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D. SUMMARY 
 

In the field of synthetic biology, both a strict and straightforward orchestration, as well as 

a simple and robust visualization of biological processes are indispensable. The 

environmental factor light seems to be ideally suited for this task, as it represents a very 

precise, spatially, and temporally highly tunable and flexible stimulus. Thus, this thesis 

aimed to establish optogenetic strategies for controlling versatile biological processes on 

different cellular levels.  

On the transcriptional level, novel variants of the light-responsive inducer molecule 

photocaged IPTG were successfully applied for light-inducible gene expression in 

several expression hosts, namely E. coli, P. putida, and B. subtilis. These photocaged 

inducer variants strongly differ either in their water-solubility or exhibit bathochromatically 

shifted absorption maxima. This optogenetic principle was further transferred to the 

phototrophic production host R. capsulatus by adapting the illumination conditions to 

allow for both phototrophic growth and optogenetic control. Additionally, photocaged 

benzoate derivatives and corresponding regulator/promoter systems, which had not yet 

been applied for light-mediated gene expression, were utilized for multichromatic 

orchestration of target gene expression in P. putida. To implement light control at the 

post-translational and cellular level, fluorescent proteins were characterized for their 

suitability as genetically encoded photosensitizers. It could be demonstrated that some 

fluorescent proteins generate high amounts of different reactive oxygen species thereby 

allowing to control enzyme activity as well as cell viability of various Gram-positive and 

Gram-negative bacteria as well as cancer cells. Further, metabolic pathways, such as 

the biosynthesis of plant terpenes, were established in R. capsulatus and optogenetic 

modulation of precursor accumulation could subsequently be demonstrated in case of 

carotenoid biosynthesis as a proof of concept. Finally, the new optogenetic toolbox was 

applied to control and/or visualize intercellular processes, such as the horizontal gene 

transfer, at the single-cell level. 

Conclusively, versatile light-responsive tools for controlling biological functions on 

various cellular levels were established in E. coli, transferred to alternative expression 

hosts such as P. putida, B. subtilis, or R. capsulatus and finally applied in first 

biotechnological applications. These results thus clearly demonstrate a broad 

applicability of both the novel photocaged inducers and the genetically encoded 

photosensitizers as versatile optogenetic control systems for biotechnological and 

biomedical applications. Therefore, the established optogenetic on- and off-switches are 
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promising candidates for the light-dependent, dynamic control of metabolic, regulatory, 

and intercellular communication processes.
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E. ZUSAMMENFASSUNG 
 
Im Bereich der synthetischen Biologie ist die strikte Kontrolle und direkte Ansteuerung 

biologischer Prozesse sowie deren einfache und robuste Visualisierung von 

entscheidender Bedeutung. Der Umweltfaktor Licht ist als Stimulus hierfür hervorragend 

geeignet, da er sehr präzise und flexibel ist sowie mit einer hohen räumlichen und 

zeitlichen Auflösung eingesetzt werden kann. Daher hat die vorliegende Arbeit zum Ziel, 

geeignete optogenetischen Strategien zur Kontrolle von vielseitigen biologischen 

Prozessen auf unterschiedlichen Zellebenen zu etablieren. 

Auf der Ebene der Gen-Transkription wurden neue Varianten des Licht-sensitiven 

Induktormoleküls photocaged IPTG eingesetzt. So konnte erfolgreich eine Licht-

induzierbaren Genexpression in verschiedenen Wirtsorganismen, wie E. coli, P. putida 

und B. subtilis, implementiert werden. Diese photocaged compound-Varianten 

unterscheiden sich deutlich in ihrer Wasserlöslichkeit oder weisen rotverschobene 

Absorptionsmaxima auf. Um diese optogenetische Strategie auf den phototrophen 

Produktionsstamm R. capsulatus übertragen zu können, wurden dessen 

Beleuchtungsbedingungen so angepasst, dass sie sowohl phototrophes Wachstum mit 

infrarotem Licht, als auch optogenetische Kontrolle mit sichtbarem Licht ermöglichen. 

Zusätzlich konnten erstmals photocaged Benzoat-Derivate und entsprechende 

Regulator/Promotor-System zur Licht-gesteuerten Genexpression in P. putida 

eingesetzt werden. 

Um eine Licht-basierten Kontrolle biologischer Prozesse auf post-translationaler Ebene 

und auf zellulärer ebene zu ermöglichen, wurden verschiedene Fluoreszenzproteine im 

Hinblick auf ihre Funktion als genetisch kodierte Photosensibilisatoren charakterisiert. 

Dabei konnte gezeigt werden, dass bestimmte Fluoreszenzproteine große Mengen 

unterschiedlicher reaktiver Sauerstoffspezien produzieren, welche zur Kontrolle von 

Enzymaktivitäten sowie zur Beeinflussung der Zellviabilität verschiedener Gram-

positiver und Gram-negativer Bakterien und sogar von Tumorzellen genutzt werden 

konnten. Außerdem wurden verschiedene Stoffwechselwege wie etwa die Biosynthese 

von pflanzlichen Terpenen in R. capsulatus implementiert und am Beispiel der 

Carotenoid-Synthese gezeigt, dass die Akkumulierung von Vorstufenmolekülen 

optogenetisch moduliert werden kann. Zusätzlich konnte die Optogenetik auf 

Einzelzellebene zur Visualisierung und Kontrolle interzellulärer Prozesse wie dem 

horizontalen Gentransfer eingesetzt werden. 

In der vorliegenden Arbeit wurden somit vielfältige Licht-sensitive Kontrollmechanismen 

biologischer Funktionen auf unterschiedlichen Zellebenen in E. coli etabliert, auf die 
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alternativen Expressionswirte P. putida, B. subtilis und R. capsulatus übertragen und 

anschließend in ersten biotechnologischen Anwendungen erprobt. Dabei zeigten die 

Ergebnisse eine breite Anwendbarkeit der neuen photocaged inducers und der 

genetisch kodierten Photosensibilisatoren als optogenetische Kontrollsysteme für die 

Biotechnologie und Biomedizin auf. Folglich stellen die hier etablierten optogenetischen 

An- und Aus-Schalter vielversprechende Kandidaten für den Einsatz zur Licht-

abhängigen und dynamischen Kontrolle von Stoffwechselwegen, 

Regulationsmechanismen und interzellulären Kommunikationsprozessen dar. 
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I. INTRODUCTION 
 
Biotechnology is a comprehensive area of biology harnessing living systems and 

biological components or processes, which gained increasing importance for applied 

research and industrial applications in the late 20th century and early 21st centuries. By 

providing sustainable, cleaner, and more efficient manufacturing processes, the vast 

field of biotechnology pursues to fight and prevent diseases, to obtain and preserve food 

as well as to reduce our environmental footprint, or in summary, to improve human 

purposes and meet society’s most overriding challenges. 

