) pH conditions.

116.11981199] Together with N112 and Q123 it forms the so-called NDQ-motifl20020L which
is characteristic for light-driven sodium pumps. In the|dark state (DS)|of [KR2} the coun-
terion D116 forms two rotamers depending on its protonation state. The protonated

rotamer is slightly turned away from the leading to a reduced electrostatic interac-
tion (Fig.[4.If). In contrast, the deprotonated rotamer is able to form a strong hydrogen
bond with the proton (Fig. ).[198‘2001 This interaction leads to major shifts in the
dark state absorption which range from 525 nm to 560 nm (Fig. [4.Tj). In close proximity
to the counterion, the amino acids S70, N112 and D251 are located. They are suggested
to be crucial for transient ion-binding. However, it is not yet clear whether such a site is
formed between S70 and N112 (site a)2% or N112 and D251 (site b).[2031204]

[KR2|has gained large popularity due to its ability to transport Na*-ions, which has not
been expected so far mainly due to structural and electrostatic reasons.l”72%l Moreover,
it has also been demonstrated that it is able to transport smaller monovalent cations
(H* or Li*) in the wildtype (WT)| or even larger ones (K*I1*81%9] or Cs*)2%l in specific

mutants. This automatically raised questions about the distinct transport mechanisms,
[207]
e.

especially in the range of conditions where Na*- and H*-transport seem to compet

By the time of the first experiments related to this work, structural as well as mechanis-
tical data were scarce. Even though models for the photocycle in[KR2 have been reported
from early on, 7198199208209 many details were not clear. This includes - among others
- the involvement of specific amino acids in the ion-translocation, the configurational
changes of the retinal and the dynamical changes of the electrostatic environment in
the It was therefore crucial to take a closer look into these important mechanistic
aspects, to not just get a deeper understanding in terms of the ion-translocation in [KR2]
specifically, but also in terms of ion-translocation in as a whole.

In the first set of studies (section#.1.2} refs. iv and v), time-resolved spectroscopy in the
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FIGURE 4.2: Overview of the IR dataset for KR2y, and KR2p. The UV /vis data is given in the
lower panels to simplify the temporal correlation of the signals.

and the UV /vis, as well as structure-focussed techniques like (in collaboration
with the group of Prof. Clemens Glaubitz) were applied. During these investigations
we also came across an additional - and to that date unreported - spectral signature in
the near-UV, which was the starting point for a thorough look into this spectral region
(section[d.1.3} ref. iii). It turned out that this near-UV signature spans from the fs up to
the ms timescale and indeed corresponds to a blue-shifted transition of the 13-cis retinal
in[KR2] The experimental findings are supported by quantum mechanical calculations
(in collaboration with the group of Dr. Igor Schapiro). Apart from the photophysical
characterization, a first set of photocontrol experiments were conducted which are the
basis for a future implementation in optogenetic applications (section [4.1.4).

4.1.2 A Closer Look into the Photocycle Mechanism

The studies discussed here are mainly focused on the structural and mechanistic insights
of the[KR2]photocycle. This is achieved by[[R|spectroscopy on the ps to s timescale, which
is supported by UV /vis measurements in order to correlate the vibrational changes with
the photocycle kinetics of the chromophore. The sheer size of - and therefore

47



Chapter 4 Research Projects

large amount of vibrationally active modes - results in rather complicated IR spectra
(Fig.[4.2), which generally make an analysis difficult. However, there are spectral regions
which are characteristic for specific changes in a protein. The data recorded spans from
950-1050 cm™ and 1500-1750 cm™, which is the full range of the QCL setup used in this
work. The former range mainly covers the so-called hydrogen out-of-plane (HOOP))

modes, whereas the latter covers the amide I and amide II bands, the ethylenic chain of
the retinal, the and site specific changes of amino acid residues./210211]

Due to the ability of to transport either Na*
or H*, the first objective was to determine mech-

- (a) KR2y,
[ anistic similarities as well as differences of both

- pumping modes. To achieve this without a mixed

kinetics due to competing pumping mechanisms,

two samples were prepared which were adjusted to
S e " 100 mM NaCl at pD 8.3 (Na*-pumping, KR2n;,) and

(b) KR2, 0 mM NaCl at pD 6 (H"-pumping, KR2}y). Besides
1r the obvious lack of salt in KR2y, the pD-value had
0 to be reduced to guarantee a sufficient amount of

N N O N R O ®
1

Aabs./10% a.u.

protons for the actual transport. Instead of using a

dried film to perform the IR measurements, the sam-

2 10° 10° 10° 102 10 ples were kept solvated in a D,O-buffer. The sup-

time /s plementary UV /vis data was then recorded with
the identical sample to simplify the correlation of
the time-resolved traces (Fig.[4.2). Further informa-

tion on the sample preparation and experimental
[212)
n.

FIGURE 4.3: Transients representing
the ethylenic stretch modes of the

chromophore. o ) o o
procedure is given in the original publicatio

In order to get a first estimation of the photocycle
kinetics it is useful to start with the chromophore. Here it is possible to directly correlate
the lifetimes obtained in the UV /vis measurements with the bands of the retinal ethylenic
stretch modes (Fig. . In KR2yp,, both, the spectral shifts as well as the lifetimes of
the individual intermediates, match those of the UV /vis experiment quite well. Large
spectral changes during the formation of the M-intermediate or the O-intermediate are
reflected by corresponding up- and downshifts in the wavenumber of the ethylenic
stretch mode, following the commonly used empiric rule.213214] 1t is therefore possible
to assign the bands at (+) 1532 cm™ to K, (+) 1548 cm™ to M, (+) 1516 cm™! to O and (-)
1540 cm™ to the dark state. In KR2yy, however, this becomes more complicated. Here,
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the most prominent decays occur on the ps to ms scale whereas the small residual
decay components span up to 100 ms. In contrast to KR2yj,, the ethylenic stretch modes
in KR2y clearly remain populated up to several hundred ms, indicating a prolonged
reorganization of the chromophore which is not reflected in the UV /vis data. It is also
noteworthy, that the ethylenic stretch modes are temporally overlapping in KR2y, which
hints at a - at least partial - tendency to form kinetic equilibria.

More pronounced spectral differences between

the two pumping modes are found in the win- 4 KR

dow ranging from 1600 cm™ to 1700 cm™. Here, oL

the most dominant feature is given by the triple

signature consisting of bands at (+) 1652, (-) 1660 0 r‘.__,_-_..__.__
and (+) 1668 cm™ which are characteristic amide I 3 2r

vibrational modes (Fig. . In KR2y,, the mode & 4 b o " L@
at 1668 cm™! is mainly populated during the K- % al KR2,,

intermediate and shows a rapid decrease of ampli- <

tude during the formation of the M-intermediate. 0 —

Simultanously, the mode at 1652 cm™ is populated

until it peaks in amplitude with the formation of At ()

the O-intermediate. This behaviour is not seen in 105 10° 1(‘)_3 07 107
KR2y, where the blue-shifted band at 1668 cm™ de- time / s
cays multi-exponentially and in parallel with the

band at 1652 cm™. This result strongly underlines FIGURE 4.4: Transients representing

major - and highly ordered - structural changes of changes of the amide [ band.
the protein backbone during the KR2n;,-photocycle. This is not surprising since several
steps are required for the succesful ion-translocation, including the removal of the ion
hydration shell 22! the transient shielding of the ion-charge inside the protein2®®l and
the coordination of the ion after passing the RSB.[2Y220 1t is suggested, that these steps
are in large parts mediated by the internal water network[202205209210217] similar to other
mRhosl

Interestingly, an additional feature is exclusively found in KR2yj, at (-) 1692 cm™ (Fig.
[4.5). This band is spectrally well isolated, extraordinarily broad and temporally aligned
with the formation of the O-intermediate. Since it is not found in KR2y, it is very likely
that a sodium related interaction might be the cause of the intense absorption changes. In
this context, there are two reasonable explanations for the origin of this signal. For one it
could result from the C = O stretch mode of asparagine, which is usually observed in the

49



Chapter 4 Research Projects

range of 1648-1704 cm™ in several proteins.219%2Ul In fact, a similar signature has been
reported for the D96N mutant in[2181 In the case ofthe most obvious candidate is
N112. As mentioned before, N112 is assumed to play a crucial role in the stabilization of
the D116 counterion during the formation of the M-state and the actual coordination of
Na* during the O-intermediate. Both processes involve the rearrangement of hydrogen
bonds with N112, which could be reflected in the bi-exponential nature of its decay.
However, the intensity as well as the spectral width are not typical for changes of one

individual amino acid.

A second explanation could therefore be given

4 KR by a closer look into the spectral composition of

3 3r amide I bands. In general, the amide I band con-

§ f : tains contributions from random coils, a-helices and

g0 e B-sheets, which are spectrally overlapping but in

b 1k terms of their peak position are still sufficiently

-2 L ul w ul ul distinguishable.lzn‘219‘220] Interestingly, the 3-sheet
10° 10* 10° 102 10"

" structure is characterized by a splitted band with
ime /s

a high-frequency (low intensity) peak around 1680-
FIGURE 4.5: Possible marker bands

1690 cm™! and a low-frequency (high intensity) peak
for changes in the ECL1-domain.

around 1620-1630 cm™.[2112215225] The ratio of the
peak amplitudes is influenced by the relative ori-
entation and consequently the coupling of the individual sheets.[22422%l In antiparallel
structures, the high-frequency contribution is usually larger compared to the parallely
structured counterpart due to a more favorable orientation of the contributing dipole
moments.22 This in turn means, that variations in orientation also result in intensity
changes of the high-frequency part of the 3-sheet band. For KR2, which just contains one
antiparallel 3-sheet in the ECL1-domain, this implies that the antiparallel orientation is
disturbed resulting in a bleaching of the band at 1692 cm™!. This is substantiated by the
observation that positive bands around 1620-1640 cm™ emerge at a similar timescale,
which could at least partially stem from the low-frequency [-sheet band or even an
increase of random coil contribution.

Due to the general complexity of IR signals it is reasonable to assume that both
mechanisms - the structural change in the backbone as well as interactions with N112 -
contribute to the overall signature. Nonetheless, this result suggests that a significant
change of this structural feature occurs during the KR2y,-photocycle, which reopens

questions about the involvement of the ECL1-domain in the Na*-translocation. A more
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general mechanistic concept in involves the concerted protonation reactions of
the and - in the case of KR2 - the counterion D116. In that context it is useful to focus
on modes which are directly affected by such protonation changes. For the protonated
such modes involve the C=N stretching (~1635 cm™) and the C=N-H bending
(1350-1400 cm™) mode, whereas the deprotonated just exhibits a redshifted C=N
stretching (~1620 cm™) mode. For the protonated carboxyl group of D116 this includes
the O-H stretching (3500 cm™), the C=0O stretching (1700-1780 cm™) and the O-H
bending (1200-1300 cm™), as well as the symmetric (1300-1420 cm™) and antisymmet-
ric (1550-1610 cm™) stretching mode of the deprotonated carboxylate, respectively.!211
However, not all of the aforementioned modes are suitable for an unambiguous assign-
ment, due to significant overlap with other spectral signatures. This becomes even more
complicated by considering the limitations in the experimental probing window.

Therefore, a major emphasis is given on the well isolated C=0O stretching band at
(+) 1744 cm™® which is found for both KR2y, and KR2y. In the case of KR2y,, the
signal amplitude significantly increases with the formation of M and almost completely
vanishes with the formation of O, which fits the protonation and deprotonation steps of
D116. Complementary, the band at 1636 cm™! - representative for the protonated -
shows a major decay component on a similar timescale.

In contrast, KR2y turns out to be more compli-
cated (Fig. [4.6). As already mentioned, the photo- oF KR2,
cycle is not just significantly slowed at lower pD-

values but also its photointermediates are more dif-

ficult to disentangle due to more pronounced equi-

A abs. [ 10“a.u.
o
|

libria. Moreover, the D116 counterion is initially pro-

tonated and differently rotated compared to higher sl FEUO——
10° 10* 10° 102 10°
time/s

pD values which in turn complicates the deproto-
nation mechanism of the [RSB}!1*8l These aspects are

well reflected in the transient behaviour of the (+) FIGURE 4.6: Transients representing

changes of the D116 protonation state

in KR2y.
decaying as in the KR2yj, case. Surprisingly, in ad- H

1744 cm™ band, which is not as sharply rising and

dition to this positive band, a slightly red-shifted

bleaching band at 1740 cm™ is observed in KR2y. It is possible that the altered resting
configuration around D116 and the which involves an additional interaction with
N112, causes a strong downshift of the dark state absorption of this specific mode. This

signal is particularly interesting, because it almost perfectly mirrors the kinetics of its
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positive counterpart at 1744 cm™. This implies that the D116 counterion remains in a
dynamic equilibrium between two different structural configurations which is reflected
in the amplitude modulations of both IR bands. In analogy to KR2yj,, the most dominant
signal rise of 1744 cm™ can be attributed to the formation of M, which is delayed by more
than one order of magnitude in KR2y. Again, the corresponding mode of the protonated
RSB|at 1632 cm™ decays on a similar timescale.

The last step of the photocycle, which is mainly driven by the thermal reisomerization
of the retinal chromophore, can not be fully resolved in the IR region of 1500-1750 cm!.
In the simplest case, one has to probe the C-C stretch modes which can be found at
1150-1250 cm™.[220] Here, the C14—Cq5 mode in particular is a good indicator for the
isomerization state of retinal. Unfortunetely, this spectral region is not accessible by the
setup used in this work. In a collaborative study with the Glaubitz lab, in particular Dr.
Orawan Jakdetchai, a major focus of the research effort was put into the characterization

of the structural changes of the chromophore during the KR2 photocycle in its sodium

pumping mode. The main technique applied here is based on cryo [dynamic nuclear
[polarization (DNP)fenhanced solid-state which allows a trapping and recording
of spectra for the successive photointermediates with an excellent resolution

and sensitivity. Complementary cryo-trapping experiments in the UV /vis, which are
necessary for the assignment of the intermediates, were done by Dr. Peter Eberhardt
from the Wachtveitl lab.

This was supported on the IR spectroscopy side by looking closer into the dynamic
changes in the mode region, which is indicative for the twisting motions of the
retinal chain. In brief, the data reveals that retinal in is already significantly
twisted in its dark state compared to other like After isomerization and
the subsequent formation of K, the chromophore relaxes slightly but becomes strongly
twisted again with the formation of L due to a tight interaction with the counterion D116.
In this state the deprotonation step leading to M is prepared, which is also underlined
by the strong deshielding effect of the RSB|nitrogen. M itself could not be resolved with
this technique, most likely due to insufficient population of this state. In O, however, the
retinal is found to be back in its all-trans configuration, yet the dark state configuration
of the ethylenic chain is not fully reinstated with major distortions at Cq3, Czp and
the itself. A similar result has also been obtained by x-ray crystallography of the
isolated O-intermediate, 22l albeit with an additional emphasis on the out-of-plane
configuration of the C14—Cj5 bond. These structural findings are underlined by IR
resonances found in the[ HOOP|region of KR2] It is important to stress that the evaluation
of the individual bands is non-trivial due to the large amount of overlapping signals and
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possible couplings. A definitive assignment is therefore just possible with sophisticated
isotope labeling and H/D-exchange of specific groups. Still it is possible to gain a deeper
insight by direct comparison with common signatures found in the literature for similar

[mRhoslsuch asBRor PRl

In the case of KR2, six distinct bands in the range
of 955-1040 cm™ are found (Fig. @), with the

3 01 KR2y,
higher frequency modes stemming mostly from %
methyl in-plane bending and the lower frequency g 0 -
modes stemming from coupled (or decoupled) § -01f e
C15, N—=HOOP vibrations.??”l In contrast to ¢E1°4°
the low frequency band at (+) 960 cm™! is already 21020
populated at the sub-ps timescale. This band is §1000 -
usually the result of the coupling between the & ggo |- + o
N-HOOP of the|RSB|and the C;5—-HOOP of reti- § 260 . ’ » .,ﬂ
nal due to hydrogen bonding with protein-bound 10°  10° t::;: / 51 0% 10

water molecules in later photointermediates. In

however, a similar interaction is maintained FIGURE 4.7: The HOOP-mode region
with the counterion D116 during most phases of in KR2ya..

the photocycle, which is in line with the chemical

shifts found in the data. Hence, the main decay of this mode occurs with the de-
protonation step of the during transition from K/L to M. The band around 980 cm™
is assigned to the the C;5—HOQOP itself. In contrast to the lower frequency mode, the
(+) 980 cm™! band shows its major decay during the formation of O which is indicative
for the reisomerization step. Complementary to these signals, the bleaching band at
1012 cm™ originates from the methyl in-plane bending modes of Cy and Cy3, underlining
major distortions of the ethylenic chain at the center of the chromophore. Similar to
the observations in the NMR, the IR signals in the [HOOP}region point towards an
incomplete regeneration of the retinal DS configuration in O. This is reflected in residual
amplitudes which decay during the very last steps of the KR2 photocycle.

4.1.3 Expanding the View into the near-UV

The absorption spectrum of most can be sub-divided into three regions (from
low-energetic to high-energetic): The main absorption band of retinal, a blue-shifted
band originating from either a deprotonated species or unbound chromophore
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FIGURE 4.8: Complete representation of the transient absorption measurements ranging from
fs to s. The near-UV region of the fs-measurements is scaled by a factor of 5 to account for the
smaller signal amplitude in this spectral region.

and the protein band mainly stemming from the absorption of tryptophane or tyrosine
residues. 228232l Ty the long history of research, the major focus has been put -
with a few exceptions - on the main absorption band of retinal and its changes during
the photocycle. The spectral range covered in these kind of measurements usually spans
from 350 nm to 750 nm. In this work, additional effort was put into extending the probing
range in the near-UV down to 300 nm. This is especially non-trivial in where
additional challenges due to optical chirp occur. The measurements discussed in this
section are performed on the at pH 9 and 5.5, as well as the counterion mutant
D116N at pH 9. Here, mainly the interaction between the and the counterion and
its effects on the photochemical properties of are investigated. Prior to this study,
several photocycle models based on optical spectroscopy have already been proposed.
Therefore, this discussion will be centered around the new insights which are obtained
through the near-UV region. In this spectral range, an additional absorption signature is
found for all three sample preparations.

At first glance, it is particularly interesting that the signal is build up in the fs range
and is maintained over more than ten temporal orders of magnitude leading up to the
ms range (Fig.[4.8). In the course of that time, the spectral position does not change which
is surprising considering the major electrostatic changes around the chromophore. A
direct comparison of the near-UV signal and the red-shifted absorption which represents
the formation of J, hints at a similar dynamic behaviour of both spectral signatures on
the ultrafast timescale (Fig.[4.9). On the slower end of the temporal range it becomes

somewhat more complicated due to a spectral overlap with the M-intermediate. The ac-
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tual spectral width of M becomes obvious in the measurement at pH 5.5. In contrast
to commonly reported spectral data, M seems to span down to 300 nm. At this point,
however, it is not clear whether this broad spectrum represents one singular M state
or in fact two subpopulations of M as proposed for several other In contrast, a
complete omission of M is achieved in the D116N mutant due to its inability to deproto-
nate the Here, it is clear that the near-UV band decays with the regeneration of the
KR2 parent state. A more detailed view on the kinetics for the individual measurement
conditions is obtained by the Whereas the near-UV band decays with the last
photocycle intermediate in both, the WT at pH 5.5 and the D116N mutant, it shows
a different behaviour for the WT at pH 9. In the latter case, the spectral component
centered around 330 nm decays with a slight delay to the decay of M but still before the
maximum population of O. Considering that the reisomerization from 13-cis to all-trans
most likely - as discussed in section - already occurs during the formation of O,
the hereby obtained results suggest that the near-UV band is tightly correlated with the
isomerization state of retinal.

To understand the nature of the near-UV tran-

sition, additional [quantum mechanics/molecular| 4 530
mechanics (QM/MM)| calculations were performed o2t

by Dr. Rajiv Kar of the Schapiro group. The calcu- % ] L ) .
lations are based on the reported structures for the ¢ ol prv—
parent state of KR2 and the photointermediates K, a )

M and O. Even though there are several structures

available for the KR2 parent state, structural data on 0 6 ois ; 1101 1:)2 10°

o . . I
the individual photointermediates have been more delay I ps

difficult to come by. Therefore, the majority of the pigurRE 4.9: Transients of the red-
calculations relied on the structures pub- shifted absorption corresponding to
lished by Skopintsev et al.,2%%l which were obtained (upper panel) and the near-UV band
using time-resolved X-ray crystallography. Merely (lower panel).

for O, in addition to the Skopintsev structure (A), another crystal structure (B) has been
reported by Kovalev et al.2%2l The O structures in both publications differ in the retinal
isomerization state and the proposed sodium binding site. Consequently those differ-
ences turned out to be an excellent starting point to test the experimental observations
obtained in the time-resolved spectroscopic data against the theoretical model. For a
detailed depiction of the computational setup it is advised to refer to the supporting
material of the original publication.
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In brief, the calculations were set up in such a way, that the QM region
includes the site of interest consisting of the retinal and the amino acid side chains of
K255, N112, D116 and D251, as well as the sodium ion in O. The remaining protein was
then defined as the MM region under treatment of the AMBER £f14SB force field. As a
result, electron density differences and their corresponding excitation energies for the
optical transitions in each photointermediate have been obtained. The quality of the
chosen parameters and the validity of the methodology has been controlled by direct
comparison of the Sy — S; transitions with the empiric data, which indeed align - despite
a methodological energy offset - quite well. To find the transition which constitutes the
near-UV signature, a closer look at the higher order transitions is necessary. Here, the
So — S3 transition for K and M, and the Sg — Ss transition for O are of major interest.
The transition energies (Tab. found for these transitions match the observed signature
in the margins of methodological error. Moreover, there is no major energetic shift in
between the intermediates which is in line with the constant spectral positioning in the

time-resolved data. This can be rationalized by the electron density differences (Fig.

Electron Density Difference (S, - S;)

K-intermediate M-intermediate O-intermediate®

FIGURE 4.10: Electron densitiy differences of the K-, M- and O-intermediate in KR2. The higher
order transitions correspond to the SBS. In the case of the O-intermediate, calculations on
structure A are shown.

[4.10). In contrast to the Sy — S; transition, which is dominated by a major shift of
positive charge from the to the B-ionone ring, the higher order So — S35 transition
rather reflects a change of bonding character along the ethylenic chain. Consequently
in the latter case, the region is mostly unaffected by changes of the electrostatic
surrounding. Even for the O-intermediate, no significant change of the So — Ss transition
energy is found in neither of the two reported structures (A and B) despite the additional
positive charge due to the transient binding of the sodium ion. Yet, the outstanding

difference lies in the oscillator strengths of their respective transitions. Whereas structure
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A (containing 13-cis retinal) shows an increase of oscillator strength compared to the
earlier photointermediates in that transition, the oscillator strength of a similar transition
in structure B (containing all-trans retinal) vanishes almost completely (Tab.[4.T). The
latter result is in line with the experimental observation that the near-UV band decays in
between the decay of M and the rise of O. This in turn implies that the same signature

is a[second bright state (5BS)| of the 13-cis retinal in KR2, and hence a spectroscopic

marker for the isomerization state. Together with the previously discussed NMR and
IR data, as well as structure B itself, there are now strong arguments speaking for a
reisomerized retinal in the O-intermediate. One of the remaining questions is rooted
in the discrepancy of both structural and spectroscopic data of different sources. The
retinal configuration in O has been object of major discussions in the community. One
reasonable explanation could simply be the sample itself. Most reported structures and
their spectroscopic characterization are based on monomers. However, from our current
understanding, KR2 forms pentamers in its native environment and functionality. Such
pentamers have indeed been used to resolve structure B and to perform the experiments
in this work. The mechanistic details and consequences of the oligomerization in[mRhos
are not fully understood yet, but significant effects ranging up to the retinal binding
pocket have been reported already.!?>3l Therefore, it is far from impossible that different
oligomers undergo slightly altered photocycles.

TABLE 4.1: Transition energies and oscillator strengths of the SBS transition for the individual
photointermediates in KR2. The O-state was calculated with 13-cis and all-trans retinal.

parent state K M O (13-cis) O (all-trans)®

f E/eV f E/eV f E/eV f E/eV f E/eV
032 442 027 433 016 451 042 419 0.07 4.15

SBS

4.1.4 Implications for Optogenetic Applicability

The spectral position as well as the temporal length of the[SBS|in KR2 lead to the question
whether or not this signature could be utilized for more advanced experiments. The
concept of optical control plays a major role in[mRho|research and its tightly connected
field of optogenetics. One of the most prominent and widely used optical effects in this
field is based on the so-called jplue-light quenching (BLQ)| 234230l which was originally

proposed for BR| Hereby the photocycle of ajmRholis cut short by applying blue light on
the blue-shifted M-intermediate. Even though this effect has been shown several decades
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ago, a mechanistic description based on spectroscopic data was just offered relatively
recently by Eckert et al.l2”] The experiments performed in this publication offered a
conceptual blueprint for similar experiments in the near-UV. In brief, the sample is
continously illuminated with cw radiation to pump the photocycle. Depending on the
conditions of the protein (i.e. pH or salt concentration) a kinetic equilibrium of the

individual photointermediates is formed. This [photostationary state (PSS)|is then the

basis for the actual quenching process, which is initiated with a fs pulse. To isolate the
pure quenching dynamics, a second control measurement on the identical sample is
performed. Here, the sample is not illuminated with cw irradiation but still pumped with
fs pulses. By subtracting both time-resolved datasets it is possible to eliminate potential
contributions of the ordinary photocycle dynamics. The near-UV quenching experiments
were performed on the KR2 WT at pH 5.5 and pH 9. The was generated and
maintained with a 565 nm LED, resulting in difference spectra with three pronounced
bands at (+) 330 nm, (-) 520-550 nm and (+) 610 nm. The quenching was then initiated by

fs pulses of 330 nm central wavelength.

The double difference spectra (Fig. 4.11) obtained
by these measurements clearly show that the ab-

0.3 ps
W”"M sorption of the respective parent states is regener-

3 | Lps ated over the course of several hundred fs (pH 9) or

7]
Ke}
g W‘W 50 ps (pH 5.5). The discrepancies in the temporal be-

haviour are a result of different starting conditions

500 ps
m in the [PSS| Whereas the main quenched state at

. pH 9 is the blue-shifted M-intermediate, it is the K-
o, AT intermediate at pH 5.5, which can be deduced from

norm. abs
o
o O =

the additional bleaching bands in the time-resolved

400 500 600 " . .
wavelength / nm data. Albeit in both cases a 13-cis to all-trans isomer-

ization is required, an additional reprotonation step
of the has to occur from M. Surprisingly, the
recovery of the parent state spectrum is by two or-

FIGURE 4.11: Double difference spec-
tra at different time delays for the KR2
at pH 9. The photoproduct band

resembles the absorption of the par-
ent state. accordance with the data discussed previously, this

ders of magnitude faster at the higher pH value. In

result stresses that a close interaction between the
RSB|and the counterion is maintained at all times during the photocycle,238l which
probably leads to a fast response to changes of the retinal configuration. In contrast to M,
however, the retinal is significantly more twisted in the early stages of the photocycle
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which could hamper the near-UV-induced reisomerization. Still, to obtain a deeper
insight into the quenching mechanism, further experiments in the IR are needed. The
results demonstrated here can be seen as a proof of principle, which needs to be objected
to further optimization of the experimental as well as sample parameters. If the[SBS|turns
out to be a generalized feature in the major advantage of near-UV quenching -
as opposed to - would lie in the specific targeting of different photointermediates
with just one spectral signature. Its spectral position in between the dominant absorp-
tion bands of allows a continous or pulsed illumination at the corresponding
wavelength with a reduced risk of inducing unwanted secondary dynamics.

4.2 Optimization of Coumarin Photochemistry

4.2.1 Introduction

The demand for optically controllable systems in many branches of the life sciences
has risen tremendously in the recent decade. In contrast to most photoreceptors, which
are evolutionary optimized for their light-triggered functionality, the key challenge for
the design of photochemical compounds lies in finding a reasonable balance between
functionality and efficiency. When it comes to two photophysical properties are
of major importance: the excitation wavelength and the uncaging The latter is a
measure of how efficiently the energy of the absorbed photons is used for the actual
release of the[LG| Considering the bandwidth of available PPGs|with [QYs|ranging from
fractions of a percent up to the double digits, questions about the driving determinants

of these differences occur.

One way to approach this problem is to take a look at the pathway of the excess energy
which does not end up in the uncaging reaction. Possible deactivation pathways of
this kind usually involve radiationless decays through interactions with the solvent,
structural reorganization or even relaxation under emission of a photon either from
the singlet (fluorescence) or triplet state (phosphorescence). These processes do not just
compete with each other but also with the desired photochemical reaction, which - in
the case of uncaging - often occurs on a timescale of several hundred ps up to ns.

The main objective of this project was therefore centered around finding ways to
keep the photon energy in the molecular system so that the uncaging process becomes
more favorable. The hereby used strategy involved not just the identification but also
the suppression of possible competitive deactivation pathways. Conceptually, this has

been done on many fluorophores to optimize the emission Building on previous

59



Chapter 4 Research Projects

work in this regard as well as the in-house expertise on several classes, the model-
systems of choice are based on coumarin compounds. Specifically the DEACM}based
fluorophore ATTO 390 was chosen as a precursor, which was functionalized into a
and systematically modified (Fig.[#.12). The additional six-membered ring in the
ATTO 390 compounds leads to a significant loss of rotational degrees of freedom at the
nitrogen atom which in turn suppresses the formation of a state. This rigidity was
enhanced even further by introducing a double bond at the 6-position of the ring. To test
the effects of hydrogen bonding, the hydrogen atom at the nitrogen has been replaced by
an ethyl group. The [LG]|of choice was serotonin, which plays a crucial role in the signal
transduction pathway in the central nervous system. It was attached to the via a
carbamate linkage. Overall, this resulted in four pairs of newly designed test compounds,
which were compared to DEACM and DEACM-serotonin as reference in terms of
photochemical performance (Fig. and [4.13). The design of these compounds and
the optimization of the involved synthesis strategies was done by Robin Klimek (group
of Prof. Alexander Heckel). Furthermore all compounds discussed here are labeled
identically to the original publication (ref. i) to simplify cross-referencing. In section
the main focus is put on the solvent-dependent photochemical characterization
and the implications on the uncaging process. The results are then contextualized and

summarized in an overall photochemical model in section

OR OR

N
H a OR H c OR R= OH
Z X X O7,NH
N o Yo N oo '

FIGURE 4.12: Overview of the ATTO-derived compounds without (7a-d) and with a serotonin

(9a-d).

4.2.2 Photochemistry

As introduced in section 2.4.1, coumarins undergo an from the benzylic to the
pyranone moiety upon photoabsorption.!'”2l This leads to a strong interaction with
the surrounding solvent, which in turn influences the overall [ES|dynamics.173174] To
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FIGURE 4.13: The corresponding absorption and fluorescence spectra (a) and 2P action cross
sections (b) of compounds 7a-d in PBS.

account for these effects, most of the experiments were performed in several solvents

with varying polarity and proticity namely toluene, DMSO, MeOH and

[buttered saline (PBS), Indeed, the solvent effects on the respective compounds are

already clearly visible in the corresponding steady state absorption and fluorescence
spectra. The Stokes’ shifts are most dominant in polar and protic solvents, underlining a
more pronounced stabilization of the|CT|state in these conditions.

Compared to the DEACM reference, all compounds furthermore exhibit a strong
fluorescence similar to the structurally close ATTO 390 fluorophore. This result is not
surprising due to the inactivated [TICT| pathway as a result of the implementation of the
6-membered ring. Surprisingly, in protic solvents the additional double bond in 7a and
7b does not affect the fluorescence [QY|as much as the substitution of the hydrogen by an
ethyl group in 7b and 7d, which implies that the fluorescence is quenched by hydrogen
bonding at the nitrogen proton. This also needs to be considered in the evaluation of the
2P action cross sections ¢roop, which are determined by Even though the ¢rosp of
7a-7d are relatively close in the range of 5-7 GM, the highest values are found for 7a and
7b. Here it is noteworthy that the ¢r of 7a is 0.5, whereas it is 0.9 for 7b, demonstrating
that the actual strength could be shrouded by other parameters related to the
experiment of choice. An overview of the most relevant steady state characteristics of
7a-7d can be found in the original publication.

The [ES|dynamics of 7a-7d have been investigated in a similar manner. To simplify the
discussion, the general features will be introduced on the example of 7a in MeOH (Fig.
[4.14p). With the population of the [ES|right after photoexcitation, a broad ESAg around
620-730 nm as well as a SE; in the range of 430-550 nm - being consistent with the steady
state fluorescence - occurs. Temporally delayed, a second absorption signal ESAjcT is
formed in the blue end of the spectrum. This signature becomes more pronounced on
the 1-50 ps timescale, which is accompanied by a decrease of the ESAg band and a
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strong red-shift from SE; into SE,. This dynamic shift is the consequence of solvent
reorganization due to the formed [CT]|state. The character is less stabilized in toluene
(Fig. . 14p) and DMSO, which is reflected in significantly smaller dynamic Stokes’ shifts
of the |SE! Instead, an additional absorption ESAt around 600 nm is formed at 100 ps.
This signature can be attributed to the formation of a triplet state, which is seemingly
facilitated in an aprotic environment. Albeit the stabilizing factor of solvent polarity is

easily extractable from the data, the effects of solvent proticity are more complicated.

