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Zusammenfassung 

Die vorliegende Arbeit befasst sich einerseits mit der Untersuchung von 

Photoschaltern als niedermolekulare lichtsensitive Komponenten für biochemische 

Anwendungen und andererseits mit künstlichen RNA Aptameren als 

makromolekulare Regulationseinheiten zur Konstruktion von funktionellen 

Riboschaltern. Durch Kombination beider Schaltsysteme, konnte ein spezifisches 

RNA Aptamer entwickelt werden, dessen Ligandbindung erfolgreich und reversibel 

durch Lichteinwirkung steuerbar ist.

Photoschalter, die sich durch Licht reversibel in unterschiedliche isomere Formen 

umwandeln lassen, weisen ein außerordentliches Potenzial auf, um zielgerichtet 

lichtabhängige biochemische Systeme zu entwickeln. Neben den prominentesten 

Vertretern, den Azobenzolen, wurden hier in erster Linie Spiropyrane als alternative 

Photoschalter charakterisiert. In wässriger Lösung zeigt diese Verbindungsklasse ein 

sehr komplexes und vielversprechendes Verhalten, da die lichtinduzierte 

Strukturisomerisierung von der geschlossenen Spiropyranform hin zum 

ringgeöffneten Merocyanin mit einer drastischen Veränderung der elektronischen 

Beschaffenheit sowie der Polarität einher geht. Durch spektroskopische Studien 

mittels statischer und zeitaufgelöster Methoden wurden verschiedene Verbindungen 

im Hinblick auf ihre praktischen Schalteigenschaften und ihre Photodynamik im 

angeregten Zustand untersucht.  

Die Py-BIPS Verbindungen 1 und 2, wie auch die Nitro-BIPS Verbindungen 3 und 

4, zeigen in wässriger Lösung sowohl photo- als auch thermochrome Charakteristika. 

Sie können im neutralen pH-Bereich alle photochemisch gesteuert werden, wobei sie 

sich stark in den thermischen Reaktionsraten und in der Stabilisierung der offenen 

Merocyaninform unterscheiden. Während MePy-BIPS 1 als nahezu reines Spiropyran 

in Lösung vorliegt, wird das Gleichgewicht durch die elektronenziehenden 

Nitrogruppen der Verbindungen 3 und 4 stark zum Merocyanin hin verschoben. 

Interessanterweise bildet sich für das unmethylierte Py-BIPS 2 innerhalb weniger 

Minuten eine thermische Gleichverteilung zwischen beiden Isomeren. Durch 

Belichtung mit sichtbarem Licht kann diese gänzlich zur geschlossenen Form hin 

verschoben werden, wobei sich in diesem Fall das ursprüngliche Gleichgewicht 
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wieder thermisch regeneriert. In diesem Schaltmodus kann so eine für Spiropyrane 

außergewöhnlich hohe Schaltamplitude von etwa 50% über mehrere Zyklen stabil 

beibehalten werden. Darüber hinaus kann auf die Verwendung von schädlichem UV-

Licht zur Ringöffnung verzichtet werden, wodurch eine photolytische Zersetzung der 

Substanz und auch potenzieller biologischer Zielsysteme verhindert wird.  

Nach Protonierung des Phenolatsauerstoffes können Merocyanine als 

Photosäuren verwendet werden, die bei lichtinduziertem Ringschluss ein Proton 

freisetzen. Obwohl mechanistisch nicht zur Gänze geklärt, war diese Reaktivität 

bereits Bestandteil zahlreicher Studien und Anwendungen. Die hier präsentierte Py-

BIPS Verbindung 2, weist zudem eine weitere weniger saure Protonierungsstelle am 

Pyridinstickstoff auf, weshalb je nach pH-Wert verschiedene protonierte Spezies 

beider Isomere vorliegen. Allerdings unterscheiden sich die pKs-Werte dieser Position 

für beide Photoisomere um zwei Einheiten. Der pKs-Wert des Merocyanins HMC liegt 

bei 6.8, wohingegen für das Spiropyran HSP ein Wert von 4.8 bestimmt wurde. 

Aufgrund dieser Differenz kann das betreffende Proton im pH Bereich von etwa 4,5 

bis 7,5 reversibel freigesetzt werden, was sogar in Form eines signifikanten pH-

Sprunges detektierbar ist. Je nach verwendeter Proben- und Pufferkonzentration 

kann so eine lichtinduzierte pH-Erniedrigung um bis zu 1,5 Einheiten erreicht werden, 

wobei der Ausgangswert thermisch in weniger als 5 Minuten regeneriert wird. 

Mit einem pKs-Wert von 3.2 ist das phenolische Proton des Merocyanins HMCH 

deutlich saurer, wobei der pKs-Wert dieser Position stark vom Substitutionsmuster 

der Substanz abhängt. Durch zeitaufgelöste transiente Absorptionsstudien konnte 

gezeigt werden, dass sich die beiden protonierten Merocyanine HMC und HMCH der 

Py-BIPS Verbindung 2 fundamental in ihrer Photosäurereaktivität unterscheiden. 

Während das Pyridiniumproton von HMC erst nach Ringschluss im Grundzustand 

freigesetzt wird, wird das phenolische Proton von HMCH direkt nach Anregung im 

angeregten Zustand auf das Lösemittel übertragen. HMC fungiert demnach als so 

genannter „Photoacid Generator“ im Gegensatz zu HMCH, welches als Photosäure 

im klassischen Sinn angesehen werden muss. HMCH sowie auch die protonierten 

photosauren Merocyanine von Nitro-BIPS 3 und Dinitro-BIPS 4 setzen ihr 

phenolisches Proton innerhalb von 1-2 ps nach Anregung frei. Mit Hilfe des 

thermodynamischen Försterzyklusmodells, wurde für die untersuchten Substanzen 

eine pKs-Erniedrigung um etwa 8 Einheiten abgeschätzt. Mit stark negativen pKs-
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Werten im angeregten Zustand von etwa -4.5, zählen diese protonierten Merocyanine 

zu den stärksten bisher bekannten Photosäuren. Dies erweitert das 

Anwendungspotenzial von Spiropyran-Merocyanin Photoschaltern erheblich, da sie 

als ultraschnelle Protonendonoren eingesetzt werden können, um verschiedenste 

protonabhängige Prozesse zu addressieren.  

Mit RNA-Konstrukten als biochemisch nutzbare Wirkstoffe oder auch als 

Zielsysteme können völlig neuartige pharmakologische Wirkmechanismen entwickelt 

werden, da RNA in der Lage ist auf unterschiedlichen zellulären Regulationsebenen 

zu agieren. Besonders so genannte Riboschalter stellen vielseitige 

Regulationselemente dar, die durch eine spezifische Ligandbindung an ihre 

Aptamerdomäne die Expression des nachfolgenden Genabschnittes regulieren 

können. Derartige Aptamermotive können prinzipiell für nahezu jeden erdenklichen 

Liganden durch einen repetitiven in vitro Selektionsprozess namens „Systematic 

Evolution of Ligands by Exponential Enrichment“ (SELEX) erzeugt werden. Um so 

gewonnene künstliche Aptamere als funktionelle Ligandbindungsmodule für in vivo 

Riboschalter verwenden zu können, müssen sie allerdings nicht nur eine hohe 

Ligandaffinität aufweisen, sondern bestimmte konformationelle Kriterien erfüllen. 

Eine ligandinduzierte dynamische Strukturänderung der RNA gilt als Voraussetzung 

für eine Aktivität als Riboschalter, wobei auch das Ausmaß der Vorfaltung des 

Aptamers sowie die Abhängigkeit der Tertiärstruktur von Magnesium eine tragende 

Rolle spielen. Funktionelle Aptamere sind außerdem zumeist deutlich weniger 

angereichert als nicht-funktionelle, was die Frage aufwirft inwiefern der 

Selektionsprozess dahingehend optimiert werden kann. 

Die Untersuchungen des Tetrazyklin (TC) -bindenden Aptamers zeigen, dass 

Magnesium nicht nur zur Bildung einer bindungskompetenten Aptamerkonformation 

benötigt wird, sondern auch in den Ligandbindungsprozess involviert sein kann. Nach 

der Assoziation von TC an die Bindetasche des Aptamers wird eine strukturelle 

Adaption der RNA ausgelöst, die sich durch Änderungen der Tertiärstruktur zu 

entfernten Regionen fortpflanzt. Die finale Konformation in der Region der 

Dreifachhelix wird erst nach Ligandbindung in Abhängigkeit von Magnesium 

etabliert. Da das TC Aptamer bereits erfolgreich für unterschiedliche Riboschalter 

verwendet wurde, scheint die beschriebene Strukturänderung ausreichend zu sein, 

um eine regulatorische Funktionalität zu ermöglichen.  
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Zur Aufklärung essenzieller Unterschiede zwischen aktiven und inaktiven 

Aptameren wurden weiterhin drei Ciprofloxacin (CFX) -bindende Aptamere 

verglichen, die zwar ähnliche Affinitäten, aber stark unterschiedliche 

Regulationspotenziale aufweisen. Interessanterweise zeigt das CFX-bindende 

Aptamer A eine ähnliche Magnesiumabhängigkeit wie das TC Aptamer, aber keine 

regulatorische Aktivität. Die beiden anderen CFX Aptamerkandidaten preRS und RS 

weisen hingegen ein hohes Regulationspotenzial auf. Sie entstammen derselben 

Selektion, falten sich aber nahezu magnesiumunabhängig. Der Einfluss von 

Magnesium kann hier also kein Ausschlusskriterium sein, obwohl eine niedrige 

Kationenkonzentration während des SELEX-Prozesses generell zu bevorzugen ist. Ein 

funktioneller in vivo Riboschalter muss unter physiologischen Magnesium-

bedingungen (0,5-1,5 mM) bindungs- und regulationsfähig sein. Zudem scheint eine 

erhöhte Verfügbarkeit von Magnesium zu einer präferierten Anreicherung stark 

vorgefalteter Aptamere von niedriger struktureller Komplexität zu führen.  

Zeitaufgelösten Studien zufolge wird die Kinetik der Ligandbindung für alle drei 

CFX Aptamere durch zwei Schritte beschrieben – einer initialen Assoziation von CFX 

an die Bindetasche, gefolgt von einer strukturellen Adaption der Aptamere an den 

Liganden. In Anbetracht der Daten wird eine klare Korrelation zwischen den 

Regulationspotenzialen der drei RNA Aptamere und ihrer Bindungskinetik deutlich. 

Je schneller und irreversibler sich die strukturelle Anpassung der Aptamerkandidaten 

vollzieht, desto höher ist das verzeichnete Regulationspotenzial als translationeller in 

vivo Riboschalter. Der zweite Bindungsschritt ist damit energetisch stark begünstigt 

und beschleunigt. Außerdem wird die Lebensdauer des gebundenen Zustandes 

erhöht, was je nach Regulationsmechanismus ein kritischer Parameter sein kann. Im 

Gegensatz zu den aktiven Aptamerkandidaten preRS und RS, ist beim inaktiven A die 

Assoziation des Liganden bevorzugt. Die Bindetasche ist daher als stärker vorgeformt 

anzunehmen und die Strukturänderung damit als weniger ausgeprägt. Die Ergebnisse 

erlauben darüber hinaus Vorschläge für optimierte SELEX-Protokolle, so dass 

funktionelle Aptamere gezielter generiert werden können. Neben physiologischen 

Bedingungen in der Selektion, sind auch die einzelnen Wasch- und Elutionsschritte 

maßgeblich für die Eigenschaften von angereicherten Strukturmotiven.  

Die erfolgreiche Kombination eines lichtabhängigen molekularen Schalters und 

eines künstlichen spezifischen RNA Aptamers ist ein bedeutender Schritt zur 
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Erlangung einer reversiblen Kontrolle über funktionale biomolekulare Systeme. Durch 

Integration von Azobenzol in die Struktur des Antibiotikums Chloramphenicol (Cm) 

konnte der photoschaltbare Ligand azoCm entwickelt werden, der hervorragende 

Schalteigenschaften in physiologischer Umgebung annimmt. Nachfolgend wurden 

systematisch modifizierte Selektionen durchgeführt, um Aptamere zu generieren die 

spezifisch nur an das stabile Isomer trans-azoCm binden. Im kritischen 

Belichtungsschritt konnten Aptamere, die nach trans/cis-Isomerisierung 

dissoziierten, aufgefangen und vervielfältigt werden. So wurde zunehmend ein 

bestimmtes Strukturmotif angereichert, das für die Selektivität der Aptamere 

verantwortlich ist. Bei Untersuchung einiger ausgewählter Aptamere stellte sich ein 

Kandidat als vielversprechend heraus. Gegenüber trans-azoCm weist dieser eine 

Dissoziationskonstante von 545 nM auf, während die Affinitätsmessung mit cis-

azoCm keine Ligandbindung anzeigte. Zuletzt konnte durch Zirkulardichroismus-

basierte Schaltexperimente nachgewiesen werden, dass das ausgewählte Aptamer bei 

wiederholter lichtinduzierter Isomerisierung des Liganden tatsächlich eine 

reproduzierbar reversible Bindung und Strukturänderung vollzieht. Damit konnte der 

Entwicklungsprozess eines lichtabhängigen Systems aus Photoschalterligand und 

spezifischem RNA Aptamer erfolgreich abgeschlossen und etabliert werden. 

 

  



 

viii 

 

 



 

ix 

Table of Contents 

1 Introduction .................................................................................................. 1 

2 Theoretical Framework .............................................................................. 5 

2.1 UV/vis Spectroscopy ................................................................................... 5 

2.2 Photochemical Relaxation Processes ....................................................... 7 

2.3 Time-Resolved Spectroscopic Techniques .............................................. 9 

2.3.1 Transient Absorption Spectroscopy .............................................. 9 

2.3.2 Time-Correlated Single Photon Counting .................................. 17 

2.3.3 Stopped-Flow Spectroscopy ........................................................ 18 

2.4 Photoresponsive Biomolecular Systems ................................................ 20 

2.4.1 Organic Photoswitches .................................................................. 21 

2.4.2 Spiropyran-Merocyanine Switches ............................................... 23 

2.4.3 Photoswitches in Biomolecular Assemblies ................................ 25 

2.5 RNA Aptamers ........................................................................................... 26 

2.5.1 Natural Riboswitches ..................................................................... 26 

2.5.2 Artificial RNA Aptamers ................................................................. 28 

2.5.3 Engineered Riboswitches .............................................................. 29 

3 Aim of This Work ...................................................................................... 33 

4 Experimental Results ............................................................................... 37 

4.1 Photoswitches in Aqueous Solution ....................................................... 37 

4.1.1 Photochromism of Water-Soluble Spiropyrans .......................... 38 

4.1.2 pH-Gated Photochromism of Py-BIPS .......................................... 45 

4.1.3 Proton-Transfer Dynamics of Merocyanine Photoacids ............ 49 

4.2 Antibiotic-Binding RNA Aptamers .......................................................... 58 

4.2.1 Folding of the TC-Binding Aptamer ............................................ 58 

4.2.2 Regulatory Potentials of CFX-Binding Aptamers ....................... 74 

4.3 A Light-Responsive azoCm-Binding Aptamer ....................................... 82 

5 Conclusion ................................................................................................. 89 

6 Bibliography .............................................................................................. 93 

7 Publications ............................................................................................. 103 

7.1 Declaration of the Own Contribution for Each Publication ............... 103 

7.2 Kaiser et al., ChemistrySelect  2017, 2 ................................................. 106 



 

x 

7.3 Halbritter et al., J. Org. Chem.  2017, 82 ............................................. 120 

7.4 Kaiser et al., Chem. Eur. J.  2021, 27 .................................................... 129 

7.5 Kaiser et al., Nucleic Acids Res.  2021, 49 ........................................... 144 

7.6 Lotz et al., Nucleic Acids Res.  2019, 47 .............................................. 156 

7.7 Brilmayer et al., ChemNanoMat.  2020, 6 ........................................... 169 

List of Figures............................................................................................... 181 

List of Tables ................................................................................................ 186 

Abbreviations .............................................................................................. 187 

Appendix ...................................................................................................... 189 

 

 

 

 



 

1 

1 INTRODUCTION 

During the past century, the technical use of visible light and of electromagnetic 

radiation in general has moved increasingly into the focus of many industries and 

research fields. Achievements like the discovery of the photoelectric effect by A. 

Einstein in 1905[1] and the preparation of the first practical solar cell at Bell 

Laboratories in 1954,[2] enabled and fueled an entire energy sector. In parallel, novel 

artificial light sources were invented, which gave access to countless applications and 

scientific methodologies. The development of LEDs (light emitting diode) and in 

particular that of the first functional ruby laser (light amplification by stimulated 

emission of radiation) in 1960[3] brought about a breakthrough in the utilization of light 

as an extraordinarily precise tool. Meanwhile, lasers have made their way into 

surveying and security technology, data processing and transmission, and even into 

medicine and scientific research. The development of sophisticated methodologies 

like ultrafast time-resolved spectroscopy[4] or sub-diffraction microscopy,[5] that allow 

for unprecedented analytical possibilities, were even awarded the Nobel Prize in 1999 

and 2014, respectively. In 2018, also the elaboration of the chirped pulse 

amplification[6] (CPA) principle to enable the generation of high energy laser pulses 

was honored with the Nobel prize together with the biomedical application of lasers 

as optical nanoscale tweezers.[7]

The technical advances have tremendously extended our knowledge about 

photoinduced processes and the efficient conversion of light into other applicable 

forms of energy. Nature itself provides several excellent examples for highly efficient 

light-sensitive molecular systems that translate the energy of an incident photon into 

a distinct biochemical response. The leaf pigment chlorophyll, embedded in the light-

harvesting complexes of plants, enables photosynthesis via photolytic oxidation of 

water, which in turn initiates a series of protein-coupled redox reactions. Other 

fascinating representatives for photoresponsive proteins are flavoproteins or 

phytochromes, that carry light-sensitive flavin or bilin chromophores, respectively, 

and are responsible for phototropic growth and shade avoidance of plants. Of course, 

also rhodopsins must be listed here that allow us to see as result of a structural 
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isomerization of the retinal chromophore that converts light energy into a change 

within the protein tertiary structure. Each of those light-dependent systems is 

furthermore fully reversible and the initial state is recovered rapidly. 

In analogy to such natural energy conversion systems, the targeted manipulation 

of biochemical systems by use of light has become a growing area of endeavor in 

pharmacological and medical research. Light represents an outstanding external 

stimulus to address biomolecules. It can be operated non-invasively with unrivalled 

spatial and temporal precision and if applied properly it is harmless to biologic 

organisms. To gain light-control over a desired biochemical effect, a synthetic 

photoresponsive component can be employed to modify the biologic function of a 

target system. Taking advantage of the vast number of light-sensitive molecular 

fragments accessible through synthetic chemistry, the combination of photochemistry 

and pharmacology results in the evolving field of photopharmacology.[8–10] 

The most promising approach to design light-controlled systems with reversible 

functionality is to engage so-called photoswitches that enable an interconversion 

between two or more structurally different states with characteristic properties by 

irradiation with light. The change of molecular properties can be coupled to an 

environmental response by smart implementation of the photoswitch unit into a 

macromolecular assembly. For instance, target biomolecules such as enzymes, 

receptors or ion channels can be covalently modified with a photoswitch to change 

their conformation and thus their biologic function in a reversible light-dependent 

manner. Furthermore, photoswitch moieties can be successfully integrated into the 

molecular structures of bioactive small molecular compounds like receptor-agonists[11] 

or antibiotics[12] for application as freely diffusing ligand. Assuming the different 

photoisomeric states of such modified compounds adopt different pharmacokinetic 

properties, their activity can be manipulated reversibly through irradiation.  

Among the great variety of biomolecules as potential targets for drug design, RNA 

plays an outstanding role. The discoveries of catalytically active ribozymes challenged 

the central dogma of biology stated by F. Crick[13] in 1958 to explain the flow of genetic 

information in living cells from DNA to RNA and finally to functional proteins. RNA is 

not only capable of storing and mediating genetic information just as DNA, but it is 

also responsible for diverse cellular regulation mechanisms, like proteins. RNA is 

therefore able to act on different levels of gene expression and cellular metabolism 
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pathways. The prevailing RNA world hypothesis even recognizes RNA as the starting 

point of the evolution of life.[14] At the latest since the approval of the mRNA vaccine 

for protection against the Coronavirus disease in 2020,[15] it is clear that RNA-based 

drug design is about to become a key technology to solve long-standing medical 

problems and to explore fundamentally new pharmacological mechanisms of action. 

With the discovery of riboswitches in 2002,[16,17] a new class of regulatory mRNA 

elements moved into the focus of biochemical research. Riboswitches translate the 

sensing of a small molecular ligand by their aptamer domain into a change in the 

processing of the genetic information contained in the downstream expression 

platform. The function of these cis-regulatory switches relies on the highly diverse 

structural complexity of single-stranded RNA. Remarkably, an in vitro process called 

systematic evolution of ligands by exponential enrichment[18] (SELEX) has been 

developed even earlier that makes it possible to produce artificial high affinity 

aptamers for actually any effector compound of choice. Given this opportunity, strong 

efforts were made to engineer artificial RNA aptamers into functional in vivo 

riboswitches as potential new pharmacological tools successfully. 

This thesis aims at connecting the use of photoswitches in a photopharmacological 

context and the engineering of artificial riboswitches. On the one hand, spiropyran 

and azobenzene photoswitches are investigated in view of their applicability in 

biochemical environments. On the other hand, artificial antibiotic-sensing RNA 

aptamers are studied regarding essential factors for their in vivo regulatory capacities. 

Ultimately, the design process of a light-responsive RNA aptamer is presented that 

selectively binds to only one photoisomer of its photoswitch ligand. To elaborate on 

the different aspects of the individual projects, suitable static and time-resolved 

spectroscopic experiments are executed. 
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2 THEORETICAL FRAMEWORK  

2.1 UV/VIS SPECTROSCOPY 

To fully describe the properties of light, it must be treated as a particle and as a 

wave at the same time. This quantum mechanical concept, known as wave-particle-

dualism, explains the non-classical behaviour of quantum objects in the realm of 

molecules, atoms or subatomic particles. Photons represent the elementary quanta of 

light, with discrete energy but without mass. Following the wave formalism, photons 

are composed of an oscillating electromagnetic field with the wavelength  as its main 

characteristic. The entire electromagnetic spectrum, depicted in Figure 2.1, is divided 

in several ranges depending on the wavelength scale.  

 

Figure 2.1. Illustration of the electromagnetic spectrum provided with scales of wavelength and 
frequency. The molecular transitions, corresponding to the different ranges of the spectrum are 
shown above. 

The narrow visible part of the spectrum, that we are able to perceive, is centered 

in between the ultraviolet (UV) and the infrared (IR) region and extends from 

approximately 400 nm to 700 nm. The energy E of a photon is directly correlated with 

its wavelength  or frequency , which is stated by the Planck-Einstein relation.

𝛥𝐸 = ℎ 𝜈 =  
ℎ 𝑐

𝜆
 (2.1) 
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Here, h represents Planck`s constant and c represents the speed of light. In some 

contexts, the use of wavenumbers ν̃ is also common, which represent the reciprocal 

wavelength. The diverse energetic scales of the different regions of the 

electromagnetic spectrum open up various possibilities for technical applications. 

Depending on the energy of the applied electromagnetic radiation, specific 

interactions with matter can be induced. If the energy of the incident photon is equal 

to the energy gap of an allowed transition between two energetic levels of the 

material, the essential resonance condition is fulfilled for absorption to take place and 

the respective transition is induced. 

Molecular spectroscopy aims at investigating potential transitions, initiated upon 

absorption of photons and thus allows for an evaluation of specific molecular 

properties. By means of infrared (IR) spectroscopy or Raman spectroscopy, for 

example, molecular vibrations can be monitored. However, in optical or UV/vis 

spectroscopy, a wavelength range from roughly 200 nm to 800 nm is applied, which 

is suitable for investigating electronic transitions of molecules. The involved energetic 

levels are represented by the molecular orbitals, which dictate the distribution of 

electrons within the molecular scaffold. A typical transition would be an excitation of 

an electron from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO). The HOMO refers to the electronic ground 

state of the molecule, while the LUMO serves as the first excited electronic state. 