More recently, findings from synthetic biology have also been incorporated into the 

development of efficient biotechnological production processes, e.g., the engineering of 

microorganisms to create customized producers. Synthetic biology involves redesigning 

or developing biological systems such as cells, tissues, or organisms for useful purposes 

by providing them with new, defined properties  [1–4]. To develop such artificial biological 

systems with predictable performance characteristics, the rational design and 

development of new biological parts and devices from naturally available components is 

an essential part of the strategy and will pave the way towards efficient and fully 

automated high-throughput optimization processes for metabolic and protein 

engineering, strain development or programming of signaling processes [5,6]. Synthetic 

biology researchers and companies around the world are harnessing the power of nature 

to treat diseases, manufacture chemicals, produce fuels, remediate contaminants, and 

for numerous other applications with benefits to humankind. To achieve these goals, 

bacteria are often used, which, depending on the specific aim, are engineered to achieve 

a high product yield or to optimize the intrinsic metabolism for the degradation/utilization 

of waste products (e.g., plastics) or renewable raw materials (e.g., lignin). These 

complex microbiological intra- and intercellular processes can be controlled or 

programmed at different levels (Fig. I.1): i) intracellular at both transcriptional and 
translation level to control the protein composition of a bacterial cell, which can be further 

expanded by expression of foreign genes and basically defines its biosynthetic capacity, 

ii) intracellular at the post-translational level (e.g., protein-protein interaction, interaction 

of proteins with other cell components) for the regulation/optimization of these catabolic 

and anabolic processes or the orchestration of complex metabolic pathways, iii) 

extracellular via cell-cell interaction such as the exchange of metabolites, signaling 

molecules, DNA or secreted proteins for share of labor communities or cell-to-cell 

communication, and finally, iv) extracellular by treating bacterial cells with toxic 

substances to control cell viability. In order to control the complex processes on all levels 
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Figure I.1 Potential cellular targets to control bacterial processes at different levels and scales using 
tools from synthetic biology and optogenetics. 
In synthetic biology, complex, engineered, or reprogrammed functions need to be controlled and 
orchestrated with high spatiotemporal resolution and at many different cellular levels. Transcriptional 
regulation can be modulated with a multitude of tools, such as promoter or terminator libraries, as well as 
positive or negative regulatory systems. At the post-translational level, enzyme levels or activities can be 
adapted using tools for inactivation such as protease tags, where the principal mechanism is based on 
protein-protein interaction. Another controlling tool is the use of proteins for interaction with or inactivation of 
further cellular components, such as DNA molecules or cell membranes, which can be assigned to the class 
of protein-cell interaction. Moreover, the aforementioned tools at both transcriptional and post-translational 
level proved valuable for a tight control of complex biosynthetic (gene) cascades in order to regulate or 
improve secondary metabolite production titers. Finally, regulation can be performed on a cell-to-cell level 
as applied for division of labor systems or the control of intercellular processes including horizontal gene 
transfer or the sharing of public goods within microbial communities. 
 
in a concerted manner, special switches are needed that enable defined cellular 

functions to be switched on and off both in a controllable and predictable fashion. A 

promising approach to meet these requirements is the field of optogenetics, which uses 

the environmental factor light as an external trigger to regulate genetic or cellular 

elements [7–9]. This methodology offers various benefits, since light is, among others, 

tightly controllable, precisely targetable, and gradually adjustable. Thus, each regulatory 

level and the respective (optogenetic) application will be addressed in this introduction 

in further detail. 

I.1. TRANSCRIPTIONAL REGULATION 

I.1.1. BACTERIAL GENE REGULATION 
 
Every microorganism on earth bears a multitude of different cellular processes that need 

to be controlled with high precision enabling it to take up nutrients, move, grow, 

reproduce, and finally adapt to continuously changing environmental conditions. 

Underlying these cellular processes is an incredibly large amount of genetic information, 

which encodes all physiological and morphological properties of an individual organism. 
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The genome of the bacterium Escherichia coli, for example, already encompasses over 

4000 different genes [10]. The expression of genes must be precisely controlled to 

maintain life - which is not only an enormous challenge but also a compelling necessity, 

considering the resources and energy required for protein biosynthesis [11]. Obviously, 

this fact renders the constitutive and simultaneous expression of all genes entirely 

unfeasible and thus, bacteria have increased their efficiency by turning on a specific set 

of genes only when they are needed. Consequently, bacteria offer a high versatility and 

adaptability to their environment and are well-prepared for responding to external stimuli. 

On the molecular level, these responses are controlled by sophisticated regulatory 

networks, which orchestrate the expression of various genes clustered in transcriptional 

units and subjected to specific promoters. The promoter itself can be regulated by 

transcriptional activators and/or repressors responding to external stimuli such as 

oxygen availability or light intensity, pH or temperature changes, as well as the 

availability of a specific nutrient source or proximity to commensals or competitors [12–

19]. In the following, regulatory systems relevant for this thesis will be presented in more 

detail. The most prominent example for those regulatory operons is the bacterial lactose 

utilization network, which was identified in E. coli in 1961 and encompasses a 

transcriptional unit tightly downregulated in the presence of glucose and exclusively 

transcribed upon lactose availability [20] (Fig. I.2A). This unit, which today is denoted as 
the lac operon, was found to be controlled by two proteins, the global catabolite 
activation protein (CAP) and the specific lac repressor (LacI), both binding in close 

proximity to the promoter of the tricistronic lac operon [21,22]. The here encoded genes 

lacY, lacZ, and lacA contribute to lactose metabolism: A membrane-integrated 

galactoside/H+-symporter (LacY), also known as the lac permease, performs the uptake 

of lactose from the extracellular space, a β-galactosidase (LacZ) converts imported 

lactose molecules into their intermediates glucose, galactose, or 1,6-allolactose and 

finally a galactoside transacetylase (LacA) inactivates non-metabolizable 

thiogalactosides [23–25]. The first repressor protein LacI is encoded by the lacI gene 

upstream of the lac operon and is constitutively produced. In the absence of an inducer 

molecule, LacI forms a tetrameric structure which binds tightly to two of the three lac 

operator regions within the lac operon leading to a loop formation and thereby preventing 

transcription of the lac genes downstream of the Plac promoter [22,24]. When the inducer 

allolactose is present in the environment, LacI binds it and undergoes a conformational 

change leading to its dissociation from the operator DNA and hence, to a derepression 