In general there are three possible sites for hy-

700F(a)  EsA, = drogen bonding in coumarin compounds. 2!
Ees0f - *|  Hydrogen bonds with the carbonyl oxygen or
% :gg : p the nitrogen-bound proton usually stabilize the
g 500 | E . SE2 state, whereas a hydrogen bond with the
S 450 E ! cET lone-pair of nitrogen leads to the stabilization

400 | o : — : of a[GS}like configuration. All these effects have

0 10° del1a(§: / ps 1010 ¢ be considered for a thorough explanation of

700 ) Yoy the dynamic behaviour in the [ES|of coumarins.
£ 650 | ESAs 20 = Interestingly, in the PBS/DMSO (9:1) mixture,
< 600 ESAr which was necessary due to low solubility in
E >80 § pure PBS, the aforementioned reasoning seems
§ Zgg : é SE, SE. to break down. Even though the solvent mixture

400 | F . ————_ . contains highly polar and protic groups, the for-

0 10° 10" 10> 10*°  mation of the|CT]|state is significantly less pro-
delay / ps

nounced as seen in the corresponding ESAct
FIGURE 4.14: Excited state dynamics of (Fig.[£.15). An explanation for this effect is given
7a in MeOH (a) and toluene (b). by the inter-solvent interactions. It is known that
DMSO and water form highly ordered clusters

depending on the mole fraction of the mixture with a maximum effect at a 1:2 ra-
tio (DMSO:water).220l The DMSO content in the used solvent mixture is significantly
smaller, however in the local environment of the coumarin compounds it is most likely
increased. This locally nonideal mixing behaviour results in a change of the overall
solvent polarity, proticity and viscosity and hence in a hampered stabilization of the [CT]
The dominance of this phenomenon is even reflected in the uncaging experiments

of the respective compounds 9a-9d, which were performed by Volker Hermanns of the

Heckel group. In the initial high-performance liquid chromatography (HPLC)| measure-
ments of 9a-9d in a PBS/DMSO mixture, no appreciable increase of the uncaging QY| ¢,
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TABLE 4.2: Uncaging |QYs|of compounds 9a-9d and the DEACM-Ser reference in PBS/MeOH.

DEACM-Ser 9a 9b 9¢ 9d
Pu 0.0056 0.0256 0.0297 0.0163 0.0096
pue / M~ lem™! 50 504 617 173 184

compared to the DEACM-serotonin reference was obtained.

Here, two aspects of the inter-solvent interactions

between DMSO and water come into play: the re-

6
8 al ESA;cr
duced stabilization of the state and the coor- T,
dination of DMSO molecules in the direct vicin- X 0
. . . . . ; PBS/DMSO
ity of the reactive site. It was shown in previous 2 -2} MeOH
DMSO
workl173174 that the redistribution of electron den- < [, \ " toluene
o 10° 10" 102 10°

sity facilitates the elongation of the C—C bond, which delay / ps

needs to be cleaved in the uncaging process. Yet, the
FIGURE 4.15: Solvent dependent

DMSO/water clusters prevent such a stabilization.
transients of ESAcr in 7a.

At the same time the water molecules, which are

needed for a nucleophilic attack to form the photoproduct, are shielded by the tight
DMSO network around the In contrast, after substitution of DMSO with MeOH as
a co-solvent in the PBS mixture, compounds 9a-9d all show a significant increase in ¢,
relative to the reference (table . Compounds 9a and 9b, which contain an additional
double bond at the 6-position, are even 5-6 times more efficient. This result confirms the
initial hypothesis of this work that an inactivation of competing decay channels results
in an enhanced photochemical output.

4.2.3 Generalized Model

Based on the systematic investigation on key structural features as well as the influence
of solvent polarity and proticity, it is possible to formulate a minimalistic model for the
photochemistry of coumarins (Fig.[4.16). Initially after photoexcitation, the
is populated which is in equilibrium with the [CT]|state. The redistribution of
charge alongside the molecule leads to a subsequent reorganization of the surrounding
solvent. Polar solvents and hydrogen bonds with either the nitrogen-bound proton or
the carbonyl oxygen induce a further stabilization of the|Cl]state, which is reflected in a

strong Stokes’ shift as indicated in the steady state and time-resolved data.
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In contrast, nonpolar solvents and hydrogen

S, bonding with the lone-pair of nitrogen rather sta-
i bilize a[GStlike configuration. The lacking stabi-

ESAcr | T,  lization of the[CT]state - such as shown in toluene

TA :(k CT _1sc - ultimately results in the formation of a triplet
i\ 1, statevia on the hundreds of ps timescale. The

"""" :'E-i-' I/‘\ uncaging reaction, however, just occurs with a rea-

@4 sonable[QY]if the[CT]is stabilized sufficiently. This

abs is explained by two aspects. First, the increased

So density of negative charge at the pyranone moiety

FIGURE 4.16: Schematic representation leads to a pre-weakening of the cleavable C-C

of the[Eg pathways in ATTO-based com- bond and in turn to a stabilization of the prospec-
pounds. tive carbocation. Second, the photochemical re-

action - in this case uncaging - happens on the
timescale of hundreds of ps or even ns, which requires the reactive system to be long-
lived enough. Even though the primary goal was centered around the structural opti-
mization of coumarin-based the results clearly underline that similar care has
to be taken in terms of the molecular environment. The solvent does not just partake
in the uncaging reaction but it also plays a crucial role in the modulation of the
pathways. This complicates the analysis and prediction of the involved photochemistry
to a major degree, due to the dynamic nature of the solvent (re-)arrangement, which is

often overlooked in common characterization protocols.

4.3 One- and Two-photon Sensitization of BODIPY-based PPGs

4.3.1 Introduction

When it comes to the optimization of in addition to the improvement of the
uncaging which was the main focus of the study in section[4.2} it is also crucial to
work on the molecules ability to actually collect photons of very specific wavelengths.
Here, the concept of photo-sensitization comes into play, which allows a targeted mod-
ification of the spectral properties in a molecule. In the simplest case this is done di-
rectly at the basic structure of question by systematically adding functional groups,
which for example extend the 7r-electron system or significantly change the oscillator
strength of a wanted transition. An alternative way is given by combining the functional

64



4.3 One- and Two-photon Sensitization of BODIPY-based PPGs

molecule with one (or several) chromophores which then act as photon-antennas (or
photo-sensitizers).

To make this work, the major requirement - besides the necessity to collect photons -
lies in the ability to transfer the acquired photon energy to the functional site. Conse-
quently, in addition to selecting a sufficiently suitable sensitizer it is also necessary to
find an appropriate way of linking the molecular systems together. This comes with
the challenge to match the photophysical properties of all constituents on the one side,

while also guaranteeing an optimal structural arrangement, so that the fenergy transfer|

(ET)| process can occur as efficient as possible. The structural design is mainly dependent
on the nature of the [ET|process, which could for example come in the form of
[resonance energy transfer (FRET)|over larger distances or a[CT]in electronically coupled

systems. The study on such molecular systems has been an integral part of the scientific
profile in several research groups of the CLiC consortium.

Projects of this sort include the modulation of fluorescence in photoswitchable BODIPY-
DTE dyads24! or the sensitization of a DEACM[165 I In the latter case, ATTO
390 was used as the photosensitizer. It was shown that excitation of the sensitizer indeed
leads to the release of the[LG|from the DEACM{PPG]| The energy flow from ATTO 390
to DEACM, however, was mediated by n-stacking of the aromatic systems which was
mainly supported by intramolecular hydrogen bonding at the linker itself. Still, this
proof-of-principle was the starting point for the project discussed in the following. Here,
several conceptual changes and improvements were considered. First, the excitation
range was moved towards the red end of the visible spectrum due to a prospective use
in the phototherapeutic window. This also includes the implementation of an inherently
strong 2P-absorber as an antenna. Second, a major focus was put on the actual [ET| which
was required to be fast and efficient without leading to any side-reactions or structural
changes (i.e. n-stacking).

All these aspects should result in a spectrally broadly addressable molecular-dyad,
which could be functionalized as a Ultimately, a rhodamine-BODIPY dyad was
designed as the base compound and tested as the [PPG|with [p-nitroaniline (PNA)|as the
(ref. ii). In the course of this project, several iterative adjustments on the molecular

design and spectral properties have been done, requiring a tight collaborative network
of synthesis, theoretical modeling and spectroscopic characterization. Rebekka Weber
(group of Prof. Alexander Heckel) was responsible for the structural design and the
corresponding synthesis strategy. On the theory side this project was driven by Carsten
Hamerla, Maximiliane Horz and Dr. Madhava S. Niraghatam (group of Prof. Irene

Burghardt). In the next sections, critical results of this iterative process ranging from
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FIGURE 4.17: Chemical structures of Rho 1-4.

the selection of a suitable sensitizer (section 4.3.2), over the characterization of the
(section 4.3.3) up to the actual tests on the uncaging properties (section , will be
given.

4.3.2 Finding the right Antenna

The first part of the project dealt with the identification of suitable photosensitizers which
meet the requirements explained above, including a relatively red-shifted absorption
maximum, high cross sections and suitable fluorescence properties. The latter
requirement is especially important for the [ET|to the actual With this reasoning
the main focus was set on rhodamine compounds, which are known to be excellent
fluorophores with a high tunability.242243] Even though rhodamines 1-4 (Fig. share
the same core structure, their spectroscopic properties vary by large margins.

Whereas the structurally very close Rho 1 and Rho 2 are quite similar in terms of

TABLE 4.3: Photophysical properties of the tested antenna compounds Rho 1-4 in MeOH.

Aabs €max Aem ¢F TF 02pPr
nm M lem™! nm ps GM

Rho1 542 86500 571 041 266 30-80
Rho2 549 67000 578 0.47 225 30-80
Rho 3 519 69800 548 091 4.16 15-30
Rho4 572 117000 597 0.84 4.96 60-110
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absorption and fluorescence, Rho 3 and Rho 4 are significantly blue- or red-shifted,
respectively. They furthermore exhibit roughly double the fluorescence|QY|of Rho 1 and
Rho 2. This is also reflected in the [ES)lifetimes obtained by [fs-TA]and TCSPC| The reason
for this stabilized [ES/in Rho 3 and Rho 4 lies in the steric barrier which decreases the
rotational degrees of freedom of the benzoic acid moeity and therefore the rate of energy

loss to the solvent.

The structural features of rhodamines also con-
tribute to their generally strong response. Due
to molecular symmetry, the absorption of two photons

Rho-BPY-OH:
R=0H

- Rho-BPY-PNA:

leads to a transition from the HOMO-1 (symmetric) to

R=

the LUMO (symmetric), which corresponds energet-
ically to So — S; and is strictly forbidden.[244] In
turn this also poses some experimental and conceptual
problems since all time-resolved measurements are
based on For instance, the energetically weaker
So — Sp transition must not necessarily lead to the
same photochemical pathway as the case. In the
particular case of rhodamines, this means that two

-

requirements have to be met. First, the population of

Sy is followed by a very fast crossing to S;. Second,

norm. abs. / a.u.
o

this crossing must then lead to similar photodynamics

o

as if 51 was populated directly. One attempt to at least 300 400 500 600 700
wavelength / nm

partially test this was given by excitation of the even

higher energetic Sy — Sj transition, which indeed FIGURE 4.18: Chemical structure
of the dyad system with and with-
out|LG|and the corresponding ab-
sorption spectra.

yielded similar spectral changes and corresponding
lifetimes as the Sp — S; case. Consequently, the popu-
lation of S; from S3 must occur significantly faster than
the temporal resolution of the experiment (<200 fs).
Finally, the 2P action cross-sections were obtained by 2PIFin the range of 780-880 nm.
Here, some drastic differences are observed in the direct comparison of the compounds.
Again, Rho 1 and Rho 2 share similar values ranging from 30 to 80 GM. However, Rho 3
has a comparably weak action cross section which is lower than 30 GM over the whole
spectral probing range. In contrast, Rho 4 exceeds with values of more than 80 GM over
almost the whole spectrum. Considering all of the measured photophysical quantities
(Fig.[£.3), Rho 4 clearly stands out as the superior photosensitizer. The spectral properties
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of the rhodamine antenna also dictate the requirements for the actual acceptor molecule
and prospective The hereby chosen BODIPY|base structure therefore needed some
structural modifications to match its absorption spectrum with the fluorescence of Rho 4.
The extension of the t-electron system was achieved by the attachment of a styryl-group
at position 3 and 5 of BODIPY, respectively, which shifts the absorption maximum to
660 nm. Rho 4 and the modified BODIPY were then coupled through an alkyne-linkage
forming Rho-BPY-OH (Fig. 4.18).

4.3.3 The Energy Transfer Process

The dynamics right after photoexcitation were followed by experiments on the
individual compounds Rho and BPY, as well as the Rho-BPY-OH dyad itself. Hereby;, fs-
pulses of 560 nm and 660 nm central wavelength were used to account for the respective
absorption maxima of the molecules at question. As expected, the dynamics of Rho and
BPY are mainly characterized by a long-lived [ES|which starts to decay in the hundreds

of ps up to ns timescale.

The more interesting cases are given by
10° excitation of the Rho-BPY-OH dyad (Fig.

4

(a sesnm| [ (c)f o ;

0 — e il o0 4.19). Here, the activation of the BPY moi-
8 oo g g ety with 660 nm pulses (Figl.19p) leads
4 -8 1 1 1 1 1 1 1071 = L. . X .
T o4 — 10' 8 to similar dynamics as seen in the isolated
¢ (/b)/\-—-\ 660 nm | (. (d)! S . .
8 01— A R .= BPY compound, albeit with a reduced
< _ 4L s \/ 10

) —eoots lifetime. This implies that in the dyad the

i P | 1 1 1 1 1 . -1

400 450 500 550 600 650 700 400 500 600 700 Rho part is not influenced by the local

wavelength / nm wavelength / nm

excitation of BPY, yet the relaxation pro-
FIGURE 4.19: Photodynamics of the first 600 fs Cess is slightly accelerated. This looks dif-
after excitation of Rho-BPY-OH with 565 nm ferent after excitation of the photosensi-
(a) or 660 nm (b) pulses and their respective tizer (Fig), which leads to a clearly
lifetime densities (c) and (d). mixed dynamics with features of both, the

Rho and BPY [ES| The most dominant spec-
tral signatures are given by the two bleaching signals GSBgy, and GSBgpy (Fig.
4.20R), which correspond to the absorption maxima of Rho and BPY, respectively.
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o

The kinetic analysis via[LDA] reveals that the

“E Ll C5Bano == CSBarr population is transfered from the Rho moiety to the
i 4l | BPY part of the molecule in the course of less than
§ ne . . . @ 600 fs. This becomes even more obvious by com-
0 02 04 06 08 10 paring the temporal traces of GSBry, and GSBgpy
c 1.0 o delay /ps directly. Whereas, GSBgy,, decreases down to 50% of
5 o5t :::::i:\g) its initial value, GSBgpy reaches more than 90% of
§ ) its overall maximum value on a similar timescale.
5 045 — The obtained experimental result speaks for an effi-
s .(©) Re Im cient [ET| which is relatively fast compared to simi-
g 0- lar molecular dyads. To learn more about the ener-
% -0.15 [ Abali i getic and mechanistic details of this process, the sys-
°© 0 02 04 06 08 10

e tem was subjected to electronic structure calculations
ime / ps

based on [time-dependent density functional theory]
FIGURE 4.20: GSBgp, and GSBppy [[TD-DFT)|as well as a thorough [quantum dynamics|
representing the ET process (). Cor- analysis based on[multi-layer multiconfigura}
responding LE populations (b) and tion time-dependent Hartree (ML-MCTDH)|

coherence lifetimes (c).
The |ES|analysis of the Rho-BPY-OH dyad shows
three bright states (S1, Sz and S3) with significant
oscillator strengths and one additional dark state S4. Both, S; and S3, are localized on
the BPY moiety, whereas S, and the dark S4 correspond to local [ES| of Rho. In fact, the S4
is exclusively populated by 2PA]due to molecular symmetry of the HOMO-3—LUMO+1
transition. With the knowledge about the energetic landscape of the system, a more
detailed look was put into the computation which focussed mainly on the[ET|process.
In the framework of this analysis, two diabatic of the donor (Rho) and acceptor
(BPY) part of the dyad have been modeled. Details on the exact model, the included

vibrational modes, the coupling constants and the energetic offsets can be found in the
supplementary information of the original publication (ref. ii).

The central result is best represented in the time-evolving diabatic populations of LEA
and LEP and their corresponding coherences. The initial population of LEP decreases
whilst LE” becomes populated in the course of approximately 200 fs (Fig. ). Simi-
larly, the imaginary part of the coherence decays to zero, whereas the real part levels
off at a constant value, which is explained by the formation of a weighted population
equilibrium between LEP and LE* (Fig. ).
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Rho BPY The computations and the experimental data

S, fit quite nicely, even though the former yields slightly
\c faster [ETl times. One of the reasons for this mismatch

S, could be due to the omission of explicit solvent ef-

________________ virtual \:EET fects in the theoretical model. Still, putting the ob-
e s, tained experimental and computational results to-

1PA gether one can come up with a complete description

" 1PA of the photodynamics in Rho-BPY-OH (Fig. [4.21). Ex-

So citation of the dyad via leads to the population

FIGURE 4.21: Energy diagram repre- of the localized S4 which becomes depopulated by

senting crucial pathways after an ultrafast [IC] to the localized S,. From here, the
or[2PA] system undergoes an [ET|from the Rho moiety to the

localized S; of BPY. A similar scenario occurs when
the S5 is directly populated via[IPA]at Rho. This stresses again that the hereby proposed
dyad can indeed act as a broadly absorbing system with an efficient and fast[ET|pathway.

4.3.4 Applicability as PPG

The functionality of the dyad was tested by attaching the commonly used as the
Besides its small size, which reduces the potential risk of significant changes in
the photochemistry of the compound, another advantage of PNA|normally lies in the
spectral shift as a result of the uncaging process.l'’l The uncaging experiments were
performed under constant [cw| irradiation with of 565 nm and 660 nm central
wavelength over the course of 100 min.

The first observation is the similarity of the time-resolved spectral changes in both irra-
diation cases. The dynamics is mostly dominated by the bleaching of the BPY absorption
in the near-UV and the vis. Strikingly, the absorption change of the corresponding bands
is almost 3-fold as strong by excitation of the Rho part of the molecule. Yet, this again
speaks for the ability of Rho to collect photons (high €) and transfer the energy efficiently.
It also stresses that both excitation wavelengths lead to the same photochemical output.
Unfortunately, the near-UV band also overlaps with the expected read-out signal of the
liberated Here, only a small spectral shoulder around 280-300 nm can be identified,
which is most likely the result of the blue-shift of the absorption (Fig. and b)
or the difference in the UV contribution of both, Rho-BPY-OH and Rho-BPY-PNA. To
test this, a similar irradiation experiment was done on the initial Rho-BPY-OH dyad,
which does not contain a

70



4.3 One- and Two-photon Sensitization of BODIPY-based PPGs

The corresponding difference spectra differ in terms
of spectral shape and their spectral shifts. The shape in-
dicates that there is a significant overlap between the
reactant and the product absorption. In fact, the spectral
changes hint at a cleavage of the styryl-groups at BPY,
which is reflected in the blue-shift of the BPY absorption
bands around 360 nm and 660 nm due to a reduction of
the n-system. In addition, in contrast to Rho-BPY-PNA, no
spectral shift is observed in the near-UV (Fig.[#.22). This
at least qualitatively demonstrates that is cleaved
as a result of the irradiation. However, a quantitative
assessment of the uncaging kinetics or an estimate of
the uncaging [QY]is difficult to obtain for this compound.
Here it is important to note that a change of the or
an improvement of the uncaging[QY]of the BPY scaffold
might lead to a better photochemical performance, but
it would also require a change of the overall structure. It
is not necessarily guaranteed that the |ET|characteristics
found for Rho-BPY-OH or Rho-BPY-PNA would apply to
such an altered compound. Consequently, and
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FIGURE 4.22: Spectral changes
in the region of the PNA absorp-
tion after illumination of Rho-
BPY-PNA with (a) 565 nm or (b)
660 nm. No shift is observed in
Rho-BPY-OH after illumination
with 565 nm light (c).

calculations on several rhodamines and BODIPYs (some of which have already been
screened in the framework of this project) are crucial to determine important structural

features and to predict similar functionalities.
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CHAPTER 5 -

Concluding Remarks

Overall, this work has explored different approaches of optical control in a biochem-
ically relevant context. This has been done on the molecular level, either in the form
of a photoreceptor (here or in the form of more flexibly usable but also in
terms of the more technical and photophysical aspects of the activation or deactivation
of such molecular systems. Even though the main focus of this written work lies on
the spectroscopic results, all projects discussed here have been strongly collaborative,
involving a broad range of different techniques. This reflects the interdisciplinary nature
of many of the currently driving questions in photochemical research, which are —in
many cases - ultimately targeted at medical or pharmaceutical advances.

First, the light-driven sodium pump was investigated which became popular
due to its possible application as an optogenetic tool. In a comparative study of
sodium and proton pumping mode, it was possible to identify important mechanistic
principles for the proteins functionality as a sodium pump. This includes the direct
involvement of specific structural features such as N112 and/or the ECL1-domain
in the ion-translocation pathway, as well as the tight interplay between the retinal
chromophore and its counterion D116. At the same time this IR study offered one
of the first mechanistic insights into the proton pumping photocycle in which
was significantly less explored. In collaboration with the Glaubitz lab, a closer look
was put into the structural changes of the chromophore and its surrounding during
the different photointermediates via[DNPlenhanced s§NMR|and optical spectroscopy.
Here, time-resolved [[Rlmeasurements in the[HOOP}mode region helped to follow the
dynamic changes of the chromophore configuration and twisting. It was shown that
retinal is in fact reisomerized to its all-trans configuration in the O-intermediate, but
remains noticeably more twisted compared to its [DS|configuration. This was further
substantiated by the results obtained in the near-UV region, which is often omitted in the
characterization of[mRhos| The newly found signature turned out to be a[SBS|of the 13-cis
configuration of the retinal chromophore, which vanishes with the formation of O in@
Besides the obvious utilization as a spectral marker, the transition was also explored
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in terms of its applicability for optical control experiments. Similarly to the[BLQeffect, it
was possible to regenerate the KR2 parent state by application of fs near-UV pulses to
a By varying the sample conditions it was possible to specifically target K (pH 5)
or M (pH 9), which furthermore allowed a differentiation of the quenching dynamics
from different starting points. These results alongside the hereby proposed experimental
concept can be used as a basis for more advanced multiphoton excitation schemes in the
context of optogenetics.

In contrast to the rather large and complex photoreceptors, [PPGs|— amongst others
- offer a more delicate way to specifically target and control biochemical reactions. In
this context, two characteristics are of major importance: The ability of the to
absorb photons of specific wavelengths and the efficiency of the desired photochemical
response. The latter aspect has been investigated under the working hypothesis that the
reduction of competing deactivation channels in [PPGs|leads to a higher uncaging[QY]
This has been tested on DEACM-based model compounds, which were systematically
modified in order to pinpoint different [ES|pathways. By simply adding an additional
six-membered ring — now being more similar to ATTO fluorophores — the uncaging
[QY] was increased by 2- to 3-fold compared to DEACM. This could even be more
improved (up to a factor of 5-6) by further planarization of the system with an extra
double bond at the C6 position. The excitation of the coumarin moiety leads to a
which is in equilibrium with the [CT]|state. Depending on the local environment, most
importantly determined by the solvent proticity and polarity, the |CT]|state or a more
[GSHike configuration is stabilized. The electronic redistribution in this [CT]| state also
leads to a pre-weakening of the cleavable C-C bond, which is a prerequisite for the
uncaging reaction. It was furthermore demonstrated that the additional decay channel
due to the uncaging reaction leads to a more than 2-fold decrease of the [ES)lifetime in
the functionalized This could be potentially used as a photophysical readout for
the uncaging reaction by spectroscopic or — with the addition of spatial resolution — by
microscopic means as in fluorescence lifetime imaging microscopy.

The wide range of applications for [PPGs|leads to the design of a similarly wide array
of different classes with different spectral properties. This optimization for very
specific conditions comes at the cost of flexibility, which might be necessary when data
needs to be collected by different techniques. This problem was tackled by designing a
spectrally broadly addressable molecular dyad based on a Rho photosensitizer and BPY
as prospective The Rho antenna was chosen under consideration of sufficient 2PA]
cross sections, optimal [ES|characteristics and structural suitability for the attachment to
BPY. Indeed, the between the Rho and BPY moieties turned out to be extraordinarily
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fast and highly efficient. It was shown — in tandem with computational analysis - that
the excitation of Rho by either [IPA]or RPA]end up in the same photochemical pathway
as a direct 1P excitation of the BPY, which allows the utilization of an overall spectral
range from 500-900 nm. The uncaging reaction itself was qualitatively verified, but a
quantitative assessment remains difficult due to spectral overlap of the corresponding
signals in the UV. Certainly, a further improvement of the uncaging properties as well
as the spectral readout strategy needs to be the main focus for the further develop-
ment. Here, the spectroscopic and computational results offer a useful blueprint for the

determination of crucial functional sites and possible modifications.
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@ Inactivation of Competitive Decay Channels Leads to
Enhanced Coumarin Photochemistry

Robin Klimek*,” Marvin Asido*,"
and Alexander Heckel*™

Volker Hermanns,?

Stephan Junek,' Josef Wachtveitl,*™®!

Abstract: In the development of photolabile protecting
groups, it is of high interest to selectively modify photo-
chemical properties with structural changes as simple as
possible. In this work, knowledge of fluorophore optimization
was adopted and used to design new coumarin- based
photocages. Photolysis efficiency was selectively modulated
by inactivating competitive decay channels, such as twisted
intramolecular charge transfer (TICT) or hydrogen-bonding,
and the photolytic release of the neurotransmitter serotonin

was demonstrated. Structural modifications inspired by the
fluorophore ATTO 390 led to a significant increase in the
uncaging cross section that can be further improved by the
simple addition of a double bond. Ultrafast transient
absorption spectroscopy gave insights into the underlying
solvent-dependent photophysical dynamics. The chromo-
phores presented here are excellently suited as new photo-
cages in the visible wavelength range due to their simple
synthesis and their superior photochemical properties.

Introduction

In recent years, the use of light has gained enormous interest in
the life sciences. An increasing number of research groups
focusses on the use of photolabile protective groups (so-called
“photocages”) to regulate biological processes."™ Aside from
the application, however, also the development of new photo-
cages is of high interest®” In order to be able to use light for
targeted regulation, the photo-physical and -chemical proper-
ties of protecting groups have to match the requirements of
the biological context. Here, especially two parameters are of
crucial importance. The first is the excitation wavelength,
preferably in the red range of the visible light spectrum and the
second is the uncaging efficiency of the respective photocage.
Regarding the first parameter, many studies have been
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published that focused on shifting the extinction maximum to
longer wavelengths.®”

Taking the coumarin photocage as an example, popular
methods were the extension of the mt-system, or the addition of
donor and acceptor substituents (see Figure 1a)."%'¥ Also with
other photolabile protecting groups, for example BODIPY,!"*™
fluorenol,"®'”" or nitrobenzyl"®'?' a considerable red-shift was
achieved with similar approaches. Nevertheless, the improve-
ment of the second parameter, the uncaging efficiency, has not
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Figure 1. a) Selection of prominent coumarin based photocages in recent
years and their reported absorption maxima. LG =leaving group. b)
Structures and photophysical properties of DEACM 1 and ATTO 390.%”
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been studied as systematically in the recent literature. Still, this
is highly important, because if the applied light can be used
more efficiently, side effects such as cell damage can be
reduced.

Efficient photolysis means that the chromophore must have
both a high extinction coefficient (€) and a good uncaging
quantum yield (¢,). To increase the uncaging efficiency of a
photocage, it is important to understand what other processes
compete with the photolytic cleavage of a leaving group. A
molecule in the excited state can release its energy through a
variety of pathways (see Jablonski diagram, Figure 2a). In the
fast range, there are rotations, vibrations, and isomerization
around single atoms or bonds. Also, internal conversion (heat
loss to the solvent)®” or hydrogen-bonding®"’ can lead to
relaxation to the ground state.”? If the excited state lives long
enough (e.g. nanoseconds) and does not decay in any of the
faster channels, the molecule can also release the energy via
luminescence,”” or a directed bond cleavage.

To date, there is only little information on how to rationally
optimize the uncaging quantum yield of photocages. However,
there are many advanced studies that have successfully
optimized the performance of fluorophores.*2® Extinction
coefficients and absorbance maxima have been modified.
Unwanted photoreactions (e.g. photobleaching) and the
amount of deactivation processes that happen earlier than
fluorescence have been reduced. In many cases also the water
solubility has been improved. Therefore, a possible strategy to
develop new photocages with improved photolysis can be to
use an optimized fluorophore with one major decay channel as
a guide — an analogy that has recently also been followed by
Rivera-Fuentes et al.””’ — and divert the excited state population
into an uncaging reaction pathway.

a) —— absorption
! fluorescence
(i ca o Se—— ——  —— phosphorescence
/\;J\//[ O/ﬂ\o S7 P S— internal conversion
] vibrational relaxation
= intersystem crossing
2 t
2 T
g = S — =
e T epe— —
| ‘ {
R —
A\ i 4 L1 L 1] SEEE A L.! e 1l
sl s ;
J
~ S“ b X
b)
Ro random orientation twisted
Uy /\\/\1 ICT ANAN TICT /Cj\//\ﬂ
i |
Ry A A A Ris AN N A Ry, N
e e i I i o
H H H I‘~I :
| A 0 o
HOr wORr R HOR R

Figure 2. a) Jablonski diagram showing relevant transitions of coumarin
chromophores when excited with light. S;: ground state, S;: first electroni-
cally excited singlet state, S,: second electronically excited singlet state, T:
triplet state. b) General model for twisted intramolecular charge transfer
(TICT) in coumarin dyes. In addition, possible hydrogen-bonding sites are
shown, that can affect non-radiative decay.
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In this study, we explored this idea using ATTO 390 as
an example, which has a fluorescence quantum yield of more
than 90% in aqueous solution. Here, we show how to improve
the uncaging cross section (g¢,) of new ATTO 390-based
photocages by up to one order of magnitude compared to
literature known DEACM (1) (Figure 1b), applying principles
from fluorophore optimization. Using ultrafast transient absorp-
tion spectroscopy, we gain insight into the fundamental photo-
physical processes that are critical both for fluorescence as well
as for photolytic cleavage of a leaving group. Overall, we
demonstrate that understanding excited state decay channels
in fluorophores can be helpful for developing new photocages.

Results and Discussion

In coumarin fluorophores substituted like the one shown in
Figure 2b, it is known that the molecule can adopt an
intramolecular charge transfer (ICT) state.*°>? After excitation, a
rotation around the C—N bond at the donor moiety can occur.
Thereby, repulsive interactions are minimized and charge
separation is stabilized. The resulting twisted intramolecular
charge transfer (TICT) state can release its energy to the
medium non-radiatively.®*** In addition, as indicated in Fig-
ure 2b, it is possible that coumarins release their energy to the
environment via hydrogen bonding.?'**>*"! However, a restricted
rotation around the C—N bond is known to supress the TICT
and therefore increase fluorescence.®® This can be observed, for
example, with ATTO 390, in which the exocyclic nitrogen atom
is fixed by a six-membered ring. Therefore, ATTO 390 shows a
high fluorescence quantum vyield in comparison to freely
rotating coumarins like DEACM (1).

Guided by this principle, we synthesized four new coumarin
photocages 7a-d (see Figure 3) which have a structure similar
to ATTO 390. In all four compounds, the rotation around the
C—N bond is restricted by a six-membered ring. Compounds 7a
and 7b were additionally equipped with a double bond at the
6-position, which should make the framework even more rigid
and the rotation more confined (see Figure 3b). By using this
double bond, we hoped to limit non-radiative energy release
on short time scales. The coumarin photocage should be even
less capable of forming a TICT. However, derivatives 7b and 7d
also featured an additional ethyl group on the nitrogen atom at
the 7-position. This exhibits an electron donating character
compared to the proton in 7a and 7 ¢ and should thus enhance
the charge transfer character formation originating from the
nitrogen that is necessary for uncaging. The absence of a
hydrogen-atom can also prevent possible non-radiative decay
upon hydrogen-bonding with protic solvents®**"*¥ and elimi-
nates a potentially photoacidic site.***"!

The synthesis of compounds 7a-d started from commer-
cially available m-aminophenol 2 (see Figure 3a). In the first
step, the hydroxy group of 2 was protected with tert-
butyldimethylsilyl (TBDMS) in a quantitative yield. The resulting
compound 3 was reacted with acetone under Yb** catalysis to
quinoline 4a in a Doebner-Miller type reaction.*? Starting from
4a, compound 4b was obtained via alkylation with iodoethane

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. a) Synthesis of compounds 7 a-d. i) TBDMS—CI, imidazole, DCM,
quant. ii) Yb(OTf);, acetone, 77 %. iii) iodoethane, Cs,CO;, MeCN, 78 %. iv) Pd/
C, H,, MeOH, 98 %. v) iodoethane, Cs,CO;, MeCN, 83 %. vi) TBAF, AcOH, THF,
89-94%. vii) sodium diethyl oxalacetate, EtOH, 31-47 %,. viii) NaBH,, MeOH,
37-62%. TBDMS = tert-butyldimethylsilyl. b) Evolution of new coumarin-
photocages with improved uncaging efficiency due to inhibition if intra-
molecular twisting. LG: leaving group, R: H/ethyl, TICT: twisted intramolecular
charge transfer.

and Cs,CO; under microwave irradiation and 4c was isolated
after selective hydration with H,, Pd/C under atmospheric
pressure in excellent yields. Hydration needed to be performed
before the silyl protecting group was removed. Otherwise, we
observed cleavage of the C—N bond at 7-position with H,, Pd
even at very short reaction times. The reduced compound 4c
was also alkylated with iodoeth ane to get 4d. The TBDMS-
groups of 4a-d were removed with tetrabutylammonium
fluoride (TBAF) and glacial acetic acid in 89-94 % vyields to give
alcohols 5a-d. Pechmann-condensation based on a procedure
of Begoyan et al.*® resulted in coumarin esters 6a-d. During
the reaction, several side products occurred that were hard to
separate from the main product by column chromatography.
Recrystallization further removed impurities but also resulted in
poorer yields. Therefore, we decided to use compounds 6a-d
for further reactions after single column chromatography with
minor impurities. After the reduction of the respective esters
with NaBH, the alcohols 7a-d were isolated in good yields and
purities.