UV/vis spectroscopy of organic molecules is mostly conducted with sample 

solutions. The absorbance A is determined via Lambert-Beer`s law[19] (Equation 2.2) 

by measuring the ratio of the incident light intensity I0 and the residual intensity I, 

transmitted through the sample.  

𝐴 = −𝑙𝑔
𝐼

𝐼0
=  𝜀 𝑐 𝑑 (2.2) 

The absorbance furthermore depends on the concentration c of the sample 

solution, the substance specific molar extinction coefficient  (which is a function of 

the wavelength) and the path length d, that the light passes through. Absorption 

spectra of organic molecules display the wavelength-dependent absorbance of the 

compound. The absorbance is typically measured as optical density (OD) of the 

sample solution and the linear behaviour of Lambert-Beer`s law is restricted to very 

low concentrations. If a photon is absorbed and a discrete electronic transition occurs, 
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only a sharp absorption line is expected to appear in the spectrum. Though, the 

spectra of sample solutions at ambient temperature typically exhibit broadened 

absorption bands, which is due to several effects. First, there is a natural line width as 

consequence of Heisenberg`s uncertainty principle. Second, the relatively high energy 

of UV/vis photons also induces lower energetic vibrational transitions that occur in 

parallel to electronic excitation. Apart from that, also effects like Doppler 

broadening[20] or collisional broadening[21] contribute to the observed width of 

absorption signals. 

2.2 PHOTOCHEMICAL RELAXATION PROCESSES 

The successful absorption of a photon with suitable energy promotes an organic 

molecule to an electronically excited state, with its own physicochemical properties. 

The absorbed energy can be consecutively released through different relaxation 

pathways, commonly illustrated by the Jablonski diagram (Figure 2.2).[22] The 

electronic ground state, which is a singlet state with paired electrons, is denoted by S0 

and the first and second excited singlet states by S1 and S2, respectively. In the triplet 

state T1, the electrons are unpaired and each of these electronic states can adopt a 

number of vibrationally hot states i. The possible relaxation pathways occur on 

different timescales and partially involve transitions between electronic as well as 

vibrational states. 

Electronic excitation from the S0 ground state to a higher singlet state takes place 

on a femtosecond (fs = 10-15 s) time scale. This virtually instantaneous process is 

illustrated by vertical lines, as it takes place much faster than the displacement of the 

nuclei of the molecule, which is stated by the Born-Oppenheimer approximation[23] 

and the Franck-Condon principle.[24,25] The following excited state relaxation pathways 

can be subdivided in radiative and non-radiative pathways. If a vibrationally hot 

excited electronic state is populated, the respective vibrational ground state can be 

reached non-radiatively via vibrational cooling (VC). This proceeds rapidly within tens 

of fs to a few picoseconds (ps = 10-12 s) and is mostly accompanied by solvent 

rearrangements around the excited molecule. 

On a similar timescale, the excited electronic state can undergo internal conversion 

(IC) to the subjacent electronic state, if an energetically degenerate vibrational state 
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is available. As last non-radiative transition, a conversion of the S1 state into the triplet 

state T1 can occur via intersystem crossing (ISC). This process implies a change of the 

electron spin multiplicity and therefore occurs significantly slower. The time scale of 

ISC typically varies between milliseconds (ms = 10-3 s) and nanoseconds (ns = 10-8 s) 

depending on the molecule of interest. 

 

Figure 2.2. Jablonski diagram: photochemical relaxation pathways after absorption of a photon. 
Radiative transitions are indicated by solid coloured arrows and non-radiative transitions by black 
wavy or dashed arrows. Si and Ti represent the involved electronic singlet and triples states, 

respectively, and the states  indicate excited vibrational modes. 

The radiative decay pathways are called fluorescence and phosphorescence. 

According to Kasha`s rule,[26] both spontaneous emission pathways occur from the 

vibrational ground state of the corresponding excited electronic state towards the 

electronic ground state. Fluorescence, as a singlet-singlet transition, takes place on 

the ns time scale and the fluorescence lifetime fl is an essential attribute of 

fluorophores. The emitted photons are of lower energy as the absorbed ones, due to 

the partial dissipation of energy by non-radiative pathways like VC or solvent 

redistribution. The spectral difference between the absorption and emission maxima 

is referred to as Stokes shift.[22] Thus, fluorescence spectra typically appear as 

bathochromically shifted mirror images of the S1 absorption bands. Phosphorescence 

on the other hand, occurs drastically slower and it can take up to seconds or even 

minutes, as it engages a spin inversion, just as ISC.  
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2.3 TIME-RESOLVED SPECTROSCOPIC TECHNIQUES 

The photodynamics of excited molecules can proceed on substantially different 

time scales. Hence, the spectroscopic technique to monitor a specific pathway or 

timeframe of the photodynamics, must be chosen wisely. To access the time scales 

and the time-dependent pathways of interest, sophisticated time-resolved 

methodologies are required. Apparently, the achievable time-resolution should be 

significantly faster, than the investigated processes. The different experimental 

spectroscopic techniques, applied in this work, are explained in the following sections 

as well as their theoretical principles.  

2.3.1 TRANSIENT ABSORPTION SPECTROSCOPY 

An explicitly powerful tool to map ultrafast excited state dynamics in the UV/vis 

range within the femtosecond-nanosecond time scale is transient absorption (TA) 

spectroscopy.[4] It is based on the pump/probe principle, which makes use of 

ultrashort laser pulses in order to achieve the required time-resolution. As shown in 

Figure 2.3, the output of a pulsed laser is split in two branches: (i) the pump pulse 

serves as excitation pulse to induce a desired electronic transition within the sample 

and (ii) the probe pulse senses the subsequent spectral response of the sample. 

A temporal delay between both pulses is realized by introducing a variable delay 

stage in one of the branches. The difference of path lengths is then directly correlated 

with the relative time delay between the pulses at the sample position. In this way, a 

series of single spectra can be recorded in a time-resolved manner, by repetitive 

pumping and probing the sample while stepwise increasing the time delay. Taking the 

speed of light into account, micrometer step sizes of the delay stage result in 

femtosecond time delays between the two pulses. Typically, mechanical delay stages 

of approximately 30 cm length are used, which corresponds to a maximum time delay 

of few ns. This is also the technical upper limit of this approach, as the application of 

longer delay stages would entail increasing inaccuracies of the beam alignment. To 

overcome this limitation, the two pulses could also be provided by separate laser 

systems that are synchronized electronically. Yet, this solution lacks precision of the 

timing, especially at small delay times in the fs time scale. 
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Figure 2.3. Schematic depiction of the applied UV/vis-pump/probe setup supplied by a pulsed 
Ti:Sapphire laser with a wavelength conversion and a pulse compression unit for the pump pulse 
and a variable delay stage as well as a chopping wheel. The probe pulse is converted into a 
supercontinuum, passes the sample, and is guided into the detection unit.  
MC – monochromator, M – mirror, BS – beam splitter. 

To initiate a distinct electronic excitation, the pump pulse ought to be spectrally 

narrow and must be converted into the desired UV/vis wavelength. To this end, the 

fundamental output of the applied laser system can be subjected to different non-

linear conversion processes, depending on the required wavelength. In contrast, the 

probe pulse should cover an extended spectral range to allow for broadband detection 

of the photodynamics. Via non-linear wavelength conversion, a supercontinuum (SC) 

probe pulse is generated, which then passes the sample and is guided through a 

monochromator into a spectrometer. The underlying principles and technical 

requirements for the execution of pump/probe experiments are explained in the 

following sections. 

 

Generation of Ultrashort Pulses 

To realize high intensity pulsed laser operation with fs pulse durations, the principle 

of modelocking is applied so that longitudinal modes within the laser resonator 

interfere constructively.[27] In this work, the laser system Clark MXR CPA 2001 was 

applied for the TA measurements. It consists of a continuous wave (cw) diode laser 

that pumps a passively modelocked erbium fiber oscillator to generate ultrashort 

pulses with a duration of roughly 100 fs and a central wavelength of 1550 nm. The 



Theoretical Framework 
 

11 

pulses are then frequency doubled in a non-linear crystal to obtain a central 

wavelength of 775 nm, but they are still of relatively low energy and must be further 

amplified. Therefore, the output of the fiber laser is coupled into a regenerative 

amplifier with a Ti3+-doped sapphire crystal (Ti:Sa, Ti3+:Al2O3) as laser medium. The 

population inversion in the Ti:Sa crystal is induced by another pump laser that 

comprises a Nd3+-doped yttrium-aluminium-garnet (Nd:YAG, Nd3+:Y3Al5O12) crystal.  

 

Figure 2.4. Principle of chirped pulse amplification (CPA). An ultrashort fs pulse of low intensity is 
stretched temporally, prior to amplification. The amplification medium is pumped simultaneously, 
which amplifies the stretched pulse. The pulse is then compressed again to a much higher 
intensity. 

Via stimulated emission of the Ti:Sa crystal, the energy imparted is transferred to 

the 775 nm pulses, which can thus be amplified by several orders of magnitude. In 

order to prevent the optics from damage, the CPA principle[6] is applied, which is 

illustrated in Figure 2.4. Prior to the amplification, the 775 nm pulses are stretched 

temporarily, whereby their intensity is lowered. After the stretched pulses are 

amplified, they are compressed again and finally decoupled from the resonator and 

guided towards the TA setup. This way, pulse durations of roughly 150 fs and energies 

of 800 J are obtained with a repetition rate of 1 kHz. The realization of the CPA 

principle is of exceptional importance since it enables the generation of drastically 

higher pulse energies than would be possible using a laser medium alone. The 
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invention of this principle in turn enabled numerous technical innovations based on 

pulsed lasers and especially high intensity pulses. 

 

Non-linear Wavelength Conversion Processes 

At elevated laser pulse intensities, non-linear optical (NLO) effects occur upon 

interaction with specific materials like non-linear crystals. In linear optics, the 

polarization of a material correlates linearly with the applied optical field. If the 

intensity of an incident laser pulse exceeds a certain threshold, the polarization yet 

responds in a non-linear way and becomes dependent on the electric field strength. 

The polarization P⃗⃗ (t) is then defined by Equation 2.3 as a Taylor series of higher 

orders of the electric field E⃗⃗ (t). 

𝑃⃗ (𝑡) = 𝜀0 (∑𝜒𝑖
(1)𝐸⃗ 𝑖(𝑡)

𝑖

+ ∑𝜒𝑖𝑗
(2)𝐸⃗ 𝑖(𝑡)𝐸⃗ 𝑗(𝑡)

𝑖,𝑗

+ ∑𝜒𝑖𝑗𝑘
(3)𝐸⃗ 𝑖(𝑡)𝐸⃗ 𝑗(𝑡)𝐸⃗ 𝑘(𝑡)  + 

𝑖,𝑗,𝑘

. . . ) 

(2.3) 

The higher orders of non-linear susceptibilities of the material are represented by 

the tensors χ(2), χ(3) (…) and 0 is the dielectric constant. This phenomenon enables 

the interaction of multiple electromagnetic waves within a non-linear material. 

Mathematically, the propagation of a wave through a non-linear medium is described 

on basis of the Maxwell equations. The NLO processes are categorized by the order 

of the susceptibility , that determines the process. They furthermore depend on the 

applied material and on the crystal structure symmetry and the cut angle. Examples 

for non-linear crystals are β-barium borate (BBO, β-BaB2O4), potassium titanyl 

phosphate (KTP, KTiOPO4) or lithium triborate (LBO, LiB3O5) but also more common 

materials like CaF2 or glass exhibit non-linear properties under the influence of 

amplified laser pulses.  

As mentioned earlier, broadband probe pulses are created by SC generation in a 

non-linear crystal. This process mainly originates from a superposition of third order 

NLO phenomena like self focusing and self phase modulation. Due to the Kerr effect, 

the refractive index of non-linear media varies with the laser pulse intensity, which 
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results in self focussing of the most 

intense contributions of a laser pulse. 

The spectral contributions of the 

incoming pulse experiences a shift in 

frequency because of self phase 

modulation, which broadens the pulse. 

The properties of the generated 

spectrum are dictated by the pulse 

properties as well as by the material. To 

create an SC in the vis range, the 

fundamental laser output is e.g. focused 

into a transparent sapphire or CaF2 

window.  

Different to the probe pulse, the pump pulse should be spectrally narrow and 

depending on the sample, it has to be variable across the whole UV/vis range. 

Therefore, certain wavelength regions are accessible through particular NLO 

frequency mixing processes. If two different pulses are overlaid in a non-linear crystal 

and the phase matching condition is fulfilled, their angular frequencies  can be 

combined in a second order process to a third output frequency (Figure 2.5).  

When the obtained frequency equals the sum of the incident pulse frequencies, this 

is referred to as sum frequency generation (SFG). A special case thereof is second 

harmonic generation (SHG), where two pulses of similar frequencies are applied. 

Those possibilities can be used to create UV pulses, by combining two vis pulses in a 

BBO crystal. By applying SHG to the fundamental output (775 nm) of the herein used 

laser system, 388 nm pulses can be generated. Furthermore, also reduced frequencies 

in the IR range can be obtained by means of difference frequency generation (DFG) 

in a silver gallium sulfide (AGS, AgGaS2,) crystal for example. 

A convenient method to create pulse wavelengths in the vis range, is non-collinear 

optical parametric amplification (NOPA) in a BBO crystal (Figure 2.6). Therefore, the 

fundamental is split and one part of it is frequency doubled by SHG to serve as pump 

pulse for the NOPA process. The other part of the fundamental is converted into a 

broadband SC by focusing into a sapphire window to be applied as NOPA seed. The 

Figure 2.5. Second order non-linear 
frequency mixing processes of two incident 
pulses in a non-linear crystal. 
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second harmonic pump and the SC seed 

are superimposed spatially within the 

BBO crystal, where the angle between 

the two pulses is critical for efficient 

amplification, as well as the inclination 

angle of the BBO. A variable delay stage 

is typically incorporated in the seed path, 

to adjust the temporal overlay of the 

pulses. The desired frequency can be 

amplified specifically to be finally used as 

pump pulse for sample excitation in a TA 

experiment. The wavelength range that 

is accessible via NOPA is restricted to the 

seed spectrum which extends roughly from 470 nm to 800 nm, if a sapphire window 

is applied. To create variable wavelengths below 450 nm, the vis NOPA output can be 

subjected to an SFG process together with another fundamental pulse.  

 

Execution of a Transient Absorption Experiment 

The photoinduced spectral changes after optical excitation of a sample are 

extremely small, which is why the signals are measured in reference to the unexcited 

sample. Absorbance difference spectra are calculated by subtracting the ground state 

absorbance of the sample from the detected excited state signals. In the applied setup 

(Figure 2.3), this is realized by the implemented chopping scheme, where every 

second pump pulse is blocked by a chopper wheel. Thereby, every second probe pulse 

detects the sample absorbance without excitation (Figure 2.7). Moreover, different 

chopping schemes can be applied for other referencing protocols. To reduce the effect 

of scattered excitation light on the recorded data, it can be collected from the pump 

pulse in a third time frame without probe pulse. Furthermore, fluctuations of the probe 

light intensity could be compensated by parallel acquisition of a branch of the probe 

which does not pass the sample cuvette. 

Because of the referencing to the unexcited sample absorption, positive as well as 

negative signals are displayed in the resulting difference absorption spectra. They 

arise from different reasons, as illustrated in Figure 2.8. The pump pulse typically 

Figure 2.6. Schematic depiction of the 
setup assembly and the beam geometry 
for the NOPA process. L – Lens, M – mirror, 
DS – delay stage, Sa – sapphire window. 
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excites roughly 5% of the molecules 

within the sample volume into a higher 

electronic state (S1). The lack of 

molecules in the ground state after 

excitation, results in a higher detected 

probe intensity in the range of the S0-S1 

absorption band. Hence, a negative 

difference signal, denoted as ground 

state bleach (GSB), is recorded. Each 

photoreaction pathway that leads to a 

repopulation of the ground state entails a 

decrease of the negative GSB signal.  

The population in the excited state 

can undergo excited state absorption 

(ESA) into higher states Sn, which is 

observed as positive difference signals. 

Similarly, every new state that is 

populated throughout the photoreaction, 

such as a photoproduct or an 

intermediate species, is indicated by 

positive signals. Last, the probe pulse 

can induce stimulated emission (SE) 

from the excited into the ground state. 

The emission results in a negative signal 

and usually resembles the steady-state 

fluorescence of the sample. What 

complicates the signal assignment, is the 

fact that all signals are detected 

simultaneously. Thus, a superposition spectrum is recorded with multiple 

contributions of overlaid signals, as shown in Figure 2.8. 

To conduct a TA experiment, also the polarization of the pump and probe pulses 

has to be considered and adjusted properly. The fundamental laser output is usually 

polarized horizontally, but the polarization can be altered due to the applied NLO 

Figure 2.7. Applied chopping scheme: 
Every second pump pulse is blocked for 
referencing to the absorbance of the 
unexcited sample. 

Figure 2.8. Origin of difference absorption 
signals in TA experiments and resulting 
difference spectrum with positive excited 
state absorption (ESA) and negative 
ground state bleach (GSB) and stimulated 
emission (SE) contributions. 
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wavelength conversion processes. To suppress contributions of anisotropy effects, the 

relative polarization between the pump and probe pulse is typically adjusted to the 

magic angle (54.7°) by a half-wave plate. 

Around the zero point in time, the acquired TA data sets are superimposed with 

the so-called coherent artifact. This is due to the interaction of the pump pulse and 

the solvent and has to be subtracted from the raw data. The shape of the artifact can 

also be affected by the experimental setting and alignment. The coherent artifact itself 

can be recorded in a solvent measurement for further analysis. Its temporal width 

reveals the actual time-resolution of the experiment and is therefore associated with 

the instrumental response function (IRF).[28] Furthermore, the data sets have to be 

processed to compensate for the group velocity dispersion (GVD). Since the 

propagation velocity is wavelength-dependent, the probe pulse is chirped and the 

signals around the zero point in time are thus distorted. 

For kinetic analyses of the processed data sets, different approaches are 

feasible.[28,29] Mostly, global fitting is applied, which means that the monitored 

wavelength range is fitted simultaneously. In global lifetime analysis (GLA), the 

acquired TA spectrum is approximated by a sum of exponential functions. The 

respective exponents correspond to lifetime components i that reflect the observed 

signal progression. The number of lifetimes must be estimated and is usually based 

on a meaningful kinetic model. To avoid over-parametrization, the least number of 

lifetime components is preferred. Data fitting via GLA results in the decay associated 

spectra (DAS) of the determined lifetime components, showing the wavelength-

dependent amplitudes. A positive amplitude indicates the decay of a positive signal 

or the increase of a negative while the opposite is true for a negative amplitude. Apart 

from GLA, the data can be fitted with a very large number of lifetimes, which is 

referred to as lifetime distribution analysis (LDA). This approach is not restricted by a 

given kinetic model and therefore provides a more unbiased perspective. Lifetime 

density maps (LDM) are obtained that display the temporal and spectral distribution 

of contributing lifetime components. Both GLA and LDA were applied in this work to 

analyse the recorded TA spectra. Analyses were performed with the kinetic fitting 

software OPTIMUS.[30] 
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2.3.2 TIME-CORRELATED SINGLE PHOTON COUNTING 

The fluorescence decay of a fluorophore molecule generally occurs on the 

nanosecond time scale and can be observed by means of time-correlated single 

photon counting (TCSPC). Similar to the pump/probe technique, this method requires 

a pulsed light source for sample excitation. Yet, no probe pulse is required, but the 

emitted photons are counted by a single photon detector with sufficient time-

resolution. Basically, the time span between excitation and the emission of a photon 

is measured repetitively and the detected photons are summed up. Hence, a 

histogram of the counted photons is acquired which represents the fluorescence 

decay curve. The applied self-assembled TCSPC setup (Figure 2.9) is equipped with 

a photomultiplier tube (PMT, PicoQuant GmbH) for detection and bears two 

alternative light sources for excitation in different wavelength ranges.  

On the one hand, a 80 MHz Ti:Sapphire laser system type Tsunami 

(SpectraPhysics) can be used with a fundamental wavelength that is variable from 

700 nm to 1000 nm. The second harmonic thereof can also be generated, which is 

then tunable from 350 nm to 500 nm. The repetition rate of laser excitation can be 

reduced by a pulse picker, consisting of an acusto-optic modulator (AOM). On the 

other hand, pulsed light emitting diodes (LED) are available for excitation in the UV 

(310 nm, 330 nm, 340 nm and 360 nm, PicoQuant GmbH). The repetition rate for LED 

excitation is set by the LED controller device. In either case, the repetition rate must 

be adjusted, to avoid reexcitation of the sample, before the excited state decay is 

entirely over. Typically, repetition frequencies of a few MHz are applied. Furthermore, 

the excitation energy must be adjusted, so that only 1% of the excitation events results 

in the detection of a photon. Otherwise, a pile-up effect could occur due to the dead 

time of the detector electronics.  

As shown in Figure 2.9, a trigger signal is branched off the excitation pathway to 

start data recording. The signal is either obtained from a photodiode (PD) in the case 

of laser excitation or from the LED controller. The impact of a photon on the PMT 

detector marks the stop of a single measurement. The detection events are recorded 

by a TimeHarp Single PCIe counter card, which enables data acquisition with 25 ps 

time-resolution. As a wavelength-selective detection is not feasible with the applied 

equipment, coloured glass filters are used to define the detected spectral range and 
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to minimize the effect of scattered light. The emitted photons are collected in a 90° 

geometry, within a darkened sample holder housing. 

 

Figure 2.9. Schematic depiction of the applied time-correlated single photon counting (TCSPC) 
setup. Excitation of the sample is either conducted with a pulsed Ti:Sapphire laser or with pulsed 
LEDs.  The laser output is coupled to a module for frequency doubling and adjustment of the 
repetition rate by an acusto-optic modulator (AOM). PD – photodiode, PMT – photmultiplier tube, 
SHG – second harmonic generation. 

Similar to TA data, the recorded traces are convoluted with the experimental IRF 

and have to be processed. The IRF is recorded by collecting the scattered excitation 

light of a non-fluorescent sample in a separate measurement. Deconvolution of the 

IRF and data analysis is then carried out with the software FluoFit Pro 4.6 (PicoQuant 

GmbH). The fluorescence decay curves are fitted multi-exponentially, where the least 

number of exponential components is chosen, to avoid overfitting. The goodness of 

fit is assessed by means of the 2 criterion and successful data analysis yields the 

corresponding fluorescence lifetimes i, together with their amplitudes.  

2.3.3 STOPPED-FLOW SPECTROSCOPY 

Apart from techniques for investigation of light-initiated dynamics, time-resolved 

optical spectroscopy also holds several standard methods to follow the course of 

diverse other processes. The stopped-flow technique provides versatile possibilities 

to resolve conformational changes of proteins or nucleic acids in the microsecond-

second time regime. In principle, any process can be addressed, that relies on the 
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interaction of several components. For example, ligand binding dynamics or cation-

mediated folding of biomolecules can be monitored, by rapid mixing of the 

corresponding components and the subsequent detection of the initiated process in a 

time-resolved manner (Figure 2.10).  

 

Figure 2.10. Schematic depiction of a stopped-flow device with 2 syringes. The solutions are 
injected into a mixing chamber prior to the cuvette. The hard stop blocks the flow of the mixed 
solution and transmits a trigger signal to the connected detection device. 

The component solutions are supplied in separate syringes and pushed through a 

mixing chamber into a cuvette. This flow is then blocked by a hard stop, which marks 

the starting point of the dynamics. A trigger signal is transmitted from the hard stop 

to the detection unit to start data acquisition. 

Stopped-flow experiments can be combined with different spectroscopic 

techniques, such as absorption, circular dichroism (CD), IR or fluorescence 

spectroscopy. The choice of the technique depends on the features of the investigated 

system and the availability of a suitable read-out. Due to the exceptional sensitivity, 

fluorescence-monitored stopped-flow spectroscopy is rather convenient, but this 

requires a distinct emission which changes throughout the observed process and can 

therefore be used a reporter signal.  