of lac gene expression. However, since E. coli preferentially utilizes glucose instead of  
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Figure I.2 Bacterial regulatory circuits for transcriptional control of selected carbon metabolization 
operons used in this thesis. 
A) The lac operon, which encodes a β-galactoside/H+-symporter (LacY) for lactose uptake, a β-
galactosidase (LacZ) for conversion of imported lactose, and a galactoside transacetylase (LacA) for 
inactivation of wrongly imported galactosides is negatively regulated by the repressor protein LacI. Upon 
binding of an inducer such as allolactose, LacI entails a conformational change and dissociates from the 
promoter region leading to the derepression of the Plac promoter and thus, the start of lac gene transcription. 
In addition, this system is subject to catabolite repression in dependence of the cAMP level recognized by 
the catabolite activation protein (CAP). B) The ara operon encompasses the three genes araB, araA, and 
araC, which encode the enzymes responsible for the isomerization, phosphorylation, and epimerization of 
L-arabinose via L-ribulose and L-ribulose-5-phosphate to D-xylulose-5-phosphate. The operon is positively 
regulated by the activator protein AraC, which also represses its own expression via autoregulation and 
dimerizes upon arabinose binding to induce gene expression. The operon is also subject to catabolite 
repression depending on the cAMP levels or CAP activity. C) The gene cluster for toluene or benzoate 
derivatives metabolization is composed of two operons, the upper pathway operon, responsible for 
degradation of aromatic hydrocarbons to their aldehydes or carboxylic acids, and the meta-cleavage 
pathway operon for the degradation of those upper pathway intermediates to citric acid (TCA) cycle 
intermediates via catechol. Both operons are positively regulated by the activator proteins XylR, the master 
regulator, and XylS upon binding of a respective inducer molecule. While the expression of the xylR gene is 
autoregulated, the xylS gene is both constitutively expressed and additionally enhanced by XylR binding at 
its promoter Ps1. A hyperproduction of XylS leads to an inducer-independent induction of transcription from 
the meta-cleavage pathway operon. D) The nah regulatory system includes two operons, the upper pathway 
operon for the degradation of naphthalene to salicylate and the meta-cleavage pathway operon for the 
oxidation of salicylate to acetaldehyde and pyruvate via catechol. Both operons are subject to NahR-
mediated activation of transcription upon binding of naphthalene, while NahR itself is expressed in an 
autoregulated manner. E) The nag operon encodes the genes for the degradation of naphthalene to 
fumarate and pyruvate via salicylate and gentisate. The transcription is positively regulated by the NagR 
protein, which activates the PnagAa promoter upon binding of salicylate molecules. 
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lactose as a carbon source, a second mechanism is activated during glucose starvation 

that includes the production of cAMP molecules [20,26]. These molecules act as an 

allosteric effector for the CAP protein, which in turn initiates transcriptional activation of 

the lac promoter upon cAMP binding [15,21]. This repression system is frequently used 

by bacteria to control the nutrient hierarchy when exposed to two or more carbon sources 

of which one is clearly preferred [14]. In conclusion, a substantial lac gene expression 

requires both an allolactose-mediated derepression of the LacI repressor and the 

absence of glucose for further transcriptional activation by cAMP-bound CAP protein. 

A further carbohydrate-responsive regulon is the ara operon (Fig. I.2B), which 
encompasses the three genes araB,A,D for the isomerization, phosphorylation, and 

epimerization of L-arabinose via L-ribulose and L-ribulose-5-phosphate to D-xylulose-5-

phosphate [27,28]. Expression of ara genes is both positively and negatively regulated 

by the dimeric activator protein AraC, which, in the presence or absence of L-arabinose, 

is subject to a structural rearrangement and consequently binds or releases the related 

promoter PBAD, respectively [29]. Additionally, AraC negatively regulates its own 

expression by the constitutive Pc promoter via an autoregulatory mechanism. Similar to 

the lac operon, the ara operon is prone to catabolite repression in dependence of the 

cAMP level and respective CAP activity, since the utilization of D-xylulose-5-phosphate 

via the pentose-phosphate pathway is energetically more inefficient than glucose 

metabolism [30]. 

Besides carbohydrate-based regulatory operons, there is also a variety of aromatics-

based regulation systems for the degradation of benzoate or naphthalene. One 

commonly described module originates from the TOL plasmid pWW0 of 

Pseudomonas putida for the catabolism of benzoate or related hydrocarbons [31–
33] (Fig. I.2C). It contains two catabolic operons, the upper pathway operon, which 
encodes seven enzymes for the successive oxidation of hydrocarbons to their 

corresponding alcohol, aldehyde, or carboxylic acid and the meta-cleavage pathway 

operon encompassing 13 genes encoding enzymes for the conversion of those 

hydrocarbon intermediates to catechol, whose aromatic rings are then cleaved via meta-

fission to produce the corresponding semialdehydes and finally citric acid (TCA) cycle 

intermediates [33]. Transcription of the upper operon is regulated by the master activator 

protein XylR, which activates its related promoter Pu upon binding of xylene or pathway 

intermediates in interaction with the sigma factor NtrA [34]. XylR itself is encoded by the 

xylR gene, which is expressed in high amounts and in a growth phase-independent 

manner by two tandem promoters, denoted as Pr1 and Pr2. Besides its Pu-activating 

function, it further acts as a repressor of its own transcription [35,36]. The meta-cleavage 

pathway operon is positively regulated by the XylS protein, which belongs to the AraC 
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family of transcriptional regulators and activates its associated Pm promoter upon binding 

of a benzoate meta-pathway intermediate, preferably 3-metylbenzoate, and subsequent 

dimerization [37]. Since the Ps promoter is composed of two tandem promoters as well, 

XylS is not only expressed constitutively by its specific promoter Ps2 on a low level but is 

also regulated by the activated form of the XylR regulator, which stimulates transcription 

from the additional promoter Ps1 [35,38]. Consequently, XylS is hyperproduced leading 

to an inducer-independent activation of the Pm promoter [35,37]. In summary, particularly 

the meta-cleavage pathway operon is subject to a complex regulatory network of two 

activator proteins, the related regulator XylS and the master regulator XylR. 

In addition to the aforementioned Pm/XylS system, other noteworthy examples for 

aromatics-responsive transcriptional circuits are the nah operons for naphthalene and 
phenanthrene degradation, which can be found in various pseudomonads including 

Pseudomonas putida or Pseudomonas fluorescens [39] (Fig. I.2D). This regulatory 
module consists of two operons, the upper pathway operon encompassing six genes for 

degradation of naphthalene to salicylate, and the meta-cleavage pathway operon 

including ten genes for oxidation of salicylate to acetaldehyde and pyruvate via catechol 

[39–41]. However, also other species, such as Comamonas testosteroni, Ralstonia sp. 