To evaluate the photophysical properties of compounds
7a-d, one-photon (1P) absorption and fluorescence spectra
were recorded in different solvents (see Figure 4 and Table 1).
We compared the data to the most commonly used coumarin
photocage DEACM (1) and ATTO 390 as reference compounds.
In PBS (phosphate-buffered saline), compounds 7a-d showed
higher extinction coefficients in their absorption maxima (€,,,,)
than DEACM (1). Compared to ATTO 390 the €, of 7a-d were

Chem. Eur. J. 2022, 28, e202200647 (3 of 8)
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Figure 4. a) Steady-state absorption and fluorescence spectra of compounds
7 a-d in PBS. Spectra of ATTO 390 (taken from ATTO-tec)® and compound 1
are added for comparison. b) Two-photon absorption spectra of compounds
7 a—d. ¢) Stokes shifts in different solvents with different polarity.

Table 1. Photophysical properties of compounds 1, ATTO 390*” and 7 a—d.
€max (PBS) [M )"abs (PBS) )"em (PBS) ¢F dPF
Tem™] [nm] [nm] (PBS)  (DMSO)

1 16500 385 520 0.07 0.74

ATTO 24000 390 476 090 -

390

7a 16700 383 528 0.50 0.51

7b 18100 405 536 0.90 0.51

7c 20300 373 511 0.72 0.89

7d 21500 394 526 095 0.92

slightly smaller. Compound 7d, which has the most similar
structure to ATTO 390 has also the lowest difference in the
extinction coefficient. In general, an increased extinction
coefficient compared to DEACM (1) is already a promising start
towards the desired increase of the uncaging cross section £¢,.
The absorption maxima themselves (\,,) were located between
373 nm and 405 nm. Thus, they were in the same range as the
absorption maxima of DEACM and ATTO 390. The strongest
shift was observed for compound 7b, which had a 20 nm
bathochromic wavelength shift relative to DEACM. Neverthe-
less, a minimal blue shift of 13 nm could also be observed for
compound 7c. In comparison, the data indicated that the
compounds with the additional ethyl group showed a more
red-shifted absorption spectrum. Compound 7d (A,,,=394 nm)
absorbs most similarly to ATTO 390 (A,.,=390 nm), what again
can be rationalized with their very similar structure. The
additional double bond in compound 7b (A, =405nm)
further increases the absorption wavelength. This red-shifting

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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effect of the double bond can also be observed when
comparing compounds 7¢ (An=373nm) and 7a (A=
383 nm).

To evaluate whether our new coumarin compounds can
also be excited with NIR light, we measured two photon
absorption spectra of compounds 7a-d. Here, we observe a
two-photon absorption of 5-7GM at 800-810 nm for all
measured compounds (Figure 4b), which is in the same range
as ATTO 390 (13 GM).®™ This 2P-transition is energetically
equivalent to the main absorption maxima found at around
380-410 nm (Figure 4a), indicating that the proposed com-
pounds can be one- or two-photon activated. This measure-
ment shows that excitation is also possible in the so-called
phototherapeutic window (650-950 nm), in which light has a
particularly high penetration depth into biological tissue.”

To get a first impression of how the newly synthesized
chromophores release their excitation energy, we measured
fluorescence quantum yields (see Table 1). Since fluorescence
and uncaging occur on approximately the same time scale, this
parameter may provide a first indication of successful inactiva-
tion of faster decay channels. Additionally, comparing polar
solvents (such as PBS) to less polar ones (such as DMSO) may
indicate whether TICT is involved. For medium polar solvents
like DMSQ, it is known that coumarin charge separation is only
stabilized to a limited extent, resulting in a high ¢;, independ-
ent of their flexibility.“® It is also possible that rotation around
the C—N bond is hindered in solvents with relatively high
viscosity, such as DMSO.*”

In aqueous solution, however, the amine substituent can
rotate freely if it is not fixed by a six-membered ring, since
water is less viscous. This is in agreement with the measured
high ¢ for compounds 7a-d and DEACM (1) in DMSO, ranging
between 51% and 95%. When DMSO was replaced by PBS, the
¢r of DEACM (1) was reduced from 74% to 7% whereas
fluorescence of 7a-d remained on a high level. This reduction
in fluorescence suggests that rotation around the C—N bond in
DEACM is possible in less viscous PBS, but it is inhibited in all
newly synthesized derivatives 7 a—d. In turn, this points towards
a TICT state in DEACM, which is hindered in compounds 7 a—d.
The fluorescence quantum yields further show that the two
compounds with the ethyl group 7b and 7d emit best in PBS.
This can be explained by the fact that the ethyl group can
stabilize the charge separation more effectively over a longer
period of time. A similar quantum yield in PBS (90%) is shown
by ATTO 390 itself, which also carries an alkyl group at the
nitrogen atom.

To investigate the effect of stabilization of charge separa-
tion in more detail, we also studied the Stokes shifts in different
polar solvents (see Figure 4c). Again, the polarity of the solvent
is expected to have a strong influence on the emission
wavelength. We observed that all compounds 7a-d showed
already large Stokes shifts in unpolar solvents (4334-4583 cm™'
in toluene). When the polarity of the solvent was increased, an
overall rise in the Stokes shifts was observed. The largest Stokes
shifts were measured in PBS buffer (6035-7240 cm™), support-
ing that there is charge transfer in all molecules which is
stabilized by the solvent to different degrees.

Chem. Eur. J. 2022, 28, €202200647 (4 of 8)

To gain an even deeper insight into the photophysical
dynamics of the newly synthesized compounds, we employed
ultrafast UV/vis transient absorption spectroscopy in different
solvents. Here, the general spectral features of these com-
pounds shall be explained exemplarily in the case of compound
7a in MeOH (see Figure 5a). The photoexcitation from the
ground state leads to a broad excited state absorption (ESA;)
signature, which spans from 620 nm up to more than 730 nm.
Simultaneously, the stimulated emission (SE;) from S, to S, can
be found in the range of 430-550 nm, which is consistent with
the steady state fluorescence spectra. After about 300-500 fs,
an additional absorption signal (ESA) appears at approx-
imately 400 nm and 430 nm. The amplitude of the 430 nm
component rises further on the 1-50 ps timescale, which is
accompanied by a decrease of the ESA; band and a strong red-
shift of the stimulated emission by 40 nm forming SE, (Figure 5a
and 5c). The latter effect is related to the excited state
intramolecular charge transfer (ICT) from the nitrogen of the
amine group to the oxygen of the carbonyl group, which is
further stabilised by the solvent response on the ps timescale.

In contrast to compound 7a, it can be observed that in
compound 7b (Figure S1b, Supporting Information) the blue
component of the ESA; feature at around 400 nm is mainly
populated, which means that the excited state is more
stabilized in 7 b relative to 7 a. The less pronounced stabilization
of the excited state in 7a most likely results from a hydrogen
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Figure 5. Transient absorption spectra of compound 7a in MeOH (a) and
toluene (b). Time slices at 0.5 ps and 100 ps underline the dynamic stokes
shifts in ¢) MeOH and d) toluene.
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bond at the nitrogen, which is formed in addition to the
stabilizing hydrogen bond at the carbonyl group.”” In toluene,
compound 7 a shows a miniscule dynamic Stokes-shift of the SE
band (Figure 5b and 5d). However, the ESA; is still formed,
indicating a population of an ICT state, which is less stabilised
by the surrounding solvent. Instead, an additional absorption
(ESA;) around 600 nm is formed on the 100 ps timescale, which
we tentatively assign to triplet formation. A similar ESA;
signature is found for 7a in DMSO (Figure S1c, Supporting
Information), which is also aprotic but significantly more polar.
Therefore, the excited state dynamics are not just strongly
influenced by the solvent polarity, but also by the solvent
proticity and the general accessibility of hydrogen bonding
interactions. Besides the obvious stabilization of the excited
state in polar solvents, the effect of solvent proticity is more
complicated, since there are different sites for hydrogen
bonding. Whereas hydrogen bonds with the carbonyl oxygen
or the nitrogen-bound proton are reported to have a stabilising
effect on the excited state, a hydrogen bond with the lone-pair
of nitrogen has the opposite effect.?*>” The reduction of
energy in the ICT state due to these effects leads to a
favourable ICT-population. In contrast, the population of the
triplet state is seemingly facilitated in the case of missing
hydrogen bonding."®*” Further details on the solvent effects as
well as cross-comparisons between the compounds are given in
the Supporting Information of this article. The transient
absorption measurements demonstrated that all four new
compounds form an ICT state. The ethyl group in compound
7b seems to further stabilize the charge separation in
comparison to compound 7 a as can be seen in the significantly
increased ESA . amplitudes (Figure S1, Supporting Information).
However, this effect is not seen in the direct comparison of
compounds 7d and 7 c (see Figure S2, Supporting Information),
which lack the additional double bond.

But even more interesting to us was, whether the added
rigidity of the new compounds would also lead to improved
photolysis. Therefore, we attached serotonin as a biologically
active leaving group (see Figure 6). Serotonin is an important
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Figure 6. Synthesis of compounds 9a-d and 11. i) CDI, DCM, 79-89 %. ii) 5-
Hydroxytryptamine hydrochloride, Et;N, DMF, 56-77 %.
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neurotransmitter that plays a crucial role in signal transduction
in the central nervous system.®" The synthesis started by
reacting compounds 7a-d with carbonyldiimidazole (CDI)
under microwave irradiation resulting in 8a—d. To generate the
final photolabile protected serotonin-derivatives 9a-d, com-
pounds 8a-d were reacted with 5-hydroxytryptamine
hydrochloride. The same procedure was used to synthesize
DEACM-protected serotonin 11, starting from DEACM (1) as a
reference.

After preparation we performed first photolysis tests in PBS/
DMSO (9:1). We added this small amount of DMSO because the
photocages were only moderately soluble in pure PBS. To make
the photolysis results comparable, the quantum yields for
compounds 9a-d and 11 were determined at 405 nm using a
fulgide derivative as actinometer.”? The decrease of starting
materials was monitored by HPLC with the addition of an
internal standard. After the experiments, we were surprised that
the uncaging quantum yields for compounds 9a-d and 11
differed only minimally from each other. This contradicted all
assumptions from previous literature and the earlier determined
fluorescence behaviour of the compounds. The fluorescence
experiments indicated that competitive relaxation pathways in
compounds 7a-d were blocked which in turn leads to an
increased fluorescence quantum yield compared to DEACM.
Since fluorescence and uncaging occur on the same time scale,
the uncaging quantum yield of compounds 9a-d should also
be enhanced in direct comparison to reference compound 11.

To investigate this unexpected outcome in more detail, we
performed ultrafast transient absorption spectroscopy in PBS/
DMSO (9:1). Interestingly, in this solvent, the amplitudes of the
difference signals are significantly reduced (Figure S1b and f,
S2b and f). This becomes most obvious in the ESA band,
which is the dominant feature in all measurements. In contrast
to the other tested solvents, the ESA . does not show a major
rise in amplitude on the 10-100 ps timescale in PBS/DMSO
(Figure S3), implying a less pronounced population of the CT
state. However, it was shown in recent work"™® that the charge
separation is crucial in order to facilitate elongation of the C—C
bond, which is cleaved in the subsequent uncaging process.
Additionally, the solvent response due to the ultrafast change
in dipole moment is somewhat more complicated in PBS/DMSO
mixtures. It is reported that DMSO and H,O form strong
hydrogen bond clusters even at small amounts of DMSQ.F***
For simple coumarin-based compounds this means that the
solvent reorganization in the excited state is mostly driven by
DMSO, which *“drags” H,O along through their H-bond
network.”® It is therefore possible that DMSO at the photo-
chemically relevant site suppresses photocleavage in a PBS/
DMSO mixture due to the less pronounced CT character and a
possible shielding from H,O. The latter aspect is especially
relevant since water molecules (or other nucleophiles) are
needed to capture the carbo-cation which is formed during
uncaging.®”

Therefore, we substituted PBS/DMSO with PBS/MeOH (1:1)
in further experiments, because MeOH and H,O do not interact
as strongly, and MeOH itself can serve as a nucleophile to trap
the exocyclic carbocation in the coumarin scaffold formed
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during uncaging. After changing the solvent, we were now able
to see clear differences in uncaging quantum yield between the
newly synthesized compounds 9a-d and the reference DEACM
derivative 11. The photolysis results are shown in Table 2. An
exemplary photolysis curve of compound 9b is shown in
Figure 7, the remaining curves are shown in Figures S6-S10.
Our experiments show, that the uncaging quantum yield (¢,)
was already significantly increased by the ring closure in 9c and
9d. While 11 releases serotonin with a ¢, of 0.56%, it is
increased by a factor of 2-3 in compounds 9¢ (0.96%) and 9d
(1.63%). This already shows the positive effect of the restricted
rotation. If an additional double bond is now introduced, a
further increase in the uncaging quantum yield can be
observed. Compound 9a releases serotonin with a quantum
yield of 2.56% and 9b even with 2.97%. As expected, this
increase in quantum yield clearly indicates that the additional
restricted rotation suppresses competitive decay channels.
Therefore, a more than fivefold increase in uncaging quantum
yield was observed for 9b compared to 11. The improvement
of the photochemical properties becomes even more obvious if
the extinction coefficient € at the excitation wavelength is
included in order to study the uncaging cross section (¢€). It
can be seen in Table 2, that solely adding a six-membered ring

Table 2. Photophysical and photochemical properties of compounds 9a-d
and reference DEACM 11 at 405 nm used for uncaging experiments in PBS/
MeOH (1:1).
¢, (405 nm) € (405 nm) (PBS/MeOH) ®.E (405 nm)
(PBS/MeOH) M'em™ (PBS/MeOH)
[M7em™]
11 0.0056 9097 50
9a 0.0256 19666 504
9b 0.0297 20788 617
9¢c 0.0163 10606 173
9d 0.0096 19268 184
photon equivalents
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Figure 7. Exemplary photolysis curve of compound 9b in PBS/MeOH (1:1).
Photolysis product 7 b was identified via mass spectrometry.
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leads to an increase by a factor of 3-4 compared to DEACM.
When the double bond is additionally introduced, the uncaging
cross section at 405 nm raises by one order of magnitude. While
11 photolyzes with 50Lmol™'"cm™ at 405 nm, the best
compound 9b shows 617 Lmol'cm™'. Compound 9d, on the
other hand, which has a similar structure as 9b only without a
double bond, has a cross section of 184 Lmol™'"cm™'. At this
point, it is clear that the simple introduction of a double bond
can lead to a more than threefold increase in photolysis
efficiency.

In the last step, we wanted to investigate whether uncaging
as an additional excitation pathway can also be observed using
ultrafast UV/vis pump-probe transient absorption spectroscopy.
For this purpose, we sought to compare the derivatives with
leaving group (9a-d) with those previously measured without
leaving group (7 a-d, see Figure 5). The measurements of 9a-d
revealed very similar photophysical signatures compared to
7 a-d. All compounds show the characteristic solvent- and time-
dependent ESA and Stokes shifts on the picosecond timescale.
More interestingly, we observed that the excited state (ES)
decay of 9a-d is shifted towards earlier times compared to 7 a-
d, which can be seen in the lifetime density distribution of the
respective measurements (Figures 8a and 8b, and Figure S5). To
validate this temporal shift we performed time correlated single
photon counting (TCSPC) measurements in PBS/MeOH (1:1)
(Figure 8c). These experiments showed a very clear difference in
the fluorescence lifetimes of 7a-d and 9a-d. While the
fluorescence lifetimes of 7a-d are found to be between 4.6 and
5.4 ns, the fluorescent states of 9a-d are depopulated between
2 and 2.6 ns (Table S1), being consistent with the lifetimes
found in the TA-experiments (Figure S5). This more than 2-fold
reduction of radiative decay lifetimes is most likely due to
added possibility to undergo photocleavage, which is compet-
ing with fluorescence. An overview of the proposed energy
pathways is given in Figure 8d.

Conclusion

In this work, we show a systematic investigation of uncaging
efficiency of coumarin photolabile protecting groups. Guided
by the principles of fluorophore optimization, we wanted to
reduce competitive decay channels on new ATTO 390-based
photocages. To improve the photolysis, in a first step, the
rotation around the electron donor on the coumarin scaffold
was prevented using a simple six-membered ring (compounds
7 c and 7d). This already increased the uncaging efficiency by a
factor of 3-4 compared to DEACM (1). However, the simple
introduction of an additional double bond on that six-
membered ring had an even stronger effect. Again, the
efficiency of light-induced release of serotonin was increased by
a factor of 2-3 (compounds 6a and 6b). This is the first time
that such a minimal change to the coumarin backbone has
resulted in a significant improvement in photolysis efficiency.
We used ultrafast transient absorption spectroscopy to inves-
tigate the underlying photophysical dynamics. The newly
synthesized photocages showed strong solvent dependencies
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Figure 8. Lifetime density analysis of 7a (a) and 9a (b) measured in MeOH.
The ES decay is faster in compound 9a (indicated as dashed lines), whereas
the dynamics on the fs- to ps-timescale do not differ. A similar pattern is
seen in the TCSPC measurements (c). The fluorescence lifetimes of
compounds 9a-d are roughly 2-fold faster. The corresponding lifetime
components are given in the Supporting Information. d) Schematic
representation of possible energy pathways. After excitation, an equilibrium
between the locally excited state S, and the CT state is formed. The CT state
is further stabilized by the solvent (indicated by double-sided arrows), which
increases the population of the CT state. Without this stabilization an
additional channel for triplet formation becomes relevant, which then
competes with the actual photochemistry.

in their fluorescence and uncaging properties. It became clear
that the charge-transfer state in coumarin chromophores is not
just well stabilized by polar solvents, but also essential for
photolysis. The new photocages described here are easy to
synthesize and, due to their photophysical properties, can be
used for both one-photon applications using blue light and in
the phototherapeutic window (700-900 nm) using two-photon
excitation. In summary, we think that the development of
photolabile protecting groups can indeed very well profit from
what has already been learned in the optimization of
fluorophores. This can be a good guiding principle for future
development.

Experimental Section

Chemical synthesis: All reactions were performed under an argon
atmosphere unless otherwise specified. Solvents and reagents were
purchased from commercial sources. DEACM 1 was synthesized
according to literature.”® Synthetic procedures of new compounds

Chem. Eur. J. 2022, 28, €202200647 (7 of 8)

and their characterization are provided in the Supporting Informa-
tion. Microwave reactions were performed in a Biotage Initiator
system. NMR spectra of new compounds were recorded on
(250 MHz, 300 MHz, 400 MHz, 500 MHz and 600 MHz) Bruker instru-
ments. MALDI HRMS spectra were recorded on a ThermoScientific
MALDI LTQ Orbitrap XL instrument.

Ultrafast TA-spectroscopy: The time-resolved transient absorption
measurements were performed using a home-built pump-probe
setup. A Ti:Sa chirped pulse regenerative amplifier (MXR-CPA-
iSeries, Clark-MXR Inc., USA) with a central output wavelength of
775 nm, a 1 kHz repetition rate, and a pulse width of 150 fs was
used as the fs-laser source. The fundamental was split for pump
and probe pulse generation. Pump pulses at a central wavelength
of 388 nm were generated in a second harmonic generation (SHG).
The temporal FWHM of the final pump pulses was determined to
be ~120-130 fs. The excitation energy was set to 90 nJ/pulse at the
sample position. The supercontinuum for the probe pulses was
generated by focusing the fundamental in a constantly moving
CaF, window of 5 mm thickness, leading to stable white light in the
range of 375-740 nm. The white light was then split and guided
through the sample and the reference arm of the detection setup.
Each arm makes use of a spectrograph (Multimode, AMKO,
Germany), which is equipped with two gratings (300 nm/500 nm
blaze, 600/1200 grooves per mm), a photodiode array (S8865-64,
Hamamatsu Photonics, Japan) and a corresponding driver circuit
(C9118, Hamamatsu Photonics, Japan). The signals were digitized
by a 16 bits data acquisition card (NI-PCI-6110, National Instru-
ments, USA). The pump and probe pulses were set to the magic
angle configuration at 54.7° to account for anisotropic effects. The
sample-compartment was constantly moved to minimize sample
degradation.

Fluorescence lifetimes: The fluorescence decays of the compounds
7a-d and 9a-d were determined by the time-correlated single
photon counting (TCSPC) technique. Our home-built TCSPC setup is
composed of a single-photon detection photomultiplier tube (PMA-
C 182 M, PicoQuant, Germany) and a PCle card (TimeHarp 260 PICO
Single, PicoQuant) for sub-ns data processing. Pulsed orthogonal
excitation of the samples was achieved by a pulsed LED (PLS360,
PicoQuant) with a peak wavelength of 360 nm and a FWHM
< 800 ps. Deconvolution with the IRF and multi-exponential fitting
of the temporal traces was performed with FluoFit Pro 4.6
(PicoQuant) based on the following equation®

t n t—t;
I(t) = / IRF(t) > " Ae 7 dt’
- i=1

The samples were measured in 4x10 mm quartz glass cuvettes
with an OD of ~0.1 on 10 mm optical pathlength.

Determination of quantum yields: Three stock solutions of each
compound 9a-d and 11 were prepared by diluting approx. 1.0 mg
in MeOH/PBS (1:1). For photolysis 50 uL were taken and irradiated
at nine different irradiation times (t=0s, 55, 10s, 20s, 455, 90 s,
180, 360s, 720's) with a 405 nm LED (Thorlabs), resulting in 27
differently irradiated solutions for each compound. The photon flux
for the setup was determined with a fulgide-derivative - as
described in literature.”” The photolysis was analyzed via RP-HPLC
(Agilent 1200) as the ratio of the peak areas of starting material and
uridine as internal standard - as described in literature."
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Introduction

The possibility to control chemical processes with light paved
the way for numerous innovations in biological and medical
science ranging from high resolution imaging techniques’ to
photodynamic therapy®>™ and drug release.>® Such applications
favor excitation light of the so called “phototherapeutic win-
dow” (600-1000 nm) which provides less phototoxicity and
deep tissue penetration due to little light scattering and com-
petitive absorption.” Photolabile Protecting Groups (PPGs) that
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principle for a class of photocages that can be broadly activated between 500 and 900 nm.

operate in this area are rare and mainly include BODIPY-,
xanthene- or cyanine-derived structures.®® However, while
demonstrating strong absorption, these compounds often lack
efficient photorelease quantum yields.

Alternatively, photoactivation in the NIR region can be
realized by two-photon absorption (2PA).'*'" The tight spatial
focus of 2PA (due to the quadratic dependence on the intensity
of the incident light) offers a particular advantage for photo-
release reactions in a physiological context since biological
signaling molecules can be liberated with very high
precision.'>"® Unfortunately, most of the established PPGs
show only little 2P response.'* Efforts have been made to
convert these compounds into better 2P absorbers by structural
modifications, which resulted in the development of a number
of 2P activatable photocages including ortho-nitrobenzyl,'>'®
coumarinyl,"”*® nitroindolinyl’®*° or quinoline**** based
chromophores. However, improvement of the 2P cross section
a,p by such structural alterations often has an adverse effect on
the photorelease quantum yield @,.>* Therefore high 2P action
cross sections d,, (with J, being the product of ¢,p and ®,))**
are difficult to achieve. The idea to separate the absorption
process from the uncaging process was realized by the devel-
opment of cooperative dyads based on photoinduced electron
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Fig. 1 (a) Molecular structure of RHO-BPY-OH and RHO-BPY-PNA with

rhodamine part (RHO) labeled blue and BODIPY part (BPY) labeled red.
(b) Corresponding 1P absorption spectra of RHO-BPY-OH and RHO-BPY-
PNA, as well as their corresponding individual constituents (left) and 2P
absorption cross section of RHO (right) in MeOH.

transfer (PET),”> fluorescence resonance energy transfer
(FRET)*® or triplet-triplet energy transfer (TT-ET).”” In 2013
the Blanchard-Desce group introduced a FRET-based tandem
system for enhanced two-photon uncaging which was further
optimized to reach record two-photon action cross section of
estimated 20 GM at 710 nm.>® In 2018 we presented a related
system with special focus put on the electronic interactions
between the coactive chromophores.*

In this work we investigate the excitation energy transfer
(EET) dynamics in a one- and two-photon sensitive uncaging
system based on covalently linked rhodamine (RHO) and
BODIPY (BPY) chromophores (Fig. 1a). Rhodamine was chosen
as 2P donor molecule since this class of fluorophores features
high stability and brightness as well as outstanding 2PA
properties.*®?" In our experiments, the conformationally rigid
X-type rhodamine showed superior 2PA response between 810
and 870 nm compared to other alkylated rhodamines (Fig. S3,
ESIt). A styryl-substituted BODIPY photocage with red-shifted
absorption served as suitable EET acceptor. The two chromo-
phores were connected via a rigid alkyne linker to prevent
electronic interactions due to m-stacking. This dyad system
undergoes an ultrafast EET on the sub-500 fs scale with high
efficiency, which was shown by ultrafast transient absorption
spectroscopy. Given that the transfer dynamics falls into a
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non-Forster regime, high-dimensional quantum dynamical cal-
culations were carried out which are in agreement with the
observed time scale and provide an interpretation of the
quantum coherent EET step.

To test the suitability of the dyad for an application as a PPG,
p-nitroaniline (PNA) was inserted as model leaving group.
Details of the synthesis of the depicted compounds can be
found in the ESL¥

The absorption spectra of both, RHO-BPY-OH as well as
RHO-BPY-PNA, reflect well the main bands of their individual
constituents (Fig. 1b), which absorb from 500-600 nm (RHO)
and 570-700 nm (BPY). In the UV region below 400 nm the
spectral components are more overlapping. For both dyads the
bands at around 250 nm can be attributed to a higher order
transition of RHO, whereas the bands at 380 nm mostly
originate from BPY. In contrast to RHO-BPY-OH, the dyad with
an attached leaving group (PNA) has a broader and slightly red-
shifted absorption around 300-320 nm. The spectrum of the
sensitizer (RHO) extends into the NIR region by considering
2PA effects. With 2P action cross sections (o,p®5) of 80-110 GM
in the range of 810-870 nm, RHO shows excellent 2PA abilities
similar to the values of other rhodamines found in the
literature.*®”*> Such high GM values for rhodamines are usually
explained by the corresponding S,-S, transition, which is 1P
forbidden due to its symmetry, and in turn strongly 2P

active.>®%”

Results and discussion
Time-resolved spectroscopy

In order to investigate the ultrafast dynamics of all compounds
we employed UV/vis transient absorption spectroscopy. In the
initial experiment on RHO-BPY-OH we used pump pulses with
a central wavelength of 560 nm to account for an excitation of
RHO. The bleaching of the RHO ground state (GSB,) is reflected
in the negative signal around 550-620 nm (Fig. 2a). Corre-
spondingly, the excited state of RHO becomes populated, which
leads to an excited state absorption (ESA;) with a central
wavelength of 470 nm. The rise of these signals is faster than
the temporal resolution of this experiment, which is around
75 fs.

The decay, however, begins to occur on the 200-500 fs
timescale, as can be seen in the lifetime density analysis
(LDA) of the dataset. Simultaneously one can observe the rise
of an additional bleaching signal (GSB,) centered at 670 nm,
which corresponds to the BPY ground state absorption. This is
easily visualized by comparing the transients at 575 nm and
670 nm (Fig. 2c). The bleaching signal at 575 nm decreases to
50% of its initial value in the first 300 fs after photoexcitation.
On the same timescale GSB, reaches more than 90% of its
maximum value. Hence we assume an efficient EET from RHO
to BPY, which then levels off once an equilibrium with the
locally excited RHO is formed.

In the same manner we can identify a delayed excited state
absorption at 525 nm (ESA,) with a similar rise time as GSB,,
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Fig. 2 (a) Ultrafast transient absorption dataset of RHO-BPY-OH (in
MeOH) and (b) its corresponding lifetime density analysis. The time of
energy transfer tget is highlighted by the dashed line. (c) Transients of GSB,
and GSB,, which are indicative for the EET from RHO to BPY. (d) Popula-
tion of the locally excited states at the BODIPY (LE®) and the rhodamine
moiety (LEP) as a function of time derived from quantum dynamical
calculations. (e) Corresponding coherences according to egn (3).

which indicates an excited state absorption of BPY. Unlike
GSB;, ESA; does not show a corresponding decay component.
This can be explained by comparing the excited state dynamics
of the isolated RHO and BPY, respectively (Fig. S5, ESIT).
Whereas the ESA of RHO is centered around 470 nm
(Fig. S5a, ESIt), BPY has a rather broad ESA with two main
bands at 470 nm and 570 nm (Fig. S5c, ESIf). Therefore, the
ESA; band of RHO-BPY-OH is actually a superposition of the
RHO and BPY excited state absorptions. ESA, can then be
considered as the residual shoulder of the BPY band at
570 nm, which partly overlaps with the GSB, signal.

In order to determine the possibility of electronic coupling,
we also excited RHO-BPY-OH with 655 nm pulses, which should
mainly target the BPY part of the molecule. Indeed, in this case
the photophysics of RHO-BPY-OH is dominated by the ultrafast
dynamics of BPY (Fig. S6, ESIT). However, one can also observe
an additional bleaching component of RHO at 575 nm, which
occurs on the 10-100 ps timescale. This could stem from a
slight spectral overlap of the RHO absorption and the excitation
pulses. On the earlier timescale, this band overlaps with (and is
compensated by) the red shoulder of the BPY excited state
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absorption, which is also apparent in the corresponding LDM
(Fig. S6b, ESIT).

Computational analysis

To interpret the spectroscopic finding of an ultrafast energy
transfer from the donor fragment RHO to the acceptor frag-
ment BPY, electronic structure calculations and a quantum
dynamical analysis were performed for the considered dyad.
Time-dependent density functional theory (TD-DFT) was
employed to study the low-lying singlet excitations of the dyad.
For the quantum-dynamical calculations, the multi-layer multi-
configuration  time-dependent  Hartree = (ML-MCTDH)
method***° was employed, based upon a linear vibronic cou-
pling (LVC) Hamiltonian for two electronic states and 266
vibrational modes. Due to the ultrafast transfer dynamics,
conventional FRET rates are not expected to give reliable
results.

All electronic structure calculations were performed using
DFT and TD-DFT as implemented in the Gaussian16 package.**

The ground state geometry was optimized using the B3LYP
functional®®** and 6-31G* basis.** Other functionals yielded
implausible ground state geometries where the carboxylate
group of the respective rhodamine fragment formed a lactone
type ring with the n-system, leading to a loss of planarity, as
discussed in the Fig. S8 (ESIt). The minimum geometry based
on B3LYP was confirmed using the Hessian. Solvent effects
(here, methanol) were accounted for by the Polarizable Con-
tinuum Model (PCM).*>*

Excited state calculations were performed by means of TD-
DFT with the long-range corrected CAM-B3LYP functional®’
and 6-31G* basis set. Quadratic response calculations using
the same functional were carried out with the DALTON pro-
gram package.*® As detailed in the Table S2 (ESI), benchmark
calculations with other functional and basis set combinations
were performed, from which we concluded that CAM-B3LYP/6-
31G* yields the most accurate description of the system with
respect to state energies and two-photon absorption properties
as compared to the experimental findings. This functional was
also employed in ref. 49, where 2PA spectra of rhodamine 6G
were computed.*®

The excited state analysis of the RHO-BPY-OH dyad (Table 1)
shows three spectroscopic (one-photon) bright states with
excitation energies of 2.14 eV (579 nm), 2.86 eV (434 nm) and
3.43 eV (362 nm) followed by a dark state at 3.51 eV (354 nm).
The first bright excited state (S,), is localized on the acceptor
BPY fragment whereas the S, state is localized on the donor
RHO fragment. The S; state is another BPY centered state while
the subsequent dark state (S,), at 3.51 eV is again localized at
the RHO fragment. The latter state (S,), is the two-photon active
state as further explained below. These four excited states Sy,
S», S3 and S, are illustrated in Fig. 3a.

For the quadratic response calculations, a smaller model
system was used; ie., a slightly adapted dyad (referred to as
“model” system (M) in the following, see ESIt Table S3)
consisting of a dimethyl substituted Rhol moiety and a BPY1
fragment without the ortho-methoxyphenyl substituent linked
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Table 1 Excited state energies, oscillator strengths and two-photon
cross-sections for the four relevant states of RHO-BPY-OH and the model
system Rhol-BPY1-OH, respectively, using the CAM-B3LYP functional and
6-31G* basis

System RHO-BPY-OH  Rho1-BPY1-OH (M)

Sy Excitation Energy [eV] 2.1413 2.8611
Oscillator strength f 1.1307 0.5711
2p [GM] 3.0

S, Excitation Energy [eV] 2.8624 3.0616
Oscillator strength f 1.0555 0.9615
o2p [GM] 27.5

S; Excitation Energy [eV] 3.4293 3.5648
Oscillator strength f 1.6060 0.3422
020 [GM] 175

S4 Excitation Energy [eV] 3.5065 3.7837
Oscillator strength f 0.0788 0.0559
20 [GM] 5.1

through an acetylene bond. The excited state analysis of the
model system turns out to be very similar to the original RHO-
BPY system and exhibits the same orbital transitions contribut-
ing to the respective states (Fig. S11 and S12, ESIt). The S}" state
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is a bright state at 2.86 eV (433 nm) localized on the BPY1
moiety, the S} state is another bright state at 3.06 eV (405 nm)
localized on the Rho1l fragment and the subsequent state, the
SY! state, is a dark state at 3.56 eV (348 nm), also localized on
the Rho1l fragment.

The quadratic response calculation shows that the S} state
has the highest two-photon absorption cross-section. That is,
the S3' state has a two-photon cross section g,p of 175 GM,
whereas the S)' and the S3' states have two-photon cross-
sections of 3 GM and 28 GM, respectively. The S} state exhibits
the same orbital transitions as the S, state of RHO-BPY-OH and
is, hence, considered the equivalent state in the model system.
We therefore conclude that the S, state of RHO-BPY-OH is the
two-photon active state.

From the assignments above, the following picture of the
photochemical process results: following excitation by a two-
photon pulse the molecule is first directly excited to the S, state
in the case of RHO-BPY-OH (or the S} state in case of the model
system Rho1-BPY1-OH). This is followed by internal conversion
(IC) to the S,/SY' state within the RHO/Rhol fragment, and
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Fig. 3
triggered by two-photon excitation of RHO-BPY-OH.
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(a) Frontier molecular orbitals involved in the excited electronic states of interest in RHO-BPY-OH. (b) Schematic illustration of the processes
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subsequently the energy is transferred via EET to the S,/S}" state
on the BPY/BPY1 fragment. A scheme representing these steps
following the initial two-photon excitation is shown in Fig. 3b.
The next higher state involving a transition on the BPY frag-
ment is the S; state of RHO-BPY-OH, also shown in Fig. 3. This
state features a negligible admixture of transitions on the RHO
fragment, such that there is no indication that the S; state is
involved in the IC step. Indeed, the IC can be understood as an
intramolecular process within the RHO fragment, involving the
S, — S, transition. In the following we assume that the IC and
EET steps are sequential, but a more detailed analysis would
allow for temporal overlap of these steps.