Typically, a series of measurements is conducted, e.g. with varying concentration 

or temperature. The obtained time-dependent signals are subjected to kinetic 

modelling analyses to elaborate on the underlying mechanism. Herein, the software 

Dynafit4[31] was used, that enables simultaneous non-linear fitting of multiple datasets 

to the kinetic equations of a model of choice. The corresponding expressions for the 

time-dependent concentrations are derived from the differential equation system of 

the kinetic model for each reactant.   
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For model evaluation, the determined root mean square deviation (RMSD) values 

can be considered, although this might not be unequivocal when comparing several 

models. Therefore, additional statistical model analyses are provided that allow for 

the estimation of the actual probability of a tested model compared to others. The 

Akaike information criterion (AIC) as well as the Bayesian information criterion (BIC) 

represent an estimation of a model quality where an increased number of free 

parameters is penalized in order to devalue too complex models.[32,33] The penalty is 

more severe for the BIC, which thus clearly favours an increased simplicity. For model 

comparison, the differences (AIC and BIC) to the best fit model are calculated. By 

careful and comparative evaluation of multiple tested models, a biased kinetic analysis 

can be circumvented. 

2.4 PHOTORESPONSIVE BIOMOLECULAR SYSTEMS 

To introduce a light-driven change of a biologic effect, different approaches are 

currently being pursued. Besides the design of artificially modified biomolecules in 

photopharmacology, the large field of optogenetics offers a fundamentally different 

approach for application in neuroscience. Natural light-sensitive receptors such as 

microbial opsins are specifically inserted into neurons to attain a light-stimulated 

neuronal response.[34,35] The photopharmacological approach, on the other hand, 

provides virtually unlimited access to develop photoresponsive biomolecular systems. 

Apart from the use of photoswitches, which is the main focus herein, also photolabile 

protecting groups[36,37] (PPG) are widely applied in photopharmacology. The biologic 

activity of e.g. a small molecular substrate or a large biomolecule can be altered by 

attachment of a suitable PPG and after photoinduced cleavage the original activity is 

retained. This methodology allows a fast and efficient release of the bioactive 

molecule, but this process is irreversible and produces undesirable side products. In 

this respect, photoswitches are superior to PPGs as potential photoresponsive 

components. Although it could be more challenging to implement a photoswitch into 

a biomolecular structure successfully, the photoswitch interconversion is 

unimolecular and can be reversibly operated. 
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2.4.1 ORGANIC PHOTOSWITCHES 

Photochromic compounds, or 

photoswitches, represent outstanding 

photochemical tools that enable a 

reversible interconversion between two 

or more structurally isomeric states with 

different absorption spectra by exposure 

to light of specific wavelengths. The term 

photochromism originates from the greek 

words phos (light) and chroma (colour) 

and thus refers to the light-induced 

change of colour. Besides the different 

spectroscopic properties, the photo-

induced change of molecular structure 

can be accompanied by significant 

changes of chemical features like chirality, polarity, redox potential, or reactivity in 

general. This way, various environmental responses can be created and controlled by 

smart implementation of photoswitches into macromolecular assemblies.  

For successful application, a promising photochromic compound should enable a 

rapid photoconversion with a high quantum efficiency and a pronounced switching 

turnover. The change of molecular properties should be as pronounced as possible. 

At the same time, the switch should be photoresistant and the mode of operation must 

be suitable for the desired target system.  

How a photoswitch can be operated is dictated by its photopysical properties and 

the possible interconversion pathways. Thermal as well as photochemical 

interconversion are the main driving forces for photoswitches, but also other factors 

like the solvent, ionic strength or electric fields can affect the isomer distribution.[38] 

Under dark conditions, photoswitches exist in a thermodynamic equilibrium between 

the possible isomeric states (Figure 2.11). The ground state distribution in general 

depends on the relative energies, but for most photoswitches one isomer clearly 

represents the energetic minimum of the system. Through continuous irradiation to 

Figure 2.11. Illustration of the ground and 
excited state energetics of a photoswitch 
with two isomers A and B. Interconversion 
might occur thermally in the ground state 
or photochemically in the excited state. 
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induce photoisomerization, the 

distribution can be shifted and a 

photostationary state (PSS) is 

accumulated. The efficiency of the 

photoconversion is given by the quantum 

yield , which corresponds to the ratio of 

the number of molecules that undergo the 

photoreaction and the total amount of 

absorbed photons.[39]  

For so-called T-type switches, the 

initial distribution is recovered thermally 

in the dark, which implies that only one 

wavelength is required to drive the 

system away from the thermodynamic 

equilibrium. If no thermal isomerization 

occurs, the photoswitch system is 

bistable and must be operated by P-type 

switching with two different irradiation 

wavelengths. Furthermore, the different 

isomers should exhibit well separated 

absorption bands and high extinction 

coefficients , so that they can be addressed effectively.  

By means of molecular design, the switching and absorption properties can be 

optimized for the requirements of the target system. Especially for biochemical 

applications, UV light should be avoided to prevent the target system from 

photodamage. Ideally, the required wavelength should be within the phototherapeutic 

window (~650-850 nm), because this spectral range is hardly absorbed by biologic 

samples and enables an increased penetration depth into cellular tissue. 

Most organic photoswitch families, can be subdivided by their isomerization 

mechanisms.[40,41] Prominent examples are shown in Figure 2.12. Following a 

cis/trans-isomerization mechanism, the structure of stilbenes, azobenzenes, or 

hemithioindigos changes upon photoactivation, although the electronic molecular 

framework does not change. In contrast, the photoisomerization of switches that 

Figure 2.12. Overview of several 
prominent organic photoswitch classes, 
divided by their isomerization  
mechanisms. 
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undergo a 6-electrocyclic reaction is accompanied by the cleavage or formation of a 

covalent bond. The photoisomers of e.g. spiropyrans, diarylethenes or fulgides 

therefore represent constitutional isomers and typically exhibit significantly different 

physicochemical features. Each of the listed families exhibits unique advantages to 

develop photochromically gated systems and energy conversion pathways.[42–44] 

Azobenzenes are well-investigated on different levels and remain the most widely 

applied photochromic compounds.[45–48] Derivatives thereof typically exhibit a 

remarkable photostability, high switching turnover, negligible tendency for 

decomposition and a certain tunability of the spectral features by addition of 

functional groups.[49] Moreover, their synthesis via azo coupling is relatively simple 

and renders a great diversity of compounds easily accessible. They have been 

successfully used in numerous biomolecular environments already without losing 

their photoswitching capacities.[9,50,51] Recently, also heteroaryl-azobenzenes are 

attracting attention since they provide versatile novel properties to explore.[52] 

2.4.2 SPIROPYRAN-MEROCYANINE SWITCHES 

Among the different classes of organic photoswitches, spiropyrans are an explicitly 

versatile group in a sense that the photoisomerization entails a drastic shift of the 

molecular properties. Therefore, profound effects can be exerted on their 

environment. In contrast to the ring-closed, orthogonally connected, and unpolar 

spiropyran structure (Figure 2.13), the ring-opened merocyanine exhibits a planarized 

-conjugated framework with a pronounced charge displacement between the 

formally cationic indolinium nitrogen to the anionic phenolate oxygen. The charged 

merocyanine structure is mesomeric resonance-stabilized and might even be 

represented by its neutral quinoid form. Due to the double bond bridge, the 

merocyanine form can exist in different cis (C)/trans (T)-states. In principle eight 

isomers are possible, but only those with a central T-element are considered as stable. 

Typically, the TTC isomer represents the dominant form in solution, followed by TTT. 

Already discovered in the 1950s,[53–55] spiropyran compounds were investigated 

extensively under various conditions.[56] The basic framework of spiropyran is formed 

by the 1’,3’,3’-trimethylspiro(2H-1-benzopyran-2,2’-indoline) structure, or simplified 

benzo-inolino-pyrano-spiran (BIPS, Figure 2.12). To obtain water-soluble derivatives, 
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ionic groups are attached to the indoline-nitrogen (Figure 2.13, R1).[57,58] The 

thermodynamic distribution of photoisomers is significantly affected by the applied 

solvent. Especially in aqueous media, spiropyrans show a very complex behaviour. 

The merocyanine isomer is known to be sensitive towards hydrolytic decomposition, 

which significantly depends on the relative stabilization of the merocyanine form. The 

substituents at the chromene moiety (Figure 2.13, R2), have a direct effect on the 

strength of the Cspiro-O-bond and thus on the equilibrium distribution between the 

photoisomers.  

 

Figure 2.13. General behaviour of the spiropyran (SP) – merocyanine (MC) photowitch system in 
aqueous solution. The MC isomer is sensitive to hydrolytic decomposition. Upon acidification, 
both photoisomers are protonated at the indicated positions, where the MCH form is capable of 
photoprotolytic ring-closure.

The chromene substitution pattern also has a huge impact on the photodynamic 

properties of BIPS derivatives. For the parent unsubstituted BIPS compound, 

photoreaction pathways involving singlet states only are reported.[59,60] A similar 

behaviour is found for a BIPS derivative with a cationic pyridinium fragment 

integrated into the chromene moiety.[57] Upon cleavage of the Cspiro-O-bond, an initial 

cisoid-merocyanine species (CCC) is formed that unfolds via sequential double bond 

isomerizations towards the stable TTC or TTT structure. The most prominent 6-nitro-

BIPS derivative, however, undergoes ring-opening throughout the triplet manifold 

after a rapid ISC at the ring-closed structure.[61–63] A long-lived merocyanine triplet 

state has been identified that decays on a nanoseconds-to-microseconds time scale in 

organic solvents. Interestingly, for the 6,8-dinitro-derivative, no triplet contribution 
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was found, but a singlet pathway has been assigned.[64] As to the ring-closure reaction, 

the parallel excitation of the most stable TTC and TTT merocyanines has to be taken 

into account. For nitro-[65] as well as dinitro-compounds,[66,67] discriminable 

photodynamics were observed for both isomers.  

Particularly in aqueous solution, the protonation of the photoisomers must be 

considered carefully (Figure 2.13). While the highly acidic SPH (pKa
I) is only formed 

at pH < 1, the pKa
II value of the phenolic site of MCH strongly depends on the 

substituents R2. For the parent BIPS compound a pKa
II value of 7.8 is reported,[68] 

whereas the pKa
II of 6-nitro-BIPS is drastically lowered to 3.7.[58] Protonation 

furthermore alters the photoswitching properties since the stable MCH species is 

mostly formed by thermal ring-opening. In any case, the MCH species enables 

photoinduced ring-closure via proton dissociation, which makes it a reversible 

photoacid. This pH-dependent photochromic reactivity is increasingly studied to 

develop smart systems, responsive to multiple orthogonal stimuli,[69,70] and to address 

proton-coupled reactions.[71,72]  

2.4.3 PHOTOSWITCHES IN BIOMOLECULAR ASSEMBLIES 

Photopharmacology makes use of photoresponsive molecular components to 

enable a non-invasive light-regulation of bioactivity.[8–10] The use of molecular 

photoswitches enables a reversible manipulation of the biologic function of a desired 

target system. There are several possibilities to engage photoswitches for biochemical 

tasks. They can be integrated into the backbone of proteins or used for amino acid 

crosslinking to modulate the structure and thus the activity of the target. Additionally, 

photoswitchable linkers are used to tether ligands, agonists or blockers to enzymes or 

channel proteins.[73,74] In a non-covalent manner, photoswitches can also be applied to 

regulate environmental conditions to alter enzyme activity.[50]  

Besides proteins as the dominant class of pharmacological targets, also nucleic 

acids have been modified with photoswitches successfully.[75] Tertiary structure motifs 

of DNA or RNA can be disrupted by inclusion of photoswitches into the phosphate 

backbone.[76] Moreover, the hybridization of double strands can be controlled by 

substitution of nucleobases with photoswitches.[77,78] 
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A very promising and convenient approach to realize light-dependent bioactivity 

is the derivatization of small molecular metabolites with photoswitchable moieties.[8] 

The different photoisomers can thus adopt specific pharmacokinetic properties like 

binding affinitiy or cell permeability. For instance, azobenzene has been incorporated 

successfully into the structures of receptor ligands[11] allosteric modulators[79] and also 

antibiotics.[12] 

2.5 RNA APTAMERS  

The multitude of RNA types, responsible for countless cellular functions, is due to 

its structural diversity. Single-stranded RNA has the ability to form specific tertiary 

structures with compactly folded regions. Through base pairing of complementary 

segments and self-assembly, stems may be formed as well as loops, bulges, junctions, 

or hairpins. Today, even more sophisticated motifs like pseudoknots[80] or G-

quadruplexes[81,82] are known. Remarkably, interactions between adjacent 

nucleobases can not only be established on their Watson-Crick faces but also on their 

so-called Hoogsteen edges (for purine bases) as well as the sugar edges. In addition, 

different orientations of the glycosidic bonds can result in trans or cis base pairs. 

Based on this variety, twelve distinguishable classes of base pair families were 

identified, that may be visualized by the Leontis-Westhof nomenclature.[83] Although 

specific RNA architectures are well conserved, RNA is not supposed to be considered 

as static but can be highly dynamic.[84] This is essential for understanding fundamental 

mechanisms of action of RNA-based regulation. The folding process itself and its 

energetic landscape are of undeniable importance for the biologic activity of RNA.  

2.5.1 NATURAL RIBOSWITCHES 

RNA switches (riboswitches) represent exceptionally interesting regulatory 

elements, since they are capable of modulating gene expression by binding to small 

molecular ligands without the need for protein interaction.[85,86] They consist of an 

aptamer domain, located in the 5’-untranslated region of single stranded mRNA, and 

an adjacent expression platform which carries a particular genetic code. As depicted 

for an exemplary riboswitch in Figure 2.14, the aptamer domain forms a sophisticated 
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tertiary structure which is responsible for the recognition of a specific ligand (blue 

domain).  

Upon ligand binding, a conformational change involving the aptamer domain as 

well as the interface region to the expression platform (grey domain) is induced that 

alters the accessibility of the downstream gene. In case of the depicted riboswitch, 

translation initiation is regulated through sequestration of the ribosomal binding site 

(RBS) which is located on the interface region. The ribosome cannot associate 

anymore to its start codon and translation of the following gene is turned off upon 

ligand binding – this is referred to as an off-switch. Hence, riboswitches represent cis-

regulatory elements, as they control the expression of the gene sequence located on 

the same RNA strand as the regulatory unit. Besides translational control, riboswitches 

are engaged in numerous regulatory processes on different levels of gene expression, 

such as transcription, RNA degradation or self-cleavage and also post-translational 

RNA splicing.[87]  

 

Figure 2.14. Illustration of riboswitch function. Shown as an example is a translational switch that 
regulates gene expression by sequestration of the ribosomal binding site (RBS) upon ligand (cyan 
pentagon) binding. The conformational RNA change involves the joining region between 
aptamer domain (blue) and gene expression platform (grey). 

Natural riboswitches have evolved over millions of years and are highly adapted 

to their specific cellular environment. Therefore, they can exhibit elaborate regulation 

mechanisms. Their function sensitively relies on the present ligand concentration and 

other factors like the pH value or the availability of ions. Even riboswitches are known 

that exclusively depend on the surrounding Mg2+ concentration.[88] In general, 

numerous riboswitches were found so far, mainly in bacteria, with diverse cellular 

metabolites as ligands. Typically, natural riboswitches or the enzymes that they 

encode for are involved in the cellular metabolism of the respective ligand molecules. 
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A great variety of riboswitches as well as their regulatory tasks and conformational 

characteristics were addressed by the pioneering work of R. Breaker.[89,90] Among 

others, several purine-sensing riboswitches are known, like the adenine,[91] guanine,[92] 

or adenosine triphosphate[93] (ATP) riboswitches. Moreover, amino acids like the 

lysine[94] or glycine[95] serve as riboswitch ligands, as well as cofactors such as flavin 

mononucleotide[96] (FMN) or S-adenosyl methionine[97] (SAM).  

2.5.2 ARTIFICIAL RNA APTAMERS 

In order to explore engineered 

riboswitch architectures, either natural 

ones can be modified by e.g. exchanging 

the expression platform, or artificial 

riboswitches can be created by de novo 

design. Potential RNA aptamer 

sequences that specifically bind to a 

target molecule can be generated in vitro 

by a repetitive selection process called 

systematic evolution of ligand by 

exponential enrichment (SELEX, Figure 

2.15).[98,99]  

The target molecule is immobilized 

and incubated on a column together with 

a randomized RNA pool with a total 

number of about 1015 different sequences. 

Due to the enormous variety of sequences, a certain binding probability is given for 

some of the candidates. Those binding aptamers are subsequently isolated and then 

reversely transcribed and amplified by polymerase chain reaction (PCR). At this point, 

a small amount of the amplified DNA pool is split for sequencing analyses but most of 

the pool is mainly transcribed again into RNA again and used for another round of 

selection. Since the applied reverse and forward transcription processes are slightly 

error-prone, mutations are introduced to the binding candidates in every single round. 

This is typically repeated for 10-12 rounds of SELEX which iteratively leads to a 

Figure 2.15. Principle of the systematic 
evolution of ligands by exponential 
enrichment (SELEX) process. 
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substantial increase in specificity of aptamer sequences and to an enrichment of high 

affinity binding candidates. The parallel analysis of the obtained aptamer pools of each 

SELEX round in combination with the development of next generation sequencing 

(NGS) techniques, enables robust and detailed insights into the enrichment 

trajectories of specific aptamer candidates.[100] 

The enrichment of aptamer candidates during the selection is essentially 

influenced by the experimental conditions like buffer medium, pH value and salt 

concentration as well as the exact SELEX protocol. Especially the washing and elution 

steps are critical factors and the stringency of the protocol is progressively increased 

throughout the multiple rounds of selection.[100] By rigorous separation of weak 

binders, high affinity aptamers can be enriched that bind to the target molecule with 

KD values in the low nanomolar or even picomolar range.  

An exceptionally high affinity is a prerequisite for diverse applications of synthetic 

aptamers, also apart from the design of artificial riboswitches e.g. as biosensors in 

environmental or clinical diagnostics. The ciprofloxacin (CFX) aptamer R10K6 binds 

to several representatives of the fluoroquinolone antibiotic family, and thus provides 

a promising design platform for aptasensors as analytic tools.[101] Therefore, detection 

systems mainly make use of electrochemical or optical response changes upon target 

binding.[102] In the latter respect, fluorogenic RNA aptamers are interesting tools, for 

which ligand binding is accompanied by a pronounced increase in emission.[103] Such 

aptamers like the Spinach[104], the Malachite green[105] or the Mango[106] aptamer 

furthermore show great potential for RNA imaging and tracking[107,108]. However, 

besides a high ligand affinity also an extraordinary specificity for ligands is observed 

frequently for synthetic aptamers. The theophylline aptamer as one of the most 

prominent examples, is able to discriminate between theophylline and caffeine by a 

10 000-fold decrease in affinity, although the compounds only differ in one single 

methyl group.[109,110]  

2.5.3 ENGINEERED RIBOSWITCHES 

The most interesting but also most difficult to implement potential application of 

an artificial aptamer is as the functional aptamer domain of an engineered riboswitch. 

An exceptional affinity or specificity is by far not sufficient for turning an aptamer into 
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a riboswitch, but it has to meet additional requirements. As it is the case for natural 

riboswitches, the ligand binding is supposed to induce a conformational 

rearrangement of the aptamer domain, that is pronounced enough to mediate a 

change in the regulation of an adjacent expression platform. Thus, the conformational 

characteristics of the aptamer and of the dynamic ligand binding process are decisive 

for engineering. In this respect, also mechanistic features must be taken into account, 

depending on the aspired regulatory task.  

Only a few in vitro selected aptamer candidates could be applied so far for 

successful in vivo riboswitch engineering, including the theophylline (Theo) 

aptamer,[110] the neomycin (Neo) aptamer,[111] the TC aptamer,[112] and also the recently 

selected paromomycin[113] and CFX[114] aptamers. An overview of different regulatory 

mechanisms carried out in prokaryotes or eukaryotes is provided in Figure 2.16.[115] 

In prokaryotes, conditional translation initiation by sequestration of the RBS 

consisting of the Shine-Dalgarno (SD) sequence and the AUG start codon (Figure 

2.16A). This was e.g. realized by installing the Theo aptamer immediately 5’ of the 

RBS and the reporter gene.[116] In the ligand-bound state, the distance to SD is 

increased which allows the ribosomal subunit 30S to initiate translation.  

Using a distinguishable mRNA architecture, translational control was exerted in 

eukaryotes (Figure 2.16B) also with the Theo[117] as well as the Neo[111] and TC[118] 

aptamers. Here, the aptamer can be installed in between the binding site for the 

ribosomal subunit 40S on the 5’-end (blue sphere) and the AUG start codon.[119] If the 

ligand is bound to the aptamer, a stable conformation is adopted that blocks the 

scanning ribosome and translation initiation is inhibited or the AUG start codon is 

sequestered. The roadblock formation might be an outstanding mechanism of 

artificial riboswitches, as in some cases the regulatory potential is assumed to rely on 

the stability of the ligand-bound state rather than on a pronounced conformational 

adjustment.  

For transcriptional control (Figure 2.16B) the striking conformational switch upon 

ligand recognition can involve an extended interface region between aptamer and 

expression platform. Due to ligand binding an anti-terminator stem of the nascent 

mRNA chain is transformed into a terminator stem, that forces the RNA polymerase 

(RNAP) to cease transcription. Transcriptional control was executed in prokaryotic 

cells with the Theo[120] as well as the TC[121] aptamer. It could be shown, that aptamer 
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domains and termination or anti-

termination platforms can be combined 

in a modular manner.[122] Besides 

conditional translation or transcription, 

engineered riboswitches were 

furthermore applied for several other 

cellular tasks like pre-mRNA splicing 

(Figure 2.16D), which was realized with 

the TC aptamer.[123] Moreover, self-

cleaving ribozymes were designed with 

various aptamer domains attached to the 

core structures of hammerhead 

ribozymes.[109,115] Hitherto, also RNA 

degradation and viral replication were 

successfully controlled by artificial 

riboswitches.[119] 

Despite the numerous implementa-

tions of engineered riboswitches, the 

criteria that make an artificial aptamer a 

functional in vivo riboswitch are still under debate. In particular the dynamic folding 

and binding characteristics of aptamers must be considered for the in vitro selection 

of potentially active candidates. The SELEX process generates high affinity binding 

sequences to a given ligand. An increased simplicity of accumulated RNA structures 

is therefore favoured naturally. Moreover, the folding landscape can be essentially 

affected by the presence of metal cations. The concentrations of Na+ and K+ ions play 

an important role, e.g. in stabilizing structural motifs like quadruplexes.[124] Yet, 

divalent Mg2+ cations occupy a special position among the relevant cations, due to its 

ability to compensate for the negatively charged phosphate backbone of nucleic 

acids.[125] They stabilize tertiary structure elements and thus allow RNA to fold into 

compact structures. The applied Mg2+ concentration therefore dictates the 

conformational variety of enriched aptamer candidates in the SELEX process. 

Common protocols often provide for concentrations between 5 and 10 mM Mg2+,, 

although elevated Mg2+ concentrations are assumed to favour the enrichment of 

Figure 2.16. Examples of engineered 
riboswitch regulation mechanisms. 
Translational control by A) sequestration of 
the Shine-Dalgarno (SD) sequence in 
prokaryotes or by B) roadblock formation 
in eukaryotes. C) Transcriptional control by 
formation of a stable terminator stem. D) 
Conditional mRNA splicing. 