U2, or Polaromonas naphthalenivorans feature a closely related variant of this operon, 

namely the nag operon [42–44] (Fig. I.2E). Here, the nag genes encode the alternative 
gentisate pathway which, in contrast to the naphthalene catabolic pathway in 

pseudomonads, converts naphthalene to fumarate and pyruvate via salicylate and 

gentisate [44]. Additionally, the nag genes are organized in a single polycistronic operon 

[45]. Despite these differences, the transcriptional regulation of both systems is 

exceedingly similar, since both are controlled by the LysR-type regulator NahR or NagR, 

respectively [39,43,46]. These regulator proteins act as transcriptional activators for the 

two nah operons as well as the nag operon upon salicylate-binding [43,47,48] and are 

constitutively expressed [41,43,45,46]. In conclusion, both the two nah operons and the 

nag operon are only subject to an activator-mediated transcriptional control of NahR and 

NagR, respectively, in a straightforward manner. 

Hence, the four presented regulatory networks provide a small insight into the complex 

but highly flexible process of transcriptional regulation in bacteria. Subsequently, it will 

be illustrated how these networks have been modified to create artificial, 

biotechnologically relevant regulation circuits.  
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I.1.2. SYNTHETIC TRANSCRIPTIONAL REGULATION CIRCUITS IN 
BIOTECHNOLOGY 

 

Over the last decades, microorganisms have significantly contributed to the industrial 

production of bulk and fine chemicals as well as high-value compounds and agents [49–

58]. Since the synthesis of mostly host foreign enzymes and the expression of the 

associated heterologous genes represents an enormous energy and metabolic burden, 

the precise control of target gene expression with high precision is of utmost importance 

for maximization of the production capacity [59–64]. In order to synchronize the 

production demand with the specific cellular capacity, the fine-tuning of enzyme 

expression via transcriptional regulation has proven to be the method of choice and is 

adapted in common synthetic biology systems, such as toggle switches or complex logic 

circuits [65–67]. Here, particular attention is paid to the timing of each cellular process, 

as the coordinated adjustment of the growth and production phase turned out to be 

essential for maximizing the overall production performance [8,68–70]. Hence, tools for 

controlling transcriptional processes are mandatory and therefore, various artificial 

systems have been designed based on the multitude of naturally occurring regulatory 

networks [12,65,66,71,72]. In the following, two groups of artificial transcriptional 

regulation systems will be presented in more detail. Finally, in addition to appropriate 

transcriptional regulators, the choice of the right expression host is of great importance 

for sufficient heterologous production processes and will be further elucidated in the 

second part of this chapter. 

I.1.2.1. ARTIFICIAL EXPRESSION TOOLS  
 

As aforementioned, the possibility to control and orchestrate the expression of 

heterologous genes is fundamental for maximized production yields of target proteins. A 

common approach is the use of transcriptional regulation circuits, which are derived from 

species-specific regulatory systems. Typically, those circuits include native or genetically 

engineered promoters or terminators as well as regulatory elements that activate, 

repress, or derepress target gene expression upon binding of a specific inducer 

molecule. In the following, three commonly used promoter systems, namely Plac/LacI-

derived systems, the PBAD/AraC system, the Pm/XylS system, and finally the PnagAa/NagR 

system will be described in more detail, since they were applied in this thesis.  

As the lac operon (chap. I.1.1) is both the oldest known and the best studied 
transcriptional regulation system, it has been used to build a variety of artificial systems 

ever since. The native lac promoter was shown to be rather weak and thus was not 
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frequently used for overexpression of target genes [71,73,74] (Fig. I.3A). However, 
mutagenized promoter versions of Plac were constructed with tremendously improved 

properties. Noteworthy variants are, for example, the lacUV5 promoter [75], which 

exhibited a stronger expression level in combination with decreased catabolite 

repression but also a distinct basal expression [76–79]. Moreover, a combination of the 

−35 region of the trp promoter [80,81] and the −10 region of the lacUV5 promoter resulted 

in the hybrid tac promoter [82], which was found to exert a ten-fold increased expression 

level in comparison to Plac [83]. Additionally, a mutant version of lacI denoted as lacIq can 

be used, which features a mutation in the promoter region of the lacI gene resulting in a 

10-fold enhanced lacI repressor expression and thus a decreased basal expression level 

[84]. However, all systems still exhibited a noticeable level of basal expression and were 

subject to catabolite repression. Thus, a second regulatory system, namely the T7 RNA 

polymerase system, was developed [85], which is based on a genomically integrated T7 

bacteriophage RNA polymerase gene under control of the PlacUV5 and is most commonly 

used in combination with the strain E. coli BL21(DE3) [71,86,87] . This polymerase is not 

only faster than the E. coli RNA polymerase but can also be addressed orthogonally by 

using its unique promoter sequence. Owing to these features, the T7 system is 

characterized by a tremendously high yet robust expression performance and enabled 

the overexpression of thousands of homologous as well as heterologous proteins so far 

[71,86,88]. Further optimization of this system included the use of expression hosts 

bearing the T7 lysozyme, a natural inhibitor of T7 RNA polymerase, which drastically 

decreased the basal expression level [77,89,90]. LacI derepression and thus 

transcriptional activation can be initiated with increasing strength upon addition of natural 

inducers such as allolactose, a lactose intermediate, or galactose, as well as synthetic 

non-hydrolyzable inducers including thiomethyl-β-D-galactopyranoside (TMG) and 

isopropyl-β-D-thiogalactopyranoside (IPTG) [91–95].  

In conclusion, the lac-based expression systems offer a robust, straightforward, and 

high-level gene expression with the possibility to sufficiently decrease basal activity. The 

natural Plac system was adapted and optimized steadily to achieve good applicability in 

many different biotechnologically relevant organisms including E. coli, B. subtilis 

C. glutamicum, and P. putida [71,96–102]. However, the uptake of inducers is both 

performed via active transport processes by permeases and via diffusion, which could 

impede the transfer of this system to novel host organisms [103–105]. 
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Figure I.3 Artificial tools for transcriptional regulation in bacteria. 
A) As LacI activator-dependent systems, all lac-based regulons encompassing among others the Plac, PlacUV5 
or the Ptac promoters are subject to the same regulatory principle. Upon binding of a suited inducer such as 
β-D-1-thiogalactopyranoside (IPTG) or methyl-β-D-thiogalactopyranoside (TMG), LacI undergoes a 
conformational change leading to the dissociation from the operator region and thus, a derepression of 
transcription. For a tighter regulation, a mutant variant of lacI, denoted as lacIq can be used. B) The ara 
operon bears three enzymes for the isomerization, phosphorylation, and epimerization of L-arabinose to D-
xylose-5-phosphate and is both positively and negatively regulated by the dimeric activator protein AraC in 
presence or in absence of L-arabinose, respectively. C) The Pm/XylS regulatory system is activated by XlyS 
association with the related operator region in the presence of a suitable inducer such as salicylic acid. For 
increased inducer promiscuity, a mutagenized variant of XylS, namely XylSR45T can be applied. Furthermore, 
an altered promoter variant, PM117, can be used for an increased induction strength. C) Inducible gene 
expression via the PnagAa/NagR regulon, which is activated by its activator protein NagR in the presence of 
salicylic acid. 
 