In the quantum dynamical analysis, we focus on the EET
step, assuming that the preceding IC happens within tens of
femtoseconds. Here, too, we refer to the smaller model system
permitting to include the full set of N = 266 vibrational modes;
details are given in the ESIT (Sec. Excited state analysis of Rho1-
BPY1-OH). An LVC model was parameterized based upon the
electronic structure calculations complemented by excited state
gradients. The LVC Hamiltonian reads as follows, using mass-
and frequency weighted coordinates

H = E:(%%qﬁ+ﬁff+§:Ku%“JyﬂLEq>
= / (1)

J

+jpa ([LE*)(LEP| + |LEP)(LE*|) + AE

with ¢; being the position operator, the momentum operator
. ., 0
pi = _Zha_qi’
pling jpa and the electronic offset AE.

The Hamiltonian encompasses two diabatic electronic
states, which here correspond to locally excited states (denoted
LE* and LEP). These locally excited (diabatic) states correspond
to a very good approximation to the adiabatic S}' and S}" state of
the Rho1-BPY1 model dyad obtained by the above electronic
structure calculations. Furthermore, the Hamiltonian includes
N = 266 normal modes, among which Ny = 117 modes are
localized on the BPY1 (acceptor) fragment and Ny, = 149 modes
are localized on the Rhol (donor) fragment, respectively. The
vibronic coupling constants {x;;} are computed by projecting
the gradient of the two relevant excited states at the Franck-
Condon geometry onto the ground state normal modes. For
this purpose, the CAM-B3LYP method had to be consistently
used for the ground state geometry optimization and the
excited state gradient calculation; thus, a constraint was intro-
duced in order to match the CAM-B3LYP optimized geometry
with the B3LYP reference geometry (see Fig. S14, ESIt). The
normal-mode frequencies {w;} were obtained by normal mode
analysis for the donor and acceptor fragment respectively.
Analysis of the spectral densities (that can be computed from
the vibronic couplings, see ESIt eqn (S9)) shows, that the
normal modes are localized either on the Rhol or BPY1 frag-
ment and only couple to one of the locally excited states LE* or
LEP respectively. The electronic coupling jps (0.024 €V) was
determined using a transition density cube (TDC) procedure,

the vibronic couplings #;;, Coulombic EET cou-
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implemented in an in-house code as detailed in the ESL.f The
coupling derives from the respective transition densities as

follows™"
JpAa = ”P% (ﬁl)ﬁ

rd—Ta

pis (7 ) dradr, )

with the transition densities p¢) <7d) = ¥p, (7(1) 5, <7d> and

o4 <7a> = ¥4, (ﬂ) Vi, (?d), where ¥p,, ¥p, ¥ and ¥, are
the donor and acceptor ground (g) and excited state (e) wave-
functions and 7y and 7, are the electron coordinates on the
donor and acceptor fragment. The energy difference between
the two relevant electronic states AE (0.25 eV) was taken from
the experimental absorption spectrum.

Fig. 2d shows the time-evolving diabatic populations of the
two relevant states LE* and LE” and Fig. 2e depicts the time-
evolving diabatic electronic coherence ppa(f). The latter was
obtained by taking the trace over the electronic and vibrational
degrees of freedom of the density operator p(7) = |¥())(¥(7)|
of the full electronic-vibrational system.

poa(t) = Tr{|LE*)(LEP[p(1)} (3)

From the quantum dynamical analysis, an initial decay to
the LE* state mainly “localized” on the acceptor fragment
BPY1, is found on a time scale of 200 fs. Although a bit faster
than the experiment this is in good agreement with the time-
resolved spectroscopic measurements where the energy trans-
fer occurs on a 300 fs timescale (Fig. 2a-c). The coherence
decays on a similar time scale; more precisely, the transient
state-to-state population flux (corresponding to the imaginary
part of the coherence), decays to zero, while the persistent real
part indicates that the system tends towards a coherent super-
position involving a non-zero admixture of the LEP state
(Pb ~ 0.1) to the mainly populated LE* state (P, ~ 0.9). The
equilibrated donor population is possibly underestimated as
compared with experiment, one of the reasons being that
solvent effects were not explicitly included.

Analysis of photocleavage

In order to investigate the proposed system in terms of photo-
cleavage, we performed illumination experiments with high-
power LEDs of 565 nm and 660 nm central wavelength,
respectively. Irradiation of RHO-BPY-PNA with 565 nm light
(Fig. 4a—c) results in a strong photobleaching at 300-400 nm
and 580-700 nm, which correspond to the absorption bands of
the BPY scaffold (see Fig. 1b). In contrast, the main absorption
band of RHO at around 560 nm remains mostly intact. At the
blue end of the spectrum, a new absorption feature at 300 nm
arises. This difference band could indeed originate from liber-
ated PNA, which is expected to absorb at 250-380 nm (Fig. 1b)
and/or a blue shift due to the formation of a stable (leaving
group free) photoproduct (Fig. 4b). The latter argument can be
rationalized by the red-shifted absorption of RHO-BPY-PNA
compared to the leaving group free reference compound
RHO-BPY-OH in the spectral range of 280-350 nm (Fig. 1b).
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total timeframe of 6000 s.

Strikingly, the illumination of the same sample with 660 nm
light (Fig. 4d-f) leads to the same difference spectrum, albeit
with a significantly weaker amplitude compared to the 565 nm
illumination. On the one hand this underlines that direct
excitation of either the RHO or BPY scaffold leads to the same
photochemistry. On the other hand it further underlines the
remarkable ability of RHO to collect photons due to its high
extinction coefficient, as well as its very efficient energy transfer
to BPY, which is reflected in the almost 3-fold signal amplitude
upon excitation with 565 nm light. Unfortunately, the direct
observation, and therefore a quantitative assessment, of PNA
photorelease is challenging due to the strong spectral overlap of
the PNA absorption with the relatively strong BPY band in
the UV.

Therefore, we also irradiated RHO-BPY-OH with 565 nm
light (Fig. 4g-i) as a control to substantiate our observation of
photocleavage. The resulting difference spectrum (Fig. 4i)
clearly differs from Fig. 4c and f. The two bleaching bands
centered at 360 nm and 660 nm, which are again mainly due to
BPY contributions, are each accompanied by a rise of a blue
shifted absorption at 250-300 nm and 500-600 nm, respec-
tively. Unlike RHO-BPY-PNA (Fig. 4b and e), no spectral blue-
shift of the band around 300 nm is observed (Fig. 4h). The
shapes of the difference bands in Fig. 4i also indicate a
significant spectral overlap between reactant and product,
which further underlines a different photochemistry compared
to the illumination of RHO-BPY-PNA. Here, we assume that the
excitation energy is mainly funneled into the cleavage or a
disruption of the conjugation of the styryl-residues, which
consequently leads to an intact but blue shifted BPY scaffold
due to its reduced m-electron system. This is in contrast to
results reported by Peterson et al,”> which show such a
cleavage of a styryl residue only as a result of actual cargo
release. However, they investigated a BODIPY system with a
different leaving group and no additional rhodamine attached,
which makes a direct comparison difficult.
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Conclusions

In conclusion, we developed a cooperative dyad based on a
rhodamine fluorophore and a BODIPY photocage for one- or
two-photon induced uncaging between 500 and 900 nm. This
broad spectral window could be advantageous for applications
and studies, which demand the usage of different excitation
sources. The utilized X-rhodamine derivative displays high two-
photon action cross sections (o,p®5) of around 100 GM between
810 and 870 nm, covering parts of the phototherapeutic win-
dow. Investigation of the energy transfer from rhodamine to
BODIPY by ultrafast transient absorption spectroscopy and
quantum dynamics simulations revealed a very fast and effi-
cient EET on the sub-500 fs timescale. Photolysis experiments
were performed at 565 and 660 nm using p-nitroaniline as a
leaving group. It can be deduced from the UV/vis spectra that
PNA is released upon illumination. However, the quantification
of the uncaging reaction remained challenging due to over-
lapping bands in the spectrum. Moreover, the employed BOD-
IPY derivative is known for low uncaging quantum yields and
photodecomposition, which can partly be compensated by the
large extinction coefficient of rhodamine. Future work will
therefore focus on identifying variants of the BODIPY moiety
which improve its uncaging properties.
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ABSTRACT: We report a transient signature in the near-UV
absorption of Krokinobacter eikastus rhodopsin 2 (KR2), which
spans from the femtosecond up to the millisecond time scale. The
signature rises with the all-frans to 13-cis isomerization of retinal
and decays with the reisomerization to all-frans in the late
photocycle, making it a promising marker band for retinal
configuration. Hybrid quantum mechanics/molecular mechanics
simulations show that the near-UV absorption signal corresponds
to an Sy — S; and/or an S; — Sj transition, which is present in all
photointermediates. These transitions exhibit a negligible spectral
shift by the altering protein environment, in contrast to the main
absorption band. This is rationalized by the extension of the
transition densities that omits the Schiff base nitrogen. Further characterization and first steps into possible optogenetic applications
were performed with near-UV quenching experiments of an induced photostationary state, yielding an ultrafast regeneration of the
parent state of KR2.

hodopsins constitute a large family of photoreceptors lations, which are based on structural data reported by

which can be found throughout all domains of life. Their Skopintsev et al, Kato et al. (Figure 1), and Kovalev et al.
functions range from sensing such as vision in eukaryotic (Figure $4),"*7' to investigate the photophysics of the KR2
organisms, over signal transduction processes across individual wild type and its D116N mutant ranging from their primary
cells, up to energy conversion in bacteria and archaea."” Even photoreaction (femtosecond—nanosecond) up to the photo-
though many structural features are well-studied in various cycle (microsecond—second). A special focus was put in the
types of rhodopsins, some functional as well as mechanistic near-UV region, which is barely characterized in studies on
details are still not fully understood. Research efforts on these microbial rhodopsins. We observe a yet unreported spectral
proteins have been intensified with new advances in signature, which spans the whole time range from photo-
technologies pushing possible applications in biotechnology product formation up to the end of the photocycle. Our
and medicine, which ultimately culminated in the fast growing findings also reveal an extended absorption of the M

field of optogenetics.” > The subclass of microbial rhodopsins
that act as ion-channels (ChR1 and ChR2), proton pumps
(BR, PR, and XeR), and ion transporters (HR and KR2) are

intermediate, which ranges up to the near-UV. We investigated
this further by applying near-UV quenching, which offers a way
. . X to exploit these properties for photocontrol experiments and
now w1de.1y used tOOiS_lf;OI' spatla.illy and temp ora'lly precise optogenetic applications.'”~>° We restrict our report to wild
manipulation of cells. The discovery of the light-driven type at pH 9 (WT9), wild type at pH 5.5 (WTS.5), and to the

. KE . . 13
sm.h'um pump has sp ar.kfzd new interest in the field. ™ Its mutant at pH 9 (D116N), respectively (see the Supporting
ability to transport a positive (nonproton) charge across . .

o . . . Information for sample preparation).
biological membranes is not just seen as a valuable addition to

the optogenetic toolbox, but it also raises new questions
toward a yet unknown mechanism.

Expanding our knowledge of KR2, and light-driven cation
transporters in general, might as well be a key to understand
ion translocation processes as a whole. In this work we applied
time-resolved UV/vis spectroscopy combined with hybrid
quantum mechanics/molecular mechanics (QM/MM) simu-

Received: May 4, 2021
Accepted: June 29, 2021
Published: July 2, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpclett.1c01436
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Retinal

55
{

5

D116

Figure 1. Structure of KR2 from Skopintsev et al. (PDB code:
6TK6).'* The inset (yellow) shows the QM/MM optimized
geometry of retinal PSB with key residues of the counterion complex.
The QM/MM optimized structure from Kato et al. (PDB code:
3X3C)" is shown in cyan for comparison.

The primary photoreaction of the KR2 WT and the D116N
mutant was studied with ultrafast UV/vis transient absorption
(TA) spectroscopy, which covers the time scale from
femtoseconds to nanoseconds (Figure 2). Photoexcitation of
the retinal protonated Schiff base (PSB) leads to a
depopulation of the ground state seen as ground-state bleach
(GSB) around 560 nm and an associated population in the
excited state seen as excited-state absorption (ESA) at 460 nm.
The rise of these signals occurs on a time scale that is faster
than the experimental resolution. The lifetime distribution of
these signals stretches over several decades, suggesting a
multiphasic decay. However, the amplitude distribution differs
significantly from sample to sample (Figure 2a—c, right panel).
Whereas for WT9 the biggest contribution lies in the
femtosecond-range, the main component shifts toward later
times (20—80 ps) for WTS.S and D116N. This signature is
accompanied by an additional positive signal at the red end of
the spectral window (most evident for WT9). This induced
absorption rises on the sub-300 fs time scale, which reflects the
all-trans to 13-cis isomerization of retinal, forming the
vibrationally hot J intermediate.'#*' ~** Because of vibrational
cooling, the absorption then shifts to shorter wavelengths in
the course of 1-3 ps, leading to the first ground-state
photoproduct of KR2 (K intermediate).'***~>*

A similar behavior can be observed at pH 5.5, but with a
weaker amplitude due to a stronger overlap with the GSB. The
photoproduct absorption becomes dominant at 8—10 ps. In
the case of D116N, a formation and decay of the J
intermediate is not observed. The absorption of the K
intermediate, however, becomes more pronounced on the
70—80 ps time scale. These differences can be rationalized in
two ways: First, the spectrum of the ground state is strongly
dependent on the protonation state of the counterion D116,
which dictates its interaction with the retinal Schiff base (RSB)
and therefore results in an absorption shift from 525 nm
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Figure 2. 2D-contour plots of the ultrafast TA measurements (left)
and their corresponding lifetime density maps (right) for WT9 (a),
WTS.5 (b), and D116N (c). The dashed lines in the LDMs indicate
the time constants of retinal isomerization and the excited-state
lifetime. The formation of the J-intermediate and its relaxation to the
primary photoproduct shown exemplarily at 651 nm for the WT9 case
(d, top). A similar temporal behavior is seen for the transients at 335
nm (d, bottom). However, only WT9 shows a significant residual
amplitude on the longer time scale. Note that the amplitude range of
the near-UV window is 10-fold smaller.

(strong interaction) up to 560 nm (weak/no interaction).'®
Consequently, the overlap of the GSB with the J signature is
larger for WTS.5 and D116N. Second, the same interaction
seems to influence the isomerization quantum yield itself,
leading to a decreased photoproduct formation for WTS.S and
D116N. A possible reason for such a lowered quantum yield
could be the change from a strongly pretwisted chromophore
in WT9 to a more relaxed chromophore in WTS.5 or the
D116N mutant due to a missing hydrogen bond.'®**

In the study of Tahara et al. it was reported that the excited
state in KR2 shows a multiphasic decay with a fast and a slow
component.”* They attributed the fast component to the
reactive pathway, which results in photoproduct formation,
and the slower component to a nonreactive decay back to the
ground state. By determining the pH-dependent ratios of these
reactive/nonreactive lifetime amplitudes, they proposed a
ground-state heterogeneity of hydrogen-bonded and non-
hydrogen-bonded RSB species. This heterogeneity is easily
visualized in the LDMs of our ultrafast TA measurements
(Figure 2a—c, right panel). Upon extension of the probed
wavelength, an additional and unreported absorption, here
termed second bright state (SBS), can be observed for all
samples around 335 nm (Figure 2a—c). The lifetime

https://doi.org/10.1021/acs.jpclett.1c01436
J. Phys. Chem. Lett. 2021, 12, 6284—6291
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distribution of this signal indicates that it has approximately
the same lifetime components as the photoproduct formation.
This becomes even more evident by comparing the transients
at 335 nm (Figure 2d, lower panel) with the transient at 651
nm, which is representative for the J-K-formation in WT9
(Figure 2d, upper panel). Besides the kinetic similarity of these
transients, another trend can be observed. For WT9 the signal
reaches a plateau which persists up to the nanosecond time
scale, whereas for WTS.5 the residual amplitude is less
pronounced; for D116N, it is completely absent.

To learn more about the near-UV band response during the
entire photocycle, we expanded our investigations to the
microsecond—second time scale by utilizing UV/vis flash
photolysis. Numerous spectroscopic studies of retinal proteins
on this time scale are available; however, investigations in the
spectral window below 350 nm are scarce. To simplify a kinetic
description of the new findings, a brief review of the already
known photocycle characteristics in KR2 shall be given with
the data at hand.'***™*° At pH 9 the early photocycle
dynamics is dominated by the decay of the K intermediate on
the microsecond time scale (Figure 3a). This is followed by a
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Figure 3. 2D-contour plots of the flash photolysis measurements
(left) and their corresponding lifetime density maps (right) for WT9
(a), WT5.5 (b), and D116N (c). The dashed lines indicate the
lifetime of the near-UV absorption decay. In contrast to WTS.5 and
D116N, the decay of the near-UV absorption in WT9 shows an
additional component, which correlates with the rise of the O-state.

spectral blue shift of the signal due to deprotonation of the
RSB at 0.1 ms, which indicates the transition to the M
intermediate. This blue shift is then reversed by reprotonation
of the RSB during the M-to-O transition at around 1 ms. The
photocycle is completed within 7—10 ms. At pH 5.5 the
photocycle is altered. Acidic pH values lead to the protonation
of the D116 residue, which then coordinates with S70 and
N112 instead of the RSB (Figure 1)."*2! This is reflected in
the elongated, biphasic decay of the K intermediate (Figure

6286

3b). The actual deprotonation step of the RSB, and therefore
the K-to-M transition, occurs within 3—4 ms.

In contrast to WT9, the M-to-O transition in WTS.S is
almost completely missing. This is most likely due to the
increased proton concentration which now competes with the
sodium ions for actual charge transport.”> In the case of
D116N, both M and O are not observed. This is explained by
the loss of pumping activity of KR2 caused by the lack of the
essential acid group at position 116.” Instead, one can just
observe the slow decay of the K photoproduct, which is well-
described by a single lifetime (Figure 3c, right). Besides the
common photocycle intermediates, an interesting signature can
be found below 350 nm, which is most pronounced for WT9.
The large amplitude at the beginning of the temporal window
indicates a rise time, which precedes the temporal resolution of
the flash photolysis experiments. The transients of this signal
(Figure S2) show a clear additional rise in amplitude at 0.1 ms
(WT9) and 3 ms (WTS.5). For D116N, where the M-
intermediate is missing, no such behavior is observed. This is
also reflected in the LDM of D116N (Figure 3c), which
stresses the monoexponential nature of the recovery to the
parent state. The kinetic analysis of WT'9 and WTS$.5 is more
complicated. The lifetime distribution suggests a temporal
correlation of this signal rise with the formation and decay of
the M intermediate. For WT9, however, an additional but
slightly delayed lifetime component is found in the spectral
range of 330—360 nm. This component, in turn, correlates well
with the lifetime found for the formation of the O
intermediate, being indicative for the reisomerization process
from 13-cis to all-trans, as shown in Jakdetchai et al. and
Kovalev et al.'®** These findings suggest that the near-UV
signature is in fact a composition of two overlapping features.
The first contribution is centered around 335 nm and spans
from the femtosecond time scale up to the late steps of the
photocycle and can therefore be considered as a marker band
for the 13-cis isomer of retinal. The second one is characterized
by the additional rise component, which shows a strong
correlation with the M intermediate and is consequently
missing in D116N. In this context it is noteworthy that there
are other well-established techniques to probe the retinal
configuration, such as Raman spectroscopy of the fingerprint
region from 1100 to 1400 cm™", which was first established for
BR by Braiman and Mathies®* and has also been applied to
KR2.°>** Even though the sensitivity of this technique is
outstanding, it comes with a few challenges such as the
complicated data analysis due to overlapping signals, small
signal amplitudes, and the necessity of prior knowledge of the
photocycle dynamics in order to correlate the Raman and UV/
vis spectra.

So far, we discussed the near-UV signatures from the
femtosecond time scale up to the final decay on the
millisecond time scale. The long time range as well as the
constant spectral position of this absorption band are
surprising, considering the changes of the retinal chromophore
over the duration of the photocycle. To elucidate this
observation, we employed hybrid QM/MM simulations. The
excitation energy was calculated for the structure of four
different photocycle intermediates from the time-resolved
serial femtosecond crystallography (TR-SFX) study by
Skopintsev et al.'* The computed vertical excitation energies
for the parent state are summarized in Figure 4a and Table 1.

The S, excitation energy is 2.54 eV (488 nm), which is
0.18 eV higher compared to the experimental absorption band

https://doi.org/10.1021/acs.jpclett.1c01436
J. Phys. Chem. Lett. 2021, 12, 6284—6291
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Figure 4. Excitation energies for (a) parent state, (b) K intermediate, (c) M intermediate, and (d) O intermediate of KR2. The electron density
differences are given for each Sy — S, excitation. The colors red and blue highlight negative and positive differences, respectively. Black lines
connected by an arrow indicate bright states, while the gray dotted lines indicate dark states (oscillator strength < 0.100).

Table 1. QM/MM Excitation Energies and Oscillator Strength

wT“ wt? K intermediate” M intermediate” O intermediate”
excited wavelength eV osc. str.  wavelength eV osc. str. wavelength eV osc. str.  wavelength eV osc. str.  wavelength eV osc. str.
state (nm) )] (nm) ) (nm) )] (nm) ) (nm) G
S, 2.54 (488) 1.738 2.78 (446) 1.746 2.49 (498) 1.683 3.41 (364) 2.083 2.30 (539) 1.546
S, 3.88 (319) 0.196 4.06 (305) 0.219 3.83 (324) 0.155 422 (294) 0.002 3.72 (333) 0.164
S5 4.42 (280) 0.322 4.44 (279) 0.407 4.33 (286) 0.269 4.51 (275) 0.158 3.74 (332) 0.004
S, 4.88 (254) 0.058 5.02 (247) 0.048 4.82 (257) 0.112 4.81 (258) 0.029 4.09 (302) 0.005
S, 5.43 (228) 0.004 5.57 (222) 0.023 536 (231) 0.021 533 (233) 0.021 4.15 (299) 0.421

“Calculations based on Skopintsev et al. structures. “Calculations based on Kato et al. structure.

maximum of 2.36 eV (525 nm). We also performed the
simulation based on the X-ray diffraction (XRD) structure
reported by Kato et al. (Figure $6)." It also resulted in S,
excitation energy higher than the experimental value, namely,
2.78 €V (446 nm) (Table 1). The relative difference in the
computed excitation energy between the two structures could
be attributed to rearrangement of the counterion complex
involving D116 and N112.

This difference might originate from the different pH values
in the crystallographic studies. Among the higher excited states
based on the Skopintsev et al. structure, S, is found at 3.88 eV
(319 nm) and S; at 4.42 eV (280 nm). These excitations have
oscillator strengths (f) of 0.196 and 0.322, respectively. A
similar trend was found in the Kato et al. structure, where S, at
4.06 eV (305 nm, f = 0.219) is less bright compared to S; at
4.44 eV (279 nm, f = 0.407). The energy difference AEg _g is

1.35 and 1.28 €V for both structures, while AESrS1 is 1.88 and

1.67 eV, respectively. On the basis of the relative energy, S, is a
better candidate to explain the experimental signal at 335 nm
(AE = 1.34 eV). However, considering the higher intensity of
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the Sy—S; transition and an error of ca. 0.22 eV in the ADC(2)
method, the S, state seems to be favored.*

In both structures, S, and S; have a similar pattern in the
electron density difference (EDD) (Figures 4a and S6). The
EDD indicates a significantly reduced contribution of the 7-
density from the Schiff base nitrogen compared the EDD from
S;. The nitrogen carries the formal positive charge and is
known to play a key role in the spectral tuning mechanism of
retinal proteins. Therefore, a smaller extent of the EDD on this
atom means that S, and S; will be less sensitive to changes in
the protein environment. Indeed, the Sy—S; excitation energy
is nearly identical for the structures by Skopintsev et al. and
Kato et al. (Table 1) despite the alternation in the counterion
complex. For the K intermediate, the calculated S; was found
at 2.49 eV (498 nm) compared to the experimental value of
2.45 eV (505 nm). Also, in this case S, is a better candidate
than S; to explain the near-UV band in terms of energy.

The energy differences for AEg ¢ and AEg _g are 1.34 and

1.84 eV, respectively (Table 1). The exclusion of the nitrogen
from EDDs of the higher excited states is analogous to the
parent state described above (Figure 4b). The deprotonation
of the retinal Schiff base in the M intermediate changes the

https://doi.org/10.1021/acs.jpclett.1c01436
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excited-state energies and the electronic structure (Figure 4c).
It induces a strong blue shift on the main absorption band
compared to the parent state, i.e. by 0.87 eV in the QM/MM
simulation and by 0.73 eV in the TA-measurement. The S,
state has now an n—7* instead of 7—z* character, which stems
from the lone pair on the SB nitrogen. Therefore, it has a
negligible oscillator strength and should not be experimentally
observable. However, the Sy—S; transition is bright and has an
excitation energy of 4.51 eV (275 nm) which can explain the
measured near-UV signal. For the O intermediate (Figure 4d),
the S, appears at 2.3 eV (539 nm) which is red-shifted by
—0.24 eV with respect to the parent state. This result is in good
agreement with the experimental red shift of —0.27 eV. We
attributed this red shift to the presence of a positive point
charge from the Na* ion in the putative binding site described
by Skopintsev et al. The presence of this charge also required
extending the QM region (see methodology in the Supporting
Information) to avoid overpolarization. The next two bright
states were found to be S, at 3.72 eV (333 nm) and S at
4.15 eV (299 nm) with oscillator strengths of 0.164 and 0.421,
respectively. However, despite the close agreement it should be
noted that experimental maxima from TA spectra can in some
cases not be determined unambiguously because of the
transient overlap of multiple intermediates.

Following the observation of a positive SBS signal in the
transition from the parent state to the K and M intermediates
(Figure 2), a corresponding trend is also expected for the
oscillator strength of the S; state. Instead, we noticed a lower
oscillator strength for the K and M intermediates compared to
the parent state that should lead to a negative signal. By
inspecting higher lying states, we found S, to be energetically
close to S; (Table 1). The S, state is found to have an
oscillator strength which is larger in the K intermediate than in
the parent form. Therefore, the contribution from S, could
explain the positive signal. For the M intermediate, the AEg g

is smaller but the oscillator strength for both states is reduced
compared to the other two structures. This discrepancy might
be due to the change of the total charge in the QM region from
+1 to 0 in the calculation of the M intermediate. Therefore, the
oscillator strength might not be directly comparable between
the parent form and the K intermediate on the one hand and
the M intermediate on the other hand.

Additional calculations were also performed for O
intermediate structures from Kovalev et al.,, which in contrast
to the aforementioned structure has an all-trans retinal.'® Two
structures corresponding to the O-intermediate at 100 K
temperature (PDB code: 6XYT) and at room temperature
(PDB code: 6YCO) were calculated. The S excitation energy is
1.95 eV (635 nm) and 2.04 eV (607 nm), showing a red shift
of —0.59 and —0.5 eV compared to the parent state (Table S2
and Figure S7). The S, excited state is at 3.26 and 3.35 eV,
respectively.

This is ca. 0.4 eV lower than the value from the 13-cis based
structure. Given the fact that the calculated excitation energies
are systematically higher than the experimental values, this
would correspond to an absorption band at >400 nm.
However, Figure 3a shows a negative GSB signal in this
region which together with the low oscillator strength of S,
makes it hard to detect. In contrast to the O intermediate with
13-cis retinal, the Sg state has a greatly reduced oscillator
strength of 0.069 and 0.068, respectively. This explains the lack
of the near-UV signal after 2 ms (Figure 3a). One also needs to
consider that the discussed structures represent different
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oligomeric states of KR2. Whereas the structures by Skopintsev
et al. and Kato et al. were reported to be monomers, the
structure of Kovalev et al. was reported as a pentamer. In
contrast to the compact monomer, the more expanded
conformation in the KR2 pentamer contains a large water
cluster in the retinal binding pocket.”**”** This could affect
the spectral properties of retinal itself and in turn partly
account for the deviations of the calculated energies with
respect to the experiment.

To gain additional insight into the nature of the
aforementioned UV-signature around 335 nm, we performed
quenching experiments in the near-UV on WT9 and WTS.S.
This has to be distinguished from the commonly known blue-
light quenching (BLQ) effect, which was initially described for
BR and has ever since been applied to several other retinal
proteins.'’ ™' Here, ultrafast TA measurements on PR could
demonstrate that illumination of the blue-shifted photo-
intermediate (M state) with blue light leads to a fast
reprotonation of the RSB and a reisomerization of the
chromophore, which subsequently leads to the fast regener-
ation of the parent state.”

We utilized a similar reasoning in order to investigate the
near-UV deactivation dynamics and its possible applicability to
optical control schemes. Because the near-UV signature itself is
transient, several experimental limitations had to be consid-
ered. The sample was kept in a photostationary state (PSS)
during the TA-measurements to ensure a significant accumu-
lation of the photocycle intermediates. This was achieved by
using a high-power LED with a central wavelength of 565 nm.
The difference spectra (Figure Sa) show a similar signature for
WT9 and WTS.S. In both cases, a blue-shifted band at 330 nm
and a red-shifted band at 610 nm are observed. Interestingly,
the blue-shifted band does not occur in D116N, even though a
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Figure 5. Steady-state difference spectra (Ajjuminated = Aparent) Of WT9,
WTS.5, and D116N (a). The PSS spectrum is a mixture of bleached
ground-state absorption at 520—550 nm, UV-absorption at 335 nm,
and a red-shifted absorption at around 600 nm. The UV-band is
missing for the D116N mutant. Double-difference spectra of the near-
UV quenching experiments for WT9 (b) and WTS.5 (c). The bottom
panel shows an overlay of the respective normalized absorption
spectra with the AA abs. spectra at 500 ps.
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near-UV absorption was observed in the time-resolved flash
photolysis experiments. It is also noteworthy that a signature
for M around 400 nm is seemingly missing in WT9 and
WTS.5. This is probably due to the dominant bleaching band,
which spans from around 400 to 600 nm. The small shoulder
at 390—450 nm may stem from a spectral contribution from
M. The presence of several bands in the PSS, and therefore the
implication of a mixture of states, underlines the complexity of
the time-resolved quenching experiments.

To minimize error from mixed dynamics, the TA-experi-
ments with excitation pulses of 330 nm were performed with
and without constant illumination, respectively, to determine
the dynamics primarily originating from the quenching process
itself. The corresponding double-difference spectra (Figure
Sb,c) show two dominant features for each sample: a negative
(bleached) band, which is centered at a wavelength below 350
nm, and a broader positive band. The positive band seems to
be fully developed on the 0.3—1 ps time scale for WT9,
whereas for WTS.S it takes significantly longer. The good
spectral match of the resulting AA abs. spectra with the
absorption spectra of the respective samples is a clear
indication for the quenching process.

Because the PSS contains a mixture of intermediates, it is
not possible to determine the deactivation pathway unambig-
uously. However, in addition to the main band from the
bleached SBS, there are additional negative contributions,
which might actually be indicative for the predominantly
quenched state. The negative band is broader in WT9 and
extends up to 420 nm, whereas in WTS.5 there is a small
negative component at the red end of the spectral range. These
signatures are in line with the spectral positions of the M
intermediate for WT9 and the long-lived K intermediate for
WTS.5. Thereby, one needs to consider that the recovery of
the parent state from either K or M are to be distinguished.
Whereas in both cases a 13-cis to all-frans isomerization is
required, M additionally needs to undergo a reprotonation of
the RSB. In the case of PR, this was considered to be the rate-
limiting step of the quenching process.”” It is therefore
surprising that the deactivation dynamics is still seemingly
faster in WT9. This would imply a closely connected network
of amino acid residues and internal water molecules, which in
turn respond very fast toward changes of the retinal
configuration. Because the mechanistic details of proton
translocation are still not fully understood, we cannot rule
out the possibility of an alternative reprotonation pathway of
the RSB. The slower transition from K to the parent state in
the WTS.5 case could be the result of changes in the retinal
binding pocket during the early stages of the photocycle as
reported recently.*® It was found that the retinal chromophore
becomes significantly more twisted in K and L because of a
more direct interaction with D116, which could in turn
hamper the near-UV-induced reisomerization.