Theoretical Framework 

32 

aptamers of poor structural complexity.[126] In addition, structures might be 

accumulated that are mostly preformed, which is considered a hindrance for 

riboswitch function, too. However, the application of lower Mg2+ concentrations is 

suggested to result in the enrichment of structures with increased structural 

complexity which in turn can be associated with an increased potential 

functionality.[127] In view of possible in vivo riboswitch applications, especially the 

physiological Mg2+ concentration range from roughly 0.5 to 1.5 mM is of importance.
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3 AIM OF THIS WORK 

The overall goal of this work is to investigate the photopharmacological application 

potential of both photoswitches and artificial RNA aptamers. Especially spiropyran 

photoswitches are studied here in aqueous solution as well as azobenzenes. The key 

question of the aptamer investigations is which parameters are critical for an artificial 

aptamer to function as an engineered in vivo riboswitch. Ultimately, the two research 

projects should be combined, as illustrated in Figure 3.1, to develop an RNA aptamer 

– photoswitch ligand pair that allows for reversible light-regulated ligand binding. 

 

Figure 3.1. Illustration of the main projects of this work. The characteristics of photoswitches as 
well as artificial RNA aptamers are investigated with regard to a potential biochemical use and 
both systems are finally combined to a photoresponsive RNA aptamer. 

The subject of this thesis is located within the framework of the collaborative 

research center (CRC) 902 “molecular principles of RNA-based regulation”, funded by 

the Deutsche Forschungsgemeinschaft (DFG). The photoswitch subproject has been 

worked on together with the group of Prof. Dr. Alexander Heckel. The focus was put 

on the characterization of spiropyran and azobenzene photoswitches, which were 

synthesized by Dr. Thomas Halbritter. Based on previous publications,[57,128] especially 

spiropyran derivatives of the parent BIPS compound with an integrated pyridine 

moiety (Py-BIPS) are studied. Moreover, water-soluble derivatives of the prominent 

6-nitro-BIPS and the 6,8-dinitro-BIPS compound are added to the list of investigated 

spiropyrans. The main task was to investigate their photophysical properties in 

aqueous solution in view of biomolecular applicability by means of elaborate 

spectroscopic experiments.  
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The RNA aptamer samples were synthesized and supplied by the group of Prof. 

Dr. Beatrix Süß and the related group of Dr. Julia Weigand, from the technical 

university Darmstadt. The artificial TC-binding aptamer has been a long-standing 

project within the CRC 902. During her doctoral thesis, Dr. Ute Förster investigated 

the ligand binding kinetics of the system via stopped-flow spectroscopy[129,130] and Dr. 

Andreas Reuss later elaborated on the influence of Mg2+ ions on the conformation of 

the aptamer.[131,132] To gain more detailed insights into the conformational changes 

during the prefolding and ligand-binding of the TC aptamer, the task of the present 

work was to investigate the microenvironments of distinct structural motifs of the 

aptamer spectroscopically. Therefore, fluorescent 2-aminopurine labels were installed 

at the positions of interest instead of the corresponding nucleobases. The labelled 

RNA samples were produced and supplied by Dr. Marc Vogel. 

The CFX-binding aptamer was selected more recently by Dr. Florian Groher and 

Dr. Jeannine Schneider.[101,114] Interestingly, several high affinity aptamer candidates 

were found in the same SELEX experiment, which drastically differ in their potential 

riboswitch activities. The most abundant aptamer (original name R10K6) showed no 

translational riboswitch activity in a GFP reporter assay that was executed in parallel 

to the SELEX. Only one of those aptamers (original name 10A) could be used as a 

functional in vivo riboswitch. Moreover, the inactive candidate was much more 

enriched during the selection than the active, which seems to be a common issue of 

conventional SELEX protocols. Hence, the aim of this project was to elaborate on the 

differences of inactive aptamers and in vivo riboswitches comparatively. As both 

aptamers exhibit quite similar ligand affinities, other factors might be essential for 

making an aptamer also an active riboswitch. Especially, the underlying ligand binding 

kinetics were of interest here and had to be addressed spectroscopically.

As the final goal of the collaborative project, the knowledge about the 

implementation of photoswitches and about RNA aptamer characteristics should be 

combined to design a photoresponsive aptamer-ligand system. Together with the 

Heckel group as well as the Süß group, the roadmap was to design a photochromic 

small molecular ligand and to generate an aptamer that specifically binds to only one 

of the respective photoisomers. Since antibiotics provide excellent starting points for 

the selection of aptamers,[100] the compound chloramphenicol (Cm) was chosen as 

potential ligand and Dr. Thomas Halbritter successfully integrated an azobenzene 



Aim of This Work 

35 

moiety into its molecular structure (azoCm). Afterwards, Dr. Thea Lotz from the Süß 

lab conducted SELEX experiments with azoCm as ligand. To generate aptamers, that 

selectively bind to one azoCm photoisomer, the SELEX protocol was modified with 

an irradiation step. After incubation with the aptamer pool and elution of the non-

binding aptamers, the column was exposed to UV light to isomerize the immobilized 

ligand. Among the collected aptamers that unbound upon isomerization, some 

promising candidates were found that should enable light-controlled ligand binding. 

In parallel, Dr. Sabrina Wahl (formerly Steinwand) characterized the photochromic 

properties of the ligand during her doctoral thesis[133] and already investigated the 

binding behaviour of some of the obtained aptamer candidates. In continuation of this 

work, optimized aptamer candidates are investigated regarding their photoinduced 

binding-unbinding abilities. 
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4 EXPERIMENTAL RESULTS 

In this chapter, the acquired results and main conclusions of each subproject are 

explained. The results have been published in parts throughout the doctoral thesis and 

reference is made to the respective publications at the appropriate place. In section 

4.1, the photoswitch project is addressed. The results about the photo- and 

thermochromism of a methylated MePy-BIPS derivative and two Nitro-BIPS 

derivatives in neutral aqueous solution are published in reference [I]. Furthermore, 

the photoacidic and highly acidochromic behaviour of a non-methylated Py-BIPS 

compound is presented in reference [II]. The proton-release mechanisms of the 

protonated merocyanine photoacid forms of Py-BIPS as well as Nitro- and Dinitro-

BIPS are addressed by extensive ultrafast TA studies, published in reference [III]. 

The investigations of the TC aptamer are unpublished so far and will therefore be 

discussed in detail, in section 4.2.1. The RNA aptamer ligand binding characteristics 

for the CFX aptamer are presented in section 4.2.2 and published in reference [IV]. 

Last, in section 4.3 a photoresponsive RNA aptamer is presented that selectively binds 

to only one photoswitch isomer of a derivatized antibiotic (published in reference [V]). 

The applied methods and experimental settings are provided in the corresponding 

publications in chapter 7. Only for the TC aptamer project, the used materials and 

methods are listed at the end of section 4.2.1.

4.1 PHOTOSWITCHES IN AQUEOUS SOLUTION 

The class of spiropyran-merocyanine photoswitches is very exceptional among the 

great variety of photochromic compounds. The photoinduced interconversion 

between SP and MC (Figure 4.1, top) is accompanied by a substantial change of 

molecular properties like colour, molecular geometry, polarity, and charge 

displacement, which is highly advantageous for application in a macromolecular 

assembly. In continuation of previous studies[57,128] on the design and characterization 

of spiropyran photoswitches for biochemical use, extensive comparative studies of the 

compounds 1-4 (Figure 4.1) were carried out. Regarding their molecular structures, 
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the presented spiropyran switches can be 

subdivided by the nature of their 

chromene moieties into the class of Py-

BIPS compounds 1 and 2 and the class of 

Nitro-BIPS derivatives 3 and 4. The Py-

BIPS compounds have a pyridine ring in 

common that is incorporated into their 

chromene parts, but they differ in the 

substitution pattern on the pyridine-

nitrogen. Py-BIPS 2 bears no substituent 

at its pyridine-nitrogen, while MePy-BIPS 

3 exhibits a methylated pyridinium 

moiety. Consequently, they differ in the 

charge of the respective nitrogen. They 

furthermore differ in the polar headgroup of the alkylic residue attached to the 

indoline nitrogen. Compound 2 is the only compound that carries an anionic sulfonate 

group instead of a cationic trimethyl ammonium group, since a selective methylation 

of only the nitrogen on the residue in not feasible as a final step in synthesis. However, 

both polar groups meet the requirements to increase the water solubility of the 

compounds, without interfering with their photochromic properties. 

The water-soluble compound 3 is a derivative of the most widely used 6-Nitro-

BIPS spiropyran chromophore. By installing the same cationic residue as that of 

compound 1 the polarity and thus the solubility of the parent 6-Nitro-BIPS scaffold 

could be substantially enhanced.[58] Similarly, the water-soluble derivative 4 of the 6,8-

Dinitro-BIPS compounds could be synthesized and is studied here in detail. 

4.1.1 PHOTOCHROMISM OF WATER-SOLUBLE SPIROPYRANS 

Properties of Py-BIPS Derivatives in Neutral Aqueous Solution 

(References [I,II]) 

In neutral aqueous solution the absorption properties of MePy-BIPS 1[I] and Py-

BIPS 2[II] are rather similar and reflect the typical characteristics of spiropyran 

photoswitches. In both cases, the ring-closed SP isomer exhibits a minor absorption 

Figure 4.1. Photochromic interconversion 
of SP and MC (top) and merocyanine 
isomer structures of the investigated Py- 
and Nitro-BIPS compounds 1-4 (bottom). 
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band in the UV region around 300-

350 nm (Figure 4.2), while the MC isomer 

shows a pronounced absorption band in 

the vis range roughly centred around 

530 nm. Both compounds undergo 

photoinduced ring-opening upon UV 

irradiation of SP as well as ring-closure 

upon exposure of MC to vis light.  

However, the photophysical 

properties of compound 1 differ 

remarkably from that of compound 2, due 

to the formal additional positive charge. 

MePy-BIPS 1 almost exclusively exists in 

its stable ring-closed form in the dark and 

upon UV irradiation a photostationary 

state (PSS) with roughly 12% MC is 

accumulated. In contrast, for Py-BIPS 2 

the ring-opened isomer is significantly 

stabilized, so that an equilibrium distri-

bution containing even 48% of MC is 

established under dark conditions. 

Photochemically, a PSS with an MC 

content as high as 55% can be generated. 

Since the rate coefficients of the 

thermal interconversion reactions of 

compound 1 are very small, the system is 

practically bistable and can be operated by photoactivation only, according to P-type 

switching.[40] In a photofatigue experiment with alternating UV and vis irradiation 

cycles an almost constant switching amplitude is observed over 25 cycles (Figure 4.3, 

upper panel). Only a slight decrease of the maximum MC fraction can be noted, which 

is ascribed to UV-induced photodegradation of SP. Hydrolytic decomposition of MC 

is only a minor issue for compound 1, due to the low content of the ring-opened 

isomer.  

Figure 4.2. Absorption spectra of the pure 
photoisomers SP and MC of MePy-BIPS 1 
(top) and Py-BIPS 2 (bottom). 

Figure 4.3. Cyclic photofatigue studies of 
compounds 1 (upper panel) and 2 (lower 
panels) with shown photoswitch operation 
modes. 
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The photoswitch systems 2 can be 

operated in two different modes, because 

of the substantial stabilization of MC. On 

the one hand, P-type switching can be 

carried out with alternating UV and vis 

irradiation. In a corresponding cyclic 

switching experiment, a significant 

reduction of the exceptional turnover is 

observed that is due to the UV-induced 

photolytic decomposition of SP (Figure 

4.3, middle panel). On the contrary, the 

system can be operated in T-type mode 

since the initial equilibrium distribution is 

restored within few minutes without the 

application of harmful UV light. When 

ring-opening is carried out thermally, the 

remarkable switching turnover of 48% is 

virtually retained throughout the 

monitored 25 cycles (Figure 4.3, lower 

panel). 

The ring-closure isomerization must 

be induced photochemically for both 

herein presented Py-BIPS derivatives, to 

obtain a pure SP sample. The 

corresponding photodynamics of the 

merocyanine forms of 1 and 2 (Figure 4.4) are assumed to be mechanistically similar 

in neutral solutions. In both TA experiments, two ESA signals of MC* are observed, 

but those of 1 are shifted bathochromically for about 30 nm compared to 2. The ESA2 

signal of compound 1 is significantly superimposed by the prominent GSB signal (the 

gray area was excluded due to scattered light) and therefore appears as a split signal. 

Both MC samples also show an SE signal which fits the fluorescence emission 

observed for compound 2. Although merocyanines are generally known to fluoresce, 

Figure 4.4. A) TA spectrum of the MC 
isomer of MePy-BIPS 1 and B) DAS of the 
lifetime components determined by GLA. 
C) TA spectrum of the MC isomer of Py-
BIPS 2 and D) DAS of the lifetime 
components determined by GLA.  
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no steady-state emission was detected 

for compound 1, supposedly due to the 

low MC content in solution.  

By kinetic analysis via GLA, two 

lifetime components are determined to 

model the dynamics of the signals 

associated with the excited states (ESA 

and SE) of both compounds. As 

illustrated in Figure 4.5, the sub-ps 

lifetimes 1 are assigned to initial relaxation processes within the excited S1 state. For 

the following decay of the vibrationally relaxed MC* state, a lifetime of 3.9 ps is 

determined for compound 1 and a 22 ps lifetime for compound 2 (2). Thus, the MC* 

decay of the methylated Py-BIPS 1 is accelerated by factor of almost 6 compared to 

the unmethylated derivative 2. Besides the observed radiative relaxation, non-

radiative decay into the MC ground state is assumed to be the major deactivation 

channel in both cases. Just as for the previously reported Py-BIPS compound,[57] ring-

closure is suggested to occur from a vibrationally hot MC ground state.  

The photoinduced ring-opening dynamics of Py-BIPS derivatives in water are quite 

comparable to that of the original BIPS compound.[56,57,59,60,134] The excited SP singlet 

species decays within 1-2 ps towards the merocyanine ground state through a conical 

intersection of the respective potential energy surfaces. Upon excitation and Cspiro-O-

bond cleavage, a transient cisoid-MC species is generated that still adopts an 

orthogonal structure just as SP. The cisoid intermediate sequentially converts into a 

stable MC form via cis/trans-isomerizations around the central bridge of three partial 

double bonds.  

 

Properties of Nitro-BIPS Derivatives in Neutral Aqueous Solution 

(Reference [I]) 

The parent 6-nitro-BIPS compound represents the most extensively investigated 

spiropyran compound and derivatives thereof have been applied in different 

biochemical contexts so far. The photoswitch already served as a reversible 

intercalator into DNA helices[135] or to engineer channel proteins.[136] Even the in vitro 

selection of artificial RNA aptamers has been carried out successfully.[137] The 

Figure 4.5. Photoreaction mechanism 
scheme for the ring-closure reactions of the 
Py-BIPS-type merocyanines 1 and 2. 
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photochromic characteristics of 6-nitro-

BIPS as well that of 6,8-dinitro-BIPS were 

subjected to numerous studies, although 

the exact photodynamics and isomer-

ization sequences are not yet thoroughly 

understood.  

Compared to the original BIPS or the 

MePy-BIPS derivative 1, the ring-opened 

MC isomer is significantly stabilized in 

aqueous solution for Nitro-BIPS 3. 

Regarding Dinitro-BIPS 4, the effect of the 

two electron-withdrawing nitro groups is 

so strong that it even crystalizes in the 

shape of MC. Therefore, an initially pure 

MC sample is obtained upon dissolving 4 

in water, but the content rapidly 

decreases thermally. For both com-

pounds a transient thermal equilibrium of 

26% is established within 4-5 hours. 

However, due to an increased sensitivity 

towards hydrolytic decomposition, the 

MC amount of 3 and 4 is reduced to final 

values of 8% and 12%, respectively.  

The absorption spectra of the Nitro-BIPS derivatives in water (Figure 4.6) are 

noticeably different from those of the Py-BIPS derivatives. Both phototoisomers 

exhibit prominent absorption bands in addition to the S1 bands. Regarding the SP 

spectra, the bands below 300 nm are more pronounced than those around 350 nm. 

The additional bands of the MC isomers appear around 350-400 nm. The absorbance 

in this range even exceeds that of the superimposed SP. This makes the ring-opening 

reaction highly dependent on the incident excitation wavelength since both 

isomerization directions are induced simultaneously to different extents.  

By 260 nm irradiation, exceptional PSS distributions with 36% and 38% of the MC 

isomer can be obtained for 3 and 4, respectively. This way, P-type switching can be 

Figure 4.6. Absorption spectra of the pure 
photoisomers SP and MC of Nitro-BIPS 3 
(top) and Dinitro-BIPS 4 (bottom). 

 

Figure 4.7. Cyclic photofatigue studies of 
compounds 3 (top) and 4 (bottom) with 
shown photoswitch operation modes. 



Experimental Results 

43 

exercised in combination with 530 nm 

excitation light to induced ring-closure. 

However, the application of 365 nm is 

more convenient, but the reachable 

amount of MC in the PSS is drastically 

lower. Corresponding cyclic switching 

experiments with alternating illumination 

at 365 nm and 530 nm are displayed in 

Figure 4.7. As to compound 3, only 3% of 

MC can be accumulated by UV 

irradiation, but the switch is highly 

fatigue-resistant (Figure 4.7, top). For 

compound 4, an initial maximum amount 

of 14% MC is obtained that successively 

declines due to hydrolytic decomposition 

(Figure 4.7, bottom). 

The photodynamics of 6-Nitro-BIPS 

derivatives were addressed by numerous 

theoretical[62,138] as well as experimental 

studies[65,139–144] so far. Different to BIPS 

and the Py-BIPS derivatives, the ring-

opening reaction in organic solvents is 

suggested to proceed mainly on the 

triplet manifold after a rapid ISC in the 

ring-closed geometry (1SP* → 3SP*). 

Ring-opening subsequently produces an 

intermediate perpendicular cisoid-MC* state that is relatively long-lived and decays 

on a nanoseconds[145] to microseconds[142] time scale in organic solvents. In the excited 

triplet state a dynamic equilibrium with a trans-MC* species is assumed. Relaxation 

into the ground state subsequently yields a stable ring-opened isomer (mainly TTC) 

that might undergo further isomerizations thermally.  

Figure 4.8. A) TA spectrum of the ring-
opening reaction of Nitro-BIPS 3 and B) 
DAS of the lifetime components 
determined by GLA. C) TA spectrum of the 
ring-opening reaction of Dinitro-BIPS 4 
and D) DAS of the lifetime components 
determined by GLA. 
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In the TA experiment of compound 3 

in neutral aqueous solution (Figure 4.8A) 

similar characteristics as reported for 

organic solvents can be noticed. The 

determined lifetimes 1 and 2, probably 

model a relaxation within the excited 

1SP* state followed by conversion into 

3SP*. The amplitude of 3 with two 

maxima around 450 nm (ESA1) and 

550 nm (ESA2) is in good agreement with 

the reported signature of the cisoid-MC* 

species. This implies a drastic 

acceleration of the decay of the 

respective intermediate to 85 ps. At the 

end of the measured time window, the 

infinite lifetime only shows a residual 

positive signal around 450 nm that 

supposedly reflects the distinguishable 

dynamics of the trans-MC* species. 

Concerning Dinitro-BIPS, a similar 

series of isomerizations takes place in the 

ring-opening reaction, although only 

singlet states are assumed to be 

involved.[146] In the TA map of the SP 

isomer of compound 4 in water (Figure 

4.8C) an ultrafast conversion of the initial 

SP* state into a cisoid-MC* species, characterized by ESA1 and ESA2, can be 

confirmed. The sub-picosecond lifetime 1 is found to model this transition. After the 

depletion of the cisoid-MC* state with the lifetime 2 a broad absorption band around 

450-500 nm maintains until 1.5 ns (∞) that already indicates the formation of a ground 

state MC species. However, the absorption is still shifted with respect to the steady-

Figure 4.9. A) TA spectrum of the ring-
opening reaction of Nitro-BIPS 3 and B) 
DAS of the lifetime components 
determined by GLA. C) TA spectrum of the 
ring-opening reaction of Dinitro-BIPS 4 
and D) DAS of the lifetime components 
determined by GLA. 
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state absorption band, so the MC species can be expected to undergo further 

cis/trans-isomerization towards the TTC form.  

In general, MC isomers with a central trans/T-element are considered as stable. 

The TTC isomer represents the energetically most favoured form, followed by TTT. 

In a ring-closing experiment, the parallel excitation of multiple MC isomers must be 

considered carefully. For both Nitro-BIPS[65,138,147] as well as Dinitro-BIPS[66,67,146], 

discriminable photo-reaction pathways are reported for TTC and TTT.  

The ring-closure dynamics of the Nitro-BIPS derivative 3 (Figure 4.9A) is 

dominated by the TTC isomer. The associated ESA and SE signals slightly shift 

spectrally with the lifetime 1, due to an initial relaxation within the excited S1 state 

TTC*. The respective state decays via conversion into the spiropyran geometry with 

the lifetime component 2. The infinite lifetime reveals a residual positive signal 

around 600 nm, that is indicative of the TTT isomer that is either excited 

simultaneously or formed in the excited state. To small extent, the TTC isomer is 

suggested to transform into TTT unidirectionally.[138,147] 

The TA contour plot of the ring-closure of the dinitro compound 4 is displayed in 

Figure 4.9C. Similar to compound 3, an initial relaxation within the S1 state occurs 

that is modelled by an ultrafast lifetime 1. Yet, lifetime 2 of the TTC* state is 

significantly shortened for Dinitro-BIPS 4. the parallel excitation of TTC and TTT is 

clearly noticeable in the shape of the peculiar GSB. The two minima of the GSB decay 

on different time scales which hints at distinguishable repopulation dynamics of two 

isomers. The recovery of the higher energy GSB minimum is captured by 2 but that 

of the lower energy minimum is modelled by a longer additional lifetime 3.  

4.1.2 PH-GATED PHOTOCHROMISM OF PY-BIPS 

(Reference [II]) 

In addition to the common phenolic protonation site of the ring-opened 

merocyanine isomer, the Py-BIPS derivative 2 is equipped with an additional 

protonation site at the pyridine-nitrogen. Therefore, it shows a refined acidochromic 

behaviour in aqueous solution. Both photoisomers can exist in different protonated 

states that adopt inherent photophysical characteristics. By means of pH-dependent 
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UV/vis switching studies, the absorption spectrum of each protonated state could be 

assigned, and the possible interconversion pathways were investigated (Figure 4.10).  

In the basic regime, both isomers SP and MC are non-protonated and capable of 

thermal and photochemical conversion as discussed before for neutral solutions. With 

a pKa value of 6.8, the pyridine-nitrogen of the ring-opened isomer is protonated first 

upon addition of a strong acid. In this intermediate pH range from roughly 6.8 to 4.8 

interconversion occurs between HMC and SP and is therefore accompanied by proton 

dissociation or association. Only at lower pH values, also the ring-closed isomer exists 

in its protonated state HSP. Strikingly, the pKa value of the respective protonation site 

is lowered to 4.8 compared to the ring-opened isomer. 

 

Figure 4.10. Acidochromism of the Py-BIPS derivative 2. A) pH titration UV/vis absorption study. 
The individual absorption bands correspond to the indicated (non-)protonated species of both 
photoisomers. B) Absorption and scaled fluorescence spectra of the pure photoisomer states, 
measured at pH 7.4 (top), pH 5.5 (middle) and pH 1 (bottom). C) Schematic reaction model of the 
behaviour of compound 2 in the acidic pH range extracted from systematic pH-dependent 
switching experiments. 

The interconversion abilities of both protonated states HSP and HMC are almost 

similar to the non-protonated states. Therefore, switching can be carried out in T- or 

P-type mode with an approximate turnover of almost 50% regardless of the 

protonation state down to a pH value of 3.2. Upon further acidification also the 

phenolic site of the ring-opened isomer is protonated (HMCH). Thermal 
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interconversion is halted under these conditions, but the switch system can still be 

operated photochemically with an even higher turnover of roughly 60%.  

In summary, the Py-BIPS derivative 2 represents a highly pH-dependent 

photochromic system that exhibits very auspicious switching properties throughout a 

broad pH range. In addition to the discriminable absorption bands,  

specific fluorescence signals are observed for the individual protonated states (Figure 

4.10B). Hence, the compound serves as fluorescent pH sensor for aqueous solutions. 

The reversible on-off functionality also makes it an attractive probe for super-

resolution microscopy techniques that make use of photoswitch fluorophores.  