Another commonly used carbohydrate-responsive promoter system is the PBAD/AraC 
system, which has proven to be a valuable alternative for recombinant protein 
expression [27,71,106,107]. Besides its fast and strong expression response, the system 

is particularly characterized by a low basal activity upon addition of glucose, low inducer 

concentrations in araBAD-deletion strains, and a tight and gradually controllable 

expression due to AraC, which activates and represses transcription in the presence or 

absence of arabinose [103,106,108]. In its native form, the ara operon enables E. coli to 

take up and metabolize L-arabinose and thus, can only be activated by this specific 

aldopentose [107]. Additionally, the arabinose analog D-fucose acts as a competitive 

inhibitor, as it binds to AraC but does not activate transcription [109,110]. However, by 

mutation of AraC, the analog D-fucose, can be used for induction [33,111]. Another 

inhibitor of AraC was shown to be IPTG, as it exhibits a D-galactose moiety, which 

features a similar ring structure to L-arabinose [29]. By using a directed evolution 

approach, Keasling and co-workers could prove that the deletion of 12 amino acids at 

the C-terminus of AraC improved the expression system with respect to both arabinose 

sensitivity and IPTG-crosstalk [112]. Further, multiple-site saturation mutagenesis was 

used to broaden the inducer spectrum of AraC by D-arabinose and mevalonate 

[113,114]. Arabinose uptake is strictly dependent on the transport proteins AraE and 

AraFGH, which themselves are underlying a complex positive feedback loop, leading to 
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expression heterogeneity in intermediately induced cultures [107]. However, by 

expressing these proteins under the control of stronger and independent promoters, 

homogeneous expression was observed in dependence on increasing arabinose 

concentrations [115–117]. Although this system is most commonly applied for controlling 

gene expression in E. coli, it was also successfully used in alternative production hosts 

including C. glutamicum, P. putida, or Gluconobacter oxydans [118–121]. 

In addition to the two previous promoter systems, which can be induced with 

carbohydrates such as IPTG or L-arabinose, many aromatic-based promoter systems 

have also proved valuable for heterologous protein production [27,37,98,122–124]. One 

prominent example is the Pm promoter (chap. I.1.1) which is derived from the toluene 
or benzoate metabolization pathway of P. putida and is regulated by its specific activator 

protein XylS upon binding of benzoate derivatives (Fig. I.3C). To switch to this activated 
state, XylS preferentially binds 3-methylbenzoate, but a variety of other benzoate 

derivatives, such as acetylsalicylic acid and salicylic acid, both in the protonated and de-

protonated state, are also accepted with lower affinities [32,37]. The introduction of point 

mutations in the xylS gene further broadened the inducer spectrum of the transcriptional 

activator and increased binding affinities for previously established benzoates, allowing 

for an enhanced transcription strength. For high-level protein production, the native 

promoter was randomly mutagenized resulting in a 14-fold increased production level for 

the ML1-17 variant, denoted as PM117, but also in an increased basal activity 
[103,106,125]. 

So far, Pm/XylS derived expression systems could be used for controllable gene 

expression in various Gram-negative bacteria including E. coli or Pseudomonas sp. 

[106,119,126–128], but also in some Gram-positive organisms such as 

Mycobacterium smegmatis and Mycobacterium tuberculosis [129]. Considering the fact 

that the uptake of most aromatic inducers is performed passively via diffusion, this 

system seems to be easily adaptable to new bacterial hosts. 

Besides the previously described Pm/XylS regulatory element, another aromatic-

dependent expression tool based on the PnagAa promoter (chap. I.1.1) is frequently used 
(Fig. I.3D). This promoter originates from the nag operons for degradation of 
naphthalene, which can be found, among others, in C. testosteroni or Ralstonia sp. and 

is regulated by its activator protein NagR in the presence of the inducer salicylic acid. 

Various other benzoates were tested for their ability to drive PnagAa-mediated gene 

expression, but only a few compounds including 2-nitrobenzoate, 3-methyl salicylic acid, 

and acetylsalicylic acid were found to be marginally able to activate expression [43,130]. 
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However, by random mutagenesis of the LysR-type regulator NagR, the inducer 

promiscuity could be increased [46,131].  

Furthermore, randomized point mutations in the PnagAa promoter region of the NagR 

activator-binding motif revealed a threefold increase in the effectiveness of salicylic acid 

induction [43]. Also, the combined use of both salicylic acid and 4-nitrobenzoate as 

inducers increased the expression strength [46]. During the last decades, the 

PnagAa/NagR regulatory system was used for recombinant protein production mainly in 

pseudomonads such as P. putida [132–137] or P. taiwanensis [138,139], but there are 

also some studies performed in E. coli [130,140]. In addition, the related Psal/NahR 

regulon was used in P. putida offering a tight and gradual regulation upon salicylic acid 

induction as well [119,141]. 

In summary, the PnagAa/NagR system can be considered as a valuable tool for controlled 

gene expression, as inducer uptake is performed passively via diffusion and sufficient 

working concentrations are remarkably low [130,138,139]. 

 

I.1.2.2. SUITABLE MICROBIAL CELL FACTORIES 
 

In addition to the choice of an appropriate expression tool, the selection of a suitable 

heterologous host is of great importance for successful protein or metabolite production. 

Relevant features that need to be provided by each organism are genetic accessibility 

and amenability to genetic engineering, the status as a non-pathogenic organism, robust 

growth up to high cell densities under process conditions, and finally an increased 

productivity in comparison to the native producer [51,142]. Since they meet these criteria, 

E. coli, P. putida, B. subtilis, and C. glutamicum are some of the most common 

representatives in biotechnological production processes [98,143,144]. In the following, 

these four microbes and further alternative production hosts are described in more detail, 

since they were extensively applied in this thesis. 

The Gram-negative enterobacterium E. coli clearly enjoys the greatest popularity and is 
still recommended as a “what-to-try-first” approach because of its high productivity, its 

robust growth, its high versatility, and the existing deep knowledge of its physiology 

[56,144,145]. Since the Food and Drug Administration (FDA) approved the clinical use 

of human insulin, which was heterologously produced in E. coli, in the 80s [146], the 

share of recombinant pharmaceuticals produced in E. coli and licensed by the FDA and 

the European Medicines Agency (EMA) from 2004 to 2013 is 24% [144]. Further 

commonly produced natural products and recombinant proteins include the anti-malaria 

drug artemisinin [147,148], the antibiotic erythromycin A [149], growth hormones 
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[54,56,145], pneumococcal vaccines, and hepatitis B virus immunization [54,144,145]. 