In conclusion, our integrated near-UV study on KR2,
employing time-resolved optical spectroscopy together with
QM/MM calculations, closes the gap between spectroscopic
characterizations in the UV and in the visible ranges. The
underrepresented near-UV region provides valuable informa-
tion about the chromophore configuration and opens a new
avenue for optogenetic applications. We could show that the
rise of the induced absorption in the near-UV strongly
correlates with the all-trans to 13-cis isomerization and the
formation of the primary photoproduct.
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A closer look at the electronic structures of retinal during the
photocycle suggests an Sy — S; (GS, K, and M) or an S§; — S;
(O) transition, which are energetically only weakly affected by
electronic changes of the chromophore. The weaker spectral
tuning of this excited state was explained based on the electron
density difference, which showed no contribution to the z-
electron density from the SB-nitrogen. The decay of this
second bright state of 13-cis retinal implies a reisomerization
back to all-trans during the formation of the O-intermediate
and thus confirms recent findings by DNP-enhanced solid-
state. NMR.>> We furthermore determined an additional
contribution to this band for the WT samples on the
millisecond time scale, which is exactly synchronized with
the M-state and is completely missing in the D116N mutant.
This correlation was further substantiated in experiments in
the photostationary state. The results of the near-UV
quenching experiments show a surprisingly fast regeneration
of the parent state, which is faster in WT9 compared to
WTS5.5. We rationalize this by a predominant quenching of M
(WT9) or K (WTS.S), which lead to differing deactivation
pathways. In terms of applicability, we suggest that the near-
UV region is not just a useful diagnostic spectral area but also
interesting for optical control scenarios. Ranging from
femtoseconds up to milliseconds, this spectral signature
might be used to terminate the photocycle dynamics at
different time points by applying a temporally delayed near-UV
pulse.
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Time-resolved IR spectroscopy reveals
mechanistic details of ion transport in the sodium
pump Krokinobacter eikastus rhodopsin 27

Marvin Asido,? Peter Eberhardt,® Clara Nassrin Kriebel,° Markus Braun,®

Clemens Glaubitz

® and Josef Wachtveitl (2 *2

We report a comparative study on the structural dynamics of the light-driven sodium pump Krokinobacter
eikastus rhodopsin 2 wild type under sodium and proton pumping conditions by means of time-resolved
IR spectroscopy. The kinetics of KR2 under sodium pumping conditions exhibits a sequential character,
whereas the kinetics of KR2 under proton pumping conditions involves several equilibrium states. The
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sodium translocation itself is characterized by major conformational changes of the protein backbone,
such as distortions of the a-helices and probably of the ECL1 domain, indicated by distinct marker bands
in the amide | region. Carbonyl stretch modes of specific amino acid residues helped to elucidate structural

changes in the retinal Schiff base moiety, including the protonation and deprotonation of D116, which is
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Introduction

A basic and widely conserved principle in nature is the conversion
of light energy into chemical energy by means of electrochemical
potentials across cell membranes. In most archaea and bacteria
this is achieved by membrane-embedded proteins, which contain
a retinal chromophore."” Over many decades, several microbial
rhodopsins, such as bacteriorhodopsin (BR), halorhodopsin (HR)
and proteorhodopsin (PR), were discovered and thoroughly
investigated.>”” These light-driven ion pumps all have in common
that they are able to translocate charges in the form of protons
or chloride ions across a biological membrane. The discovery of
channelrhodopsins (ChRs) and the rise of optogenetics as a
promising new field of research boosted interest in light-driven
rhodopsins.® " Since then, a lot of effort was put into a further
characterization and functional analysis of modified and novel
types of rhodopsins, which could be used to manipulate the
physiological environment of cells by irradiation with light.
Even though ChR and its variants enabled the light-gated
conduction of various cations through a biomembrane, its

“ Institute of Physical and Theoretical Chemistry, Goethe University Frankfurt,
Max-von-Laue StrafSe 7, 60438 Frankfurt am Main, Germany.
E-mail: wveitl@theochem.uni-frankfurt.de
b Institute for Biophysical Chemistry and Center for Biomolecular Magnetic
Resonance (BMRZ), Goethe University Frankfurt, Max-von-Laue Strafe 9,
60438 Frankfurt am Main, Germany
i Electronic supplementary information (ESI) available: Absorption spectra, life-
time density analysis and the relationship of the absorption maxima/C—C stretch
modes of retinal are presented. See DOI: 10.1039/c8cp07418f
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crucial for a deeper understanding of the mechanistic features in the photocycle of KR2.

major disadvantage lies in the non-selectivity towards these
cations and the desensitization in the course of a constant
illumination."” This gap seems to be filled by the light-driven
sodium pump Krokinobacter eikastus rhodopsin 2 (KR2), a novel
member of the new class of non-proton cation pumps first
described by the Kandori group.'**? Like all microbial rhodopsins,
KR2 consists of seven tightly packed transmembrane a-helices, of
which one is linked covalently to the retinal chromophore through
a Schiff base linkage with a lysine residue. Absorption of light
induces the isomerization of the all-trans retinal to the 13-cis
conformation, leading to a sequence of four distinct photo-
intermediates."* New features of KR2 include the extracellular
N-terminal helix, the ECL1-domain [Fig. 1a] and the NDQ-
motif."*'® The latter one comprises the amino acid side chains
of Asn112, Asp116 and GIn123 [Fig. 1b and c], which differs
significantly from the conserved DTD- (BR) or DTE-motifs (PR)
of well-known proton pumps.” In the absence of sodium, KR2 is
able to pump H', Li" and even K" after the exchange of specific
amino acids."”'*'® Even though there have been a lot of advances
since the discovery of KR2, its cation and proton transport
mechanisms are still far from being understood. Therefore,
a deeper understanding of its structure and mechanism is
necessary to expand the toolbox for optogenetic research and
applications. In this work, we focused on a comparative study
of the proton and sodium pumping dynamics of the KR2 wild
type by means of time-resolved UV/vis and infrared spectro-
scopy. Especially IR spectroscopy has proven to be a powerful
tool to determine global as well as site-specific changes of a
wide-range of retinal proteins during the course of a photocycle.
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Fig.1 (a) Crystal structure of the KR2 wildtype (PDB: 3 x 3C). The
highlighted features are: retinal (orange), ECL1-domain (blue), water
molecules (red spheres) and the amino acid side chains Q123, D116, S70,
N112, D251 and K255. A closeup (with a different perspective) of the retinal
moiety is given for (b) deprotonated D116 and (c) protonated D116 based
on the results reported by Kato et al.**

The study of KR2 in proton and sodium pumping conditions did
not just allow us to characterize common mechanistic features,
but more importantly to also elucidate significant differences in
the structural changes of the protein, which are still under-
represented in to date literature.

Experimental methods
Expression of the KR2 wild type

Expression of KR2 WT was essentially carried out as described pre-
viously."” KR2 pET 26b DNA was transformed in E. coli C43 (DE3).
Transformed cells were grown in LB media containing 100 pg ml~*
of kanamycin at 37 °C. For protein production, cells were transferred
to minimal media containing glucose and ammonium chloride
(1:100 dilution). At an ODgy, of ~0.6, protein expression was
induced with 0.5 mM isopropyl -p-1-thiogalactopyranoside (IPTG),
and 7 uM of all-trans retinal was added. After an incubation for 16 h
at 27 °C cells were harvested and passed through Constant systems
cell disruptor at 1.85 MPa. The collected membranes were
suspended and solubilized in buffer containing 1.5% (w/v)
dodecyl-p-p-maltoside (DDM) overnight. The solubilized protein
was purified by Ni-NTA affinity chromatography. Purity and
homogeneity of the sample was verified by SDS PAGE and optical
absorption spectroscopy. The protein yield was 22 mg L.

Sample preparation

For our measurements under salt and salt-free conditions,
we prepared a 50 mM Hepes/Tris (pD 8.3, 100 mM NacCl) and
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a 50 mM MES (pD 6, salt-free) buffer, respectively, which were
diluted in D,O. The pH-values of the buffers were adjusted to
the desired pD-value by using the relationship proposed by
Glasoe et al.'® Both buffers contained 0.05% DDM detergent. For
each sample, 150 pl of the KR2 wild type solution was washed
with the respective buffer in a centrifuge (5415 R, Eppendorf,
Germany) at a speed of 10° rpm (3 times total 4 15 minutes).
Consequently, 15 pl of the obtained KR2 concentrate was placed
and evenly spread on the center of a CaF, window. The cuvette
was then closed with a teflon spacer of 50 um thickness and a
second CaF, window.

Absorption measurements

Steady state spectra of both samples [ESI, T Fig. S1] were recorded
with a spectrometer (Specord 100, Analytik Jena, Germany),
yielding an absorbance of 0.16 OD for KR2 in sodium pumping
conditions (KR2y,) and an absorbance of 0.11 OD for KR2 in
proton pumping conditions (KR2y). Furthermore, all measure-
ments in the UV/vis and the IR were performed with the same
sample to allow a proper correlation of the data.

UV/vis and IR flash photolysis

The two samples for the UV/vis and IR experiments were excited
by a Nd:YAG laser (Spitlight 600, Innolas Laser, Germany)
pumping an optical parametric oscillator (preciScan, GWU-
Lasertechnik, Germany). The OPO was set to generate pulses
with a central wavelength of 525 nm for the sodium pump and
535 nm for the proton pump to account for the red shift of the
retinal absorption at lower pD-values. The average pulse energy
was set to ~1.7 m] cm % Continuous wave probe light for
the UV/vis was generated by a mercury-xenon lamp (LC-08,
Hamamatsu, Japan) and guided through two monochromators
(Photon Technology International, USA) to select specific probing
wavelengths (420 nm, 520/530 nm and 620 nm). The transient
signals were detected with a photomultiplier tube (H6780-02,
Hamamatsu, Japan) and recorded with an oscilloscope (DPO5204-
10RL, Tektronix, USA). The oscilloscope recorded time traces at
a sampling rate of 10 megasamples per second, resulting in a
100 ns resolution for an overall record length of one second.
Each time trace was averaged 100 times. Continuous wave
probe light for the IR was generated by a quantum cascade
laser (MIRcat 1100-U2-5086, Daylight Solutions, USA), which is
tunable in the range from 1508 cm™* to 1748 cm ™ *. The mono-
chromatic emission of the QCL was recorded by a MCT detector
(KV104 MCT, Kolmar Tech., USA), which is connected to the same
oscilloscope mentioned above. Transients were recorded and
averaged 50 times with a spectral resolution of 4 cm™" and the
same oscilloscope settings as in the UV/vis experiments.

Data processing

The transients obtained by the UV/vis and IR measurements
were averaged and reduced to 50 linear and 50 exponential
timepoints. The IR dataset was subjected to singular value
decomposition (SVD) using five components in Matlab. More
detailed information about SVD and its use in spectral analysis
can be found in ref. 19. Both, the UV/vis and the IR datasets,
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were analyzed and fitted by lifetime density analysis (LDA)
[ESI, Fig. S2a and b] and global lifetime analysis (GLA). The
GLA allows the description of the data in terms of a sum of
exponentials and their corresponding lifetimes. The Matlab-
based program “Optimus Fit”’, which we used for the LDA and
GLA, is explained in detail in ref. 20.

Results
UV/vis flash photolysis

The first set of measurements was performed in the UV/vis flash
photolysis, which monitors the retinal chromophore. To account for
the different intermediate steps of the photocycle, we have chosen
probing wavelengths at 420 nm, 520/530 nm and 620 nm, respec-
tively, as shown in Fig. 2a (bottom). In KR2y, [Fig. 2a, bottom)], at
around 80 ps after the photo-excitation, a signal at 620 nm decays
and a signal at 420 nm rises, representing the transition from the K
to the L/M state. A subsequent transition from this equilibrium
state’” to the O intermediate takes place at 0.6 ms, indicated by the
rise of the transient signal at 620 nm. After 9 ms, both, the transient
at 620 nm and the transient at 520 nm, which represents the bleach
of the ground state, approach zero. We therefore conclude that the
photocycle is finished on that timescale. In KR2y, the K/L equili-
brium is prolonged up to the millisecond range. With a time
constant of 26 ms, a positive signal at 420 nm is observable, whereas
the transient signal at 620 nm approaches zero. This marks the
transition from the K/L to the L/M state of the photocycle. Com-
pared to KR2y,, the M intermediate is more pronounced in H'
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pumping conditions, whereas the spectroscopic signature of the O
intermediate is completely missing. This was also observed in
several flash photolysis studies before, leading to the conclusion
that the O intermediate is indicative for sodium pumping.'*** A
dominant part of the ground state bleach at 530 nm recovers fast
up to the millisecond range and a residual signal remains, which
reaches zero after approximately 70 ms. An overview of the time
constants can be found in Tables 1 and 2.

Infrared flash photolysis

The data obtained in the IR, ranging from 1508 cm ' to

1748 cm ™' [Fig. 2a and b], can be sub-divided into three major
groups of structural changes in the protein. They include the
conformational changes of the retinal chromophore, structural
changes in the protein backbone and site specific changes
of amino acid residues. For a better overview they will be
presented and discussed in different segments.

Distortions in the m-electron system of retinal

The first major set of changes originates from the distortion of
the retinal chromophore itself, which can be seen in the range
of 1508 cm ™" to 1560 cm ' [Fig. 3a]. At first glance, a broad
negative signal centered at around 1540 cm™ ' is observable in
KR2y,. This broad bleaching signal can be associated with the
C=C stretch modes of all-trans retinal.** Correspondingly, a narrow
positive band at around 1516 cm™* occurs in the microsecond to
the tenth of a millisecond time scale, which then becomes more
intense and broader at around one millisecond [see also Fig. 2a, top].
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Fig. 2 Overview of the UV/vis and IR measurements for (a) KR2y, and (b) KR24. IR data are color coded, so that negative signals are depicted by blue
colors and positive signals by yellow/red colors. The corresponding raw data of the transients in the UV/vis flash photolysis and their fits are shown in the
bottom panel. To account for the shifted absorption spectrum, the GSB signals of KR2y, and KR2y were probed at 10 nm shifted wavelengths (520 nm
and 530 nm, respectively). The colored markings and numbers on the right hand side indicate the discussed transients and their corresponding figures in

this report.
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Table 1 GLA derived time constants of KR2y, in the IR and the UV/vis

7,/ms T,/ms T3/ms T4/ms T5/ms
UV/vis 0.08 0.6 9 — —
IR 0.03 0.4 9 — —

Table 2 GLA derived time constants of KR2y in the IR and the UV/vis

T,/ms T,/ms T3/ms T,/ms Ts/ms

UV/vis 0.02 0.5 26 73 —
IR 0.01 0.5 19 200 Inf.
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Fig. 3 Infrared transients of the retinal C—=C stretch modes of (a) KR2y,
and (b) KR2y. The individual data points of the SVD processed data are
shown as symbols, whereas the fits are depicted as solid lines.
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Similarly, the bleaching signal of the all-trans retinal C—C stretch
mode at around 1532 cm " exhibits weaker amplitudes between
10 ps and 100 ps. This signature suggests that there might be an
overlap of positive and negative contributions in the spectral range
between 1520 cm ™' to 1532 cm™ ' [Fig. 2a, top], which could be a
spectral indicator for the decay of the K intermediate. Following
the time line, the next positive signal emerging lies around
1552 cm™' with a build-up time of approximately 80 ps.
By taking a closer look at the transient at 1556 cm ', one can
see a slightly delayed dynamics in comparison to the transient at
1552 cm™ ' [Fig. 4a]. The additional shoulder in the sub-millisecond
time range at 1552 cm ' might hint at spectroscopically distin-
guishable L and M intermediates in the photocycle, with the M
intermediate being slightly more blue-shifted. After approximately
half a millisecond the transient at 1516 cm™ ' shows an intense
positive change in absorbance, which coincides with the transition
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from the M to the O state. All transient signals in this spectral
region decay in the time range of 9 milliseconds, which is in good
agreement with the time constants found in the UV/vis measure-
ments and therefore being indicative for the duration of the
photocycle of the sodium pump. By taking a closer look at our
measurements in salt-free conditions [Fig. 2b], one can clearly see
that the dynamics is prolonged by at least one order of magnitude.
Moreover, the spectral signature of the IR bands is slightly different
compared to KR2y,. The bleaching signal of the C—C stretch mode
of all-trans retinal can be found at around 1532 cm™ ', which
accounts for the red shift in the absorption spectrum at low pH.
This negative signal is accompanied by three positive bands at
around 1520 cm™ ", 1548 cm™ ' and 1552 cm™ ', which are already
present from the beginning of the measurement [Fig. 3b and 4b].
The positive signal at 1520 cm™" shows a stable amplitude in the
microsecond range and then starts to decay after approximately a
few milliseconds, which correlates with the transition from the K
to the L/M state. The transients at 1548 cm™ ' and 1552 cm ™" start
with a similar amplitude but follow different dynamics after 80 ps.
While the transient at 1548 cm ™" shows a small drop and then a
subsequent increase of A4 in a time window of a few hundred
microseconds, the transient at 1552 cm ™' steadily increases in
amplitude. While the signal at 1552 cm™ " reaches its maximum
after a few milliseconds, the transient at 1548 cm™' starts to
plateau over a time scale of several decades. In analogy to KR2ya,
one can assign these two bands to the L and M intermediate,
respectively, with the M intermediate being more blue-shifted.
The co-existence of the transients at 1520 cm ™, 1548 cm ™ and
1552 cm™ ! indicates that the K, L and M states might be in
equilibrium, however, at later times the equilibrium shifts
towards the M state. This state then decays very slowly in the
millisecond to second time range (t3-75), leaving a residual signal
by the end of the experimental time window.

Structural changes in the protein backbone

The spectral region from 1560 cm ™" to 1700 cm ™" is primarily
representative for the amide vibrations of the protein back-
bone, with the exception of the C=N stretch mode of the retinal
and a few contributions from amino acid side chains.?? Hence,
strong signals in this spectral window are usually due to major
changes in the protein conformation during the photocycle. For
KR2y, we could observe ten distinct bands in this region, which
we sub-divided into three groups. The first set of signals are the
transients at (—) 1604 cm™*, (+) 1620 cm™ " and (—) 1692 cm ' as
they show similar dynamics. The negative band centered around
1604 cm "' shows a strong increase of signal amplitude with a
time constant 7, = 0.4 ms, which correlates with the decay of the
K intermediate. Simultaneously with this bleaching signal, a
broad positive band at around 1620 cm ™, which can be assigned
to the L/M state, emerges, albeit it reaches its maximum later in
the millisecond time range. By comparison of the signal ampli-
tudes of these two bands, which differ by a factor of three, it is
highly suggestive that the band at 1620 cm ™" is not just the result
of an up-shift of the 1604 cm ™' transient. A closer look at the
transient at 1692 cm™ " reveals a similar temporal signature, which
reaches its minimum after approximately one millisecond [Fig. 5].
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1556 cm™t. An additional shoulder around 100 ps can be seen at
1552 cm™. (b) Transient signals of KR2y at 1520 cm™, 1548 cm™! and
1552 cm™. The individual data points of the SVD processed data are
shown as symbols, whereas the fits are depicted as solid lines.
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Fig. 5 IR transients of KR2y, at 1604 cm™*, 1620 cm * and 1692 cm . The
positive signal at 1620 cm™* might be an overlap of shifts from both bleaching
signals at 1604 cm™* and 1692 cm™* The individual data points of the SVD
processed data are shown as symbols, whereas the fits are depicted as solid lines.

This can not be seen in salt-free conditions, where the band at
1692 cm ' is completely missing, and thus, making this a
possible marker for sodium transport. In contrast to that, KR2x,
and KR2y; show spectral similarities in the region from 1590 cm ™"
to 1640 cm™ . In both cases, a set of two positive and two negative
signals can be found [Fig. 6]. Except for the transient at 1592 cm ™"
in sodium pumping conditions, all other signals already have a
significant amplitude at the earliest recorded times, which sug-
gests that there are some major changes prior to the experimental
time window. The transients at (—) 1608 cm™"/(+) 1612 em™" in
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1640 cm™. The individual data points of the SVD processed data are
shown as symbols, whereas the fits are depicted as solid lines.

Fig. 6a show mirrored dynamics, which can be described with the
same time constants. Both, the positive and the negative signal, rise
mono-exponentially with a time constant of 7; = 30 ps and then
decay bi-exponentially with 7, = 0.4 ms and 73 = 9 ms. The remaining
two transients at (—) 1592 cm ™" and (+) 1636 cm ™" [Fig. 6a] do not
show such a similarity. Instead, the amplitude of the negative signal
at 1592 em™" increases bi-exponentially, peaking at approximately
1 ms, and then decays mono-exponentially. At 1636 cm ™, the
initial signal decays tri-exponentially with a small dip around
1 ms suggesting some changes during the formation of the
O intermediate. The corresponding transients of KR2y [Fig. 6b]
have a prolonged dynamics, which is in agreement with the
extended duration of the photocycle in saltfree conditions. Even
though the two negative transients at 1592 cm™ " and 1608 cm ™
are spectrally separated by 16 cm™*, they show a similar tem-
poral profile, which can be characterized by two time constants
71 =10 ps and 1, = 0.5 ms for the decay of K, as well as two time
constants 7; = 19 ms and t, = 200 ms for the regeneration of
the ground state. In contrast to KR2y,, the two positive transients
at 1620 cm ™" and 1632 cm ™' have a more complex dynamics in
the microsecond time range, which could be due to a super-
position with bleaching signals on an earlier timescale. However,
the decay of both transients can be described with the time
constants 75 and 1,4, which are identical to the ones found for the
signals at 1592 cm ™" and 1608 cm ™.

The next set of signals lies in the range of 1650 cm™ " and
1670 cm ™', where three transients at (+) 1652 cm ™, (—) 1660 cm ™"
and (+) 1668 cm ™" can be found [Fig. 7a]. The intense bleaching
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signal at 1660 c¢cm ' increases in amplitude in a time
window of a few microseconds up to a millisecond and
then quickly decays with a time constant of 73 = 9 ms. By
taking a closer look at the transient at 1668 cm ™', one can
see a steady positive signal in the microsecond range, which
starts to drop rapidly with a time constant of 7, = 0.4 ms.
At the same time, the weak positive signal of the transient
at 1652 cm™ ' starts to increase. When it reaches its
maximum after approximately one millisecond, the transient
at 1668 cm ™' becomes zero. This spectral shift is also reflected
in the small shoulder of the bleaching signal at 1660 cm ™,
which occurs in the time frame of 100 ps to 1 ms. Considering
the photocycle of KR2y,, one can assign the band at 1668 cm ™"
mainly to the K intermediate. The spectral down shift
from 1668 cm ' to 1652 cm ' occurs in the subsequent
steps leading to the rise of the O intermediate. Such a behavior
does not occur in the case of KR2y. Here one can see an
intense bleaching band at (—) 1660 cm ™" and an intense and
broad positive band at 1668 ¢cm™' [Fig. 7b]. Both signals
span the microsecond to second time scale, reflecting the
prolonged duration of the KR2y photocycle. For a better
comparison with KR2y,, we also extracted the transient at
1652 cm ™. In fact, one can see a small positive amplitude
between 50 ps and 1 s. However, a spectral shift, as it is
seen in salt conditions, can not be observed. This again
stresses the major sodium-related changes in the protein
backbone, which can be tracked with the signal pair at
1668 cm ™' and 1652 cm ™.
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Fig. 8 IR transients of the carbonyl vibrations for (a) KR2yn, and (b) KR2y.

The individual data points of the SVD processed data are shown as
symbols, whereas the fits are depicted as solid lines.

Amino acid side chains

In addition to the chromophore distortions and the movement of
the protein backbone, one also has to consider the dynamics of
the individual amino acid side chains, which are involved in the
mechanism of sodium or proton transport. Such signals are
expected in the range of 1700 cm™* to 1800 cm™*, in which one
can find the carbonyl stretch modes of Asp, Glu, Asn or GIn.”® For
KR2y,, we can observe a positive band at 1744 cm ™", which already
has significant amplitude at the earliest times recorded in our
measurement [Fig. 8a]. From there the signal decays with a lifetime
of 7, = 30 ps, before it eventually rises again with 7, = 0.4 ms. The
final decay can be described with a lifetime 73 = 9 ms. This general
characteristic seems to be conserved in KR2y, however, it is
prolonged by two orders of magnitude [Fig. 8b]. In this case, one
can see a stronger initial signal, which rises with a lifetime
of 7, = 10 ps followed by a slow decrease of signal amplitude
with 7, = 0.5 ms. Another rise occurs within 73 = 19 ms, followed
by a relaxation to zero. In contrast to KR2y,, an additional
bleaching signal can be found at 1740 cm™'. Comparing the
transients at 1740 cm™ ' and 1744 cm™ ', the astonishing
similarity of their temporal profiles has to be pointed out. In
fact, their changes in absorption can be described with similar
time constants, suggesting a spectral up shift from 1740 cm ™'
to 1744 cm™ " after photo-isomerization. By comparison of these
transients with the UV/vis data, one can deduce that the second
rise of the signals occurs simultaneously with the decay of the
M intermediate in both, the sodium and the proton pump.

Discussion
Retinal distortions and characterization of photointermediates

The time-resolved measurements presented in this work span a
wide range of dynamics, which are involved in the photocycle of
KR2. In order to disentangle and assign the complex IR data,
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the first step is a proper determination of the photo-
intermediates occurring during the photocycle of KR2y, and
KR2y, respectively. For this it is helpful to compare the data
obtained in UV/vis measurements at 420 nm, 520/530 nm and
620 nm with the IR bands of the C—=C stretch modes of the
retinal chromophore. A commonly accepted rule of thumb is
the inverse relationship between the absorption maximum in
the visible and the resonance frequency of the C—C stretch mode.
This is rooted in the assumption, that the level of n-delocalization,
which is reflected in the absorption maximum, correlates with the
strength of the C=C bonds along the chromophore.>*® Follow-
ing the signals in the spectral window of 1500 cm ™" to 1560 cm ™"
in KR2y, [Fig. 3a], one can see that there is an initial down shift
from around 1540 cm ™" in the ground state to the spectral area
around 1520 cm™ . As stated above, the signals around 1520 cm ™"
are most likely a superposition of the ground state bleach and an
additional positive contribution from the K intermediate. From
there the signal shifts up to 1552 cm™* and 1556 cm ™', respec-
tively. This correlates clearly with the rise of the M state, however,
the additional shoulder at 1552 cm ™" could be a contribution
from L [Fig. 4a]. In the last step, a down shift to 1516 em™" is
observed, which occurs simultaneously with the rise of the O
intermediate. The signal then decays with a lifetime of 9 ms,
marking the recovery of the ground state. The temporal trace of
the IR bands strongly correlates with the spectral shifts observed
in the UV/vis, being in agreement with the empirical rule stated
above [ESL T Fig. S3]. In the case of KR2y, the time trace of the
signals is not as clear. In addition to an initial downshift
from 1532 cm ™' to 1520 cm ™" one can also observe transients
at 1548 cm ™' and 1552 ecm ™', which show distinct kinetic features
[Fig. 4b]. Following the assignments of the bands at 1532 cm ™/,
1520 cm™ Y, 1548 cm ™! and 1552 cm ™! as the dark state, K state,
L state and M state, respectively, one has to come to the conclu-
sion that K/L/M form an equilibrium in KR2y. A major signal at
1516 cm ™" is missing, stressing the correlation of the O state with
this spectral feature in the KR2y,. The observations made here are
in agreement with Raman spectroscopy and step-scan FTIR data
previously published by the groups of Kennis and Kandori,
in which the bands at 1519 cm ' and 1516 cm™ ' have been
suggested to be markers for the K- and O-intermediates,
respectively.”>?° However, a definite IR assignment of the K,
L and M intermediates and a quantitative analysis of possible
equilibrium states is still subject to further investigation. The
signals of the C—=C stretch modes of the chromophore decay
bi-exponentially with a remaining amplitude at the end of the
measurement, even though an O intermediate is not formed in
H' pumping conditions. This is not observed in the UV/vis,
which might suggest an additional, but spectrally silent, state
after M. Such an intermediate has been found and discussed
for other microbial rhodopsins like HR and PR.%?'7*

Structural changes of the protein backbone during sodium
uptake and translocation

Besides the dynamics of the retinal chromophore itself, a
further characterization of the protein distortions is of great
interest. With KR2 being able to transport protons and cations
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of different sizes (Li* and Na'), one expects charge and/or size
induced changes in the protein backbone and its surroundings
during the ion uptake and translocation. One way to detect
such changes is to take a look at the amide I and II vibrations,
which are spectrally located in the range of 1560 cm ' to
1700 cm ' These bands include the C=O stretch mode
(amide I), the C-N stretch mode (amide I + II), the N-H bending
mode (amide I + II) and the C—=O0 bending mode (amide II), of
which most are sensitive to hydrogen bonding.>* In the case of
KR2y,, the signature found at (+) 1652 cm ™', (—) 1660 cm ™" and
(+) 1668 cm ™" is certainly interesting. Whereas the bleaching
signal at 1660 cm™' remains over a time period of several
decades, the temporal profile of the two positive bands is
strongly indicative for an initial up shift to 1668 cm™ ' and a
subsequent down shift to 1652 cm™', which can be described
with the lifetime 7, = 0.4 ms [Fig. 7a]. As pointed out earlier, this
spectral shift correlates with the transition from the M state to
the O state in the photocycle. Crystal structures of KR2 pub-
lished by Kato et al. and Gushchin et al. revealed that several
water molecules are embedded in the ion translocation path-
way [Fig. 1a], especially in the ion-uptake and ion-release
cavities.'™'® Furthermore, it is deduced from the mere size of
the hydration shells of sodium and potassium that sodium has
to be stripped off its hydration shell in order to enter the
protein.”® Apart from conformational changes in the protein
backbone, a reasonable origin of the aforementioned spectral
signature would be an interaction of the sodium ion with the
water molecules inside the protein. An up (down) shift in the
frequency of the amide I band could be explained by weaker
(stronger) hydrogen bonds with the carbonyl groups in the
a-helices.”” This suggests a weakened hydrogen network in the
early stages of the photocycle, which is reflected in the up
shifted band at 1668 cm ™" during the K state and its transition
to L/M. The down shift, which follows the transition from M to
O, could then be the result of water re-organization and a
further stabilization in the ion-release cavity. In the case of
KR2y, such a clear feature is not observed. The bleaching signal
at 1660 cm ™~ is conserved, albeit prolonged by two orders of
magnitude and weaker in amplitude compared to the signal
seen for KR2y,. Instead of a pair of rising and disappearing
positive signals, one can see two co-existing positive signals
at 1652 cm™ ' and 1668 cm . The spectral positions of the
transients suggest, again, an initial decrease and subsequent
increase of the hydrogen bond interaction with the o-helices,
which could be induced by rotation and flipping of several
amino acid side chains. However, the camel-like shape of the
1668 cm™ ' band and its extended temporal profile might be the
result of several orientation and re-orientation steps, due to
the lacking stabilization from a sodium ion.

Another outstanding feature of KR2y, is the strong signal
pair at (—) 1692 cm™*/(+) 1620 cm ™! [Fig. 5]. The spectral width
of these bands suggests a superposition of several vibrational
modes, which makes a proper assignment difficult. Since this
pair can not be observed in KR2y, it is very likely that a sodium
related interaction might be the cause of the intense absorption
changes. One contribution of the band around 1692 cm ™" could
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originate from the C=O stretch mode of asparagine, which was
observed in the range of 1648-1704 cm ™" in several proteins.
In fact, a similar spectral shift was reported by Cao et al. for the
D96N mutant in BR.>* In the case of KR2 the most obvious
candidate is N112. It was suggested that the two key roles of
N112 are the stabilization of the D116 residue during the M
state of the photocycle and the coordination of the sodium ion
along with D251 in the O intermediate."*"**>>’ The initial
down shift from 1692 cm™" to 1620 cm™ " could therefore be
due to strong hydrogen bonds, which are build up between the
protonated D116 and N112 in the course of the M state.
A further stabilization of the amino acid side chains through
additional water molecules in close proximity, as it was seen in
the crystal structures, is also possible.'*'* The following transi-
tion from M to O is characterized by the transient binding of
the sodium ion in between D251 and N112 leading to another
change of the hydrogen bond network. These two steps could
explain the bi-exponential rise of the band at 1620 cm™ " with
7, = 30 ps and 7, = 0.4 ms. Still, signals of this amplitude and
spectral width do not very likely originate from a single amino
acid. Considering the spectral width of the whole amide I
band with its edges at around 1620 cm ' and 1700 cm
another explanation for the negative signal around 1692 cm ™
and the positive signal around 1620 cm ™" could be a change
of several amide I modes in the course of sodium trans-
location.*®?° This could be explained by size and charge
induced changes in the protein conformation during the
sodium transport, resulting in a shift of the whole amide I
band. Signals in the range of 1670-1690 cm ' are often
assigned to B-loop or B-sheet structures and they are usually
accompanied by stronger main bands at around 16201640 cm
due to band splitting.*°*> Therefore it is also possible that the
band pair of (—) 1692 cm™'/(+) 1620 cm™ " is not the result of
an actual down shift of the whole amide I band, but a result of
either a shift of the pB-sheet resonance or a perturbation in
band coupling of B-sheet contributions. This would stress
the involvement of the ECL1 domain [Fig. 1a] in the ion trans-
location, since this is the only known f-sheet structure in
KR2.'*'5 As mentioned above, the 1620 cm™! transient seems
to be a superposition of the just mentioned amide I signal and
the blue shifted vibrational mode from 1604 cm ™. There are two
additional side bands at 1612 cm ' and 1636 cm ' with a
differing dynamics compared to the 1620 cm ' transient
[Fig. 6a]. Such a double band also occurs in KR2y with a slightly
different frequency [Fig. 6b]. They could be the result of an up
shift from the signals observed at 1592 cm™ ' and 1608 cm ™,
which we found for KR2y as well as KR2y,. This is a strong
indication for a more or less sodium independent structural
change. One possibility would be a change of the retinal Schiff
base moiety, since the region from 1600 cm™ " to 1650 cm ™' can
also contain major contributions of the C—=N-H group as seen in
several other retinal proteins.** Due to the strong overlap with
the amide and amino acid side chain signals, it is necessary to
perform H/D exchange, isotope labeling and mutational studies
to discriminate the contributions of the individual functional
groups.
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Protonation state of the D116 residue

Intense signals above 1700 cm™ ", such as those we observe in

both, the proton and sodium pump [Fig. 8], are usually indica-
tive for changes in the C=O stretch modes of glutamic or
aspartic acids.>**? This reduces the list of possible amino acid
side chains to D116 and D251, which both play a key role in the
photocycle of KR2. The two positive bands of KR2y, and KR2y
at 1744 cm ™', exhibit similar but temporally shifted features.
However, under the assumption that D251 is directly involved
in the coordination of sodium one would expect major differ-
ences under sodium and salt free conditions.'*"* Therefore we
assign the bands in this spectral region to the C—=O stretch
mode of the D116 side chain. Since our measurements were
performed at pD 6 (KR2y) and pD 8.3 (KR2y,), it is obvious that
the resting conditions are not the same. At pD 6.0 it is very
likely that the D116 is already protonated and the water net-
work inside the protein is slightly altered.*'> Moreover, D116
seems to be in an M-like conformation [Fig. 1c] in the resting
state of KR2 at acidic pH values." This might be an explanation
for the comparatively low frequency of the C=0O stretch mode
of D116 in the resting state of KR2y, as D116 might already be
hydrogen bonded with N112.'+*%3¢38 gych a hydrogen bond is
probably not formed initially at pD 8.3 [Fig. 1b] resulting in a
higher frequency of the C=O stretch mode, which is not in the
spectral window of our experiment.*® In this context, the band
pair at (—) 1740 cm Y/(+) 1744 cm ' found for KR2y, also
reflects the strength of hydrogen bonds with the carbonyl
oxygen of D116. Since D116 needs to be deprotonated before
the retinal Schiff base can transfer its proton in the course of
the photocycle, the D116 residue has to release its proton first.
This could be reflected in the upshift from 1740 cm ™" in the
ground state to 1744 cm ' and the delayed rise of the L/M
intermediate in KR2y. The transition from the K to the L/M
state is marked by the local minimum of (+) 1744 cm " and the
local maximum of (—) 1740 cm™ ", which indicates reprotona-
tion of D116 and a subsequent hydrogen bonding with N112.
The second deprotonation of D116 can then be observed during
the decay of M, which is shown in the second local maximum of
(+) 1744 cm ™" and the second local minimum of (—) 1740 cm ™,
respectively. In KR2y, at pD 8.3 the D116 side chain is probably
rotated more towards the retinal Schiff base.'* After photo-
isomerization, the Schiff base proton turns towards the D116,
which increases hydrogen bond strength.** This would cause a
downshift of the C=0 stretch mode from initially >1750 cm™",
which we could not resolve, to 1744 cm™'. The first local
minimum of 1744 cm ' after approximately 30 ps coincides
with the transition from the K state to the L/M state, represent-
ing the protonation of D116. The decay of M and the rise of the O
state, respectively, is in good agreement with the local maximum
of the transient, which occurs with 7, = 0.4 ms.