 

Light-Controlled Reversible pH Regulation  

The most astonishing feature of the 

Py-BIPS compound 2 is certainly the 

photoacidity of the protonated MC 

isomers. Since the HMC → SP as well as 

the HMCH → HSP conversion reactions 

engage the dissociation of a proton, a 

dual photoacid is provided by compound 

2. It could thus be applied for light-

regulation of proton-coupled processes 

under certain pH conditions. Further-

more, pH jumps induced upon photo-

isomerization should be feasible.  

The increased proton concentration 

impedes the detection of a pH jump 

induced by HMCH → HSP conversion. In 

contrast, a light-driven reversible pH 

regulation can be realized using the HMC → SP isomerization in the less acidic to 

neutral pH range (Figure 4.11). As the applied buffer concentration apparently affects 

the pH conditions, diluted PBS buffer (1/100) was used in the experimental procedure. 

Depending on the amount of compound 2 that is dissolved, the buffer pH value drops, 

due to the deprotonation of the sulfonic acid residue. The pH can be manually 

adjusted in this sample preparation phase.  

Figure 4.11. Light-regulated pH switching 
with different concentrations of Py-BIPS 2 
in diluted PBS buffer. Prior to the cyclic 
experiment the buffer pH value can be 
adjusted manually. Photoswitching is then 
carried out by alternating irradiation with 
530 nm (cyan areas) and thermal recovery 
in the dark (empty areas). 
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Starting from an equilibrium distribution of SP and HSP at the adjusted pH value 

(Figure 4.11, procedure step 0), a pH drop of roughly 0.6-0.7 units can be induced by 

irradiation of a 100 M solution of 2 with visible light.[II] Remarkably, the initial pH 

value is restored within few minutes under exclusion of light. This can be readily 

repeated over several cycles. For a saturated solution of 2, with an approximate 

concentration of 10 mM, a more pronounced reproducible pH jump of 1.5 units could 

be detected. The lower limit for successful pH regulation is provided by the pKa value 

of HSP. Therefore, the initial pH value can be adjusted down to a value of ~4.5. 

Interestingly, pH switching beyond the neutral point with an upper limit of ~7.5 could 

be exercised.  

Similar pH regulation experiments were already performed using the light-induced 

proton dissociation reaction of the phenolic proton of merocyanines in a pH range of 

~4-5.[148–150] For unsubstituted BIPS-type compounds the respective protonation site 

exhibits a pKa value of 7.8. It is striking that the incorporation of the pyridinium moiety 

shifts the pKa to 3.2, which is even lower than the value of 3.7 found for Nitro BIPS.[58] 

Therefore, an electron-withdrawing effect of the pyridinium motif can be noted.  

The use of photoswitches with isomers of different acidities as photoacids provides 

great opportunities for photoacid development since they enable a reversible control 

over their acidic state. Especially photoacidic merocyanines represent switches, that 

can be operated as metastable photoacids, regardless of the mechanism of proton-

release.[151] Yet, depending on the application it is essential to know about the 

mechanistic details and the time scale of proton-transfer.  

Neither for Nitro-BIPS nor for Py-BIPS derivatives, the underlying proton-

dissociation mechanism have been investigated so far. It is not clear whether the 

proton is released upon optical excitation in advance to ring-closing or as a 

consequence of ring-closing. In the case of compound 2, this is in principle true for 

both possible proton-release reactions. The individual mechanisms of the proton-

release reactions of the photoacidic states HHMC and HMC of 2 are addressed in the 

following. To gain a general understanding about the photoacidity of merocyanines, 

the proton-release dynamics of Nitro-BIPS and Dinitro-BIPS are comparatively 

investigated. 
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4.1.3 PROTON-TRANSFER DYNAMICS OF MEROCYANINE PHOTOACIDS 

(Reference [III]) 

Photoacidic compounds enable the 

conversion of an optical stimulus into a 

distinct chemical response – namely 

proton-transfer. They therefore represent 

a fascinating photochemical tool to 

address one of the most fundamental 

processes in nature in a remote fashion. 

The concept of photoacidity can in 

principle rely on discriminable 

mechanisms, as illustrated in Figure 4.12.  

In the original sense, a photoacid (PA) 

is defined as a compound whose acidity 

is significantly enhanced upon light-

induced electronic excitation. Typical 

organic molecule representatives for this type of reactivity are aryl-OH compounds 

(ROH), like phenols or naphthols. The so-called Förster cycle model[152,153] (Figure 

4.12, top) is a purely thermodynamic and simplified approach to describe this 

phenomenon. The excited state is characterized by its pKa* value that is several units 

lower than the ground state pKa. Proton-dissociation thus occurs within the excited 

state lifetime of ROH* which produces the corresponding conjugate base in its excited 

state (RO-*). This entails that the released proton thermally reassociates upon excited 

state relaxation.   

The second mechanism is based on the formation of an acid in its ground state 

subsequentially to a light-induced reaction. The photoreactive starting material is then 

referred to as photoacid generator (PAG). Accordingly, numerous types of 

dissociation or isomerization photoreactions can be applied for photoacid generation 

and the acidity is ultimately determined by the pKa value of the product.[154,155] Typical 

PAGs are mostly irreversible but allow for a pronounced increase of the proton 

concentration in solution upon irradiation.  

 

Figure 4.12. Generalized photoreaction 
mechanism schemes of excited state 
photoacids (PA) and photoacid generators 
(PAG). 
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Photoacid Generation by HMC of Py-BIPS 2 

Upon conversion of HMC to the ring-

closed SP state of compound 2, the pKa of 

the respective site is altered. To find out, 

whether the proton already dissociates 

within the excited state or at a later stage 

of the photoreaction, UV/vis-TA experi-

ments were performed at pH 5.5. The TA 

spectrum of HMC (Figure 4.13A) shows 

two separate ESA signals, just as the 

spectra of the non-protonated MC forms 

of compound 1 and 2. Interestingly, the 

ESA2 signal is shifted to higher 

wavelength for the compounds that bear 

a substituent at the pyridine-nitrogen (1 

and HMC of 2, Figure 4.4) compared to 

the unsubstituted (MC of 2).  

In the kinetic analysis of the dataset by 

GLA, two lifetime components were 

determined to model the decay 

dynamics. The corresponding amplitudes 

reflect analogous contributions as in the cases of the before discussed Py-BIPS MC 

forms of 1 and 2 and are furthermore in accordance with the previously reported Py-

BIPS compound.[57] Therefore, a similar relaxation pathway can be assumed for the 

HMC isomer of compound 2. An initial cooling within the S1 state HMC* occurs 

during the first picosecond (1). The following excited state decay is captured by the 

lifetime component 2 = 13 ps, which is in between the excited state lifetimes found 

for the unsubstituted and the methylated Py-BIPS derivative. Hence, a clear trend for 

an accelerated excited state decay from the unsubstituted via the protonated to the 

methylated Py-BIPS MC form can be noted at this point. The residual GSB after 1.5 ns 

(∞) is indicative of the photoconversion to the ring-closed structure. 

The absence of signals that could be attributed to an intermediate excited ring-

opened species points to a direct decay into the ground state at the HMC structure. If 

Figure 4.13. A) TA spectrum of the HMC 
isomer of Py-BIPS 2 in aqueous solution at 
pH 5.5 and B) DAS of the lifetime 
components determined by GLA.  
C) Photoreaction and proton-release 
mechanism scheme of HMC as a PAG. 
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the deprotonated MC* would be formed from HMC* via proton dissociation, the same 

excited state signature should be observed as upon direct excitation of MC of 

compound 2. The proton is therefore evidently not released within the excited state. 

After relaxation into the HMC ground state the ring-closed structure is suggested to 

be formed in its protonated state HSP and the proton subsequently dissociates. 

Accordingly, the HMC isomer must be considered as a PAG rather than an excited 

state PA. Delayed by the formation of the acidic HSP, proton-dissociation is then 

dictated by the lowered pKa value and the diffusive motion away from the conjugate 

base SP.  

Typically, non-protonated N-heterocyclic functionalities show a photobasic 

reactivity. Compounds like quinoline,[156] acridine[157] and also pyridine[158] derivatives 

can exhibit a lowered pKa* value in the excited state and consequently acquire a 

proton from the solvent upon irradiation. Interestingly, this behaviour does not apply 

to the non-protonated MC isomer of compound 2 since the formation of HMC* was 

not observed. However, the reactivity of N-protic sites may vary with the molecular 

scaffolds that they are incorporated in and the applied conditions. 

 

Proton-Transfer Dynamics of HMCH of Py-BIPS 2 

The pyridinol-oxygen of the ring-opened isomer of compound 2 is protonated with 

a ground state pKa of 3.2. At low pH values, the O-protic site of HMCH enables light-

induced proton-dissociation. The corresponding photodynamics are addressed by 

UV/vis-TA experiments, shown in Figure 4.14A. Directly upon excitation, a 

prominent GSB signal is visible as well as the ESA1 and the minor SE1 signal, that are 

attributed to HMCH*. The respective excited state signals decay with a lifetime 

1 = 1.1 ps, which is accompanied by the formation of a discriminative excited species 

indicated by ESA2 and SE2. Since the latter signals perfectly match the spectral 

signature of HMC* and the determined excited state lifetime thereof (2) is in 

agreement with the one found in the HMC TA measurement at pH 5.5 (Figure 4.13B). 

Consequently, an excited state proton-release is evidently observed here. The 

photoacidic phenolate site of HMCH thus functions as an excited state PA, in contrast 

to the pyridinium site acting as PAG. Thus, the Förster cycle model is applicable for 

the photoprotolytic reaction of the HMCH isomer (Figure 4.15). 
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After the depletion of ESA2 and SE2 

(HMC*), only the GSB maintains until 

almost 1.5 ns in the TA spectrum, as well 

as a broad positive signal around 520 nm. 

The positive signal originates from the 

HMC ground state absorption (GSA). The 

simultaneous decay of the GSA signal 

and the GSB signal with the lifetime 3 

hints at the recovery of the HMCH 

ground state via reprotonation. 

Therefore, the entire Förster cycle can be 

assigned here and is completed roughly 

within the detected time frame of 1.5 ns.  

The thermodynamic Förster model 

furthermore allows for an estimation of the excited state pKa*.[159] By correlating the 

proton-dissociation free-energies in the ground and excited states with the transition 

energies, a pKa drop of 8.7 is obtained. With a ground state pKa of 3.2, this estimation 

yields a pKa* of -5.5. Such exceptionally strong PAs that adopt negative pKa* values, 

are denoted as super-photoacids. The photoacidic capacities of HMCH are therefore 

comparable to other well-known representatives, like 5,8-dicyano-2-naphthol (DC2N, 

pKa* = -4.5)[160–162] or N-methyl-6-hydroxyquinolinium (NM6HQ, pKa* = -7).[163–165] In 

general, aromatic compounds with electron-withdrawing substituents show an 

enhanced photoacidity, due to the increased stabilization of the negative charge of the 

conjugate base. Unsubstituted PAs like the parent phenol or 1-naphthol (1N) are 

significantly less acidic with positive pKa* values of 3[166] and 0.5,[160] respectively. The 

most extensively investigated PA is the polycyclic 8-hydroxypyrene-1,3,6-trisulfonic 

acid (HPTS), which exhibits a pKa* of 1.3.[167] In the case of HMCH, the phenolate 

charge is well-delocalized within an extended electronic -system, where even two 

additional positive charges are found.  

On an ultrafast time scale, the proton-dissociation proceeds via a direct excited 

state proton-transfer (ESPT) of an ROH-type PA (R = aryl) to an adjacent water 

molecule in a two-step sequence.[168–170] Upon proton abstraction, a contact ion pair is 

formed by the conjugate base anion RO-* and a solvated proton. The contact ion pair 

Figure 4.14. A) TA spectrum of the HMCH 
isomer of Py-BIPS 2 in aqueous solution at 
pH 1 and B) DAS of the lifetime 
components determined by GLA. 
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is assumed to be spectrally similar to the 

free RO-*. Subsequently, the ion pair 

distance increases because of the 

diffusive motion of the proton away 

from RO-* or by proton-hopping via 

Grotthuss mechanism in water.[171] This 

process can be fully reversible within the 

excited state lifetime of the PA, where 

the reverse direction is described by the diffusion-assisted recombination model. 

The photoprotolytic reaction of HMCH appears to be very efficient since the 

excited state signals associated with HMCH* thoroughly convert into that of the 

excited conjugate base HMC*. The determined lifetime component that models this 

transition can thus be translated into a proton-transfer rate kpt = ~9.1 × 1011 s-1 for the 

formation of the contact ion pair. Additional TA experiments in organic solvents 

confirmed, that the super-photoacid HMCH is also capable of transferring its proton 

to protic solvents like methanol and ethanol, with a lifetimes of 1.7 and 1.9 ps, 

respectively. The efficiency of the ESPT process is yet lower than in water and 

competing deactivation channels are suggested to be more pronounced. Only for the 

aprotic solvent acetonitrile, no indications for a successful proton-transfer were 

observed.  

 

Proton-Transfer Dynamics of Nitro-BIPS 3 

The TA spectrum recorded upon excitation of MCH of compound 3 at pH 1 is 

shown in Figure 4.16A. Similar to the protonated Py-BIPS merocyanine isomer 

presented before, the initially appearing MCH* signals ESA1 and SE1 decay in parallel 

to the formation of the conjugate base MC* signals ESA2 and SE2. The assignment is 

complicated by the fact that the respective ESA bands appear in the same spectral 

range, but the SE features clearly reveal the transition from MCH* to MC* (compare 

Figure 4.9A). Therefore, an excited state proton-dissociation of compound 3 can be 

confirmed here. 

A lifetime component of 0.4 ps describes an initial relaxation with the HMCH* 

state, which subsequently decays with a 2.1 ps lifetime as illustrated in the 

photoreaction mechanism scheme in Figure 4.16C. However, the proton-transfer is 

Figure 4.15. Photoprotolytic reaction 
scheme according to the Förster cycle of 
the protonated merocyanine photoacid 
HMCH of Py-BIPS  2. 
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assumed to proceed already during the 

initial vibrational relaxation, since SE2 is 

formed at very early delay times. 

Modelling the transition from SE1 to SE2 

with only one exponential component 

yields a lifetime of 1.6 ps. This 

corresponds to a rate constant 

kpt = 6.3 × 1011 s-1 for the contact ion pair 

formation step. 

The lifetime component obtained for 

the following MC* decay 3 is slightly 

slower than the one found upon direct 

excitation of the deprotonated MC 

(Figure 4.9B). The population of the MC 

ground state is indicated by the 

formation of the GSA signal in parallel to 

the depletion of the MC*-associated ESA2 

and SE2 signals. The final ground state 

reprotonation process is modelled by a 

lifetime of 413 ps, which is interestingly 

very similar to the lifetime found for the HMCH isomer of Py-BIPS 2. Therefore, the 

reprotonation is assumed to be solvent-controlled and mainly driven by diffusion. The 

almost negligible amplitude of the infinite lifetime confirms the accomplishment of the 

entire photoprotolytic cycle within the observed 1.5 ns.  

According to the Förster cycle approximation, a substantial pKa drop of 7.9 units is 

estimated to be induced by excitation. With the resulting pKa* value of -4.2, the MCH 

isomer of compound 3 can be classified as a strong super-photoacid. Similar to the 

HMCH isomer of Py-BIPS 2, Nitro BIPS 3 is also capable of ESPT to the protic solvents 

methanol and ethanol. Competing deactivation channels are assumed to be favoured 

in organic solvents, where radiative decay of MCH* and more importantly internal 

conversion, enhanced by the nitro group, have to be considered.[144] Nevertheless, 

similar lifetimes of 2.4 ps were determined for MCH* decay in both organic solvents, 

which is only slightly longer than the lifetime in aqueous solution. In the aprotic 

Figure 4.16. A) TA spectrum of the MCH 
isomer of Nitro-BIPS 3 in aqueous solution 
at pH 1 and B) DAS of the lifetime 
components determined by GLA.  
C) Photoprotolytic reaction scheme of the 
protonated merocyanine photoacid MCH. 
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solvent acetonitrile, however, the absence of a distinct SE2 signal and the presence of 

an ESA band that decays on the same time scale as the associated SE band provide 

evidence for the exclusion of an ESPT.  

 

Proton-Transfer Dynamics of Dinitro-BIPS 4 

Compared to Nitro-BIPS 3, Dinitro-

BIPS 4 bears an additional nitro group in 

ortho-position to the photoacidic hydroxy 

group, which fundamentally affects the 

ESPT dynamics. The TA spectrum in 

acidic aqueous solution (Figure 4.17A) 

reveals drastically accelerated overall 

photodynamics. Most strikingly, a 

dominant recovery of the MCH ground 

state is manifested by a rapid depletion of 

the GSB signal. The photoprotoloytic 

cycle seems to be only a minor 

deactivation channel, indicated by the 

fact that the ultrafast ESA1/ESA2 signal 

decay leaves two weak positive signals 

around 460 nm and 550 nm behind. Those correspond to the conjugate base MC*, 

just as the weak SE signal that is formed simultaneously. An extraordinarily short 

lifetime of 0.8 ps is obtained for the MCH* state and the 9.4 ps lifetime determined 

for MC* is in accordance with the 8.7 ps found upon direct excitation of MC. 

The acceleration of the observed dynamics is due to the stabilization of the acidic 

proton by the adjacent oxygen of the nitro group. This pre-existing hydrogen bond 

facilitates proton-abstraction and the nitro group acts as proton-acceptor in an excited 

state intramolecular proton-transfer (ESIPT). Ortho-nitro benzyl compounds are 

known to undergo photoinduced ESIPT processes, where typically an -H-atom of an 

alkylic residue is transferred.[172] The proton-transfer to the nitro group produces a 

protonated aci-nitro species, which in the case of MCH of compound 4 converts back 

the ground state rapidly via proton recombination.  

Figure 4.17. A) TA spectrum of the MCH 
isomer of Dinitro-BIPS 4 in aqueous 
solution at pH 1 and B) DAS of the lifetime 
components determined by GLA. 
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The 0.8 ps lifetime component found for the MCH* decay corresponds to an upper 

limit of ~1.3 × 1012 s-1 for the proton-transfer rate, which is the highest value among 

the investigated merocyanine PAs. Upon excitation a pKa drop of -8.3 units is 

estimated, based on the Förster cycle model. This implies an excited state pKa* value 

of -4.4, which is in a similar range as those determined for compound 2 and 3. 

 

Free-Energy – Reactivity Correlation  

The TA spectroscopic studies of the compounds 2-4 reveal an ultrafast excited 

state photoacidity for the O-protic site of merocyanines. The investigated derivatives 

exhibit comparable photoinduced pH decreases of roughly 8-9 units. Extraordinarily 

low pKa* values of -5.5, -4.2 and -4.4 are estimated for the compounds 2, 3 and 4, 

respectively, by using the Förster cycle approach. The findings are further analyzed 

by a semi-empirical correlation, to rationalize the relationship between the 

thermodynamics of exited state acidity and the observed proton-transfer rates. The 

large body of literature about ESPT dynamics confirms the robustness of the free-

energy – reactivity correlation, given in equation 4.1.[173–176] The proton-transfer rate 

kpt can be expressed as a transition state rate constant, depending on the effective 

activation free-energy change in the excited state G#: 

𝑘pt = 𝑘∗ ∙ 𝑒𝑥𝑝 (−
∆𝐺#

𝑅𝑇
) (4.1) 

R is the gas constant, T is the absolute temperature and (k*)-1 represents the intrinsic 

frequency factor of the transfer process. The free-energy change G# can be derived 

by Marcus theory for electron-transfer reactions but adapted for proton-transfer.[177] 

Marcus theory gives a major role to solvent alignment and reorganization energetics 

in charge transfer processes. The proton-transfer is suggested to proceed along a 

solvent coordinate with a specific activation barrier. Furthermore, according to the 

modified bond-energy-bond-order (BEBO) model, the proton-transfer is considered 

as concerted bond-rupture and bond-formation along an existing hydrogen bond to 

the solvent.[178] The free-energy change G# is then estimated by equation 4.2: 

∆𝐺# =
∆𝐺0

2
+∆𝐺0

# +
∆𝐺0

#

𝑙𝑛2
𝑙𝑛(𝑐𝑜𝑠ℎ [

∆𝐺0𝑙𝑛2

2∆𝐺0
#

]) (4.2) 
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The solvent-dependent free-energy 

of the charge-exchange process is 

given by G0
# when the total free-

energy change G0 of the proton-

transfer is equal to zero. 

∆𝐺0 = 𝑅𝑇 𝑙𝑛10 ∆𝑝𝐾𝑎 (4.3) 

The correlation of the proton-

transfer rates and the estimated pKa* 

values is depicted in Figure 4.18 

together with the Marcus BEBO fit 

function including multiple com-

parable excited state (super-)photoacids. Several phenol,[166] 1N,[175,179] 2N and hydroxy 

quinoline (HQ) derivatives were added with pKa* values around zero and below. For 

ESPT to water, the pKa* values ought to corrected for the electrostatic contribution 

pKa,el = RD/2.3a, where a charge of -1 is assumed for the conjugate base anion and the 

contact radius a is fixed at 6.5 Å.[180] In the fit routine, a frequency factor of roughly 

5 × 1012 s-1 is determined, which is in well agreement with reported values.[175] When 

treated as a free parameter, an activation free-energy of G0
# = 3.5 kcal mol-1 is found.  

With their pKa* values around -4 to -5, the investigated merocyanine super-

photoacids are located on the high exothermic branch of the free-energy – reactivity 

correlation function. They are significantly more acidic than most phenols and 

naphthols and drastically more acidic than the prominent HPTS compound. 

Remarkably, only some representatives of the structurally related quinone cyanine 

(QCy) family exhibit similar or even stronger photoacidic properties.[181] Similar to the 

herein studied Py-BIPS compound 2, the QCy derivatives exhibit an extended 

conjugation of an N-heterocyclic -system that forms a push-pull effect, stabilizing the 

negative charge of the conjugate base anion. This substantially enhances the 

photoacidity of the O-protic site. Especially, the QCy9 compound is outstanding in 

this respect, with the highest proton-transfer rate of ~1013 s-1 reported to date.[182] 

Since the results for the merocyanine excited state photoacids are well in line with 

the literature-based correlation, the ESPT process is suggested to rely on the solvent 

coordination network in proximity to the photoacidic site. It must be noted that the 

Figure 4.18. Free-energy – reactivity correlation. 
The proton-transfer rates are plotted versus the 
estimated pKa* values corrected by the 
electrostatic contribution for ESPT to water. 
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polar alkylic residues of the investigated merocyanines might contribute to a pre-

organization of the solvent molecules, but a direct proton-transfer to the sulfonate 

group of compound 2 can be excluded. Yet, an enhancing effect of the sulfonate 

groups is also assumed for the compounds S-QCy and TS-QCy.[181] As different proton-

transfer rates were observed in organic protic solvents, also a proton-transfer to highly 

coordinated traces of water in the samples that might form solvent clusters seems 

unlikely.  

4.2 ANTIBIOTIC-BINDING RNA APTAMERS 

It is still a key question in synthetic biology which factors are vital to turn an 

artificial aptamer into an active riboswitch. The main focus of the following studies is 

the investigation of RNA aptamer ligand binding characteristics in order to contribute 

to the general understanding of RNA-based regulation mechanisms. The TC as well 

as the CFX aptamer served as model systems to shed light on different aspects of 

RNA folding and ligand binding.  