Besides the aforementioned advantages, there are also some drawbacks when using 

E. coli as a platform for recombinant protein production. Firstly, it lacks post-translational 

modifications, which are necessary for the production of most eukaryotic proteins 

[55,108]. Secondly, it shows an affinity for the formation of inclusion bodies under high 

expression stress and the codon usage is not optimal for most mammalian genes 

[54,150–155]. And finally, the cell membrane of E. coli contains lipopolysaccharides 

(LPS), which are referred to as endotoxins and exhibit a strong fever-inducing effect in 

mammals [156]. Thus, the downstream processing and product purification for 

completely endotoxin-free end products is a laborious task [157]. 

Another highly relevant microbe is the Gram-positive bacterium B. subtilis, which is 
widely used for recombinant protein production particularly in the fields of food 

production and food supplements [158]. It offers many advantageous features including 

its classification as a non-pathogenic production host, denoted as GRAS (generally 

recognized as safe) organism due to the absence of endotoxins, its genetic accessibility, 

and the availability of numerous genetic engineering tools as well as its outstanding 

secretory capacity [159–161]. Therefore, it is not surprising that about 60% of all 

commercially available enzymes are produced in Bacillus species, in particular, alkaline 

proteases for detergents or amylases for the starch-processing industry, but also food 

additives including vitamin B12 [71,159,162,163]. However, this species also bears some 

disadvantages such as the proteolytic degradation of heterologous target enzymes 

caused by the many inherent proteases, which nowadays can be addressed by specific 

protease-deficient strains [164–167].  

A further key organism in industrial biotechnology is the Gram-positive actinobacterium 

C. glutamicum, which is particularly exploited for the production of amino acids such as 
L-glutamate, L-lysine, and L-valine, or organic acids, including L-/D-lactate or succinate, 

and alcohols like ethanol [105,168]. Besides its characteristics as a non-endotoxic, non-

sporulating, and genetically stable GRAS-certified organism, it offers valuable features 

like a low protease activity, a versatile primary and secondary metabolism, and finally, a 

broad acceptability of varying carbon sources [168–173]. Nonetheless, C. glutamicum 

exhibits some bottlenecks such as the low transformation efficiency in comparison to 

E. coli or relatively low production yields for some protein classes and thus, further effort 

should be made with respect to a more extensive use in biotechnological and 

pharmaceutical production processes [105,173]. 

Finally, a noteworthy organism for secondary metabolite production and natural products 

in general, is the rod-shaped Gram-negative soil bacterium P. putida. Since it offers not 
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only a pronounced tolerance against organic solvent, xenobiotics, and redox stress, but 

also a highly versatile metabolism [132,174–178], it is rendered exceedingly suitable for 

biotechnological production of high-value natural products including rhamnolipids, 

terpenoids, polyketides, and amino acid-related metabolites [98,124,127,179–181]. 

However, to render the industrial use of engineered P. putida strains feasible for a 

broader product spectrum beyond high-value molecules, aspects such as an innovative 

strain design with excellent genomic stability as well as economically viable up-scaling 

and downstream processing strategies need to be addressed for optimization [98].  

In addition to those well-established microbial cell factories, various alternative 

expression hosts emerged in recent years, which address more specific needs for 

recombinant protein or metabolite production. A promising example is the non-sulfur α-

proteobacterium Rhodobacter capsulatus, which is characterized by a versatile and 
highly flexible metabolism allowing for both anoxygenic, phototrophic growth or 

chemotrophic growth under (micro)aerobic conditions [182–184]. Under phototrophic 

conditions, most Rhodobacter species form large intracytoplasmic membranes (ICM), 

which are perfectly suited for storage of membrane proteins or hydrophobic metabolites, 

yet inherently designated for the incorporation of their photosystem apparatus [185,186]. 

Furthermore, the organism provides a multitude of redox cofactors as well as a naturally 

occurring carotenoid and terpene production capacity [185]. Thus, R. capsulatus 

combines the sustainable phototrophic lifestyle with unique physiological properties 

rendering it extremely valuable for the production of recombinant membrane proteins or 

high-value natural compounds, as demonstrated for the heterologous production of 

GPCR-like proteins or various plant-derived terpenes [186–189].  
 

I.1.3. OPTOGENETIC CONTROL OF TRANSCRIPTION  
 

The previous section presented a variety of prodigious regulatory systems and hosts as 

well as versatile approaches to overcome common problems in recombinant protein 

expression. Nevertheless, some tailbacks, such as induction heterogeneity, feedback 

loops, or non-gradual regulation, could still not be adequately solved. Moreover, those 

challenges occur repeatedly in many expression systems, thus making broad and more 

systematic approaches particularly suited to offer new perspectives [103,106,119]. Novel 

control systems for recombinant gene transcription, as well as the superordinate control 

of microbial gene expression should not only be tightly controllable, precisely targeted, 

and fast, but also homogeneous, and gradually triggerable. It turned out that one 

promising way to fulfill these requirements is the use of optogenetic approaches for 
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expression control. The field of optogenetics is commonly referred to as a methodology 

which uses light-responsive genetic or cellular elements for controlling biological 

functions [7–9]. Since light is a ubiquitous environmental factor, all forms of life on earth 

are in numerous different ways dependent on radiation energy for their survival and 

maintenance. The most prominent examples, which are widely distributed across the 

three kingdoms of life, include processes like photosynthesis performed by plants, algae, 

and certain bacteria, phototaxis, which is, for example, used by phototrophic bacteria for 

recognition of a sufficiently illuminated habitat or to escape strong UV radiation to avoid 

cell damage, and finally, the circadian rhythm. All these processes are controlled by light-

responsive regulators such as photoreceptors including opsins (rhodopsins) in 

mammalian cells, via Light-Oxygen-Voltage (LOV)-photoreceptor in fungi and 

cyanobacteria or via phytochromes in plants [16,190–193]. Hence, these light-driven 

processes have also been extensively exploited for bioengineering. Starting with the first 

genetically encoded light-sensitive protein, a phytochrome/PIF3 fusion, for 

transcriptional control in yeast in 2002 [194] or the first light-driven ion channel, the 

channelrhodopsin-2, explored by Deisseroth and colleagues in 2006 [195], the use of 

optogenetics has spread to many different scientific areas and has become an integral 

part of current research in neuroscience as well as other bio(techno)logical disciplines 

for the control of diverse cellular functions including cell signaling, gene expression or 

protein activation/ deactivation [7,196]. The optogenetic tools for transcriptional control 

available to date can be broadly divided into two subgroups – the first group is composed 