Kinetic model for sodium and proton transport

Based on the results found in this comparative study we are
able to formulate a minimalistic model for the photocycles of
proton and sodium pumping [Fig. 9]. In the case of KR2y,, we

This journal is © the Owner Societies 2019



PCCP

RO
_.o

Fig. 9 Schematic models of the photocycle for (a) KR2y, and (b) KR2y
based on the lifetimes derived from the analysis of the IR data.

observed a sequential rise and decay of most photointermediates
with the exception of the L/M states, which seem to be in
equilibrium. Schiff base deprotonation, and therefore protona-
tion of the D116 residue, leads to the rise of the M state. At the
same time the uptake of a sodium ion takes place. This is
reflected in major changes of the protein backbone and the
hydrogen bond network during the M to O transition. Besides
the changes in the o-helix conformation, we found strong
indications for an involvement of the ECL1 domain, which is
not seen in KR2y. Synchronously with this transition, the D116
residue is deprotonated again, leading to the protonation of the
Schiff base and therefore a recovery of the initial KR2 ground
state. In contrast to that, KR2yz shows a prolonged K/L state,
which is in equilibrium with the L/M state. The limiting factor
for the transition to the M intermediate seems to be the
protonation state of the D116 residue. This residue has to be
deprotonated prior to the transfer from the Schiff base proton
to D116. The proton transport pathway is still unknown and
cannot be derived from the presented data alone. However, a
major involvement of the hydrogen network and individual
amino acid side chains in KR2 is very likely (depicted as the red
proton pathway in Fig. 9b). The regeneration of the ground
state seems to be biphasic, suggesting an additional intermediate
KR2’, which is spectrally silent in the UV/vis.

Conclusions

We were able to elucidate important mechanistic differences of
the KR2 wild type in proton and sodium pumping mode by
means of time-resolved UV/vis and infrared spectroscopy.
By using an identical sample for both techniques, it was
possible to correlate the data in both spectral windows directly
and without the uncertainties stemming from different sample
preparations. We found that the photocycle of KR2y, shows a
sequential character, whereas the photocycle of KR2y involves
several equilibria, which are reflected in intermediate specific
vibrational changes of the retinal chromophore. Moreover,
KR2y, exhibits major conformational changes of the protein
backbone, involving distortions of the a-helices and probably of
the ECL1 domain, which are not observed in KR2y. The hereby
identified marker bands of such protein distortions can help to
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map the sodium ion uptake and transport. Besides larger
structural changes inside the protein, we could also identify
amino acid specific changes, including protonation and depro-
tonation of D116, which helped to monitor structural changes
in close proximity to the retinal Schiff base. Based on these
findings we could expand the kinetic model for the sodium
pumping of KR2 and furthermore formulate a new kinetic
model for KR2 in proton pumping conditions.
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BIOPHYSICS

Probing the photointermediates of light-driven sodium
ion pump KR2 by DNP-enhanced solid-state NMR

Orawan Jakdetchai', Peter Eberhardt?, Marvin Asido?, Jagdeep Kaur', Clara Nassrin Kriebel’,
Jiafei Mao', Alexander J. Leeder?, LyndaJ. Brown3, Richard C. D. Brown?, Johanna Becker-Baldus',
Christian Bamann*, Josef Wachtveitl|**, Clemens Glaubitz'*

The functional mechanism of the light-driven sodium pump Krokinobacter eikastus rhodopsin 2 (KR2) raises
fundamental questions since the transfer of cations must differ from the better-known principles of rhodopsin-based
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proton pumps. Addressing these questions must involve a better understanding of its photointermediates. Here,
dynamic nuclear polarization-enhanced solid-state nuclear magnetic resonance spectroscopy on cryo-trapped
photointermediates shows that the K-state with 13-cis retinal directly interconverts into the subsequent L-state
with distinct retinal carbon chemical shift differences and an increased out-of-plane twist around the C14-C15
bond. The retinal converts back into an all-trans conformation in the O-intermediate, which is the key state for
sodium transport. However, retinal carbon and Schiff base nitrogen chemical shifts differ from those observed
in the KR2 dark state all-trans conformation, indicating a perturbation through the nearby bound sodium ion.
Our findings are supplemented by optical and infrared spectroscopy and are discussed in the context of known

three-dimensional structures.

INTRODUCTION

KR2 (Krokinobacter eikastus rhodopsin 2) is a light-driven sodium
pump found in the marine bacteria K. eikastus (1, 2). It belongs to
the family of microbial rhodopsins, characterized by seven trans-
membrane helices and a retinal cofactor linked via a Schiff base (SB)
to a lysine (K255) in helix 7. If the sodium concentration is low,
KR2 has been found to be able to translocate protons and lithium
ions as well (1, 3). Engineering of the protein structure in the uptake
cavity region leads to an expanded ion selectivity including potassi-
um or cesium (4-6). As for other microbial rhodopsins, light-driven
ion translocation by KR2 creates an electrochemical gradient and a
membrane potential. KR2 has therefore attracted considerable in-
terest because it is the first microbial rhodopsin that shows a cation
pumping activity other than proton pumping, making it a promis-
ing tool for optogenetics. The potential application of KR2 as an
effective optogenetic silencer would have the advantage that it could
hyperpolarize the membrane potential without having an influence
on the pH balance of cells (7).

Sodium pumps contain a signature NDQ motif (N112, D116,
and Q123) in transmembrane helix 3 (1), which differs from the
DTD [bacteriorhodopsin (BR) (8)] or DTE [proteorhodopsin (PR)
(9)] motif found in proton pumps. In KR2, D116 is the retinal SB
(RSB) counterion forming an H-bond with the protonated SB
(pSB). The highly conserved proton donor and acceptor residues
found in outward proton pumps are replaced by glutamine (Q123) and
asparagine (N112) residues, which do not have such a functionality.

The discovery of KR2 was unexpected because the translocation
of a cation such as Na" across the positively charged RSB appeared
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energetically unfavorable due to the expected repulsion from the SB
proton. Furthermore, sodium transport and its link to the photocycle
raise many questions because mechanisms derived from well-studied
proton pumps involving, for example, Grotthuss transfer steps do
not apply.

Extensive efforts have been undertaken to resolve the structure
and functional mechanism of KR2, making it the most intensively
studied sodium pumping rhodopsin. Methods applied include
femtosecond optical, ultrafast infrared, Raman, and solid-state
nuclear magnetic resonance (NMR) spectroscopy (10-15) as well as
molecular dynamics simulations (16). They were often combined
with site-directed mutagenesis and transport assays to resolve the
importance of key residues such as the NDQ motif as well as those
affecting sodium binding, ion selectivity, or the ion transport path-
way (e.g., H30, S70, D102, R109, R243, D251, N61, G263, E11, and
E160) (1, 2, 4-6, 17).

Optical flash photolysis experiments revealed four distinct pho-
tointermediates named K, L, M, and O (Fig. 1A) (I, 18). After light
activation, the retinal isomerizes from all-trans to 13-cis, resulting
in the red-shifted K-state as known from BR and other microbial
rhodopsins (10, 19). Subsequently, a blue-shifted L-state is formed,
during which the pSB is prepared to transfer a proton to D116 in the
even further blue-shifted M-state (1, 20). Uptake of sodium is be-
lieved to take place between the M-state and the red-shifted O-state
(1, 3). The population of the O-state has been found to depend
strongly on the sodium concentration (5, 21). The retinal confor-
mation has been discussed controversially as 13-cis (20, 22) or all-
trans (23, 24). The protein then relaxes back to the dark state to
complete the photocycle.

Monomeric (5, 6) and pentameric (17) KR2 dark state crystal
structures have been reported. In contrast to proton or chloride
pumping microbial rhodopsins, no bound ion substrate has been
found inside dark state KR2. The only bound sodium ion found in
the resting state is at the extracellular side of the protomer interface
in the pentameric crystal structure, but its binding site seems to be
not directly related to the function of KR2 (6). The crystal structures
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of monomeric KR2 adopt a more “compact” conformation in which
the large water-filled cavity close to the RSB found in the “expanded”
pentameric state is missing (7).

Very recently, a serial crystallography study using an x-ray
free-electron laser on monomeric KR2 has been reported (25). Two
sodium-binding events have been observed, one near N112 and
D251 (“O1 state”), followed by a second binding between El1,
N106, and E160 (“O2 state”). In contrast, the crystal structure of the
O-intermediate of pentameric KR2 (23) reveals a bound sodium ion
near the RSB coordinated by N112 and D116 (23). These studies
represent excellent progress in resolving structures of resting and

Jakdetchai et al., Sci. Adv. 2021; 7 : eabf4213 12 March 2021

relevant photointermediate states. However, the resolution is still
limited, and fine electrostatic details may not be observable.

To link three-dimensional (3D) structures with optical proper-
ties and functional data, NMR parameters such as chemical shifts,
internuclear distances, or torsion angles within the chromophore
can be extremely useful, especially in the context of model building
assisted by quantum chemical approaches. In particular, solid-state
NMR (ssNMR) has been very strong in the field as it offers unique
possibilities to obtain structural details at atomic resolution for
membrane proteins directly in lipid bilayer environments (26). It
has been intensively used for the study of the retinal chromophore
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(27-32). The sensitivity of NMR can be markedly improved by
dynamic nuclear polarization (DNP), where polarization is trans-
ferred from paramagnetic dopants to nuclear spins (33). DNP,
therefore, offers an excellent way to probe light-induced, cryo-trapped
photointermediate states. The method was applied previously to the
microbial rhodopsins BR (28, 34, 35), channelrhodopsin-2 (ChR2)
(36), and PR (32, 37, 38) but has not been used for sodium pumps
such as KR2.

Here, we applied DNP-enhanced ssNMR to monitor chemical
shifts of retinal carbons and SB nitrogen in the dark state and K-, L-,
and O-states of KR2 in its physiological pentameric form reconsti-
tuted into lipid bilayers. The light-induced photointermediates
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were stabilized by various cryo-trapping protocols such as illumination
at 110 K, thermal relaxation, or flash freezing (Fig. 1B). Cryo-
trapping is highly compatible with the low-temperature require-
ments of DNP (39). The applied procedures were validated by
recording time-resolved as well as cryo-trapped ultraviolet/visible
(UV/Vis) absorption spectra of photointermediates. Our data re-
veal an equilibrium between the early K- and L-states with distinct
C chemical shift differences. The '’N chemical shift of the SB
nitrogen gradually increases from the dark state via K to L, indicat-
ing a stronger H-bond to D116. Furthermore, an increased out-of-
plane twist at the end of the polyene chain in the L-state is observed.
In the O-state, where sodium is bound inside KR2, the chromophore
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adopts an all-trans conformation that, however, differs from the
dark state. All-trans retinal has been suggested to aid sodium release
(16), and the observed *C and >N chemical shift differences reflect
slight structural rearrangement within the retinal binding pocket
and altered SB interactions. The obtained data are complemented
by time-resolved IR measurements, compared with those reported
for proton pumping microbial rhodopsins, and discussed in the
context of known x-ray data.

RESULTS
To monitor the retinal conformation and SB-counterion interaction
by ssNMR, we used three different isotope-labeling schemes (see
Fig. 1C): 10-18-'2Cy or 14,15-'C, all-trans retinal was incorporated
into U-">N-KR2. In addition, 12,13,20-3C; all-trans retinal was re-
constituted into '*N¢-Lys-KR2. We refer in the following to these sam-
ples as 13C10,13-KR2, 13C14,15-KR2, and 13C12,13)20-KR2, respectively.
KR2 was reconstituted into lipid bilayers. All experiments were
carried out in the presence of NaCl (30 to 100 mM) and with
AMUPol as polarizing agent (see Materials and Methods for further
details). Typically, a 40-fold signal enhancement (microwave on/off)
was achieved by DNP in "H-">C cross-polarization (CP) experiments
as shown for *Cyq_15-KR2 [spectrum (i) in Fig. 1D]. Such an en-
hancement has been shown to be essential for in situ illumination
and cryo-trapping experiments of photoreceptors (36, 37, 39).
For 2Cyg_14 retinal, six of nine signals could be directly detected in

double-quantum filtered (DQF) spectra (40) in which the natural
abundance >C background has been suppressed [spectrum (ii) in
Fig. 1D]. Four of these signals were well resolved and two overlapped
(C10and C12). The B-ionone ring methyl resonances C16, C17, and
C18 were not considered here as they could not be detected under
our DNP conditions (15, 32, 41). The assignment of all other carbons
was derived from double-quantum single-quantum (*c-B*cDQsQ)
(42) and carbon-carbon proton-driven spin diffusion (PDSD) spectra
(43) (Fig. 2, A and B). The obtained chemical shifts (table S1) in the
dark state were identical to those reported by us before for KR2 in the
proton-pumping mode in the absence of sodium (15). The C20 reso-
nance was determined from a >*C DQF spectrum of 13C12,13)20-KR2,
which also confirmed the C12 and C13 assignments (Fig. 2E). The
C14 and C15 resonance assignments were confirmed by a >C DQF
spectrum of 13C14,15—KR2 (Fig. 3B).

Cryo-trapping and assignment of the K- and L-intermediates
Sample illumination and cryo-trapping were carried out as de-
scribed previously for green PR (GPR) (37). A high-power light-
emitting diode (LED) was used for in situ illumination directly
within the NMR spectrometer at 110 K for 60 min. As a result, new
resonances occur in the *C DQF spectrum [spectrum (iii) in Fig. 1D].
The light-dark difference spectrum [spectrum (iv) in Fig. 1D]
demonstrates the depletion of the dark state and the creation of
light-induced states. A conversion of approximately 45% can be
achieved as estimated from the C11 resonance (fig. S1). A pure

A *C,,,5-KR2 B 13C14,15‘KR2 Cc 13C1zn3.zo'KR2
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Fig. 3. Thermal relaxation experiments for the identification of the K- and L-state spin system. (A) '>C-'>C PDSD spectrum of '3Cyo_5-KR2 in the dark (bottom). Upon
illumination at 110K (middle), two sets of C15-14 and C14-12 cross peaks occur in addition to the residual dark state resonances (x). Under thermal relaxation (top), only
one set of these cross peaks remains and is assigned to the L-state (0). The disappearing resonances belong to the K-state (). (B) 3CDQF spectra of 13C14,15»KR2. Uponiil-
lumination at 110 K, C15 shifts, while C14 splits into two resonances. The latter disappears upon thermal relaxation, which confirms the assignment of both resonances
to K and L. The residual dark state contribution has been subtracted from the pure light-induced spectra. (C) Same experiment as in (B) but on 13C12,13,20-KR2. Here, C20
shifts, and C12 shows a pronounced splitting, which reduces to just one peak after thermal relaxation, confirming here the resonance assignments to K- and L-states as
well. See table S1 for chemical shift. An extensive temperate scan is shown in fig. S2.
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light-induced spectrum is obtained by subtracting the remaining
dark state population [spectrum (v) in Fig. 1D].

To resolve and assign all new resonances, we recorded *C-C
PDSD and DQSQ spectra (Fig. 2, C and D). In these spectra, all
signals from the residual dark state population could be identified.
The newly appearing cross peaks correlate with each other and de-
scribe two separate retinal signal sets, which can be assigned by
combining the DQSQ assignment walk with the correlations ob-
served in the PDSD spectrum. Unfortunately, the coexistence of dark
and apparently two photointermediate states in our cryo-illuminated
samples causes severe peak overlap in the 2D spectra of *Cjo_js-
KR2. To unambiguously assign these new cross peaks, we also cryo-
trapped 13C12,13,20— and 13C14,15—KR2 by illumination at 110 K. The
C12 signal splits into two resonances (Fig. 2E). Furthermore, two
additional C13-C20 cross peaks occur (Fig. 2F). Likewise, the C15
resonance shifts, and C14 splits into two signals (Fig. 3B). Using
these spectra, two separate spin systems can be assigned, and it is
therefore concluded that two early intermediates, tentatively as-
signed as K and L, have been trapped (table S1).

To identify which of the signals belongs to K and which belongs
to L, we illuminated the sample at 110 K followed by thermal relax-
ation at various higher temperatures and subsequent detection by
DNP-magic angle spinning (MAS) NMR after cooling down again
to 110 K (36). Illumination under cryogenic conditions traps the
protein in the earliest photointermediate state. By raising the tem-
perature, subsequent photointermediates can be thermally reached
before the system returns to the dark state. Upon illumination of
13C 0-1s-KR2 at 110 K, two sets of C15-C14 and C15-C12 cross
peaks occur in addition to the remaining dark state signals as de-
scribed above (Fig. 3A). After thermal relaxation, two of the light-
induced cross peaks disappear. They are therefore assigned to the
K-intermediate, while the remaining peaks belong to the L-state. Ad-
ditional support is provided by ?C DQF spectra of '*Cy415-KR2,
which show for C14 that under thermal relaxation at 190 K, the
K-state decreases and the L-state increases (Fig. 3B). Similarly, we
observe for 1 Ci2,13,20-KR2 that one of the C12 resonances increases,
which allows us to assign the K- and L-state signals (Fig. 3C). The
same effects are observed for C13 (fig. S2B) and C20 (Fig. 3C).
Thermal relaxation experiments over a wider temperature range are
shown in fig. S2A.

The assignments to K and L have been further validated by com-
paring UV/Vis absorbance spectra of photointermediates extracted
from time-resolved flash photolysis experiments with those ob-
tained under cryo-trapping conditions as used for DNP ssNMR
(Fig. S4). Such an approach has been used before successfully to
validate cryo-trapping of ChR2 (36) and PR (37). The difference
spectra recorded at 110 and 160 K correspond well with the spectral
signatures of the K- and L-state. The observation of both K- and
L-photointermediates at temperatures as low as 100 K is unexpected
as usually only the K-state can be produced in other microbial rho-
dopsins at such low temperatures (28, 34, 37).

Characterization of the K- and L-intermediates

Chemical shift differences between dark and K/L-states are plotted
in Fig. 4A. The 13-cis retinal isomer in the K-state causes largest
effects for C12 with a shielding of 12.8 parts per million (ppm)
and for C20 with a deshielding of 10.3 ppm. These values reduce
in the L-state to 6.4 and 8.5 ppm for C12 and C20, respectively
(table S2). The chemical shift changes are compared to those
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observed for the trans-cis isomerization in model compounds
(gray bars in Fig. 4A) (44, 45). For the K-state, they deviate by more
than 4 ppm for C10 to C13 and C20 between KR2 and model com-
pounds, which therefore suggests a protein-induced chromophore
distortion around these carbons in the K-state. For the L-state, these
differences are less pronounced. The chemical shift differences
between K and L are shown in Fig. 4B. C12 (6.4 ppm) and C13
(4.1 ppm) are less shielded, while C14 displays an additional shield-
ing (4.6 ppm), suggesting a slight movement toward a 15-syn
conformation (46).

These observations suggest a fine adjustment of the chromo-
phore upon illumination and a distortion at least near the SB region
in early photointermediates as also indicated by previous time-
resolved IR studies (10, 20). Such a distortion could be, for example,
an out-of-plane twist of the polyene chain. This was further studied
by time-resolved IR measurements, which span the spectral range
of such hydrogen out-of-plane (HOOP) modes (Fig. 5A). The high-
lighted transients at 960, 980, and 992 cm ™" show a biphasic decay,
which correlates with the K/L-to-M transition and the decay of M,
indicating a strong change of retinal distortion during the early in-
termediates in the photocycle. We therefore measured the HCCH
torsion angle around the C14-C15 bond in 13C14,15—KR2 by double-
quantum heteronuclear local field experiments (47). Unfortunately,
the K-intermediate could not be analyzed unambiguously because
the C14 resonances of the dark and K-state as well as the C15 peaks
of K- and L-states fully overlap (Fig. 3B and fig. S3A). However, for
the L-state, dephasing curves could be obtained by deconvoluting
the C14;, peak from the Cl4¢x resonance. A comparison with the
dark state is shown in Fig. 5B. The curves display a substantial devi-
ation from planarity in the dark state (150° + 2°), which becomes
larger in the L-state (136° * 6°; see also table S1). For comparison,
we also performed light-induced cryo-trapping experiments in the
absence of sodium. The chemical shifts of C14 and C15 do not
change in K and L and also the same HCCH torsion angle is ob-
tained (fig. S3).

The SB nitrogen '°N chemical shift is affected by its protonation
state, H-bond formation and characteristics, its electrostatic envi-
ronment, and the torsion around the C15=N bond. This NMR pa-
rameter has been extensively used for monitoring interactions
between the SB and the counterion/proton acceptor during the
photocycle (28, 34). The dark state signal for the pSB shifts and
broadens upon illumination and cryo-trapping (fig. S2C). To re-
solve the K- and L-state contributions to the observed line shapes,
I5N-13C transferred echo double resonance (TEDOR) (48, 49) spec-
tra of *C;o_15-KR2 were recorded. In these spectra, cross peaks be-
tween the SB nitrogen and retinal carbons C14 and C15 are observed
(Fig. 6). In the dark state, the pSB nitrogen chemical shift at 173.3 ppm
is as reported before (Fig. 6A) (13, 15). Upon illumination at 110 K
(Fig. 6B), cross peaks for the K- and L-state subpopulations occur.
After thermal relaxation at 190 K, only the L-state cross peaks re-
main (Fig. 6C). These spectra reveal the pSB nitrogen chemical shift
for the K-state at 176.1 ppm and for the L-state at 181.3 ppm. The
SB nitrogen becomes deshielded in the K- and L-states compared to
the dark state, which indicates a stronger H-bond caused by stron-
ger interactions with the counterion (D116) (50, 51). This effect is
more pronounced in the L-state, which prepares the protein for the
subsequent proton transfer step in the M-state. We also tried to trap
the M-state by a further thermal relaxation step. However, the de-pSB
signal, which is expected at around 320 ppm, could not be detected.
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One reason might be a very short lifetime/low population of the
M-state (1).

Cryo-trapping and analyzing the O-intermediate

The O-state is the last photointermediate in the KR2 photocycle (I).
It becomes only populated in the presence of sodium ions and has
the longest lifetime of all intermediates (18). Trapping is therefore
based on continuous illumination outside the NMR spectrometer,
followed by rapid flash freezing in liquid nitrogen and subsequent
transfer into the DNP probe. This trapping procedure was first val-
idated by cryo-UV/Vis spectroscopy, which demonstrated the feasi-
bility of this method (fig. S4).

The O-state trapping procedure was then applied to 13C12,13,20—
KR2. A comparison of 1D 3C DQF spectra obtained after flash
freezing with those recorded in the dark, after illumination at 110 K
and after thermal relaxation, is shown in fig. S2B. No obvious
chemical shift difference is detected between the ground and the
O-state. To improve resolution, a *C-1C pDSD spectrum was re-
corded after flash freezing. Here, an additional correlation between C13
and C20 due to small chemical shift differences for both resonances
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is observed (Fig. 7A). C13 and C20 are slightly more shielded with
respect to the dark state by around 3 and 1 ppm, respectively. Simi-
larly, an additional C13-C12 cross peak occurs. The C12 resonance
is especially sensitive to the retinal isomerization. It is almost iden-
tical in the dark state and the O-state, suggesting a recovery of the
all-trans retinal conformation.

To obtain O-state chemical shifts for the other retinal carbons
and the SB nitrogen, we recorded "’N-">C TEDOR spectra on
flash-frozen samples of BClo-15-KR2 (Fig. 6D). A new 15N-pSB—
BC15 cross peak could be detected in addition to the signals from
the remaining dark state population. The retinal *C15 chemical
shift of the O-state is the same as that of the all-trans retinal in the
dark state. However, the "°N chemical shift of the pSB nitrogen oc-
curs at 182.0 ppm and is therefore deshielded with respect to the
dark state (173.3 ppm). To improve the magnetization transfer
along the polyene chain, we performed an N(C)CX-type experi-
ment with an initial CP step from the SB nitrogen to C15, followed
by proton-driven carbon-carbon spin diffusion (52). This N(C15)
CX spectrum of B3C10-15-KR2 in the dark state shows 15N—pSB cor-
relations at 173.3 ppm with all retinal carbons C10 to C15 (Fig. 7B).
The "*C chemical shifts match those assigned by the PDSD and
DQSQ spectra (Fig. 2, A and B, and table S1). Upon trapping the
O-state, new cross peaks between the ">N-pSB at 182 ppm and C12,
C14, and C15 occur (Fig. 7C). The C12 chemical shift in the O-state
is confirmed by the experiment on 13C12,13,20—KR2 described above
(Fig. 7A). The O-state C12, C14, and C15 13C chemical shifts are
similar to the dark state. C13 overlaps with the C15 peak. The C10
and C11 resonances could not be observed because of their low
peak intensities. The C12 and C20 O-state chemical shifts unambig-
uously show an all-trans conformation of the retinal chromophore
similar to the dark state but with altered SB interactions since its
nitrogen is deshielded by almost 9 ppm.

DISCUSSION

The KR2 retinal and SB have been probed by DNP-enhanced ssNMR
after light-induced cryo-trapping in early (K and L) and late (O)
photointermediate states (Fig. 1B).

Early photointermediate states

Our cryo-trapping experiments at 110 K revealed a mixture of K-
and L-state populations. Very similar experimental conditions ap-
plied to BR, GPR, and ChR2 resulted just in a single trapped K-state,
which hints toward differences in the energy landscape of early
photointermediates between different rhodopsins. This view is also
supported by the observed chemical shift changes in the K-state that
are overall dominated by the retinal trans-cis isomerization in
agreement with model compounds (Fig. 4). However, remarkable
deviations from model compound behavior are observed for almost
all labeled carbon positions, which therefore cannot solely be ex-
plained by isomerization but must partially be caused by specific
interactions within the KR2 retinal binding pocket. These additional
shielding/deshielding effects are protein specific as illustrated by
comparing the K-state chemical shift changes of KR2 obtained with
those from the same labeling scheme in the K-state of GPR (table
S2). In PR, they also deviate from model compounds, but these
changes are less pronounced: The overall root mean square devia-
tion (RMSD) of the chemical shift differences (dark-K) in KR2 is
larger than that in GPR (7.1 ppm versus 5.4 ppm; see table S2).
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9 ppm, while the C12, C14, and C15 resonances are similar to the dark state.

Similarly, distinct protein-induced effects have also been observed
for BR and other rhodopsins using a range of different labeling
schemes (28). Not only the retinal 13C but also the SB N chemical
shift shows strong photocycle-dependent changes. Factors contrib-
uting to the chemical shift are primarily the protonation state,
H-bonds, and the electrostatic environment. The latter two factors
are often subsumed as a measure for the SB-counterion interactions
since an empirical relationship between >N chemical shift and Amay
for RSB model compounds has been found (50). In addition, the
torsion around the SB bond C15=N will contribute to the observed
chemical shift. Here, a deshielding in the K-state with respect to the
dark state by 2.8 ppm is observed. Very different trends occur in
other rhodopsin K-states although they are all red-shifted, under-
lining the role of the protein environment: While GPR shows no
>N chemical shift change (37), a large shielding is observed for
light-adapted BR (BR568) (28) and ChR2 (36) (see Fig. 4A).

In the KR2 L-state, the overall °C chemical shift changes with
respect to the dark state are smaller compared to the K-state (°C
RMSD reduces from 7.1 to 4.9 ppm; table S2). In addition, the SB
nitrogen is strongly deshielded by —8 ppm and the torsion around
the C14-C15 bond changes from 150° to 136°. The SB is already
stronger drilled around the C15=N bond in the dark state com-
pared to microbial proton pumps because the different position of

Jakdetchai et al., Sci. Adv. 2021; 7 : eabf4213 12 March 2021

the proton acceptor D116 in KR2 requires another orientation of
the SB N—H bond vector for a hydrogen bond formation (see fig.
S3) (1, 5, 6, 17, 20). This is also reflected in the C14-C15 torsion. The
larger out-of-plane twist brings the SB proton into an even more
favorable position with respect to D116, which would be needed for
the subsequent proton transfer step during the M-state. Such a twist
in the polyene chain near the SB moiety might be necessary for the
inhibition of the delocalization of the positive charge along the
n-conjugated system, leading to the decrease of the pK, value (where
K, is the acid dissociation constant) at the SB. This is also supported
by the observed nitrogen deshielding, which is indicative of a stron-
ger H-bond to D116. The C14 chemical shift has been found to be a
sensitive marker for a 15-syn/anti conformation. In BR, the 15-
anti-C14 resonance is found at 124 ppm and that for 15-syn is
found at 111 ppm (28). Here, C14 shifts from 123.8 ppm in the dark
and K-state to 119.2 ppm in the L-state. This means that the retinal
is slightly turning toward a more compact 15-syn conformation in
the L-state.

A twist along the retinal polyene chain is also supported by the
HOOP modes in the range of 950 to 1000 cm™! (Fig. 5A). The band
at 992 cm ™! either stems from an in-plane bending vibration of the
SB or stems from the C;5-HOOP mode (53, 54). The positive signals
at 960 and 980 cm ™, respectively, were also found for BR and were
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attributed to the coupled C;5-HOOP and N-HOOP mode of the SB
(53, 55). All three transients show a biphasic decay, with their stron-
gest contributions during the K/L-to-M transition and the decay of
M (fig. S5). This implies a rather strong twisting of retinal in the
early photocycle compared to the ground state.

Recently published serial crystallographic x-ray data of mono-
meric KR2 provide structural snapshots throughout the KR2 pho-
tocycle (25). We added our chemical shift changes to an overlay plot
of the dark state [Protein Data Bank (PDB): 6TK6] and K-state
(PDB: 6TKS5; At = 800 fs) structures (Fig. 8A). The largest changes
stem from the isomerization. Additional protein-specific contribu-
tions to the observed chemical shift differences could be caused by
altered ring-current effects due to small rearrangements of aromat-
ic residues W113, W215, and Y218 by which the C10-C15 segment
of the retinal polyene chain is surrounded. C20 tilts increasingly
toward helix C in the L-state, which could also explain the C12, C13,
and C14 chemical shift differences between K and L (PDB: 6TKS5,
At =1 ns; Fig. 8B). The distance between the SB nitrogen and 082
of D116 changes from 3.0 A in the dark state via 2.9 A in the K-state
to 2.4 A in the L-state in these x-ray structures, which would agree
with a "N deshielding due to an increasing H-bond strength.

BR is the only other rhodopsin for which chemical shift data for
the L-state have also been obtained. As mentioned above, the >N
SB nitrogen chemical shift becomes more shielded in the K-state
but is significantly deshielded in the L-state (28). In light-adapted
BRsgs, the SB forms an indirect H-bond with the proton acceptor
D85 through the structural water molecule W402. In the K-state,
this interaction is disturbed because of disordering of W402, fol-
lowed by the formation of a new H-bond in the L-state (28, 35). The
different trend in KR2 most likely hints toward a more direct inter-
action between SB and D116 throughout the photocycle. Note that
T89 in BR, which is at the same position as D116 in KR2, has been
found to be involved in proton transfer (35). The torsion and the
K- and L-state chemical shifts are sodium independent (fig. S3),
which supports the view that bound sodium near the RSB only oc-
curs in later states.

The late O-intermediate state

Structural data of microbial rhodopsin O-states are still rare. Fortu-
nately, the KR2 O-state has a long lifetime and could be therefore
trapped in proteoliposomes for ssNMR as reported here or in crys-
tals for x-ray diffraction (23). The key difference between the KR2 O
and dark states is the presence of an internally bound Na* ion. So-
dium must pass the SB region during translocation, and the O-state
has been shown to be directly connected with sodium binding and
transport (3, 18, 24). This additional positive charge will alter the
interaction network in the retinal binding pocket and will have an
effect on the chemical shifts of nearby nuclei. Our ">C chemical shift
data show that the retinal in the O-state has switched back from
13-cis to all-trans but differences for the C13, C20, and of the SB
nitrogen chemical shifts occur. Note that the retinal in the O-state
x-ray structure is also in all-trans conformation, but the C14-C15
bond has been reported to be out of plane compared to the dark
state (23). Furthermore, previous computational studies suggested
that an all-trans retinal would facilitate exergonic Na" release to the
extracellular side (16). The same study also suggested an electrostat-
ic attraction of Na* to the negatively charged D116 resulting in a
shielded interaction between D116 and the RSB with a subsequent
red shift. This argument is in line with the coordination of bound
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Fig. 8. KR2 retinal binding pocket during the photocycle, structures, and
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tables S1 and S2). (B) As in (A) but comparison between the K-state (6TK5) and the
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dark state and O-state of pentameric KR2 x-ray structures (6REW and 6XYT) (23) and
chemical shift changes with respect to the dark state. (D) The dark state and O-state
of monomeric KR2 time-resolved structures (6TK6 and 6TK2) (23) and chemical shift
changes with respect to the dark state. (E) Photocycle of KR2 and illustration of
retinal conformation and electrostatic changesin K, L, and O as observed by ssNMR. The
chromophore is highly twisted near the SB in the L-state, and the H-bond between
SB nitrogen and D116 becomes stronger in L- and O-intermediates.