4.2.1 FOLDING OF THE TC-BINDING APTAMER 

Tetracycline (TC) is a well-established therapeutic agent that affects prokaryotic 

translation by inhibiting ribosomal A-site occupation.[183] The antibiotic exhibits a low 

toxicity and a good cellular uptake is ensured, which makes it an excellent starting 

point for in vitro selection of RNA aptamers. Berens et al.[112] found the first TC-binding 

aptamers that were structurally optimized and shortened to obtain the minimal 

motif,[118,184] illustrated in Figure 4.19. The TC aptamer is highly suitable for 

spectroscopic investigations since the almost non-existent fluorescence of the free 

ligand is drastically enhanced upon aptamer binding. Therefore, it represents a 

fluorogenic RNA aptamer which is very advantageous for biochemical assays or RNA 

imaging techniques, used in the context of microscopy for example. The substantial 

fluorescence enhancement relies on the increased rigidity of TC within the binding 

pocket, that reduces the efficiency of non-fluorescent vibrational relaxation.[130]  

Unlike the majority of artificial aptamers, the TC aptamer can be applied as ligand-

sensing domain of engineered riboswitches and it has already been successfully used 
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in vivo for diverse regulatory tasks.[119] Following a mechanism, where the TC aptamer 

forms a ligand-stabilized roadblock for the scanning ribosome, translational control 

was realized as well as conditional splicing.[123] Furthermore, TC-dependent 

translation initiation by sequestration of the ribosomal binding site was successfully 

exercised in yeast cells[185] and also self-cleaving hammerhead ribozymes[186] were 

designed, based on the TC aptamer.  

 

Figure 4.19. A) Molecular structure of TC with the chelation site for a divalent Mg2+ cation (green 

sphere). The R6 -OH group of TC is indicated by an arrow. B) Secondary structure of the TC 
aptamer. The squares and circles indicate the highlighted nucleobases in D and E, respectively. 
C) Tertiary structure of the ligand-bound state of the TC aptamer based on the reported crystal 
structure[187] (PDB: 3EGZ). The ligand TC is depicted as ball and stick model and the incorporated 
Mg2+ ions are shown as green spheres along with coordinated water molecules shown as small 
red spheres. D) Close-up of the binding pocket. The nucleobases in proximity to the ligand are 
highlighted. E) Close-up of the triple helix motif. 

The aptamer consists of three stems (P1, P2 and P3), connected by two joining 

regions (J1-2 and J2-3), and two loops (L2 and L3). The core motif is relatively small 

and consists of 69 nucleotides, where the lower part of the stem P1 and the loop L2 

may vary in the numerous reported studies as those regions are not essential for ligand 

recognition. The ligand TC is bound as a Mg2+ ion chelate complex and is clamped 

within the binding pocket by loop L3 and the upper part of J1-2. TC stacks upon the 

nucleobase A58 and mainly together with A49, A50 and A13 the binding pocket 

interaction network is established (Figure 4.19D). The base A13 is oriented 
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perpendicular to TC and closes the clamp on top of the ligand by forming two H-

bonds to the R6-OH group of TC (Figure 4.19A). However, the core of the aptamer 

structure is based on an irregular triple helix of the junctions J1-2, J2-3 and the loop 

L3.[187] Stabilized by the base triplet A9, A44 and A55 (Figure 4.19E), this motif is vital 

for the formation of the ligand-bound conformation. To fold into this compact state 

and to compensate for the negatively charged phosphate backbone, several Mg2+ ions 

are incorporated in the immediate vicinity of the triple helix motif. 

The aptamer was found to be preformed to a significant extent and an 

extraordinarily low dissociation constant of 770 pM[184] was determined at 10 mM 

Mg2+. Based on EPR studies of spin-labeled TC aptamer variants, two mainly 

competing folds were identified in absence of TC.[188] While one of them shows high 

structural similarity to the ligand-bound state already, the other exhibits a more 

opened conformation at the joining region J1-2. The latter undergoes a structural 

adjustment of the respective region upon ligand binding and is not observed anymore 

when TC is present.  

The ligand binding kinetics were addressed by Förster et al.[130] by means of 

stopped-flow studies, monitoring the TC fluorescence increase upon ligand binding in 

a time-resolved fashion. Starting from an entirely prefolded aptamer conformation, 

the ligand binding proceeds in a two-step sequence that is interpreted as an initial 

association of TC towards the binding pocket, followed by a structural reorganization 

of the aptamer to accommodate the ligand. Comparison with the observed kinetics of 

point mutated aptamer variants furthermore revealed that the association step is 

mainly driven by interactions of TC with the bases A13 (J1-2) and A50 (L3), located 

on opposite halves of the binding pocket (Figure 4.19D). The following 

accommodation step proceeds virtually irreversible, indicating an energetically 

favoured structural adjustment. Here, the establishment of H-bonds between TC and 

A13 presumably plays an important role.  

The in vitro selection of the TC aptamer, as well as following characterization 

studies, were carried out at Mg2+ concentrations far above the physiological range, 

where the aptamer is suggested to be preformed and binding-competent. Yet, the 

folding landscape of the aptamer shows a pronounced Mg2+-dependence in the lower 

concentration range which was elaborated by Reuss et al.[131] In the absence of Mg2+, 

the aptamer exists as an ensemble of only partially folded conformations, not being 
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able to bind the ligand. A minimum Mg2+ concentration of 0.5 mM is required for 

preformation of binding competent folds. Ligand binding itself further stabilizes the 

aptamer structure, but additional Mg2+ ions are acquired during the binding process 

to establish the final complex. At Mg2+ concentrations above 1.5 mM, the 

conformational distribution is entirely shifted towards binding-competent structures.  

Especially when discussing in vivo regulation mechanisms of engineered 

riboswitches, the conformational features under physiological conditions must be 

considered carefully. Therefore, the aim of the present study is to shed light on the 

effect of Mg2+ on the folding of crucial structural elements of the TC aptamer and to 

determine characteristic differences between the prefolded and ligand-bound state. 

 

The 2ApFold Approach 

The rational use of fluorescence labels is an excellent approach for addressing 

dynamic properties of biomolecules. Concerning conformational RNA studies, 

especially the nucleobase analogue 2-aminopurine (Ap) is a well-suited label since it 

is relatively non-invasive to the overall tertiary structure when replacing a purine base. 

Its inherent fluorescence is quenched due to -stacking interactions and therefore 

reports on environmental changes very sensitively.[189]  

Time-resolved detection of the fluorescence change of an Ap label, attached to 

carefully chosen positions, even allows for global interpretations about the folding 

dynamics of structural motifs. The term 2ApFold approach was coined by Micura et 

al.,[190] who used this methodology to investigate the folding behaviour of e.g. the 

adenosine deaminase A-riboswitch,[191] the thiamine pyrophosphate riboswitch[192] and 

the  preQ1 class-I riboswitch.[193]  

In this work, a systematic study of Ap-labelled variants of the TC core aptamer is 

presented that is supposed to provide a comprehensive description of the Mg2+-

induced structural changes during prefolding and the ligand binding process. Five 

single labelled aptamer samples are investigated, where Ap replaces the nucleobase 

positions shown in Figure 4.20. Due to the lower synthetic effort, split aptamer 

variants are used here where loop 2 is missing and the two single stranded halves of 

the aptamer are hybridized prior to experimental use. The secondary structure of the 

employed samples is provided in the Appendix (Figure A1). The respective loop may 

vary without significant effects and is thus irrelevant for proper folding of the TC core 
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aptamer.[115] The herein applied sequence 

numbering corresponds to the one used 

in previous literature.[130,131]  

The base A58 (L3) forms a direct 

contact with the ligand since TC stacks 

upon it in the ligand bound state. A49 (L3) 

and G43 (J2-3) are located on the two 

opposite halves of the binding pocket and 

thus report on the folding of the core 

structure. The positions A6 and A7 were 

chosen to investigate the establishment 

of the turn motif at the transition from the 

stem P1 to the joining region J1-2. 

Furthermore, A7 and G43 are integrated 

in the surrounding of the triple helix and 

should indirectly report on this motif. 

To determine the Mg2+-dependent 

conformational changes during 

preformation and ligand binding, a series 

of fluorescence titrations was conducted 

with each of the labelled aptamer 

variants. The emission of Ap was 

monitored upon stepwise addition of 

Mg2+ both in presence and in absence of TC. Without Mg2+, the aptamer is unfolded 

and not capable of ligand binding, which is the starting point of the titration 

experiments. In absence of TC, an entirely prefolded and binding-competent aptamer 

structure is formed upon addition of Mg2+ whereas the ligand bound state is 

established in the presence of TC. Yet, it is important to note, that the folding 

sequences do not necessarily progress via similar Mg2+-stabilized prefolded states. If 

TC is present, a ligand-stabilized intermediate bound state is formed at medium Mg2+ 

concentrations around 0.5 mM.[131] 

Figure 4.20. Nucleobase positions A6, A7, 
G43, A49 and A58 that were substituted 
individually with fluorescent Ap labels. 
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The obtained Mg2+-dependent 

emission data for the variants G43Ap, 

A49Ap and A58Ap with labels in 

proximity to the binding pocket are 

displayed in Figure 4.21. The shown 

curves of both titration series, with and 

without TC, are normalized to the initial 

emission value of Ap. When TC is 

present, its emission increase upon Mg2+ 

addition (gray lines) confirms the binding 

of the ligand. The corresponding curves 

are shaped similarly for all variants, with 

a steep initial increase up to roughly 

0.5 mM Mg2+. 

The Ap label of the variant G43Ap is 

located near the triple helix motif and is 

stacked between the neighbouring bases 

A42 and A57 from the loop L3. During 

the transition from unfolded to the 

prefolded state in absence of TC, an 

overall decrease of Ap emission of 35% is observed, that successively takes place 

almost over the entire Mg2+ range up to 5 mM. This is indicative of a cation-induced 

compacting of the aptamer. Yet, the decrease of Ap emission is twice as pronounced 

in the presence of TC. After a significant drop at low Mg2+ concentrations (< 0.5 mM), 

virtually no signal change occurs anymore above 1.5 mM Mg2+. The different Ap 

emission changes hint at distinguishable environments of the G43 position in the 

prefolded and the bound state. In the prefolded state, the triple helix motif is thus not 

entirely formed even at saturating Mg2+ concentrations. This is in agreement with the 

assumption, that the prefolded state adopts a more open conformation in the region 

of J1-2 and J2-3 and the two halves of the binding pocket are more distant to one 

another.[130,188] This might further indicate that the missing interaction in the prefolded 

state is the stacking with A57 from the adjoining loop L3. 

Figure 4.21. Fluorescence-monitored 
Mg2+ titration data in presence (solid lines) 
and absence of TC (dashed lines) for the 
variants G43Ap (top), A49Ap (middle) and 
A58Ap (bottom). Ap emission (coloured 
lines) was collected at 365 nm and TC 
emission (grey lines) at 520 nm. 
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For variant A49Ap, the emission 

signal does practically not change at all in 

absence of TC. The stacking interactions 

with the purine bases G48 and A50 are 

therefore assumed to be established 

already without Mg2+. The slight 

decrease of Ap emission in presence of 

TC is not very defined and might merely 

account for a more compact 

conformation of the binding pocket 

region in the ligand bound state.  

Since TC stacks upon the A58 base, 

the label emission of the A58Ap variant 

directly reports on ligand binding. Again, 

no signal change is observed during 

preformation but a drop of 70% occurs in 

the low Mg2+ range in presence of TC. This means that the surrounding of A58 does 

not drastically change upon prefolding and the only additional interaction that A58 

encounters in the bound state is the direct stacking contact with the ligand. 

The label positions A6Ap and A7Ap are used as local probes for the formation of 

the kink below the joining region J1-2 and the triple helix motif. The crystal structure 

of the bound state reveals a Watson-Crick base pairing between A6 and U64 which 

forms the top of the stem P1. The Ap emission of A6Ap decreases already in the 0-

1 mM Mg2+ range and levels off above for both titration series (Figure 4.22, top). The 

decrease is more pronounced in presence of TC. Hence, the preformed and the bound 

state are established already at a similarly low Mg2+ threshold, but they differ 

structurally in the upper part of P1. Most strikingly, the kink motif between A6 and A7 

observed for the ligand bound structure must be drastically different in the prefolded 

state, since the recorded Ap emission changes of A7Ap showed opposite responses 

in presence and in absence of TC. While the emission drops upon ligand binding, it 

increases by more than double upon exclusive prefolding. Therefore, the A7 position 

lacks interactions in the Mg2+-stabilized prefolded state, that can be found in the 

unfolded state. It can be concluded at this point that formation of the kink and triple 

Figure 4.22. Fluorescence-monitored 
Mg2+ titration data in presence (solid lines) 
and absence of TC (dashed lines) for the 
variants A6Ap (top) and A7Ap (bottom). 
Ap emission (coloured lines) was collected 
at 365 nm and TC emission (grey lines) at 
520 nm. 
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helix motifs are highly involved in the conformational adjustments during ligand 

binding. 

 

Mg2+-Dependent Conformational Dynamics  

To reveal the conformational 

dynamics in a time-resolved fashion, the 

Ap emission changes during aptamer 

folding were recorded in stopped-flow 

mixing experiments. Therefore, the 

aptamer was supplied together with TC 

as one solution, which was mixed with 

different Mg2+ concentrations to monitor 

emission changes during the transition 

from the unfolded to the Mg2+-stabilized 

ligand-bound state.  

The recorded Ap fluorescence traces 

of the Mg2+-dependent measurement 

series for the variants A58Ap, G43Ap and 

A7Ap are shown in Figure 4.23, provided 

with experimental concentration 

conditions. The Mg2+-dependent traces of 

A58Ap reveal a biphasic signal 

progression and apparently delayed 

binding kinetics at low Mg2+ 

concentrations in the physiological range. The 0.5 mM Mg2+ curve only slightly 

decreases during the first 10-30 ms, indicating that the A58 surrounding is relatively 

unaffected by the initial Mg2+-driven prefolding of the binding-competent 

conformation. The following emission drop is then ascribed to ligand capture and the 

establishment of the TC-A58 stacking interaction. At 1.5 mM Mg2+, the Ap emission 

decrease is still delayed, but significantly faster. For G43Ap, the trace at 0.5 mM Mg2+ 

resembles the biphasic progression of the respective curve of the A58Ap variant, 

although the initial decrease is more defined. In contrast, the kinetics of G43Ap are 

almost accelerated to saturating levels at 1.5 mM Mg2+. In both cases, however, the 

Figure 4.23. Fluorescence-detected 
stopped-flow experiments with A58Ap 
(top), G43Ap (middle) and A7Ap (bottom). 
Shown is the Ap emission change during 
Mg2+-induced formation of the ligand 
bound state from the unfolded state. 
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kinetics become completely independent of Mg2+ at concentrations above 1.5 mM. 

The overall decrease of Ap emission is in accordance with the observations from the 

time-integrated Mg2+ titration experiments in presence of TC (Figure 4.21). 

The stopped-flow traces of A7Ap show a remarkable rise and decay behaviour at 

relatively high Mg2+ levels. The pronounced initial increase is supposedly due to the 

preformation of the aptamer and resembles the detected increase in the titration series 

in the absence of TC (Figure 4.22, bottom). The following signal decrease originates 

from the establishment of the interaction framework of the A7 position in the bound 

state and also confirms the decrease in the steady-state experiment in presence of TC. 

Both steps seem to be accelerated at increasing Mg2+ concentrations up to 7.5 mM, 

where saturation is reached. This strongly hints to one or more distinct metal binding 

sites in the triple helix region, that are highly involved in the conformational 

adjustment upon ligand binding. The crystal structure (Figure 4.19E) reveals at least 

three Mg2+ ions in the proximity to the triple helix motif in the final ligand-bound 

structure. Furthermore, the fluorescence traces show a less steep decrease at later 

times after 100-200 ms, which hints at a slower final folding step occurring in the 

region of A7. 

To estimate the influence of Mg2+ on the individual sequential folding steps, kinetic 

modeling is performed by fitting the acquired datasets to several meaningful 

mechanisms. By means of non-linear regression with the software Dynafit4,[31] the 

fluorescence stopped-flow traces are approximated with the time-dependent 

concentration functions of the involved reaction components.  Those are derived from 

the differential equation system based on the corresponding kinetic model and all of 

the single traces are fitted simultaneously. The obtained fit qualities are then subjected 

a comparative model evaluation analysis by determination of the Akaike information 

criterion (AIC) and the Bayesian information criterion (BIC).[32,33] Both criteria reflect 

the probability of a certain model compared to other applied models, considering the 

fit qualities as well as the number of parameters required. High numbers of variable 

parameters are penalized to avoid over-fitting the datasets. This penalty is more 

pronounced for the BIC, compared to the AIC. Commonly, the difference values AIC 

and BIC to the most probable model are calculated, so that values close to zero 

indicate suitable kinetic models. 
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Since the RNA samples are provided without Mg2+ in the stopped-flow experiments 

and folding into a binding-competent state is only induced upon mixing with Mg2+. 

Each of the tested models therefore comprises the addition of Mg2+ as a first step 

followed by ligand binding. An initial ligand binding is also tested as well as a third 

order reaction of RNA, TC and Mg2+, but those mechanisms are discarded as they 

completely failed to describe the data. 

Starting with a Mg2+-induced prefolding step, numerous different models with 

increasing complexity and varying combinations of reversible and irreversible steps 

are applied. After exclusion of unsuitable mechanisms, eight remaining models A-H 

are compared, which are provided in the Appendix (Table A1). In addition, the 

determined rate constants of all models are given together with the RMSD values of 

the corresponding fits and the AIC and BIC criteria (Table A2-4). When comparing 

the applied models, it turned out that a structural adjustment step must be introduced 

after ligand binding, to obtain adequate fit qualities. The most suitable models thus 

represent three-step models with an initial Mg2+-driven RNA prefolding step, followed 

by ligand binding which in turn induces a final conformational reorganization of the 

aptamer. The essential models 1,2 and 3 (D, E, and H, Table A1) for the three TC 

aptamer variants are shown in Table 4.1 and will be discussed in the following 

paragraphs. 

Table 4.1. Selected mechanistic models applied in the kinetic analysis of the fluorescence 
stopped-flow data of the three TC aptamer variants A58Ap, G43Ap and A7Ap. 

Model Folding mechanism scheme 

1 

 

RNA  +   M  
k1
⇋
k−1

  RNAM
∗   +   TC  

k2
→   TC@RNAM

∗  
k3
→  TC@RNAM  

2 

 

RNA  +   M  
k1
→  RNAM

∗   +   TC  
k2
⇋
k−2

  TC@RNAM
∗   

k3
→  TC@RNAM 

3 

 

RNA  +   M  
k1
⇋
k−1

  RNAM
∗   +   TC  

k2
→   TC@RNAM

∗   +   M  
k3
→  TC@RNAM 

 

It has to be noted that the actual role of Mg2+ can hardly be modelled by single 

folding steps, especially as multiple Mg2+ cations are supposed to assist in TC aptamer 

folding. Nevertheless, kinetic modelling should provide a robust estimation of the 
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cation-dependence of individual steps of the folding sequence. The initial association 

of Mg2+ (M) that results in the formation of a metal-stabilized prefolded state (RNAM*) 

is considered as the only reversible step in model 1. In contrast, the respective step 

is irreversible in model 2, but the ligand binding step is reversible. The subsequent 

structural adjustment step from an intermediate bound state (TC@RNAM*) to the final 

complex (TC@RNA) is unimolecular for both models. Model 3 is similar to model 1 

with a reversible prefolding step, only that the final adjustment step is considered 

bimolecular and implies the addition of another Mg2+ ion.  

The two aptamer variants A58AP and G43Ap with labels in the binding pocket 

region show very similar dynamics. The obtained respective fit parameters and model 

criteria are summarized in the Table 4.2 and 4.3. For both variants, model 1 is found 

to describe the data best as the corresponding fits exhibit the lowest RMSD values. In 

comparison to the other models, AIC and BIC values of zero were determined, 

which is why this model is to be judged as the most probable one. Hence, the initial 

prefolding step is Mg2+-dependent and shows a significant contribution of a back 

reaction. The determined rates k-1 and k2 are higher for G43Ap compared to A58Ap , 

which might hint at a more unstable conformation at this label position. It is 

remarkable that the metal association rates k1 are in general some orders of magnitude 

smaller than the ligand binding rates k2. The Mg2+-induced prefolding therefore 

represents the rate-limiting step in the binding sequence. However, the final structural 

adjustment is found to be independent of Mg2+. It proceeds faster for A58Ap with a 

rate k3 = 2.5 s-1, while that of G43Ap is 2.1 s-1. Since A58 forms a direct ligand contact, 

this suggests that the conformational reorganization upon binding starts from the 

binding pocket and then propagates towards the triple helix region, where G43 is 

located.  

Model 2 with a reversible ligand binding step clearly failed as the model of choice 

for both A58Ap and G43Ap, since large AIC and BIC values around 140 are 

obtained and the RMSD values are worse than those of model 1. For A58Ap, the 

additional back rate k-2 approaches zero and is thus negligible, whereas the 

contribution of the back rate seems more pronounced for G43Ap. A mechanism 

comprising reversible prefolding as well as ligand biding steps is also discarded for 

both aptamer variants due to over-parametrization and poor fit qualities. 
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The reversible ligand binding step in model 2 was applied, as the TC binding 

dynamics are reported to follow a two-step mechanism with a reversible first and an 

irreversible second step. Yet, it has to be stressed that different processes are 

monitored using the Ap emission reporter signal, than upon detection of the TC 

emission. The reversible TC binding step observed by Förster et al.[130] might thus 

partially reflect the reversible prefolding step found herein. As TC is assumed to first 

associate to the bases A13 and A50 on the upper parts of the two halves of the binding 

pocket, which is enabled by the Mg2+-assisted prefolding of the binding pocket. 

Interestingly, the forward ligand binding rate of 13.1 M-1s-1 determined by Förster et 

al. is on the same order of magnitude as the rates k2 found herein. 

Table 4.2. Results of the kinetic modelling analysis of the fluorescence stopped-flow data of the 
TC aptamer variant A58Ap, corresponding rate constants and obtained non-linear fit quality 
criteria. The models 1-3 refer to the tested folding mechanisms shown in Table 4.1.  

Model 
k1  

/ M-1s-1 

k-1 

/ s-1 

k2 

/ M-1s-1 

k-2 

/ s-1 

k3 

/ s-1 
RMSD AIC BIC 

1 
0.036 

±0.003 

35 

±5 

11.3 

±0.3 
-- 

2.5 

±0.1 
0.04601 0 0 

2 
0.019 

±0.001 
-- 

14.9 

±0.4 

<10-9  

±n.d.[a] 

3.2 

±0.1 
0.0467 144 144 

3 
36 

±n.d. 

>103 

±n.d. 

0.96 

±0.02 
-- 

280[b] 

±n.d. 
0.191 13861 13861 

[a] n.d. (not determined), the rate constant approaches zero and its error value is very large, 
[b] for model 3, the third step is bimolecular and the rate k3 is considered as a second order constants 

in units of M-1s-1. 

Table 4.3. Results of the kinetic modelling analysis of the fluorescence stopped-flow data of the 
TC aptamer variant G43Ap, corresponding rate constants and obtained non-linear fit quality 
criteria. The models 1-3 refer to the tested folding mechanisms shown in Table 4.1. 

Model 
k1  

/ M-1s-1 

k-1 

/ s-1 

k2 

/ M-1s-1 

k-2 

/ s-1 

k3 

/ s-1 
RMSD AIC BIC 

1 
0.029 

±0.002 

57 

±8 

20 

±1 
-- 

2.1  

±0.1 
0.0446 0 0 

2 
0.015 

±0.001 
-- 

23.3 

±0.9 

9.7 

±0.6 

4.1 

±0.2 
0.04525 142 142 

3 
0.06 

±0.01 

129 

±20 

12.6 

±0.3 
-- 

0.0005[a] 

±0.0002 
0.05089 783 783 

[a] for model 3, the third step is bimolecular and the rate k3 is considered as a second order constants 

in units of M-1s-1. 

In the fitting routine, each of the involved species is assigned a response value, that 

accounts for the signal change caused by that species. These responses are in general 
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optimized iteratively and then fixed, so that the number of free parameters includes 

only the kinetic rates. It is striking that the response of the prefolded state RNAM* is 

almost zero in the cases of A58Ap and G43Ap. This is in accordance with the initially 

flat stopped-flow curves (Figure 4.23) and indicates that the microenvironment of the 

respective two nucleobases is not directly affected by prefolding. The response of the 

following formation of the intermediate bound state TC@RNAM* is determined to be 

roughly 50% of the absolute signal decrease, just as the final structural adjustment 

step. This is indicative of a significant participation of A58 and G43 in the 

reorganization of the aptamer structure to accommodate the ligand. Last, model 3 

which comprises the addition of another Mg2+ ion during the final step apparently also 

fails to describe the dynamics of A58Ap as well as G43AP. 