of genetically encoded light-sensitive proteins, such as photoreceptors, and the 
second includes chemical-based photocaged small molecules such as photocaged 

inducers. In the first group, naturally occurring light-responsive proteins from plants, 

cyanobacteria, or algae are used for two different purposes. Firstly, they are harnessed 

for direct modulation of gene expression by using light-responsive transcription factors 

or repressors as well as enzymes such as light-sensitive polymerases [9] and secondly, 

they are combined with downstream effectors, such as a response regulator gaining a 

light-responsive two-component signaling system (TCS) [197]. The most prominent 

classes of photoreceptors certainly are the phytochromes, which are red and near-

infrared (NIR) light-responsive [198,199], as well as the LOV-domain proteins and 

cryptochromes, which both are blue light-responsive [200–204]. Commonly 

photoreceptors can sense light because they have bound light-sensitive molecules 

called chromophores (Fig. I.4C). In the case of phytochromes, these are tetrapyrrole 
chromophores such as biliverdin IXα (BV) or phycocyanobilin (PCB), which absorb red 

and NIR light and subsequently induce reversible conformational changes in the protein 

structure. In mammalian cells and yeast, directly modulated two-hybrid or split protein 
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systems such as phytochrome protein B (PhyB) and the associated phytochrome-

interacting factor 3 (PIF3) can be applied for controlled gene expression [194,205]. In 

bacteria, TCSs composed of inherent or engineered sensor histidine kinases and 

respective response regulators are used far more frequently (Fig. I.4A). A well-known 
example is the artificial photoreceptor Cph8, in which the osmosensory domain of a 

membrane-bound histidine kinase has been swapped with the cyanobacterial 

phytochrome Cph1 from Synechocystis sp. PCC6803. In the absence of light, the 

histidine kinase phosphorylates its corresponding response regulator OmpR and by this 

activates transcription, while red light illumination leads to an inactivation of both the 

histidine kinase and gene expression [206]. This TCS has an analogous structure to the 

cyanobacteriochrome system CcaS/CcaR, which regulates gene expression in response 

to red or green light, and both systems were successfully applied for an edge detection 

algorithm in E. coli [207], multicolored control of gene expression [208], domain 

swapping studies [197,209], and to tightly control cellular processes [210–213]. 

Additionally, NIR-responsive photoreceptors are available, which bind BV as a 

chromophore and can be applied in bacteria as well as yeast and mammalian cells [214–

216]. 

The groups of flavin-dependent and blue light-sensitive photoreceptors includes the LOV 

proteins, which bind flavin mononucleotide (FMN) as a chromophore, the blue-light 

sensors using flavin adenine dinucleotide receptors (BLUF), which, as the name implies, 

bind flavin adenine dinucleotides (FAD), and the cryptochromes, which also employ FAD 
as its chromophore to initiate the light-induced conformational change (Fig. I.4A). The 
first blue light-dependent TCS to control transcription consists of the artificial kinase YF1, 

which was created by exchanging an oxygen-sensing domain of a natural sensor kinase 

FixL with the YvtA LOV domain from B. subtilis [217–220]. In analogy to the phytochrome 

TCS Cph8/OmpR, activation of transcription also occurs in the absence of light and via 

autophosphorylation of its respective response regulator FixJ, whereas the presence of 

blue light inactivates this process. Based on this system, extensions were implemented 

such as the inversion of light control using the λ phage repressor cI within the 

pDusk/ pDawn system from Möglich and co-workers [221], which was earlier also used 

to invert the multichromatic system of the red/far-red Cph8/OmpR system and the 

green/red CcaS/CcaR system [208] and could subsequently be used for the optogenetic 

control of LacI in an IPTG-independent manner [222]. 
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Figure I.4 Optogenetic switches for control of gene transcription and a selection of light-sensitive 
effector molecules that are harnessed by photocaged small molecules or photoreceptors. 
A) Light-responsive photoreceptors are commonly two-component systems (TCS) that can be switched from 
a dark-adapted ground state to an excited state and vice versa by illumination with light of a specific 
wavelength. The receptor itself is composed of a sensor domain (SD) and an effector domain (ED), such as 
a histidine kinase domain. In the excited state, the effector domain phosphorylates (P) its response regulator 
(RR), which subsequently binds to a corresponding promoter and activates transcription of a gene of interest 
(GOI). B) The two-step photorelease of nitrobenzyl (NB)-photocaged IPTG starts with its cleavage into the 
two possible constitutional isomeric ester intermediates by exposure to UV-A light. Subsequently, 
intracellular hydrolysis by esterases releases the IPTG as well as the corresponding nitroso compound as a 
by-product. C) Light-sensitive effector molecules can on the one hand be photolabile protection groups, 
which are chemically bound to a target molecule or structure for inactivation and subsequent photorelease, 
and on the other hand, chromophores that undergo a structural or configurational change in response to a 
light stimulus, triggering conformational changes within the photoreceptor. The chromophores 
phycocyanobilin (PCB), biliverdin IXα (BV), or the flavin-based flavin mononucleotide (FMN) and flavin 
adenine dinucleotide (FAD) are predominantly found in photoreceptors. For chemical photoprotection, there 
is a whole range of molecules that can be used as light-sensitive photocages. These include not only well-
established photolabile protection groups based on nitrobenzyl, quinolines, coumarin, cyanines or BODIPYS 
and RuBEPs, but also molecules that undergo cis-trans isomerization upon light irradiation such as 
azobenzenes or styrenes. X: variable moiety, NB: nitrobenzyl, NV: nitroveratryloxycarbonyl, NP: 
nitropiperonyl, BCMNB: bis(carboxymethoxy)-nitrobenzyl, DEACM: diethylaminocoumarin, DCC: 
dicyanocoumarin, TC: thiocoumarin, NDBF: dinitrobenzofuran, BIST: bisstyrylthiophene, TPU: two-photon 
uncaging, GOI: gene of interest. 
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In mammalian cells, gene expression is commonly controlled via photo-controllable 

transcription factors such as the flavin-binding, Kelch domain, F-box protein (FKF1), and 

its interaction partner GIGANTEA (GI) or the cryptochrome protein 2 (CRY2) with its 

Cryptochrome-Interacting Basic-helix-loop-helix protein (CIB1) [223–225]. In general, 

the advantage of flavin-dependent systems is the natural availability of FMN and FAD in 

common microbial hosts, whereas the chromophores of phytochromes, BV, and PCB, 

need to be added to the medium or produced heterologously in the targeted organism 

[9,205,206,226,227]. The use of genetically encoded photoreceptors offers some 

advantages, such as a very broad color spectrum with many available systems in the 

longer and thus less harmful wavelength range, commonly a good reversibility of the 

expression response, as well as few undesirable side reactions or cell toxicity in the 

target organism. 