Na* by D116, N112, S70, and V67 revealed in the O-state x-ray
structure (23) in which the ion is 5.4 A away from the SB nitrogen
(Fig. 8C).

For the SB nitrogen, a large deshielding by 9 ppm was observed
in the O-state. As discussed before, factors contributing to the
chemical shift are primarily the strength of the H-bond in which the
SB nitrogen is involved, as well as electric charge effects and torsion
around the C15=N bond.

An altered torsion appears less likely since the C14 chemical
shift, a sensitive indicator for a 15-syn/anti isomerization, remains
unchanged between the dark state and the O-state. This observation
agrees with the KR2 dark state and O-state x-ray structures in
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which the C14-C15-N-Ce dihedral angle does not significantly
change (6REW, 135°% 6XYT, 132°) and which is also supported by
our IR measurements. All three HOOP modes relax back to a
ground state-like conformation with the formation of O (Fig. 5A).

The observed deshielding could, however, indicate a stretched
N—H bond and, hence, a stronger O...H—N hydrogen bond be-
tween D116 and the SB nitrogen in the O-state. This seems plausi-
ble when considering that the SB becomes reprotonated with a
proton being transferred from D116 during the M=>O transition.
This process is faster in the presence of Na'. It would require a fa-
vorable orientation of the aspartate carboxyl group and the SB with
respect to each other and could result in a shorter O...H distance,
which then relaxes and becomes longer again in the dark state
(3, 24). On the other hand, this observation seems counterintuitive
in comparison to RSB model compounds (50) for which a correla-
tion between H-bond strength and A, was found and which would
predict a blue shift with "°N deshielding. This is usually discussed in
terms of stronger counterion interactions and fits generally the ob-
servations on many rhodopsins in their dark states (13). Here, in the
KR2 O-state, a red shift occurs, and it has been argued, as men-
tioned above, that this could be caused by a shielded counterion-SB
interaction due to the bound Na*. However, the situation appears
more complicated as Na* is coordinated by D116 and three other
residues (23), which will alter the polarity/electric field within the
SB vicinity in a complex manner. In addition, water molecules with-
in the proximity of the SB will contribute to the polarity since the SB
cavity contains four water molecules with one of them H-bonded to
D116 (17).

In the O-state x-ray structure (PDB: 6XYT) (23), KR2 adopts a
structure similar to the previously mentioned compact conforma-
tion with the SB cavity disappearing. These alterations will contribute
to the H-bond character. It is also important to point out that sub-
stantial alterations in the H-bond geometry could be below the usual
resolution of x-ray crystallography but will cause notable chemical
shift changes (56). According to the dark state and O-state x-ray
structures, the distance between OD2 of D116 and the SB nitrogen
is, within the resolution limits, approximately the same (2.8 A
versus 2.9 A). The observed chemical shift change, altered H-bond
character, and red shift must, therefore, be caused by synergistic
interplay of factors triggered by bound Na™. If one simply considers
the bound Na* as a charge that shields D116, then it would be
interesting to know which effect a simple charge removal at the pro-
ton acceptor site would have. In both BR and GPR, upfield shifts/
shieldings have been observed when replacing the proton acceptor
Asp with Asn (50, 51, 57-60), which is consistent with a weaker
counterion interaction. Unexpectedly, the corresponding KR2
mutant D116N shows the opposite trend with a small but notable
downfield shift/deshielding of the SB nitrogen (13), which empha-
sizes that data interpretation in terms of a direct relationship
between color/counterion interaction and SB chemical shift is in
many cases too simplistic. Dissecting all contributing factors will
ideally require quantum chemical computational approaches com-
bining NMR and optical data with 3D structures.

The observed 4-ppm shielding for C13 most likely reflects an
increased partial delocalization of the positive charge of the SB to
C13. Furthermore, the C20 methyl group is a sensitive indicator for
steric contacts between retinal chromophore and residues in the
binding pocket (32, 61). Although the observed chemical shift dif-
ference is small (1 ppm), it could be caused, for example, by altered
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contacts with residues such as W215 within the binding pocket. An
overlay of the pentameric dark state structure (PDB: 6REW) with
the trapped O-state (PDB: 6XYT) and our observed chemical shift
changes is shown in Fig. 8C. The x-ray structures suggest small
rearrangement of the aromatic residues within the binding pocket.

So far, the O-state has been discussed solely on the basis of the
x-ray structure of the cryo-trapped KR2 pentamer. However, time-
resolved x-ray structures derived from serial crystallography not
only cover the K- and L-states but also have been extended via the
M- into two O-states (25). After 1 ms, a Na* ion is found close to the
retinal binding pocket but at a different position compared to
the pentameric state. An overlay of this state with the dark state
structure (Fig. 8D) shows that the structural differences should cor-
respond to larger chemical shift changes than actually observed.
One reason could be that our sample with KR2 pentamers in prote-
oliposomes is closer to the pentameric x-ray structure than to the
monomeric preparation used for serial crystallography, a difference
that has also been addressed by the authors as relevant to the O-state
(25). On the other hand, the distance between SB and D116 in the
serial crystallography study becomes shorter compared to the dark
state (2.7 A versus 3.0 A), which could fit with our chemical shift
changes on the SB nitrogen.

Note that the flash-freezing procedure used here for trapping the
O-state has been used before successfully for long-lived states in PR
and ChR2 (36, 37), but its trapping yield is limited when the life-
times becomes shorter. A potential improvement is offered by novel
fast freeze-quenching methods as recently demonstrated for DNP-
enhanced ssNMR (62).

FTIR studies of trapped KR2 intermediates (22) and time-
resolved Raman spectroscopy data (20) recently reported a 13-cis
conformation for the retinal in the O-state. This is in contrast to our
data and the pentameric O-state structure of KR2 (PDB: 6REW)
(23). Data interpretation in these studies relied on spectra from all-
trans and 13-cis retinal bound to BR. The C;;,D + Cy4D rocking
vibrations in the IR HOOP region exhibits a band that is similar to
the 13-cis conformation in BR. It might also be possible that the
intermediate trapped at 240 K resembles an N-like state. The
time-resolved Raman data of the C—C vibration peaks also suggested
the 13-cis conformation. However, the signature interpretation was
based only on the BR signature pattern, which might be divergent
from KR2, and the all-trans conformation of O-intermediate might
not be detected as it is very similar to the dark state.

Understanding how KR2 selects and pumps sodium ions re-
quires a deep understanding of its photocycle intermediates at a
level that allows one to link 3D structures with spectroscopic and
functional data. ssNMR offers here a valuable insight since the rele-
vant readout parameters are site-resolved and report not only on
structural but also on electronic properties. Here, the retinal and SB-
counterion interaction in the dark state and in K-, L-, and O-states of
KR2 were characterized using DNP-enhanced ssNMR complemented
by cryo-UV/Vis, flash photolysis, and time-resolved IR measurements.
Our findings are summarized in Fig. 8E. The light-induced forma-
tion of the K-state is associated with '>C chemical shift changes due
to the retinal isomerization, which also reveal strong interactions
between protein and chromophore. Such a “K-state signature” of
chemical shift changes is specific to individual microbial rhodop-
sins and reflects the energy landscape of the early photocycle steps.
The chemical shift perturbations slightly relax after formation of
the subsequent L-state. However, the observed large twist at the end
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of the retinal polyene chain further increases to prepare KR2 for the
proton transfer step, which is also in line with an increased strength
of the counterion interaction. These observations do not depend on
the presence of sodium, which supports the view that the ion passes
the protein during a later stage of the photocycle during the O-state
formation. In the O-state, the chromophore relaxes back to all-
trans, but in particular, the retinal C13 and SB nitrogen chemical
shifts differ from the dark state and highlight a complex interaction
pattern in the SB vicinity in the presence of a bound sodium ion. An
all-trans retinal conformation has been suggested to be energeti-
cally favorable for sodium binding and release (16) and has also
been observed by x-ray crystallography (23). Our NMR data offer
an opportunity to reconcile a wealth of spectroscopic data with 3D
structures if combined with future quantum mechanics/molecular
mechanics calculations, by which increasingly larger systems can be
addressed (63). In addition, *Na-MAS NMR could offer a possibility
to target the bound sodium ion directly.

MATERIALS AND METHODS

Sample preparation

[U-""N]-KR2 was overexpressed and purified as described previ-
ously (15). 14,15-13C, all-trans retinal and 10-18-'*C, all-trans ret-
inal were synthesized as described by Leeder et al. (64). 12,13,20-C,
all-trans retinal was prepared in a similar way as published previ-
ously (32). The labeled retinals were incorporated into the membrane
before the solubilization step. For "N¢-Lys-KR2, the preparation
protocol was similar to that of the uniformly labeled sample U-"N-KR2,
but NH,C], instead of >NH,4CI, was used in the medium together
with other unlabeled amino acids. An amount of 116 mg of ""N¢-ly-
sine was added to 0.5 liters of culture at the point where the optical
density at 600 nm (ODgg) reached a level of 0.2 and before induc-
tion with isopropyl-p-p-thiogalactopyranoside at an ODggg of 0.6.
The purified protein was reconstituted into liposomes containing
1,2-dimyristoyl-sn-glycero-3-phosphocholine [90 mole percent
(mol %)]/1,2-dimyristoyl-sn-glycero-3-phosphate (10 mol %) lipo-
somes. The lipid-to-protein ratio was 0.5 w/w. The proteoliposome
samples were pelleted and washed with NMR buffer containing
25 mM tris, 5 mM MgCl,, and 30 mM NacCl for BClo-15- and
13C14)15—KR2 samples and 100 mM NacCl for 13C12)13,20—KR2. These
concentrations represent a good compromise between NMR buffer
requirements and a sufficient O-state formation (25). For DNP-
enhanced MAS ssNMR measurements, the samples were incubated
for 20 hours at 4°C with a ds—glycerol:HZO:DzO (6:3:1) solution
containing 20 mM AMUPol (65), 25 mM tris (pH 8.5), 5 mM
MgCl,, and 30 or 100 mM NaCl. The supernatant was removed, and
samples were packed into 3.2-mm sapphire rotors. They were uni-
formly distributed over the rotor wall by prespinning the rotors at
room temperature.

Trapping of photocycle intermediates

A high-power LED from Mightex was used to generate KR2 photo-
cycle intermediates. The K- and L-intermediates were generated by
directly illuminating KR2 inside the DNP probe within the magnet at
110 K with blue light (470 nm, 3.3 W) for 60 min as described before
(37). Thermal relaxation experiments were performed by sample
illumination at 110 K for 60 min, warming up to the desired tem-
perature, followed by 2-min relaxation and subsequent cooling again
to 110 K for DNP detection. The L-intermediate was best observed
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by relaxation at 190 or 210 K for 2 min. The O-intermediate was
generated by illuminating the sample with green light (525 nm) out-
side the magnet for 10 s, followed by fast freezing in liquid nitrogen
(flash freezing) and subsequent transfer into the precooled DNP
probe (110 K) within the NMR magnet.

DNP-enhanced ssNMR experiments

All experiments were performed on a Bruker 400 DNP system con-
sisting of a 400-MHz WB Advance II NMR spectrometer with a
3.2-mm DNP MAS probe head connected via a waveguide to a 263-GHz
gyrotron. The probe head was modified with a fiber bundle for
delivering light from a high-power LED directly into the MAS rotor.
A MAS rate of 8 kHz was applied in all experiments, except for the
spectra in Figs. 2 (E and F), 3C, and 8A, for which 10 kHz was used.
The "C and >N chemical shifts were referenced indirectly to
2,2-dimethyl-2-silapentane-5-sulphonic acid using the *C signal of
CO-alanine at 179.85 ppm. Experimental details for CP, DQF, PDSD,
DQSQ correlation, double-quantum heteronuclear local field,
TEDOR, and N(C)CX experiments are summarized in table S3.

IR and UV/Vis flash photolysis

A Nd:YAG laser (SpitLight 600, InnoLas Laser GmbH) pumping an
optical parametric oscillator (PreciScan, GWU-Lasertechnik) was
used to generate single nanosecond pulses with a central wavelength
of Amax = 525 nm to excite the sample. The power was set to 1.7 m] cm™2
at 525-nm excitation wavelength. The IR probe light was generated
by a quantum cascade laser (MIRcat 1100-U2-5086, Daylight Solu-
tions, USA), which is tunable in the range of 950 to 1150 cm ™. The
shown transients in the range from 956 to 1040 cm™" were recorded
with a spectral resolution of 4 cm ™. For a better data correlation, we
also measured UV/Vis transients at 420, 520, and 620 nm of the
same sample, which was achieved using a mercury-xenon lamp
(LC-08, Hamamatsu, Japan) and a set of two monochromators
(Photon Technology International, USA). The KR2 wild-type sample
was washed three times with a buffer containing 50 mM Hepes/tris,
100 mM NaCl, and 0.05% dodecyl-B-D-maltosid detergent, which
was diluted in D,0O and set to pD 8.1. A concentrated pellet was
then evenly spread on the center of a CaF, window and sand-
wiched with a Teflon spacer of 50-um thickness and an additional
CaF, window.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabf4213/DC1

View/request a protocol for this paper from Bio-protocol.
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Sensitizer-enhanced two-photon patterning of
biomolecules in photoinstructive hydrogels

Heike Kriiger!, Marvin Asido® 2, Josef Wachtveitl® 2, Robert Tampé® ' & Ralph Wieneke® 1

Photoresponsive hydrogels can be employed to coordinate the organization of proteins in
three dimensions (3D) and thus to spatiotemporally control their physiochemical properties
by light. However, reversible and user-defined tethering of proteins and protein complexes to
biomaterials pose a considerable challenge as this is a cumbersome process, which, in many
cases, does not support the precise localization of biomolecules in the z direction. Here, we
report on the 3D patterning of proteins with polyhistidine tags based on in-situ two-photon
lithography. By exploiting a two-photon activatable multivalent chelator head, we established
the protein mounting of hydrogels with micrometer precision. In the presence of photo-
sensitizers, a substantially enhanced two-photon activation of the developed tool inside
hydrogels was detected, enabling the user-defined 3D protein immobilization in hydrogels
with high specificity, micrometer-scale precision, and under mild light doses. Our protein-
binding strategy allows the patterning of a wide variety of proteins and offers the possibility
to dynamically modify the biofunctional properties of materials at defined subvolumes in 3D.

Tinstitute of Biochemistry, Biocenter, Goethe University Frankfurt, Max-von-Laue-Str. 9, 60438 Frankfurt a.M., Germany. 2 Institute of Physical and
Theoretical Chemistry, Goethe University Frankfurt, Max-von-Laue-Str. 7, 60438 Frankfurt a.M., Germany. email: wieneke@em.uni-frankfurt.de
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tiotemporal control of light to generate sophisticated

microstructures’»2. Photoinstructive hydrogels are very
promising scaffolds as they offer contact-free remote control of
the (bio)physical or (bio)chemical properties by light
actuation-7. Photoresponsive gels have been developed based
on photoisomerization3-10, photoclick chemistry!!-17, or pho-
tolabile protecting groups!®-22 in order to modulate their
microenvironment by light. Via a contactless mode of action,
light allows minute spatial modifications in 2D and 3D as well as
temporal control over material features. Applications of pho-
toinstructive hydrogels range from site-specific therapeutic
delivery and biosensors to synthetic cell culture platforms for
tissue engineering??324. An exciting perspective for protein
organization is based on two-photon (2P) patterning
techniques?>2. By utilizing femtosecond (fs) pulsed near-
infrared (NIR) laser sources, photoreactions can be confined
to the focal plane, improving the z resolution to 2-3 pm. Cur-
rently, there is considerable interest in using protein-
functionalized hydrogels in the context of 3D smart materials,
biosensors, and drug delivery systems?’-30, Natural and engi-
neered proteins offer a diverse set of biochemical characteristics
and properties. Their integration as biofunctional components
into synthetic hydrogel networks is an attractive approach to
modulate material features. For instance, hydrogels harboring
proteins such as antibodies or enzymes were engineered to
change hydrogel properties in response to specific triggers31-33.
Here, protein arrangement via 2P-patterning of hydrogels
facilitates a 3D control over the topography of a photo-
responsive material, enabling the creation of hydrogels into
more complex 3D devices. In addition, 3D protein immobili-
zation permits a high (bio)specificity over subvolumes of the gel
and hence a volumetric control of the response. However, the
design and establishment of photoinstructive hydrogels that
allow for in-situ protein immobilization are required to dyna-
mically tune the material properties. Due to the lack of selec-
tivity, reversibility, and uniform orientation of protein assembly,
3D protein grafting is far from reaching broad applicability. In
particular, the orientation, homogeneity, and stability of pro-
teins immobilized in photoresponsive matrices play a vital role
in governing their biochemical properties. Efforts to pattern
proteins by 2P-processes are frequently affected by the chemical
cross-linking reactions for hydrogel formation, which often
involves free radicals, or unspecific bioconjugation resulting in
random protein orientation!7-22:34, There are only few examples
regarding a 3D organization of biomolecules, many of them
restricted to synthetic peptides or small molecules!>18:21,22,35.36,
Recently, the site-specific patterning of functional proteins by
light was achieved via oxime ligation3” and chemoenzymatic
strategies>8-40, Regarding high-precision structuring, advance-
ments in the 2P-patterning specificity and sensitivity at very low
laser power are crucial. To overcome these restrictions, generic
procedures are required that take advantage of high-affinity
protein binders amenable to 2P-patterning of functional pro-
teins in hydrogels.

Here, we developed an optochemical tool based on autoinhibi-
tion and photoactivation of multivalent N-nitrilotriacetic acid
(trisNTA)*142, After UV illumination, the photoliberated trisNTA
site-specifically binds His,_;o-tagged proteins with (sub)nanomolar
affinity (Kp = 0.1-10 nM, PBS-TE buffer, pH 7.4, 25°C)*3, The
ultra-small tag-size combined with the high-affinity binding of
His-tagged proteins allow for the direct and oriented immobili-
zation of functional proteins*4. In addition, trisNTA offers kine-
tically stable binding (k.= 0.18 h—1, HBS buffer, pH 7.5, 25 °C)
but remains fully reversible in the presence of imidazole, histidine,
or EDTA%. Of note, this strategy relies on noncovalent protein

Photoresponsive materials benefit from the inherent spa-

association that is less stable compared to covalent protein
immobilization37-40, In live-cell applications, the long-term stabi-
lity of the trisNTA/His-tag interaction can be affected by the uti-
lized cell media, especially when high histidine concentrations
(>200 uM) are present. Nevertheless, the high-affinity trisNTA/
His-tag complex formation was successfully exploited in live-cell
applications such as in-cell protein labeling, live-cell super-reso-
lution microscopy, or 2D in-situ receptor confinement at single-
cell level, demonstrating applicability and sufficient persistence of
the interaction pair under cell culture conditions*6-48.

To conceive a versatile strategy for 3D protein assembly by
high-affinity tools, we engineered photoinstructive hydrogels,
equipped with a two-photon-activatable trisNTA (TPA-trisNTA)
for precise protein organization by 2P laser lithography. By facile
addition of 2P-sensitizers, we significantly enhanced the 2P
photoscission of TPA-trisNTA regarding efficient protein align-
ment at low laser power. The improved photoactivation efficacy
facilitated the user-defined and site-specific photopatterning of
proteins in hydrogels with exquisite control over 3D localization,
culminating in high-resolution volumetric structures in multiple
z dimensions and 1 um thin features in x/y dimension. In addi-
tion, subcellular protein deposition in close proximity to single
cells is demonstrated, providing basic cell applicability.

Results and discussion

Design of a two-photon activatable tool for photopatterning.
The design of TPA-trisNTA and its functional mechanism is
based on the autoinhibition of the multivalent chelator head
trisNTA, which is connected via a peptide linker to an intramo-
lecular Hiss-tag (Fig. 1). In presence of Ni(Il) ions, the trisNTA
head group is self-inhibited by forming an intramolecular com-
plex (OFF-state). By incorporating a photocleavable amino acid,
the inactivating histidines were released upon illumination
thereby liberating the trisNTA (ON-state). Due to the high affi-
nity of the trisNTA for Hiss jo-tagged proteins, the cleaved-off
Hiss-tag is competed out and a stable complex with the protein of
interest (POI) is formed. As a result, TPA-trisNTA functionalized
matrices are able to immobilize any His-tagged POI with defined
orientation after illumination (TRAPPED-state).

For rapid assembly of TPA-trisNTA, we employed fluor-
enylmethoxycarbonyl (Fmoc) solid-phase peptide synthesis
(SPPS). To achieve photoactivation of trisNTA by UV and
NIR-light, the optochemical tool was strategically equipped with
a 7-diethylaminocoumarin (DEAC)-based B-amino acid®.
DEAC provides beneficial features e.g., small size, biocompat-
ibility, a strong absorption maximum at 390—400nm
(e=20,000 M~ cm~1), a photolysis quantum yield of up to
0.3 as well as two-photon uncaging properties (Supplementary
Fig. 1). A short ethylenediamine carbamate linker was installed,
since carbamate protected photocages showed superior light
responsiveness and resistance to hydrolysis within hydrogel
microenvironments®?. To allow hydrogel immobilization, a
cysteine residue was included close to the N-terminus. After a
six-step synthesis, the DEAC-based B-amino acid was integrated
via SPPS into the backbone of TPA-trisNTA (Supplementary
Methods 1.1, Supplementary Methods 1.2, Supplementary
Fig. 2) and identified after RP-C;3-HPLC purification by mass
spectrometry (Supplementary Fig. 3, Supplementary Fig. 4).

Photophysical properties of TPA-trisNTA. First, we measured
the one-photon absorption and fluorescence spectra of TPA-
trisNTA as well as DEAC B-amino acid in HBS buffer/MeCN
(1:1) (Fig. 2a, Supplementary Methods 1.4, Supplementary Fig. 5).
Both compounds displayed an intense absorption band located
around 390nm and a strong fluorescence emission with a
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Fig. 1 Concept and chemical structure of a two-photon activatable trisNTA interaction molecule. a Schematic illustration of the autoinhibition (OFF) and
light-activation (ON) of TPA-trisNTA with subsequent trapping of His-tagged POls. b Design of TPA-trisNTA. The interaction molecule consists of the
trisNTA head group and an intramolecular Hiss-tag at the C-terminus. For 2P photocleavage, a DEAC-based B-amino acid is strategically incorporated
within the linker. A single cysteine is used as an anchor for hydrogel immobilization.

maximum around 480 nm. The absorption profile of TPA-
trisNTA compared to the spectrum of the DEAC B-amino acid
shows that the light absorbing properties are unaffected.

Next, we verified the one-photon uncaging kinetics of the
DEAC-based B-amino acid as a model system upon photolysis.
Therefore, the model peptide was illuminated using a 405 nm
LED lamp (185 mW/cm?) with increasing light doses (5-900 s)
and analyzed by RP-C;3-HPLC (Supplementary Fig. 6). The
photoscission of the f-amino acid followed a mono-exponential
decay with simultaneous mono-exponential formation of the
uncaged product, documenting a fast photoactivation (¢;,, = 12's)
under one-photon photolysis conditions (Fig. 2b).

To evaluate the photophysical properties of TPA-trisNTA, the
2P absorption action cross sections (¢z0,) were determined by
2P-excited fluorescence (TPEF) and given in units of Goeppert-
Mayer (GM). Within the excitation range from 770 to 860 nm, we
determined g0, values of 7.1 GM at 800nm and 7.7 GM at
810 nm for TPA-trisNTA (Fig. 2¢), which were consistent with
reported values of DEAC-caged compounds!. The fluorescence
quantum yield @p of TPA-trisNTA was determined to be 15%
(Supplementary Methods 1.5, Supplementary Fig. 7). To examine
the 2P-activation, we tested the power dependent 2P absorption
of TPA-trisNTA at 800 nm by varying the excitation energies
from 20 to 100mW (Fig. 2d). The double-logarithmical
dependence of excitation energy versus fluorescence intensity of
1.93 + 0.02 reflects an almost perfect quadratic power dependency
(Fig. 2e) and confirms a 2P-activation process. These results
demonstrate that TPA-trisNTA undergoes a fast one-photon
photoscission and can be activated by two-photon excitation.

Photoinstructive matrices for 3D protein assembly. To advance
3D protein assembly, we engineered 2P-photoinstructive hydro-
gels. TPA-trisNTA was coupled to a maleimide polyvinyl
alcohol (PVA) precursor (Supplementary Fig. 8) and immediately

cross-linked with a dithiol polyethylene glycol (PEG). We
investigated the global one-photon activation of TPA-trisNTA
in hydrogels by generating large circular regions within the
scaffold (Fig. 3a) using mask-patterning (405nm LED lamp,
185 mW/cm?, 1 min). Visualization of the illuminated areas was
realized by binding of GFP-Hiss (300 nM) followed by confocal
laser-scanning microscopy (CLSM) (Fig. 3b). GFP-Hiss was
exclusively assembled in photoactivated areas with excellent
signal-to-noise ratio, highlighting the specificity of the trisNTA/
His-tag interaction. Patterning occurred in 3D with a penetration
depth of 100 um into the scaffold. Although mask lithography
offers only limited spatial resolution, the rapid structuring of large
areas with well-defined bulk hydrogel properties can be realized.
In contrast, laser lithography allows to photostructure hydrogels
with high spatial flexibility over protein assembly (Fig. 3c). We
therefore exploited laser-scanning activation of TPA-trisNTA in a
spatially defined region-of-interest (ROI: heart) using either UV
light (405 nm) or focused NIR fs-laser pulses at 800 nm. ROI
visualization was followed by binding of a fluorescent Hiss-pep-
tide (Hiss-AF647). In both cases, a localized photoreaction
proximal to the focal point in x/y direction was observed. In the
focal plane, however, a well-defined photoactivation and thus
protein assembly was received for 2P-patterning compared to UV
activation. Analyzing the protein patterning in z direction
illustrated the improved 3D resolution for the photoreaction. Via
2P-activation processes, a localized and precise activation of TPA-
trisNTA and thus POI alignment in z direction was accom-
plished, which is proven by a sharp image in the focal plane and a
z resolution of ~10 um. In contrast, conventional laser-scanning
lithography resulted in a conical shape of protein alignment and a
z resolution >40 um. Owing to photoreactions initiated above and
below the focal plane, partial protein assembly throughout the
beam path is induced by 1P activation. This verifies that focused
2P-activation of TPA-trisNTA allows the accurate design of
volumetric structures in hydrogels in 3D.
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Fig. 2 Photophysical properties of TPA-trisNTA. a Normalized absorption and fluorescence spectra of DEAC B-amino acid and TPA-trisNTA in HBS
buffer/MeCN (1:1, v/v). b Quantification of photoscission showed the disappearance of DEAC p-amino acid and formation of the uncaged product as a
function of illumination time at 405 nm. ¢ Two-photon absorption cross section values of GM (¢pO2p) for TPA-trisNTA determined by two-photon excited
fluorescence measurement and referenced to values of coumarin 307. d Power-dependent fluorescence spectra upon two-photon excitation of TPA-
trisNTA at an excitation wavelength of 800 nm. e Intensities of the power dependent fluorescence spectra of TPA-trisNTA were logarithmically plotted
against the logarithm of the power. The parameter for two-photon power dependency was found to be 1.93 £ 0.02, confirming a two-photon process for

TPA-trisNTA activation at 800 nm.

In-gel photoevolution of TPA-trisNTA. The precise 2P-
patterning of proteins within hydrogels and the very sensitive
TPA-trisNTA photochemistry was further explored in terms of
wavelength-selective activation and resolution in 3D. To examine
the in-gel excitation profile of TPA-trisNTA, we tested activation
wavelengths ranging from 720 to 800 nm with 20 nm increments
and a constant laser power of 5mW (Fig. 4a). After binding of
Hiss-AF647 the fluorescence intensities of the activated ROIs
were visualized by CLSM. Assessed by an intensity profile
through the focal plane, the photoscission of TPA-trisNTA
increases gradually to the wavelength increment with the stron-
gest TPA-trisNTA photoactivation at 800 nm. This result is in
good agreement with the 2P absorption profile determined in
solution (Fig. 2c).

The smallest scale of possible features in ROIs relies on the
resolution of the scanning process. To determine the minimal
patterning area in x/y dimension, we wrote six quadratic ROIs of
decreasing size (50, 25, 12, 6, 3, and 2 um) by utilizing 800 nm for
TPA-trisNTA photoactivation (Fig. 4b). Photopatterns were again
visualized via immobilization of Hiss-AF647 followed by CLSM.
Even the 2 um ROI could precisely be written into the hydrogel.
However, the intensity profile of the ROIs revealed a diminished
fluorescence intensity of the 2 um ROI compared to the 3 um or
larger ROIs. Under these 2P-patterning conditions, the minimal
ROI size is between 2 and 3 pm and can be locally specified with
single-digit micrometer precision in the hydrogel.

We next determined the x/y resolution of the writing process
and thus the ability of our approach to discern individual
diffraction-limited spots. Therefore, varying sets of four adjacent
quadratic ROIs (5um) were written into the hydrogel with

successively decreased spacing between the squares (Fig. 4c).
Whereas photopatterns with an inter-ROI distance of 1um or
larger were clearly distinguishable, shorter ROI-spacing resulted
in fuzzy and barely discriminable photopatterned areas. The
shorter-spaced ROIs could no longer be spatially classified into
individual patterns, indicating that an inter-ROI distance of 1 um
or larger is required for accurate photopatterning.

The major advantage of 2P-excitation is the precise control of
activation in z dimension. To demonstrate a defined 3D protein
organization, circular ROIs at different z locations and 10 um
distance to each other, were photostructured into the TPA-
trisNTA-functionalized hydrogel (Fig. 4d). In x/y- as well as in z
dimension a homogenous and spatially defined protein arrange-
ment was detected by CLSM. The intensity profiles along the z
axis showed distinct and clearly distinguishable photopatterned
regions, further highlighting the 3D precision of the 2P-writing
process. A z resolution of 5+ 1 um (FWHM) was determined for
the 2P-activation process, which is in good agreement with
typically observed z resolutions. A major difference of the
trisNTA-His-tag system compared to other covalent 2P-
patterning strategies is its reversibility*2. For orthogonal detach-
ment of the POI, the hydrogel was thus exposed to 500 mM
imidazole. CLSM imaging before and after treatment revealed a
rapid release of the immobilized His-tagged POI (Supplementary
Methods 1.6, Supplementary Fig. 9). Pattern recovery was readily
facilitated by immobilization of another His-tagged POI, permit-
ting write-read-erase applications as well as enable repetitive
cycles of protein patterning and release. We also assessed the
long-term stability and persistence of the photopatterns. Remark-
ably, imaging the written ROIs ten days after 2P-structuring
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Fig. 3 In-situ protein assembly in 3D by one- and two-photon excitation.
a Schematic illustration of photoactivation in hydrogels by mask patterning
or laser lithography using UV or NIR light. b Mask patterning of circular
structures using a 405 nm UV/LED system (185 mW/cm? for 60 s)
showed a very good contrast between illuminated and non-illuminated
areas (top). Photopatterning occurred in three dimensions with a
penetration depth of 100 um and uniform organization of GFP-Hisg
(bottom). 3D structures were visualized by immobilization of GFP-Hise, and
images were reconstructed from a series of z stacks. Scale bars: 100 um.
c In-situ laser lithography of TPA-trisNTA and assembly of AF647-labeled
His-tagged POl within heart-shaped ROls via one-photon excitation at
405 nm (4.5 mW) or two-photon excitation at 800 nm (5.5 mW). One-
photon activation occurred primarily proximal to the focal plane with vicinal
photoactivation of TPA-trisNTA above and below the focal plane, resulting
in a conical shape of POI alignment in the gel. Two-photon excitation of
TPA-trisNTA led to a sharp and precise POl assembly in x/y direction and
localized activation in z dimension, accentuating the superior control over
photoactivation and subsequently over protein organization. 3D images
were reconstructed after collecting a series of z stacks by CLSM recording.
Scale bars: 20 um.

showed that the gel was still decorated with the POL After this
prolonged time, a fivefold decreased fluorescence intensity was
observed (Supplementary Methods 1.7, Supplementary Fig. 10).
All images were taken in HBS buffer pH 7.2 at 25 °C. On day 10,
fresh HBS buffer pH 7.2 was added before imaging the ROL
Important to note, cell culture media may affect the kinetic
complex stability and thus critically reduce the long-term stability
of the trisNTA/His-tag interaction, particularly when histidine-
rich buffers will be utilized. Overall, the modularity and
reversibility of TPA-trisNTA offers iterative tethering and
replacement of proteins as well as regeneration of hydrogels.