The fluorescence stopped-flow traces of the variant A7Ap show a peculiar rise and 

decay progression. This points to a folding sequence that implies opposed signal 

response steps that must be taken into account in the kinetic analysis. In contrast to 

G34Ap and A58Ap, the obtained model fit results for A7Ap (Table 4.4) reveal that 

model 3 scores the lowest RMSD value and information criteria and is thus the most 

adequate description. That is to say that the final structural adjustment step is 

assumed to involve the addition of another Mg2+ ion in proximity to A7 near the triple 

helix region. 

Table 4.4. Results of the kinetic modelling analysis of the fluorescence stopped-flow data of the 
TC aptamer variant A7Ap, corresponding rate constants and obtained non-linear fit quality 
criteria. The models 1-3 refer to the tested folding mechanisms shown in Table 4.1. 

Model 
k1  

/ M-1s-1 

k-1 

/ s-1 

k2 

/ M-1s-1 

k-2 

/ s-1 

k3 

/ s-1 
RMSD AIC BIC 

1 
0.011 

±0.001 

9 

±2 

14.5 

±0.2 
-- 

3.5  

±0.1 
0.04398 316 316 

2 
0.009 

±0.001 
-- 

17.7 

±0.2 

<10-9  

±n.d.[a] 

3.98 

±0.05 
0.04403 327 327 

3 
0.034 

±0.003 

28 

±3 

4.7 

±0.1 
-- 

0.014[b] 

±0.001 
0.04258 0 0 

[a] n.d. (not determined), the rate constant approaches zero and its error value is very large, 
[b] for model 3, the third step is bimolecular and the rate k3 is considered as a second order constants 

in units of M-1s-1. 

The reversible Mg2+-addition step is assigned to the initial fluorescence increase, 

so RNAM* is provided with a positive response value in the kinetic fitting routine. 
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Remarkably, the respective prefolding step has a pronounced impact on the 

surrounding of A7Ap, but only a minor one for G43Ap or A58Ap. The increase in 

emission is probably caused by the loss of a stacking interaction and hints to the 

formation of the kink between A6 and A7. 

The prefolding equilibrium of A7Ap is shifted towards the binding-competent state 

RNAM*, compared to G43Ap and A58. Moreover, the following ligand association rate 

k2 is significantly smaller and the response value of TC@RNAM* converged towards 

zero for different initial values. The A7 base thus seems to be unaffected by ligand 

association. Finally, the Mg2+-dependent conversion into the ligand-bound state 

TC@RNAM proceeds with the second order rate k3. The implicated structural 

adjustment in the environment of A7 results in the signal decrease, which is reflected 

by a negative response value whose amount is twice as high as the initial increase.  

The presented stopped-flow data reveal a holistic idea of the conformational 

preformation and ligand binding characteristics of the TC aptamer with focus on the 

Mg2+-dependence of individual folding steps. The determined kinetic models for the 

three investigated aptamer variants are summarized in Figure 4.24. A three-step 

mechanism is assigned for any of the label positions, confirming a preceding 

prefolding of the aptamer that requires the addition of Mg2+ ions. The respective 

association rates of all three variants are quite similar, although it remains unclear how 

many metal cations are actually involved in this step.  

 

Figure 4.24. Proposed mechanisms and rate constants for sequential folding and ligand binding 
steps, determined by kinetic analysis of the fluorescence stopped-flow data. The sequence 
comprises an initial Mg2+-induced prefolding step of a binding-competent conformation, 
followed by ligand binding which in turn induces a structural adjustment of the aptamer. 
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The increased back rate of G43Ap, compared to A7Ap and A58Ap, hints at a looser 

conformation in the surrounding of junction J2-3. In agreement with that, the 

prefolded state is suggested to adopt a more opened conformation of J1-2, which is 

in equilibrium with a closed one similar to the ligand bound state.[188] The prefolded 

state is thus characterized by an approximation of the two halves of the binding 

pocket,[130] but the triple helix motif is not yet entirely established.  

The increase in A7Ap emission during prefolding points to an opening of the 

tertiary structure above A6 on the top of the stem P1 and a pre-arrangement of the 

triple helix. Regarding the subsequent ligand binding, G43Ap exhibits the highest rate 

constant k2, even higher than that of A58AP which forms a direct contact to the ligand 

in the bound state. Yet, when TC approaches the binding pocket from the top it is thus 

supposed to encounter the nucleobases A50 and A13 at first.[130] As the nucleobases 

A13 and A12 of J1-2 and the bases A42 and G43 of J2-3 form single hydrogen bond 

base pairs in the ligand bound state,[187] respectively, it seems plausible that those 

joining regions are involved in the initial ligand association step. The high ligand 

binding rate k2 of G43Ap furthermore compensates for its increased metal dissociation 

rate k-1, which hints at a stabilization of the respective aptamer region by TC.  

To conclude, the herein presented investigations of the folding behaviour of the 

well-known TC aptamer provides important additional insights into the Mg2+-

dependence of functional aptamer tertiary structures. In accordance to the reported 

model, the degree of preformation of a binding-competent conformation is essentially 

affected on the available Mg2+ concentration.[131] The conformational transition from 

non-binding to prefolded occurs roughly around 0.5 mM Mg2+ and the formation of 

an entirely binding-competent state is accomplished around 1.5 mM Mg2+. As these 

thresholds correspond to the limits of the physiological range, the results confirm the 

presence of functional conformations already at low Mg2+ levels, which is essential for 

biologic applications. Hence, the cation-dependence of the conformational landscape 

of functional RNAs is a critical parameter that must be taken into account in the 

investigation and design of RNA-based regulation mechanisms. 

Besides static structural aspects, dynamic conformational adjustments are 

fundamental regarding riboswitch activity. For the TC aptamer, a Mg2+-dependent 

prefolding step prior to ligand binding could be identified that involves the binding 

pocket region as well as the triple helix motif. The results furthermore give an 
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excellent example for a structural adjustment that is induced by the ligand binding 

event and that propagates from the binding site to more distant regions. In response 

to ligand recognition, indications a following structural adjustment of the A7 position 

at the base of the triple helix motif were observed here. Most strikingly, the 

surrounding of A7 is suggested to lock into the final conformation in a Mg2+-mediated 

fashion. Kinetic modeling revealed that a binding model with a cation-dependent final 

binding step is the most adequate description of the data. Although a robust 

estimation about the actual number of acquired cations throughout the folding 

sequence can hardly be made, the results significantly contribute to the understanding 

of the dynamic folding process of the TC aptamer as a model system for a successfully 

engineered functional RNA. 

 

Materials and Methods 

The RNA samples were stored in highly purified water at -20°C. Prior to each 

experimental use, the RNA was prepared using the following folding procedure: the 

aqueous RNA solutions were heated to 95°C for 5 min and snap-cooled on ice for 5 

min. Next, buffer was added (20 mM sodium cacodylate, 80 mM KCl, pH 6.8) and the 

samples were equilibrated for 20 min. For the Mg2+-dependent fluorescence titrations, 

1 M RNA was provided and 3 M TC was added for the titrations in presence of the 

ligand. The Mg2+ solution contained similar buffer components except for RNA and 

ligand. The samples were prepared in 4 x 10 mm quartz glass cuvettes (Hellma 

Analytics, Müllheim, Germany) The titrations were conducted with a FP-8500 

spectrofluorometer (Jasco, Groß-Umstadt, Germany) with an excitation wavelength 

of 310 nm (slit width 5 nm) and a PMT voltage of 700 V. 

Stopped-flow measurements were carried out with a SFM-20 device (Bio-Logic 

Science Instruments, Seyssinet-Pariset, France) with Berger Ball mixer and a cuvette 

(FC08) with a volume of 20 L and a light path of 0.8 mm attached. The stopped-flow 

device was coupled to a FP-8500 spectrofluorometer with a glass-fibre module (OBF-

832, Jasco). The detected PMT signal was transferred to a transient recorder board 

(PCI-6052E, National Instruments, Austin, USA) using an A/D-adapter (BNC-2110, 

National Instruments). Data acquisition was controlled with the Bio-Kine 32 software 

(Version 4.42, Bio-Logic Science Instruments). For every single mixing experiment, 

33 l of the two sample solutions were injected into the mixing compartment via 
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syringes. The injection was stopped by a hard-stop valve which determined the start 

of the observed binding dynamics. The excitation wavelength for the measurements 

was 310 nm and fluorescence emission was detected at 370 nm in a 90° angle. The 

sample concentrations in the cuvette were 2 M RNA, 4 M TC, and the Mg2+ 

concentrations varied between 0.5-10 mM. 20-30 traces were averaged, baseline-

corrected and normalized prior to the kinetic model analysis, which was carried out 

with the DynaFit4 software (Biokin Ltd., Watertown, USA).[31]  

4.2.2 REGULATORY POTENTIALS OF CFX-BINDING APTAMERS 

(Reference [IV]) 

The de novo design of high affinity aptamers for specific target molecules by in 

vitro selection offers great opportunities for countless biochemical tasks in the wide 

field of life sciences. Further engineering of artificial aptamers into active in vivo 

riboswitches even opens the door for creating novel genetic circuits and RNA-based 

therapeutic approaches. However, the targeted design of engineered riboswitches 

using artificial aptamers is still enormously challenging.[115,194] Only very few in vitro 

selected aptamers could be applied as functional riboswitches so far such as the 

Theo,[109] Neo,[111] TC[185,186,195] and the recently selected CFX[114] and paromomycin[113] 

aptamers.  

In order to determine decisive criteria, that distinguish inactive aptamers from in 

vivo active riboswitches, three CFX-binding aptamer candidates that exhibit different 

regulatory potentials are investigated here comparatively. The compound CFX 

(Figure 4.25C) is a broadband antibiotic from the fluoroquinolone group, that inhibits 

bacterial topoisomerases. The compound is well-characterized on a pharmacological 

level[196] and it is very suitable for analytical purposes, due to its fluorescent emission. 

Similar to other antibiotics, it has been applied for in vitro selection of specifically 

binding RNA aptamers. An aptamer termed R10K6 with an extraordinary ligand 

affinity was identified, that could be applied as aptasensor for fluoroquinolone 

derivatives in clinical or environmental diagnostics.[101]  

Further analysis of the aptamer pools over the multiple rounds of SELEX by next-

generation sequencing (NGS) revealed detailed and reliable insights into the 

characteristics and abundancies of enriched sequences. Based on this, auspicious 
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candidates were screened in parallel for their in vivo riboswitch abilities by cloning 

the corresponding sequences into the 5’-UTR of a GFP reporter gene following the 

protocol developed by the Suess group.[197] Most interestingly, two aptamers with very 

similar dissociation constants in the low nanomolar range were obtained that showed 

drastically different enrichment trajectories throughout the SELEX experiment.[114] It 

turned out that the most abundant candidate R10K6 showed almost no regulatory 

performance in contrast to the 80-fold less abundant candidate 10A. The inactive 

candidate R10K6 is the precursor of the herein investigated aptamer A. The less 

abundant candidate 10A, here denoted as preRS, showed a ligand-dependent 2.2-fold 

regulation change in yeast cells. By introducing randomized nucleobase variations, a 

candidate with a pronounced gain of function (GOF) was created,[114] which is herein 

referred to as the active riboswitch RS. It is even capable of a 7.5-fold change in GFP 

expression in yeast cells and exhibits a similarly low dissociation constant. The 

predicted secondary structures of the three aptamers, based on in-line probing 

analyses, are depicted in Figure 4.25. 

 

Figure 4.25. Secondary structures of A) the investigated inactive aptamer A and B) the in vivo 
active riboswitches preRS and RS. The depicted structures are based on in-line probing 
experiments.[114] The binding pocket regions are highlighted (grey boxes). C) Molecular structure 
of the ligand CFX with shown metal binding site (top). The graphs show the normalized 
absorption and emission spectra of CFX (middle) and an excitation wavelength-dependent CFX 
emission contour plot (bottom). 

Although they were obtained from one SELEX experiment, the aptamer A and the 

riboswitch preRS do not show pronounced similarities regarding sequence or 
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structure, except for a three-way junction in core of the RNAs, which is assumed to 

form the basis of the binding pocket (Figure 4.25, gray boxes). The aptamer A forms 

a basic stem consisting of the individual stems P1, P2 and P4, the branching stems P3 

and P4a and a joining region J4a-4. The active riboswitches exhibit a more complex 

structure with a pseudoknot (PK) connecting the stems P1 and P3 directly at a junction 

towards stem P2 with the loop L2. Because the riboswitch RS was derived from 

preRS, they only differ in 4 nucleobases located within P2 and L2.  

The comparable binding affinities of the three presented aptamer candidates are 

apparently not sufficient for predicting riboswitch engineering potential, as their 

regulatory capacities vary drastically. Therefore, the ligand binding characteristics of 

the inactive aptamer A and the active riboswitches preRS and RS are compared in 

view of conformational as well as kinetic aspects.  

The inherent fluorescence of the ligand CFX can readily be used as optical reporter 

signal for the binding process since it is quenched upon binding to any of the three 

candidates. The fluorescence emission of CFX, observed upon excitation at 330 nm, 

is centred at 420 nm (Figure 4.25C). Besides the minor absorption band at 330 nm 

there is a second more pronounced band at 270 nm. The excitation wavelength-

dependent emission contour plot shows, that fluorescence is observed upon excitation 

at both absorption bands, yet an excitation at the low energy absorption band is 

preferred for the spectroscopic studies, to avoid parallel excitation of the RNAs.  

 

Mg2+-Dependent Aptamer Binding Affinities 

The potential influence of Mg2+ on the conformational landscape of RNA aptamers 

must be investigated carefully, since a high ligand affinity even at low Mg2+ levels is a 

precondition for potential riboswitch function. As the results of the TC aptamer 

(section 4.2.1) confirmed, the prefolding as well as the ligand binding process can 

involve distinct interactions with divalent cations. The Mg2+-dependences of the three 

candidates A, preRS and RS were addressed by means of fluorescence titration 

experiments at defined Mg2+ levels. The top panel of Figure 4.26 (top panel) shows 

the normalized CFX emission decreases observed upon addition of RNA at 5 mM 

Mg2+ which corresponds to the SELEX conditions. Following a Hill analysis of the 

data, KD values of 19, 130 and 226 nm were determined for A, preRS and RS, 
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respectively. The aptamer A therefore 

exhibits the highest ligand affinity, in 

spite of the lowest regulatory potential. 

Additional titration studies were 

carried out at 0.5, 1.5, 3 and 10 mM and 

in the absence of Mg2+. Without Mg2+ 

present, none of the candidates showed 

a reasonable binding curve, indicating 

that the availability of minimal amounts 

of cations is necessary for each of them 

to fold properly. The determination of the 

KD values at defined Mg2+ levels revealed 

an exceptional cation-dependence of A 

in contrast to preRS and RS (Figure 4.26, 

bottom). At a Mg2+ concentration of 

0.5 mM the aptamer A only binds weakly with an approximate KD value of 1.4 M. 

The affinity substantially increases to a nanomolar KD
 value at 1.5 mM. Thus, a 

pronounced conformational shift towards a binding-competent conformation 

involving distinct metal binding sites occurs exactly within the physiological range. 

Additionally, at even higher cation concentrations the KD value of A continuously 

decreases which might point to a Mg2+-driven increasing compacting of the tertiary 

structure. In comparison to A, the affinities of the active riboswitch candidates preRS 

and RS are relatively unaffected by Mg2+. Their KD values show a very similar 

behaviour and only vary slightly above a concentration of 0.5 mM. Consequently, the 

binding-competent state exists already at low cation levels and no significant further 

structural adjustment occurs upon increasing the cation excess. 

The regulatory potential of preRS and RS is certainly partly due to the low 

dependence Mg2+, although small amounts of divalent cations are required to form 

their binding-competent states. The affinity of the aptamer A varies greatly within the 

limits of the physiological Mg2+ range, but it is nevertheless capable of ligand binding. 

The behaviour of A can be compared well with that of the TC aptamer.[131] In spite of 

its Mg2+-dependence, the TC aptamer is highly functional in vivo. The inactivity 

activity of A can therefore hardly be attributed to its cation-dependency alone. 

Figure 4.26. Mg2+-dependent binding 
affinities of the candidates A (green), 
preRS (cyan) and RS (blue). Fluorescence 
titration at 5 mM Mg2+ (top) and Mg2+-
dependent KD values (bottom). 
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Fluorescence-Detected Ligand Binding Kinetics 

Rather than the KD value, which is 

derived from equilibrium conditions, 

dynamic properties of the ligand binding 

process are supposed to reveal 

fundamental differences between the 

inactive aptamer A and the active 

riboswitches preRS and RS. To monitor 

the binding event, the CFX emission 

decrease upon association to the RNAs is 

measured in real time with millisecond 

resolution by stopped-flow mixing 

experiments. During the mixing of the 

ligand and the corresponding aptamer 

candidates, the SELEX buffer conditions 

with 5 mM Mg2+ were retained. 

According to the cation fluorescence 

titrations, each of the candidates should 

exist in its binding-competent fold and a 

structural preformation should only play 

a minor role. Nevertheless, it is important 

to consider a distribution of multiple 

interconvertible aptamer conformations 

where only one is capable of binding. 

Such a preceding conformational 

selection mechanism is found frequently for the binding kinetics of aptamers.[198,199] 

The ligand stabilizes a specific RNA conformation significantly by binding.[200] If the 

preformation proceeds on a slower time scale it can even be rate limiting for ligand 

binding. 

The recorded stopped-flow traces (Figure 4.27A) show accelerated binding 

kinetics upon mixing with increasing equivalents (eq) of CFX for each of the RNA 

candidates. The ligand binding occurs on similar time scales, yet the ligand binding of 

A seems to be faster than of preRS or RS. As the ligand is supplied in excess, first 

Figure 4.27. A) Stopped-flow traces that 
show the time-resolved decrease of CFX 
emission upon binding by the aptamer 
candidates A (top), preRS (middle) and RS 
(bottom). The solid lines represent the 
most suitable model fits as discussed in the 
text. B) Association rates kon determined by 
monoexponential fitting of the stopped-
flow traces. 
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order conditions prevail. The observed ligand binding rate kobserved can therefore be 

obtained by mono-exponential curve fitting. Based on the kobserved values, the overall 

binding rate kon is estimated by linear regression (Figure 4.27B). For aptamer A the 

highest rate is determined, followed by almost similar values for preRS and RS. The 

first order rates show a linear increase in any case, which hints at an induced fit 

mechanism. This furthermore confirms the exclusion of preformation contributions to 

the observed kinetics. However, there are no firm criteria to rule out a conformational 

search.[201]  

A simple first order ligand binding in one irreversible step is certainly not a realistic 

description of the actual ligand binding mechanism. To determine the exact 

mechanism, the acquired datasets were subjected to kinetic modeling analyses. 

Several reaction models with varying complexity were tested including different 

sequences of reversible and irreversible steps. For each aptamer candidate, the data-

sets of all concentrations were fitted simultaneously with the expressions for the time-

dependent concentrations derived from the sets of differential equations for the 

corresponding models. Similar to the kinetic analysis of the TC stopped-flow data, the 

resulting fit qualities were then comparatively evaluated by a statistical model 

selection analysis based on the AIC and BIC criteria.[31–33] Both criteria estimate the 

probability of a certain model compared to others, taking the obtained fit quality into 

account as well as the complexity of the respective model in order to avoid over-

fitting. 

The kinetic modeling analysis revealed two-step binding models as the most 

adequate descriptions for each of the three RNA candidates. The binding process is 

therefore governed by an initial association of the ligand to the preformed binding 

pocket followed by a structural reorganization to accommodate the ligand. The 

determined most probable mechanisms and corresponding rate constants are 

illustrated in Figure 4.28. The association step is considered reversible for each of the 

candidates, but the mechanisms differ significantly in the reversibility of the 

accommodation step.  

Only for the inactive aptamer A, a fully reversible binding sequence is assigned as 

most suitable mechanism. It is striking, that second binding step is significantly 

accelerated for preRS and virtually irreversible for RS. For the potential riboswitch 

preRS, a kinetic model with an irreversible as well as a reversible second step seems 
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to reflect the observed binding process properly. Yet, for the reversible model a back 

rate several orders of magnitude lower than the forward rate was determined, which 

makes its contribution almost negligible. For candidate RS with the highest regulatory 

potential, both information criteria explicitly confirm an irreversible second step as 

best description. Not only that the structural adjustment step of RS is found to be 

irreversible, but there is also a clear tendency of an increasing forward rate of the 

second step from A to preRS to RS. Consequently, an evident correlation between 

regulatory activity and an acceleration of the accommodation step can be noted.  

 

Figure 4.28. Determined kinetic ligand binding models of aptamer A and the riboswitches preRS 
and RS. A decreasing contribution of a back reaction rate of the second binding step correlates 
with an increasing regulation factor, observed in a in vivo GFP expression assay.  

Interestingly, also the rates of the initial ligand association step differ significantly 

when comparing the inactive A and the active candidates preRS an RS. The first step 

seems to be much more favoured and exhibits a significantly smaller dissociation rate 

for aptamer A. Since the association step is assumed to be mostly driven by 

electrostatic interactions, this different behaviour might also be due to the fact that 

the structure of A contains a significantly higher number of metal cations.  

A nearly irreversible and therefore highly favoured accommodation step is found 

frequently for functional aptamer binding kinetics. This step is assumed to rely on a 

conformational adjustment of the RNA and a tightening of the binding pocket. As this 

is determined to be the most striking kinetic difference between the inactive A and 

the active candidates preRS and RS, the irreversibility is suggested to be indicative 

of a ligand-induced rearrangement of the RNA that is pronounced enough to enable 
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riboswitch functionality. A virtually irreversible binding furthermore results in an 

increased lifetime of bound state. This might be a critical factor for in in vivo activity 

because of the essential interplay of the ligand binding kinetics and the time scale of 

the addressed cellular regulation mechanism. Similar observations are reported for 

the TC aptamer, where the effect is even stronger than for RS.[130] Regarding the Theo 

aptamer, a conformational preformation step precedes the ligand binding process and 

the dissociation rate is found to be almost negligible, too.[199] Moreover, a reduced 

back rate is also reported for the Neo aptamer[202] where additional structural data of 

active and inactive aptamers are available.[203] The highest activity is observed for the 

aptamer N1 that is structurally more complex than less active variants thereof. The 

increased complexity is furthermore associated with a more drastic ligand-induced 

conformational rearrangement of N1.  

Besides synthetic aptamers, analogous binding kinetics are as well reported for the 

aptamer domains of natural riboswitches. An initial association followed by a highly 

favoured structural adjustment was found for the family of purine riboswitches.[204–206] 

Similar  trends were also observed for the TPP riboswitch[192,207] or the FMN 

riboswitch.[208] Ultimately, a conformational switch of the aptamer that is manifested 

as a rapid final binding step to accommodate the ligand is assigned as the essential 

characteristic that natural as well as artificial functional aptamers have in common. 

The determined correlation of regulatory potential and ligand binding kinetics 

could have additional implications for the in vitro selection of aptamers and could 

explain the underrepresentation of functional aptamer candidates in an enriched 

SELEX pool. First, although the application of Mg2+ concentrations far above the 

physiological range might enhance an enrichment of high affinity aptamers, it is 

suggested to impede the accumulation of potentially in vivo active candidates. At low 

Mg2+ levels, aptamers of increased structural complexity can be obtained, whose KD 

values are not substantially dependent on the present cation concentration.[126] 

Second, an irreversible binding step and the corresponding increased lifetime of the 

bound state must be considered during the selective elution of aptamers during the 

SELEX. The stringency and the waiting times in the elution protocol could be 

optimized so that it is more probable to obtain functional candidates. An improved 

SELEX approach is developed in the Suess lab, which is referred to as capture-

SELEX.[113,209] In this variation, the RNA is immobilized instead of the ligand by a 
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complementary docking strand. The elution is then carried out with the target 

molecule, implying that the RNA strands are supposed to unbind from the docking 

strand. Hence, a dynamic structural rearrangement step is introduced to the selection 

protocol. 

4.3 A LIGHT-RESPONSIVE AZOCM-BINDING APTAMER 

(Reference [VI]) 

Ultimately, the expertise gained from the detailed investigations of photochromic 

compounds and the characterization of novel RNA aptamers is combined to design a 

light-responsive aptamer that specifically senses only one isomer of a photochromic 

ligand. For the design strategy of the ligand, an azobenzene molecular scaffold is 

chosen as photochromic unit, due to its promising photophysical properties like a high 

quantum yield and fatigue resistance as well as high switching turnover. Since the use 

of antibiotics is suggested to be advantageous for the enrichment of high affinity 

aptamers during the SELEX process, the azobenzene chromophore is synthetically 

merged with the molecular structure of the antibiotic chloramphenicol[210] (Cm) as 

illustrated in Figure 4.29A.  

The nitro phenyl group of Cm was converted into one half of an azobenzene moiety 

and an additional amino propyl anchor group for immobilization was installed on the 

opposite half (amino-azoCm). The free ligand azoCm, however, bears only a terminal 

carboxyl group. The trans-isomer of the azoCm derivative is efficiently convertible 

into its cis-form by use of 365 nm light and the reverse reaction is induced by 420 nm 

(Figure 4.29B). The ligand azoCm is highly promising for in cell applications. It is 

stable in HeLa cell extracts for days and highly photoresistant. Over multiple repeated 

switching cycles a switching turnover of 75% is maintained (Figure 4.29C, bottom). 

The cis-isomer exhibits a thermal half-life time of ~27 days under dark conditions. An 

activation energy of 109 kJ/mol is determined for the cis- to trans-azoCm conversion 

by an Arrhenius measurement series at different temperatures. Further toxicity tests 

reveal that azoCm exerts no significant effect on cell growth in bacteria, yeast and 

also human cell lines (HeLa cells). 
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Figure 4.29. A) Molecular design route for the chloramphenicol-azobenzene (azoCm) compound 
with an anchor group for immobilization. B) Structures of the cis- and trans-photoisomers of 
azoCm. C) Spectroscopic studies of the ligand azoCm: The top panel shows the absorption 
spectra of trans-azoCm and of the photostationary state (PSS) obtained upon continuous 
irradiation at 365 nm. The PSS contains about 80% of cis-azoCm. The lower panel shows a 
photofatigue experiment over multiple cycles of alternating irradiation.  

In vitro Selection Against azoCm 

The goal of the in vitro selection against azoCm was to obtain aptamer candidates 

that selectively bind to the thermodynamically stable trans-isomer and that reversibly 

unbind upon photoisomerization. To achieve this, several SELEX protocols were 

combined and modified systematically. In total, three selections were carried out with 

different RNA libraries and elution procedures. Two selections were conducted with 

established RNA libraries that were successfully applied already.[112,114] For the first 

affinity SELEX an RNA pool was used, that consisted of a 1:1 mixture of different N64 

sequences (64 nucleotides). One part of the mixture was a completely randomized 

N64 pool while the other contained a predefined hairpin motif, flanked by two 

randomized N26 regions.  

In the second SELEX, a randomized N74 RNA pool was applied. This resulted in a 

more pronounced enrichment than the first SELEX after 6 rounds. The enriched pool 

of round 6 was split and subsequently two different selection procedures were 

conducted in parallel for four more rounds. One of the selection protocols was 

continued regularly but the other was modified with an illumination step to isomerize 

the ligand (Figure 4.30A).  

After incubation of the RNA pool with immobilized trans-azoCm, non-binding 

RNAs were discarded. Then the column was irradiated with 365 nm under exclusion 

of all other light sources to induce the photoconversion of the ligand in each round. 

Those aptamers, that unbind upon trans- to cis-conformational change were eluted 
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during illumination and then applied for the reselection rounds. Interestingly, 

sequencing analyses of the SELEX pools revealed the conservation of a motif of 13 

nucleotides (CCTACGGGAAAGG) in three of the candidates. One of them stems from 

the N64 1:1 SELEX and two from the light branch of the N74 SELEX.  

 

Figure 4.30. Illustration of the SELEX results. A) Sum of reads per million (RPM) of the light-motif 
sequence in the regular and light branch of the N74 SELEX. B) Fraction of loaded RNAs that could 
be eluted with an azoCm solution. C) Conserved structural motif determined by LocARNA analysis 
of the motif-doped SELEX pools.[211,212] The mutated light-motif is embedded within the common 
structure motif. The lengths of stem P2 and loop L2 are variable, as indicated. 

Additional DEEP sequencing analyses were performed to track the enrichment of 

this light-motif during the selection rounds of the N74 SELEX. The total read count, 

normalized to reads per million (RPM), of the light-motif sequence is shown in Figure 

4.30A, to visualize the enrichment processes in both SELEX branches. The respective 

motif was continuously enriched in the light-branch, whereas its abundancy declined 

in the regular branch.  

In the following, the light-motif sequence was applied for the third in vitro selection 

engaging a motif-doped RNA library. Therefore, the light-motif was provided with 

randomized flanking regions to obtain a total length of 50 nucleotides. Additionally, a 

6% mutation rate was allowed for the light-motif to eventually find even optimized 

variants thereof. The motif-doped SELEX showed a steep enrichment trajectory so 

that 38% of the RNA input could be eluted by washing with a ligand solution in round 

5 (Figure 4.30B). By sequencing 96 individual candidates, it was found that no 

particular aptamer dominated the pool, but the motif itself was mostly conserved. The 

adjacent nucleobases thus seemed to be not essential for the ligand properties. Since 

the light-motif sequence could still be integrated in a superordinate structure motif, 
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the pool was also examined for matching secondary structure motifs by use of the 

prediction tool LocARNA.[211,212] Indeed, a three-way junction motif was determined, 

that embeds the light-motif sequence as displayed in Figure 4.30C. The branching 

hairpin consisting of P2 and L2 is of variable size, while the stem P1 and the stem-

loop motif L2 are conserved.  

 

Ligand Binding Studies of Aptamer B2-1 and azoCm 

From the different enriched SELEX 

pools, four aptamer candidates were 

chosen for further selective ligand 

binding studies. In a column binding 

assay, the candidates were tested for their 

ligand isomer specificity. Especially the 

binding and affinity properties of aptamer 

B2-1 (P2 = N10, L2 = N5) from the motif-

doped SELEX appeared rather promising. 

Therefore, isothermal titration 

calorimetry (ITC) measurements were 

performed to determine the photoisomer-

dependent KD values of B2-1. The ITC 

binding curves for both ligand isomers are 

depicted in the upper panels of Figure 4.31 and the derived enthalpy changes H in 

the lower panel. For cis-azoCm no reasonable binding curve was observed at all, but 

due to the experimental conditions a minimum millimolar KD value can be estimated. 

In contrast, for trans-azoCm an exceptional KD value of 545 nM is obtained, which 

confirms an auspicious selectivity for this photoisomer. The difference in KD values 

corresponds to an at least  ~1800-fold discrimination between the ligand states. 

The candidate B2-1 could only serve as reversible photoresponsive aptamer if it 

also detaches from the ligand, upon switching from trans- to cis-azoCm. The capability 

of photoswitching of azoCm in presence of B2-1, was confirmed by UV/vis irradiation 

experiments. However, to investigate the structural response of the RNA to the 

switching event, circular dischroism (CD) spectroscopy is a suitable technique. It 

allows for observing conformational changes of biomolecules like RNA, due to their 

Figure 4.31. Isothermal titration 
calorimetry (ITC) studies of cis- and trans- 
azoCm and the aptamer B2-1.  
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chirality and the associated differences in 

absorption of left and right circularly 

polarized light. To determine 

contributions of the ligand, at first 

switching experiments were performed 

with azoCm under similar conditions as 

the following RNA measurements (Figure 

4.32A). The spectrum of free state of 

aptamer B2-1 (Figure 4.32B, dashed blue 

line) shows a dominant positive 

amplitude around 270 nm and a minor 

negative signal around 245 nm. The 

observed signature is indicative of RNA 

hairpin structure motifs.[213,214] For the 

binding studies, trans-azoCm was 

provided in excess to ensure that the 

majority of present aptamers are bound 

to the ligand. The spectrum of the bound 

state trans@B2-1 exhibits an increased 

positive amplitude around 270 nm and 

the signal is shifted bathochromically 

with respect to the free aptamer. This 

hints at a noticeable conformational 

adaption of the aptamer to the ligand. Upon irradiation of the sample with 365 nm to 

convert the ligand into its cis-form, the spectrum of the free aptamer was nearly 

restored, which strongly points to a dissociation of the ligand. Only a slight 

bathochromic shift is still observed.  

To confirm a reversible light-controlled ligand binding, the sample was irradiated 

alternatingly with 365 nm to induce trans- to cis-isomerization and with 420 nm to 

trigger the reverse reaction. The CD signal maximum of B2-1 at the individual 

irradiation steps over 3 switching cycles is displayed in Figure 4.32C. The signal 

clearly decreases and increases reversibly due to the repeated photo-isomerization of 

the ligand. The observed signal change makes approximately 3% of the absolute 

Figure 4.32. Circular dichroism (CD) 
studies. A) CD spectra of trans- (cyan) and 
cis-azoCm (grey). B) CD spectra of the 
pure aptamer B2-1 (dashed blue line), its 
ligand bound state trans@B2-1 (cyan line) 
and the dissociated state (cis + B2-1, grey 
line) obtained upon switching from the 
trans- to cis-isomer with 365 nm. C) CD 
signal change at 269 nm during a cyclic 
switching experiment with alternating 
illumination steps using 365 nm and 
420 nm. 
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amplitude so the overall tertiary structure of the aptamer is only adjusted to a small 

extent. Though, the adaption of the RNA to the ligand by e.g. the tightening of the 

binding pocket is not suggested to cause a drastic signal modulation anyway. Hence, 

the presented reversible signal change can evidently be associated with the binding 

and unbinding of azoCm and aptamer B2-1. 
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5 CONCLUSION 

In this work, the potential of molecular photoswitches as light-sensitive 

components for photopharmacological applications is elaborated as well as that of 

artificial RNA aptamers as regulatory switch units for riboswitch engineering. Different 

essential aspects of both fields of application are investigated, and the two approaches 

are finally connected by the design of a synthetic light-controlled RNA aptamer that 

responds to the isomerization of its photoswitch ligand.  

Molecular photoswitches such as azobenzenes and spiropyrans have proven to be 

promising photochemical tools to create light-driven biochemically usable effects in a 

reversible manner. While azobenzenes represent the mostly applied class of 

photoswitches, the huge photopharmacological potential of spiropyrans is yet to 

unfold. To further explore this potential, prominent water-soluble spiropyrans are 

studied here in view of their practical photoswitch properties and photoreaction 

dynamics. The Py- and Nitro-BIPS derivatives 1-4 investigated here show refined 

photo-and thermochromic behaviour in aqueous solution. Especially the Py-BIPS 

compound 2 is very promising for diverse applications in a biochemical context. 

Compared to the other investigated compounds, a much higher merocyanine content 

of roughly 50% is accumulated thermally within minutes. In so-called T-type switching 

mode, with alternating photoinduced ring-closure to a pure spiropyran sample and 

thermal equilibrium recovery, this elevated switching amplitude is retained over 

multiple cycles without significant decomposition. Since the pronounced absorption 

band of the merocyanine around 540 nm is well separated from that of the spiropyran, 

it can be addressed selectively with high extinction. In addition, the fact that the use 

of harmful UV light can be avoided is very promising for potential 

photopharmacological use. 

Compound 2 furthermore shows fascinating pH-dependent properties. Upon 

acidification, several protonated states are formed that adopt inherent photophysical 

features. First, the pyridine-nitrogen is protonated, where the pKa value of the ring-

opened form HMC is two units higher (6.8) than that of the closed form HSP (4.8). 

This difference allows for a light-stimulated reversible regulation of the pH value in a 
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range from roughly 4.5 to 7.5. Depending on the applied concentration, a pKa drop of 

up to 1.5 units can be attained by light-induced ring-closure. By means of transient 

absorption studies, a photoacid generator reactivity of HMC could be confirmed. 

Accordingly, the respective proton is released subsequently to ring-closure, due to the 

altered pKa value and the reassociation thereof depends on the isomerization state of 

the compound. 

With a pKa of 3.2, also the phenolate-oxygen of compound 2 is protonated to form 

HMCH. This protic site corresponds to the commonly applied photoacidic moiety of 

merocyanines. The first time-resolved studies of this photoinduced proton release 

presented here, reveal an excited state photoacid reactivity of HMCH as well as of 

such protonated merocyanines in general. The phenolic proton is transferred to the 

water with lifetimes around 1-2 ps and due to the negative estimated excited state 

pKa* values these protonated merocyanines must be classified as super-photoacids. 

Merocyanine photoacids can thus be employed as ultrafast triggers for proton-

mediated processes, which are among the most fundamental reactions in nature.  

Concerning potential pharmacological targets, RNA should have a bright future 

ahead since it is easy to synthesize and provides access to different levels of cellular 

regulation mechanisms. Especially, RNA aptamers that are capable of binding ligand 

molecules with extraordinary high affinity and specificity are highly interesting for 

riboswitch engineering. Artificial aptamers are readily available by in vitro selection 

but only few of those function as active riboswitches when applied in vivo. In addition, 

functional aptamers appear to be underrepresented in an enriched SELEX pool. The 

results herein reveal the importance of the aptamer conformational dynamics during 

ligand binding for the regulatory potential. The Mg2+-dependent binding studies of the 

well-known and highly active TC aptamer show that divalent cations are not only vital 

for proper prefolding of the aptamer but can also be involved in the ligand binding 

and RNA structure adaption. Upon association of TC to the binding pocket, a 

conformational adjustment propagates through the aptamer core to the distant triple 

helix region where Mg2+ is suggested to be required to fold into the final bound state. 

This subtle structural change seems to be sufficient for the functionality of the TC 

aptamer in diverse riboswitch constructs applied for different regulatory tasks.  

From the three investigated CFX aptamers, only the inactive aptamer A exhibits a 

pronounced Mg2+-dependence in the physiological range, just as the TC aptamer. 
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Hence, the influence of Mg2+ on RNA folding alone is no firm criterion to predict the 

regulatory potential of aptamers. Yet, low Mg2+ concentrations should be applied 

already during the selection, to obtain aptamers that are able to cope with 

physiological conditions and not to enrich highly preformed structures of poor 

complexity. The dynamic ligand binding studies reveal a clear correlation between 

the regulatory potential of the three aptamer candidates and the reversibility of the 

final structure adaption step. It is concluded that an accelerated and irreversible RNA 

adaption is indicative of a conformational change that is pronounced enough to enable 

riboswitch activity. This is further confirmed by the reported ligand binding kinetics 

of artificial aptamers like the TC or theophylline aptamer and also that of natural 

riboswitches. These findings should also have far reaching implications for 

optimizations of selection protocols for functional aptamers. 

Finally, a light-responsive aptamer-ligand system is developed, with an 

azobenzene-derivatized antibiotic as photochromic ligand azoCm. By a systematic 

sequence of in vitro selections and the successful implementation of an illumination 

step to isomerize the ligand, aptamers could be obtained that specifically bind to the 

trans-azoCm form. ITC binding affinity studies further confirm this selectivity and 

additional CD studies provide evidence for a light-induced reversible dissociation of 

cis-azoCm. Therefore, a successful and straightforward design route for a light-

responsive RNA aptamer is presented here. The fusion of a photoswitch as light-

sensitive probe and an artificial RNA aptamer target holds great potential for the 

development of diverse light-stimulated biologic regulation pathways. 
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APPENDIX 

 

Figure A1. Secondary structure of the TC aptamer variants studied herein. 
The loop L2 is missing and the two strands are hybridized prior to experimental use. 
The strands are labelled with Ap individually at the indicated positions.

 

Table A1. Eight mechanistic models A-H applied in the kinetic analysis of the fluorescence 
stopped-flow data of the three TC aptamer variants A58Ap, G43Ap and A7Ap. The models D, E 
and H correspond to the models 1, 2 and 3, respectively, as discussed in section 4.2.1. 

Model Folding mechanism scheme 

A 
 

RNA  +   M   
k1
→   RNAM

∗   +   TC  
k2
→    TC@RNAM  

B RNA  +   M  
k1
⇋
k−1

  RNAM
∗   +   TC   

k2
→    TC@RNAM 

C 
 

RNA  +   M   
k1
→   RNAM

∗   +   TC  
k2
→   TC@RNAM

∗    
k3
→  TC@RNAM 

D (1) 

 

RNA  +   M  
k1
⇋
k−1

  RNAM
∗   +   TC  

k2
→   TC@RNAM

∗    
k3
→  TC@RNAM  

E (2) 

 

RNA  +   M   
k1
→   RNAM

∗   +   TC  
k2
⇋
k−2

  TC@RNAM
∗   

k3
→  TC@RNAM  

F 

 

RNA  +   M  
k1
⇋
k−1

  RNAM
∗   +   TC  

k2
⇋
k−2

  TC@RNAM
∗    

k3
→  TC@RNAM  

G 
 

RNA  +   M   
k1
→  RNAM

∗   +   TC  
k2
→   TC@RNAM

∗   +   M  
k3
→  TC@RNAM  

H (3) 

 

RNA  +   M  
k1
⇋
k−1

  RNAM
∗   +   TC  

k2
→   TC@RNAM

∗   +   M  
k3
→  TC@RNAM  
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Table A2. Results of the kinetic modelling analysis of the fluorescence stopped-flow data of the 
TC aptamer variant A58Ap, corresponding rate constants and obtained non-linear fit quality 
criteria. The models A-H refer to the tested folding mechanisms shown in Table A1. 

Model 
k1  

/ M-1s-1
 

k-1 

/ s-1
 

k2 

/ M-1s-1
 

k-2 

/ s-1
 

k3 

/ s-1
 

RMSD AIC BIC 

A 
0.017 

± 0.001 
-- 

3.13 

± 0.05 
-- -- 0.05052 906 893 

B 
0.07 

± 0.01 

70 

± 10 

6.2  

± 0.1 
-- -- 0.04984 777 770 

C 
0.019 

± 0.001 
-- 

14.9 

± 0.4 
-- 

3.17 ± 

0.05 
0.0467 142 135 

D (1) 
0.036 

± 0.003 

35 

± 5 

11.3 

± 0.3 
-- 

2.5 ± 

0.1 
0.04601 0 0 

E (2) 
0.019 

± 0.001 
-- 

14.9 

± 0.4 

<10-9  

± n.d.[a] 

3.2 

± 0.1 
0.0467 144 144 

F 
0.035 

± 0.003 

32 

± 6 

11.3 

± 0.3 

0.15 

± n.d. 

2.6 

± 0.2 
0.04601 1 8 

G 
0.05 

± 0.01 
-- 

7.2 

± 0.2 
-- 

0.006[b] 

± 0.001 
0.0521 1206 1200 

H (3) 
36 

± n.d. 

>103 

± n.d. 

0.96 

± 0.02 
-- 

280[b] 

± n.d. 
0.191 13861 13861 

[a] n.d. (not determined), the rate constant approaches zero and its error is very large, 
[b] for models G and H, the third step is bimolecular and the rate k3 is considered as a second 

order constants in units of M-1s-1. 
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Table A3. Results of the kinetic modelling analysis of the fluorescence stopped-flow data of the 
TC aptamer variant G43Ap, corresponding rate constants and obtained non-linear fit quality 
criteria. The models A-H refer to the tested folding mechanisms shown in Table A1. 

Model 
k1  

/ M-1s-1
 

k-1 

/ s-1
 

k2 

/ M-1s-1
 

k-2 

/ s-1
 

k3 

/ s-1
 

RMSD AIC BIC 

A 
0.014 

± 0.001 
-- 

2.77 

± 0.06 
-- -- 0.04940 993 980 

B 
0.014 

± 0.001 

0.6 

± 0.3 

2.9  

± 0.1 
-- -- 0.04935 985 979 

C 
0.015 

± 0.001 
-- 

28  

± 1 
-- 

2.84 

± 0.06 
0.04527 143 137 

D (1) 
0.029 

± 0.002 

57 

± 8 

20 

± 1 
-- 

2.1  

± 0.1 
0.0446 0 0 

E (2) 
0.015 

± 0.001 
-- 

23.3 

± 0.9 

9.7 

± 0.6 

4.1 

± 0.2 
0.0453 142 142 

F 
0.029 

± 0.002 

59 

± 9 

20.1 

± 0.6 

<10-9  

± n.d.[a] 

2.1 

± 0.1 
0.0446 2 9 

G 
0.045 

± 0.002 
-- 

15.8 

± 04 
-- 

0.008[b] 

± 0.001 
0.05089 1283 1277 

H (3) 
0.06 

± 0.01 

129 

± 20 

12.6 

± 0.3 
-- 

0.0005[b] 

± 0.0002 
0.05089 783 783 

[a] n.d. (not determined), the rate constant approaches zero and its error is very large, 
[b] for models G and H, the third step is bimolecular and the rate k3 is considered as a second order 

constants in units of M-1s-1. 
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Table A4. Results of the kinetic modelling analysis of the fluorescence stopped-flow data of the 
TC aptamer variant A7Ap, corresponding rate constants and obtained non-linear fit quality 
criteria. The models A-H refer to the tested folding mechanisms shown in Table A1. 

Model 
k1  

/ M-1s-1 

k-1 

/ s-1 

k2 

/ M-1s-1
 

k-2 

/ s-1
 

k3 

/ s-1
 

RMSD AIC BIC 

A 
0.015 

± 0.001 
-- 

4.02 

± 0.04 
-- -- 0.05059 1686 1673 

B 
0.019 

± 0.01 

30 

± 3 

5.24  

± 0.05 
-- -- 0.04763 1095 1089 

C 
0.009 

± 0.001 
-- 

2.5 

± 0.1 
-- 

33  

± 1 
0.04456 444 437 

D (1) 
0.011 

± 0.001 

9 

± 2 

14.5 

± 0.2 
-- 

3.5  

± 0.1 
0.04398 316 316 

E (2) 
0.009 

± 0.001 
-- 

17.7 

± 0.2 

<10-9  

± n.d.[a] 

3.98 

± 0.05 
0.04403 327 327 

F 
0.024 

± 0.003 

104 

± 11 

<103 

± n.d. 

<104  

± n.d. 

68 

± 8 
0.05392 2317 2323 

G 
0.042 

± 0.003 
-- 

4.3 

± 0.1 
-- 

0.009[b] 

± 0.001 
0.04331 164 158 

H (3) 
0.034 

± 0.003 

28 

± 3 

4.7 

± 0.1 
-- 

0.014[b] 

± 0.001 
0.04258 0 0 

[a] n.d. (not determined) means that the rate constant approaches zero and its error is very large, 
[b] for models G and H, the third step is bimolecular and the rate k3 is considered as a second 

order constants in units of M-1s-1. 
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entspannten Zeiten zusammen feiern. Teil dieser Gruppe zu sein war für mich etwas 

Besonderes und zugleich die ideale Rahmenbedingung für meine Promotion.  

Den zahlreichen hier nicht genannten Freund*innen, Kommiliton*innen, 

Mitarbeiter*innen, Koautor*innen und Wegbegleiter*innen, die außerdem zum Erfolg 

dieser Arbeit beigetragen haben, soll hier natürlich auch gedankt sein. 

Zuletzt gilt mein größter Dank meiner gesamten Familie, meinen Geschwistern 

Kerstin und Stefan, meinen Großeltern Therese und Georg, meinem Vater Bernd und 

vor allem meiner Mutter Elisabeth. Ihr habt mich immer bedingungslos unterstützt 

und ohne zu zögern so einige Steine aus meinem Weg entfernt. Ohne euch wäre ich 

heute nicht an diesem Punkt. Danke dafür, dass ihr da seid. 

  



 

 



 

 

 