Photosensitizers amplify the two-photon patterning. Encour-
aged by these results, we aimed to improve the photoactivation
efficacy and sensitivity of TPA-trisNTA under 2P-excitation. By

acting as auxiliary chromophore, 2P active fluorophores effi-
ciently absorb NIR light and transfer the absorbed energy to
acceptor photocages to enhance photoscission. Although a
covalent tandem system for intramolecular energy transfer is
more efficient and provides an acceptor-donor ratio of 1:1, we
strived for a bimolecular sensitization through diffusive
encounter®>°3. Hence, we investigated the effect of the 2P active
fluorophores ATTO390 and rhodamine B (RB) during the 2P-
patterning process. Both fluorophores have large 2P absorption
cross sections (ATTO390: 14 GM; RB: 150 GM) and are fully
biocompatible, which is important for cell applications®3°4,
By writing a matrix of 20 quadratic ROIs in the hydrogel, we
systematically modified the light dose of the 800nm laser
(0.5-5.5mW or 0.3-2.2% laser power versus 6-30 s illumination
time) (Fig. 5a). For quantification, the fluorescence intensities
emanating from the entire activated volume (voxel) of each ROI
were analyzed. During writing, the TPA-trisNTA functionalized
hydrogels were exposed to distinct concentrations of ATTO390
(50, 100, and 500 uM) or RB (50 and 100 uM) or buffer. In total,
120 conditions were screened to systematically optimize the 2P
accessibility of our optochemical tool as well as to establish robust
protocols for arbitrary 2P protein patterning (Supplementary
Fig. 11, Supplementary Fig. 12). For hydrogels immersed to HBS
buffer, POI patterns were faintly visible below 3.1 mW at 18 s or
1.5 mW at 24 s, indicating that the photoscission of TPA-trisNTA
occurred only to a minor degree. In contrast, hydrogels exposed
to 100 uM ATTO390 or 50 pM RB and subjected to 2P-patterning
showed a globally enhanced POI recruitment and thus 2P-
activation of the optochemical tool (Fig. 5a, Supplementary
Fig. 13, Supplementary Fig. 14). In case of 50 pM RB, the onset of
visibly detectable POI tethering was already displayed at a laser
power of 0.5 mW at 18 s, whereas 1.5 mW at 6 s were required for
100 uM ATTO390. Generally, the presence of 50 uM RB induced
a more efficient photoscission of TPA-trisNTA and thus
enhanced 3D protein binding, which was expressed by increased
fluorescence intensities as well as improved signal-to-noise ratio.
For RB, even the lowest applied laser power effectually fostered
protein pattering. In contrast, photostructuring in presence of
50 uM ATTO390 resulted in no significant increase in POI
tethering and thus photoactivation of TPA-trisNTA. At higher
ATTO390 or RB concentration, quenching effects of the auxiliary
chromophore need to be considered and can thus stall an efficient
energy transfer to TPA-trisNTA. Moreover, at high light doses
(5.5mW; 30s), a halo-effect exceeding the ROI boundary was
observed, concomitant with a diminished fluorescence intensity
within the spot compared to surrounding ROIs. This observation
is indicative for a destruction of the hydrogel in the focal plane.
Indeed, a dumbbell-shaped pattern was visible in the z stack of
the CLSM image with depleted POI tethering in the focal plane
(Fig. 5b). Depending on the photoactivation conditions, extended
photopatterned areas in z direction were visible with out of focus
and diffuse protein tethering. The deteriorated POI recruitment is
most likely a result of plasma-mediated ablation in combination
with enhanced light scattering, also corroborated by the intensity
profiles along the z axis (Supplementary Methods 1.8, Supple-
mentary Fig. 15)°>°°, Destructive effects were further promoted
in 2P-patterned hydrogels immersed to higher 2P fluorophore
concentrations. Overall, hydrogels photostructured in the pre-
sence of 100 uM ATTO390 and 50 uM RB under 3.1 mW at 12's
showed boosted TPA-trisNTA photoactivation without sig-
nificant photodestruction. Compared to untreated gels, TPA-
trisNTA activation was enhanced 3.8-fold for ATTO390 and
15.6-fold for RB (Fig. 5¢) with these settings. As a corollary, the
laser power can be reduced up to tenfold (5.5-0.5mW) during
protein alignment to obtain efficient protein densities. In our
endeavor to improve the photoactivation efficacy, the 2P
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Fig. 4 In-gel photoevolution of TPA-trisNTA under two-photon excitation. a TPA-trisNTA functionalized hydrogel was activated with wavelengths from
Aex = 720-800 nm at 5 mW. Intensity profiles through the sum of z slices of immobilized AF647-POI showed the best photoactivation at 800 nm. For
technical reasons, wavelengths higher than 800 nm are not applicable. b Assignment of the size limit for photostructuring in x/y dimension by writing six
quadratic ROIs of decreasing size (50, 25, 12, 6, 3, and 2 um) into the gel. Intensity profiles of the ROls demonstrated constant fluorescence intensities
heights in all ROIs except for the 2 um-ROI. ¢ Determination of the resolution limit via two-photon structuring of four individual diffraction-limited squares
in x/y direction. Spots separated by 1um or more can be clearly distinguished by CLSM imaging, which is also reflected in the intensity profile. Scale bar:
5um. d 3D POI network constructed by two-photon activation of TPA-trisNTA. Three circular spots were written in different z layers to investigate the
z resolution. Intensity profiles of AF647-POl in z direction showed spatially localized photoactivation with clearly distinguishable edges of the three written

ROls. a.u. corresponds to arbitrary units. Scale bar: 50 um.

fluorophore sensitized photorelease of TPA-trisNTA simply
advanced the 2P-writing process.

The high spatial positioning of biomolecules provided by light
actuation constitutes photoinstructive hydrogels as powerful
platforms for cellular applications. Hence, we tested the
applicability of the TPA-trisNTA functionalized hydrogels for
cell studies as well as the cytotoxicity of the 2P-sensitizers under

illumination conditions. To evaluate cell viability in gels, living
HeLa cells were embedded within the TPA-trisNTA functiona-
lized scaffold to form a cell-laden hydrogel. The encapsulated
HeLa cells were assessed by annexin V staining to report on
apoptotic cells (Supplementary Fig. 16). A very high cell viability
(91 + 1%) was observed, confirming that cell embedment in the
photoinstructive gel is non-toxic. Of note, Ni(II) ions complexed
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Fig. 5 Sensitized two-photon laser lithography in photoinstructive matrices. a TPA-trisNTA functionalized hydrogels were activated at 800 nm in the
presence of HBS buffer, 100 uM ATTO390 or 50 uM RB with varying laser power and illumination time. With increased laser power or illumination time, an
enhanced tethering of AF647-POIl was observed, reporting on improved photoactivation of TPA-trisNTA. The presence of photosensitizers induced an
intensified photoscission and consequently enriched POI binding. Scale bar: 15 um. b Orthogonal cross section (x/z direction) of ATTO390 soaked
hydrogel and photoactivated with increasing laser power for 12's. With elevated laser power, an expanded z depth of the activated area was observed,
finally ending up in a dumbbell-shaped pattern due to plasma-mediated ablation. ¢ Comparison the fluorescence intensity of ROIs illuminated with 3.1 mW
and 12 s demonstrated enhanced photoactivation of the gels exposed to photosensitizers. For 100 uM ATTO390, a 3.8-fold higher fluorescence intensity
was detected compared to HBS buffer, and for a hydrogel photopatterned in presence of 50 uM RB, a 15.6-fold increased fluorescence intensity was

determined (n=3). a.u. corresponds to arbitrary units.

to trisNTA at concentrations up to 5uM exhibit no cytotoxic
effects on cells*®. To estimate the cytotoxicity of the 2P-
sensitizers under illumination conditions, cells were exposed to
increasing concentrations of either ATTO390 or RB and
analyzed via a 3-(4,5-dimethylthiazol-2yl)-2,5-dipehnyltetrazo-
lium bromide (MTT) assay (Supplementary Methods 1.12,
Supplementary Fig. 17). Both enhancers showed no dark toxicity
up to 100 uM (ATTO390:>70% cell viability; RB:>90% cell
viability). However, 500 pM ATTO390 severely affected the cell
viability, both in the non-illuminated and illuminated state. In
contrast, 500 pM RB hardly affected the cells at all (>70% cell
viability). Hence, both sensitizers were cytocompatible at the
optimized concentrations for laser lithography in the dark and
particularly under light actuation. Even though these cell assays
only partly demonstrate cell viability, we next aimed to prove
general cell applicability of our photoinstructive matrices. First,
mask patterning as well as in-situ lithography by one-photon
illumination in presence of HeLa cells was performed. After
mask patterning (405 nm LED lamp, 185 mW/cm?, 1 min) of a
cell-laden hydrogel, tethering of Hisg-mCherry (300 nM) to
distinct patterns and vicinity to living cells was realized.
Visualization via CLSM showed the structuring of large areas
with Hisg-POIs covering multiple cells (Supplementary Fig. 18).
In addition, in-situ one-photon activation of a single cell stably
expressing the G-protein coupled receptor Y2 equipped with an

external Hisg-tag as well as an autofluorescent protein (Hisg-
Y,RMEGFP) was done after embedding in a photoinstructive
matrix. A defined ROI (10 x 20 um) covering a cell hemisphere
was illuminated with 405nm at 4.5 mW/cm? laser power and
200 s. The intensity profile of the GFP signal emanating from the
Y2 receptor before and after illumination, illustrated the
enrichment of the receptor to the light-exposed area and thus
trisNTA mediated receptor assembly after photoactivation
(Supplementary Fig. 19). Lastly, in-situ 2P-activation of a TPA-
trisNTA functionalized hydrogel was performed in presence of
live, intact HeLa cells. Various sized ROIs in vicinity to distinct
single cells were simultaneously photo-patterned by 2P-scission
of the optochemical tool at 800nm (3.1mW; 12s) and
subsequently decorated with Hiss-mCherry (300 nM). The
precise, subcellular protein deposition at gel subvolumes in close
proximity to living cells was accomplished, highlighting the
applicability of the 2P-writing process via TPA-trisNTA in
presence of live cells (Fig. 6, Supplementary Fig. 20). Here, we
employed HeLa cells, which posses enhanced fitness and
robustness toward external stimuli and are a widely used basic
model for cell applications. Within the time frame of experi-
ments (12 h), we did not observe any abnormal behavior of the
cells after 2P-patterning, indicating basic cell compatibility. Since
the studies were performed on single-cell level, they do not allow
drawing conclusions of ensemble cell behavior yet. Although
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GFP

mCherry

Fig. 6 Subcellular protein patterning of a cell-laden, photoinstructive hydrogel by 2P laser lithography. In close proximity to encapsulated Hela cells
stably expressing Y2RMEGFP distinct ROls (magenta boxes) were simultaneously photoactivated at 800 nm (3.1mW, 18 s) and subsequently assembled
with Hisg-mCherry (300 nM). Within the user-specified gel subvolumes, the 2P-activation of TPA-trisNTA created anchoring sites for the Hisg-POl in the
photoinstructive hydrogel, demonstrating successful 2P-scisision of TPA-trisNTA in presence of and close proximity to living cells. Scale bar: 10 um.

future studies are required to investigate long-term cell viability
as well as to demonstrate the proof-of-principle with stem cells
as model cell line, we believe that the results represent a valuable
demonstration of the user-defined, spatially controlled protein
patterning in cell-laden TPA-trisNTA functionalized hydrogels.

3D protein networks with single-digit micrometer precision.
Finally, we aimed to transfer the enhanced 2P-writing process to
small-scale protein alignment at selected loci in hydrogels.
Typically, 2P lithography is applied to write 3D patterns on the
order of tens of microns (>100 pm). While this scale is powerful
for manipulating the behavior of larger cell networks or multi-
cellular clusters, the ability of 2P-processes to in-situ modify
hydrogels with micrometer-scale precision is underrepresented.
To scrutinize TPA-trisNTA functionalized hydrogels on the order
of a few microns in 3D, we created custom-made, spatially
defined ROIs. Patterning was performed in the presence of 50 uM
RB at 800 nm (3.1 mW; 12s). Upon locally defined photoactiva-
tion of the portrait of Maria Goeppert-Mayer in three distinct z
planes, fluorescently labeled POI was site-selectively immobilized
(Fig. 7). Remarkably, the enhanced 2P-activation facilitated the
writing of complex 3D patterns, exhibiting feature sizes with
micrometer precision (cheek of Maria Goeppert-Mayer: ~ 1 um)
(Supplementary Fig. 21). The very good signal-to-background
ratio between patterned and non-patterned areas is a result of the
improved 2P lithography as well as high-affinity, site-selective
binding of photoliberated trisNTA to His-tagged POL With
regard to fineness and precision of protein assembly in 3D, the
TPA-trisNTA system extends the level of protein patterning as
well as expands the repertoire of tools for protein immobilization.
Noteworthy, the images were not background corrected and
depict the genuine, current state. Important to mention, the
apparent resolution of the imaging process is reduced compared
to the precision of the writing process, since the observed reso-
lution is a convolution of both processes. The microheterogeneity
of the fluorescent signal in the different x/y planes depends on the
efficiency of the 2P-uncaging process, which in turn is pre-
determined by the density of tethered TPA-trisNTA. In z
dimension, a continuous decrease of the POI density with
increasing z depth to ~40-70 um was observed. Important to
note, the penetration depth depends on both the laser intensity
and the wavelength. Here, structuring was performed with a
tenfold lower laser intensity compared to common 2P laser
lithography approaches®’. If required, additional depth can be
achieved by increasing the laser power. Nevertheless, the 3D POI
network of Maria Goeppert-Mayer clearly shows the power of 2P

lithography to pattern freely designed 3D structures at small-scale
and with good z resolution.

Conclusion

In summary, by incorporation of TPA-trisNTA into hydrogels,
we engineered a photoinstructive matrix, which was successively
photostructured by 2P laser lithography with various His-tagged
POIs. NIR-light guided protein organization offered an exquisite
control of protein alignment in 3D with submicron resolution,
culminating in well-resolved structures particularly along the z
coordinate. By facile addition of 2P-sensitizers (ATTO390 or RB)
as diffuse encounter, we devised a proceeding to significantly
improve the efficiency of 2P laser lithography. This approach
contributed to considerably reduce the laser power for 2P litho-
graphy and was successfully applied to photopattern custom
designed volumetric structures at small-scale in 3D. As the
engineered photoinstructive matrix showed cell applicability, our
approach will be extremely useful for the arrangement of more
complex bioactive proteins into matrices by NIR-light. Since
methods for hydrogel photopatterning of fragile full-length pro-
teins are cumbersome and thus rare, the highly localized protein
tethering via trisNTA/His-tag interaction opens up new per-
spectives for a reliable and flexible protein patterning within
hydrogels. As an exciting application, we currently aim to confine
membrane-associated receptors in 3D as well as to assemble
signaling molecules at defined subvolumes around hydrogel-
embedded cells, multicellular clusters or organoids.

Methods

Synthesis of TPA-trisNTA. Fmoc-protected DEAC B-amino acid was synthesized
in six steps and characterized by nuclear magnetic resonance (NMR) spectroscopy
and high-resolution electrospray ionization mass spectrometry (HR ESI-MS). TPA-
trisNTA (trisNTA-AC-DEAC-GHHHHH-OH) was synthesized through
microwave-assisted Fmoc solid-phase methodology using the Liberty Blue micro-
wave peptide synthesizer (CEM, Germany) and starting from a preloaded Fmoc-
His(Trt)-Wang (Sigma Aldrich, Germany) resin. All reactions except for coupling of
the Fmoc-protected DEAC B-amino acid (single coupling) were done twice with
0.2 M of Fmoc-protected amino acid, 0.5 M N,N’-diisopropylcarbodiimid, 0.5 M
1-hydroxybenzotriazole monohydrate in dimethylformamide (DMF). Fmoc-
deprotection was performed with 20% (v/v) piperidine in DMF. O'Bu-protected
carboxy-trisNTA was manually coupled on the N-terminal glycine using (1-cyano-2-
ethoxy-2-oxoethylidenamino-oxy)dimethylamino-morpholino-carbenium-hexa-
fluoro-phosphat (COMU) and N,N-diisopropylethylamine (DIPEA) in DMF. Pep-
tide cleavage/deprotection was achieved using 95% trifluoroacetic acid (TFA), 2.5%
H,0 and 2.5% 1,2-ethanedithiol followed by two precipitation cycles (50 mL diethyl
ether, 0°C). The crude peptide was purified via preparative reverse-phase high-
performance liquid chromatography (RP-C;3-HPLC) using a 30 min gradient
(5-70% of acetonitrile and 0.1% TFA in H,O) and lyophilized (Supplementary
Methods 1.3, Supplementary Fig. 4). TPA-trisNTA purity was confirmed by HR ESI-
MS. The complete synthetic details and characterization of TPA-trisNTA and Fmoc-
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Fig. 7 Two-photon induced 3D arbitrary patterns in a photoinstructive TPA-trisNTA matrix. a The portrait of Maria Goeppert-Mayer was printed by
two-photon excitation (800 nm, 3.1mW, 12's; presence of 50 uM RB) in three different z layers. Structures were visualized by assembly of AF647-POlI
followed by CLSM. The custom-made ROI design for laser activation is shown on the top right. b Orthogonal cross sections (x/z plane) of the two-photon
patterned ROIs imaged by CLSM. Images displayed a sharp, spatially localized activation of TPA-trisNTA at um-scale within multiple z layers and showed a
confined immobilization of AF647-POl in z direction. c-e CLSM images show the respective focal plane (x,y) indicated by gray dashed lines. Scale

bars: 10 um.

protected DEAC B-amino acid are given in the Supplementary Methods. For NMR
and ESI spectra see Supplementary Figs. 22-36.

Photolysis reaction of the DEAC f3-amino acid in solution. 50 pL aliquots of a
stock solution of Fmoc-protected DEAC B-amino acid in HBS buffer (20 mM
HEPES/NaOH, 150 mM NaCl pH 7.2) were illuminated at 405 nm (185 mW/cm?,
Thorlabs LED system). To study the kinetics of photolysis, samples were taken at
different time points (0, 5, 10, 15, 30, 45, 60, 300, and 900 s). Photocleavage of
Fmoc-protected DEAC B-amino acid was assessed by analytical RP-C;3-HPLC
(20 min gradient, 5-100% of acetonitrile and 0.1% TFA in H,O, Supplementary
Methods 1.3, Supplementary Table 2), revealing conversion to uncaged DEAC B-
amino acid with a different retention time (Supplementary Fig. 6). Photolysis
efficiency was determined by evaluating the integral of the Fmoc-protected DEAC
B-amino signal (tg = 17.0 min) as well as of the uncaged product (tg = 12.0 min).
The photolysis kinetics were fitted with a mono-exponential function to determine
the lifetime t;,,, indicating a fast one-step photoconversion.

Two-photon absorption spectrum of TPA-trisNTA. Two-photon excitation
fluorescence (TPEF) measurements were performed using a tunable Ti:Sa laser
(Tsunami, Spectra-Physics, USA) with a pulse duration of 150 fs and a 80 MHz
repetition rate. The TPEF-signal was coupled into a spectrograph (SpectraPro 300i,
Acton Research Corp., USA), equipped with a CCD-camera (EEV 400_1340F,
Roper Scientific, USA). The excitation was adjusted to an average energy of

100 mW and the pulses were tightly focused on the sample compartment. The
concentrations of the TPA-trisNTA and coumarin 307 were adjusted to 100 uM in
a final volume of 300 uL. Coumarin 307 was used as reference, and values for
calculation were taken from Xu et al.’4. To obtain the two-photon absorption
spectrum, the two-photon absorption action cross sections in the range of
770-870 nm were determined. After baseline and detector correction of the
fluorescence spectra, the integrals were computed to obtain I(X) and Ix(R). For
calculations the following equation was used:

Ip(X) - c®) - 7(R)
$p(X)0,(X) = 0,(R) - $5(R) 1,(R) - (X) - 1(X)
with ¢, = two-photon absorption cross section, ¢ = fluorescence quantum

yield, X = TPA-trisNTA, R = coumarin 307, Ir = fluorescence intensity, ¢ =
concentration, 7 = refractive index of the solvent. The one-photon fluorescence
quantum yield was assumed to equal the two-photon fluorescence quantum yield.
The refractive indices of the samples (at 20 °C, Vis-NIR range) were determined to
be n(R) =1.33 (in MeOH) and n(X) = 1.33 (in H,0).

Two-photon power dependency measurement of TPA-trisNTA. To validate the
two-photon absorption of TPA-trisNTA, a scan of the fluorescence intensity over a
series of excitation energies (20-100 mW) was performed at a specific wavelength
(800 nm). The count rate of the fluorescence response was logarithmically plotted
against the logarithm of the excitation energy. A slope of 1.93 + 0.02 was obtained,
implicating an almost quadratic power dependency of the two-photon response.

According to Bradley et al. deviations from a strict quadratic power dependency
can occur due to heating effects or competing non-linear processes®s.
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Confocal imaging. Imaging was performed using a confocal laser-scanning
microscope (LSM 880 AxioObserver, Carl Zeiss Microscopy, Germany), and
images were taken with the Plan-Apochromat 20x (NA 0.8) and/or the Plan-
Apochromat 63x/Oil (NA 1.4) objective. The following laser lines were used for
excitation: 405 nm (diode laser) for Hoechst33342; 488 nm (argon laser) for green
fluorescent protein (GFP-Hisg); and 633 nm (helium-neon laser) for Hiss-AF647
and Annexing V-AF647. All probes were imaged in HBS buffer (20 mM HEPES/
NaOH, 150 mM NaCl, pH 7.2, 25 °C) or in case of live cells incorporated in the gel,
the hydrogel was covered with Live Cell Imaging Solution (Invitrogen). The ima-
ging process was controlled with the Zeiss Zen Black software. Image processing
and evaluation was done with Fiji*.

Formation of TPA-trisNTA functionalized hydrogels. Gridded ibidi imaging
dishes (p-Dish 35 mm, high Grid-500, ibidi, Germany) were used for hydrogel
preparation. For protein photopatterning, hydrogels were prepared from a com-
mercial slow gelling 3-D Life PVA-PEG Hydrogel Kit (Cellendes, Germany). Gel
formation was performed by mixing 0.6 uL HBS buffer pH 7.2 with 0.98 uL H,O
and 1.20 pL maleimide-PVA (Supplementary Fig. 8). Then, 1.52 uL of a 790 uM
TPA-trisNTA solution (aq.) was added and immediately mixed via pipetting and
incubated for 5 min at RT in the dark. After a quick spin down, the reaction
mixture was added to 1.74 uL dithiol-linker placed in the middle of an ibidi
imaging dish and quickly mixed by pipetting. The network formation was allowed
to proceed for 10 min in the dark. The solidified hydrogel was equilibrated with
1 mL HBS buffer (20 mM HEPES/NaOH, 150 mM NaCl, pH 7.2, 25 °C).

Laser-assisted photopatterning in hydrogels. For photostructuring by one- or
two-photon excitation, a confocal laser-scanning microscope (LSM 880 AxioOb-
server, Carl Zeiss Microscopy, Germany) equipped with a Plan-Apochromat 63x/
Oil (NA 1.4) objective, a 405 nm LED diode, and an ultrafast Ti:Sa Chameleon laser
(Coherent Inc., Santa Clara, USA) with a pulse duration of 140 fs, a 80 MHz
repetition rate and maximal output of 2.5 W tuned to 800 nm was employed for
localized illumination. The user-defined ROI scanning mode and bleaching option
were used to precisely control arbitrary patterns in 3D. The laser output power of
the Ti:Sa Chameleon laser was precisely adjusted before each experiment to match
0.5, 1.5, 3.1 and 5.5 mW (corresponding to 0.3-0.7-1.2-2.2% of maximal laser
power). The illumination time was 6, 12, 18, 24, or 30 s, equaling the sum of
500-2500 iterations. The scan speed was fixed at 1.54 ps/pixel. Photoactivation of
hydrogels was performed in HBS buffer (20 mM HEPES/NaOH, 150 mM NaCl, pH
7.2, 25°C). The illumination process was controlled with the Zeiss Zen Black
software.

TPA-trisNTA mediated POl immobilization to hydrogels in 3D. Laser-treated
hydrogels were washed five times with 2 mL HBS buffer (20 mM HEPES/NaOH,
150 mM NaCl, pH 7.2, 25 °C) prior to His-tagged POI tethering. All steps were
performed at room temperature and protected from light. For POI patterning, the
gel was covered with 1 mL of 10 mM NiCl, in MQ water and incubated for 30 min
followed by five times washing with HBS buffer (2 mL). Visualization of written
structures was realized by incubation with 1 mL of 300 nM Hiss-GFP in HBS buffer
or 300 nM Hiss-AF647 (HHHHHHSGGGSGGG-CAFS47_A_NH,) in HBS buffer.
After 30 min, the hydrogel was washed with HBS buffer (50 mL) by gently shaking
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for 30 min. Finally, the hydrogel was covered with 1 mL HBS buffer and subse-
quently imaged via CLSM (LSM 880 AxioObserver, Carl Zeiss).

Global photolithography of hydrogels. For photopatterning of large areas,
hydrogels were exposed to UV light (A = 405 nm LED lamp, 185 mW/cm?, 1 min)
through a quartz mask with various sized chrome patterns on top of the gel. After
illumination, the hydrogels were washed five times with HBS buffer (20 mM
HEPES/NaOH, 150 mM NaCl, pH 7.2, 25 °C). POI binding and patterning was
performed with Hiss-GFP after incubation with 10 mM NiCl, in MQ. POI
assembly was visualized by CLSM (LSM 880 AxioObserver, Carl Zeiss).

Cell viability assessed in cell-laden hydrogels. To analyze cell viability
throughout encapsulation in hydrogels, a live-cell annexin V staining was per-
formed to report on apoptotic cells. HeLa Kyoto cells (1 x 10° cells/mL) were
washed and suspended in 100 pL annexin V binding buffer (Invitrogen). After
adding 25 pL of annexin V-AF647 conjugate (Invitrogen) and one drop of NucBlue
Live Ready Probes (ThermoFisher), cells were incubated for 15 min at room
temperature and then washed once again with annexin V binding buffer. For
hydrogel encapsulation, 10 pL of the HeLa cell suspension were mixed with 3.0 pL
HBS buffer (20 mM HEPES/NaOH, 150 mM NaCl, pH 7.2, 25°C), 11.3 uL H,0,
2.5 uL maleimide-PVA, 0.8 pL of a 20 mM TPA-trisNTA solution (aq.) and 3.0 pL
dithiol-linker (Supplementary Table 4). After mixing via pipetting, hydrogel net-
work formation was allowed to proceed for 10 min, followed by covering with 1 mL
Live Cell Imaging Solution (Invitrogen). Cell viability analysis was performed by
CLSM (Supplementary Fig. 16). Hoechst33342 stained nuclei were excited with
405 nm diode laser and HeLa cells in an early apoptosis state were displayed via the
AF647 signal of the annexin V-AF647 conjugate and excited with the 633 nm laser.
708.5 pm x 708.5 um images were taken. The total amount of cells indicated by the
Hoechst33342 signal and the number of AF647-stained cells were counted with Fiji
multipoint tool. Determining the ratio between Hoechst33342- and AF647-
stained cells revealed that 91 + 1% of the encapsulated cells were vital. All
experiments were performed in triplicates and error bars indicate the s.d. For
general cell culture maintenance, see Supplementary Methods 1.10.

Preparation of cell-laden hydrogels for photopatterning of proteins. Y2R
expressing HeLa cells were detached with 0.05% trypsin/0.02% EDTA/PBS (GE
Healthcare) 16 h post receptor induction, centrifuged (300 x g for 3 min) and
solubilized in 200 pL Life Cell Imaging Solution (Invitrogen). For hydrogel for-
mation, 10 uL of the HeLa cell suspension were mixed with 3.0 uL HBS buffer
(20 mM HEPES/NaOH, 150 mM NaCl, pH 7.2, 25°C), 11.3 L H,0, 2.5 uL mal-
eimide-PVA, 0.8 uL of a 20 mM TPA-#risNTA solution (aq.) and 3.0 pL dithiol-
linker. After mixing via pipetting, hydrogel network formation was allowed to
proceed for 10 min. Subsequently, the hydrogel was covered with 1 mL Life Cell
Imaging Solution. For mask lithography, hydrogels were exposed to UV light

(A =405 nm LED lamp, 185 mW/cm?, 1 min) through a quartz mask with lattice
designed chrome patterns on top of the gel (Supplementary Fig. 18). Laser litho-
graphy by one- or two-photon excitation was conducted on a confocal laser-
scanning microscope utilizing the 405 nm LED diode (maximum output of

4.5 mW) or the ultrafast Ti:Sa Chameleon laser (Coherent Inc., Santa Clara, USA)
tuned to 800 nm and a Plan-Apochromat 63x/Oil (NA 1.4) objective in Life Cell
Imaging Solution at 37 °C. The written ROIs were visualized by binding of Hiss-
mCherry (300 nM) or via following Hisg-Y,RMEGEP assembly at the activated cell
hemisphere (Supplementary Fig. 19, Supplementary Fig. 20).

Photoenhancement effect of two-photon sensitizers in hydrogels. Photo-
patterning by two-photon excitation was conducted on a confocal laser-scanning
microscope utilizing the ultrafast Ti:Sa Chameleon laser (Coherent Inc., Santa Clara,
USA) tuned to 800 nm and a Plan-Apochromat 63x/Oil (NA 1.4) objective. Before
each experiment, the laser intensity of the Ti:Sa Chameleon laser was precisely
adjusted to match the given laser powers. 20 rectangular ROIs (15 um width) were
written into the gel with stepwise increased laser power (0.5, 1.5, 3.1, and 5.5 mW)
or illumination time (6, 12, 18, 24, 30 s). The scan speed was fixed at 1.54 ps/pixel.
Precise control of the laser dosage assigned to each ROI allowed generating pho-
topatterns of different densities. Photoactivation of hydrogels was performed in HBS
buffer (20 mM HEPES/NaOH, 150 mM NaCl, pH 7.2, 25 °C), in presence of
ATTO390 (50, 100, 500 uM in HBS buffer) or of RB (50, 100 uM in HBS buffer).
After rinsing with HBS buffer, Ni(II)-loading (10 mM in MQ water) and washing
with HBS buffer, Hiss-AF647 (300 nM) tethering was performed. Via CLSM, z
stacks (35 slices, z step width 1 um) of the written ROIs were recorded. Imaging
conditions (laser power, detector amplification and pinhole) were kept constant and
applied to all photopatterned hydrogels. After background subtraction, z slices of
each ROI were summed up and quantified by determining the total integrated
fluorescence density of each voxel (Supplementary Fig. 11, Supplementary Fig. 12).
For comparison, the total integrated fluorescence densities obtained under equal
conditions were averaged (Supplementary Fig. 13, Supplementary Fig. 14). Each
experiment was performed in triplicate or quadruplicate, and error bars indicate the

s.d. Quantification was performed using Zeiss Zen Black and Fiji software®.

Intensified 3D arbitrary protein organization at low laser power. For locally
precise two-photon excitation in hydrogels, the Ti:Sa Chameleon laser tuned to
800 nm and a Plan-Apochromat 63x/Oil (NA 1.4) objective on the confocal laser-
scanning microscope were employed. Photostructuring was conducted in HBS
buffer (20 mM HEPES/NaOH, 150 mM NaCl, pH 7.2, 25 °C) supplemented with
50 uM rhodamine B. By the user-defined ROI scanning option in combination with
the bleaching mode of the microscope software (Zeiss Zen Black), the diverse
shapes and size regions of the portrait of Maria Goeppert-Mayer were precisely
written in x/y/z direction. The different ROIs in each z plane were photoactivated
for 12 s with an average energy of 3.1 mW (1.2%; max output 2.5 W), a scan speed
of 1.54 us/pixel and a z stack thickness of 5 um separated by 30 um. The written
structures were visualized by washing with HBS buffer followed by Ni(II)-loading
(10 mM NiCl, in MQ) and subsequent POI binding via incubation with 300 nM
Hiss-AF647 in HBS buffer at room temperature. The POI assembly was recorded
by CLSM (118 slices z stacks, 96 um).

Data availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request. The raw data underlying any graph is provided as a
source data file.
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Glossary of Terms and Abbreviations

Symbols

1PA one-photon absorption
2PA two-photon absorption
2PIF two-photon induced fluorescence

A
AQO atomic orbital
B

BBO -barium-borate

BLQ blue-light quenching

BO Born-Oppenheimer
BODIPY Boron-dipyromethene
BR Bacteriorhodopsin

C

cAMP adenosine cyclic 3’,5’-phosphate
ChR2 Channelrhodopsin-2

CI conical intersection

CLiC Complex Light Control

CPA chirped pulse amplification

CT charge transfer

cw continuous wave
D

DAS decay-associated spectra
DEACM
yl)methyl

(7-diethylaminocoumarin-4-

DFG difference-frequency generation

DFG Deutsche Forschungsgemeinschaft
DNA deoxyribonucleic acid

DNP dynamic nuclear polarization

DS dark state

E

e extraordinary

ec extracellular

EM electromagnetic

EMW electromagnetic wave

EPR electron paramagnetic resonance
ES excited state

ESA excited state absorption

ESB excited state branching

ET energy transfer

F

FC Franck-Condon

FP flash photolysis

FRET Forster-resonance energy transfer
fs-TA ultrafast transient absorption

FT Fourier-transform
G

GLA global lifetime analysis

GS ground state

GSB ground state bleach

GSH ground state heterogeneity
GVD group velocity dispersion
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Glossary of Terms and Abbreviations

GVM group velocity mismatch mRho microbial rhodopsin
H N
HOOP hydrogen out-of-plane Nd:YAG Neodymium-doped-yttrium alu-
HPLC high-performance liquid chromatog- minium garnet

raphy Nd:YVO; neodymium-doped-yttrium
HR Halorhodopsin vanadate

NLO non-linear optical

I NMR nuclear magnetic resonance
IC internal conversion NOPA non-collinear optical parametric am-
ic intracellular plification

ICCD intensified charge-coupled device =~ NRP non-reactive pathway

ICT intramolecular charge transfer

o
IR infrared
IRF instrument response function o ordinary
ISC intersystem crossing oNB ortho-nitrobenzyl
K OPA optical parametric amplification

OPO optical parametric oscillator

KR2 Krokinobacter eikastus rhodopsin 2 p

L
PA proton acceptor

LCAO linear combination of atomic or- PBS phosphate-buffered saline

bitals PD proton donor
LDA lifetime density analysis PG protecting group
LDM lifetime density map PI population inversion
LE locally excited state PMT photomultiplier tube
LED light-emitting diode PNA p-nitroaniline
LG leaving group PPA photoproduct absorption

PPG photolabile protecting group

M PR Proteorhodopsin
MCM (7-methoxycoumarin-4-yl)methyl PSS photostationary state
MCT mercury cadmium telluride 0
ML-MCTDH multi-layer multiconfigura-

tion time-dependent Hartree QCL quantum cascade laser
MO molecular orbital QD quantum dynamics
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QM/MM quantum mechanics/molecular

mechanics

QY quantum yield
R

RBP retinal binding pocket
RNA ribonucleic acid

ROID readout integrated circuit
RP reactive pathway

RSB retinal Schiff base

S

SB Schiff base

SBS second bright state

SC supercontinuum

SCG supercontinuum generation
SE stimulated emission

SFG sum-frequency generation
SFM self-phase modulation

SHG second harmonic generation

Glossary of Terms and Abbreviations

SVEA slowly varying envelope approxima-

tion
T

TCSPC time-correlated single photon
counting

TD-DFT time-dependent density func-
tional theory

THG third harmonic generation

Ti:Sa Ti**-doped saphire

TICT twisted intramolecular charge trans-
fer

TIP tight ion pair

TMH o-transmembrane helix

Vv
VR vibrational relaxation
\%Y

WT wildtype
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