The second class of light-mediated transcriptional control systems are the chemical-
based photocaged small molecules such as inducers, inhibitors and metal ions, 
proteins, or nucleic acids. By means of photolytic release of photosensitive groups or 

isomerization of chemicals, small molecules are made available for biological 

applications (Fig. I.4B). Since photocaged cAMP was successfully introduced as the first 
photocaged biomolecule in 1977 by Engels and Schlaeger [228], a variety of different 

effector molecules were made photo-sensitive by attaching photocages in order to gain 

spatiotemporal light-control over both chemical and biological processes, as nicely 

reviewed by Hughes et al., Ankenbruck et al. and Hartmann et al. [7,196,229]. For light-

mediated gene expression in particular, various small molecules have been used 

including photocaged IPTG, arabinose, and other carbohydrates in bacteria as well as 

abscisic acid or methionine in mammalian cells or yeast [230–235]. Furthermore, 

photocaged Cu2+ was successfully applied to gain control over gene expression in yeast 

[236] and finally, doxycycline was recently photocaged [237–239], but still not applied for 

light-controlled gene expression in bacteria. In addition, blue light-responsive human 

histone deacetylase (HDAC) inhibitors were recently applied in mammalian cells for the 

light control of epigenetically regulated transcription via cis-trans isomerization [240]. 

Further small molecule agonists of gene expression in mammalian cells have been 

photocaged, including nuclear hormones, β-ecdysone, and the CREB inhibitor [241–243]. 

For controlling expression in bacteria, a photocaged T7-RNA polymerase was 

constructed by incorporation of a photocaged tyrosine into the catalytic site, resulting in 

a photoactivation of gene expression in E. coli [244]. Moreover, photocaged small 

molecules for direct DNA or RNA interaction were constructed such as photocaged 

theophylline, which binds to an mRNA riboswitch and activates it upon illumination [245]. 

Finally, DNA or RNA can be directly modified to implement light control by attaching 
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photocages to various positions on the DNA/RNA strand. Thereby, gene expression can 

be activated by using small nucleotide fragments, as shown in various studies for 

mammalian cells or for cell-free approaches [246–254]. Genes can also be knocked 

down by the use of caged antisense oligonucleotides (ASOs) or small interfering RNAs 

(siRNAs), as nicely demonstrated for various mammalian cell lines [255–260]. However, 

most of these techniques seem to be preferably applied for mammalian cells, zebrafish 

models, mice, or cell-free approaches such as nanoparticles. Further in vivo applications 

in bacteria need to be elucidated in the near future. 

One of the first and still most commonly used photolabile protection group is the 

nitrobenzyl (NB) group (Fig I.4C), since it is small and commercially available [7]. Its 
good accessibility by a straightforward synthesis together with the well-characterized 

photocleavage reaction still make its ongoing employment feasible [261,262]. However, 

since NB-photocaged compounds mainly absorb light in the UV-B/-C range, in which the 

radiation exerts toxic effects on cells and thus is less suitable for in vivo applications, the 

uncaging of NB is usually performed under UV-A irradiation (around 365 nm), in which 

the corresponding compounds only show a low absorption capacity. Thus, more 

advanced NB-derivatives have been developed that exhibit a bathochromic shift towards 

longer wavelength absorption and thus an improved biocompatibility [263–265]. Besides 

the UV-A light absorbing photocages 6-nitropiperonyl (NP), 1,2-dimethoxy-4- nitrobenzyl 
(DMNB), 6-nitroveratryloxycarbonyl (NV), and 4,5-bis(carboxymethoxy)-2-nitrobenzyl 

(BCMNB) [7,266], notable examples for derivatives with red-shifted absorption maxima 

are bisstyrylthiophene (BIST), nitrobiphenyl (ANBP), and nitrodibenzofuran (NDBF), 

which are partly suited for two-photon uncaging (TPU) [267–269]. During TPU, the 

excited singlet state of a chromophore is generated at about twice the conventional 

excitation wavelength by absorbing two photons from an ultra-fast laser almost 

simultaneously. Another frequently used protection group is based on coumarins and is 

UV-A light-responsive (365 nm – 400 nm) [270]. In contrast to NB and its derivatives, the 

absorption of coumarins can be red-shifted by chemical modification more easily and 

thus, various bathochromically shifted derivatives including thiocoumarin (TC), 

dicyanocoumarin (DCC) and 7-diethylaminocoumarin (DEAC) photocages were applied 

in mammalian cells and zebrafish so far [271–274]. Other possible photocages include 

quinolines (UV-A light), RuBEP (blue light) as well as BODIPYs and cyanines, which 

both can even be excited with NIR light [275–280], but especially cyanines are rarely 

used due to complex syntheses. In addition, the azobenzenes and styryl derivatives 

should be mentioned, which are not photocleavable but photoswitchable, as they 

undergo cis-trans isomerization upon irradiation with UV light or NIR light via TPU [281–

283]. Although coumarin-based photocages are highly promising due to their chromatic 
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diversity, their synthesis has shown to be more complex in comparison to NB cages and 

is based on more expensive precursors [266]. Thus, NB-derived photocages are 

prevalently used in biology as particularly NP-photocages offer an outstanding in vivo 

applicability and a well-known and efficient photolysis.  

In the context of the aforementioned biocompatibility, caged compounds must meet a 

number of requirements with respect to development, physicochemical properties and 

photo-release for a successful in vivo application. Firstly, the compound synthesis should 

be feasible and based on reasonably inexpensive and readily available precursors. In 

addition, the protecting group should be stable both in vitro and in vivo, and should offer 

the possibility of attaching effector moieties to allow flexible adjustment of both the 

absorption wavelength and the water solubility [266,270,284]. Beneficial 

physicochemical properties such as sufficient absorptivity, water-solubility, non-toxicity 

as well as in vivo and in vitro stability facilitate the employment of each photocaged 

compound and are crucial for the success of the respective application. Furthermore, an 

adequate extinction coefficient at the respective irradiation wavelength (ɛ; the fraction of 

incident light that is absorbed) and a high uncaging quantum yield (Φu; the proportion of 

photocaged molecules that undergoes photolysis upon absorption of a photon), seems 

beneficial, as uncaging upon illumination should be accomplished in a reasonable 

amount of time to prevent unwanted toxic effects or unwanted overheating of the cell 

culture. To achieve the complete biological induction response and thus make the use 

of photocaged inducers competitive with conventional inducers, complete photolysis 

should be ensured. Hence, when selecting existing photocages or synthesizing a new 

one, these requirements should be considered to guarantee a successful in vivo 

application. 

Furthermore, the demand for protection groups suitable for multichromatic control of 

cellular processes is steadily increasing. Two- or even multicolor control circuits enable 

the orchestration of complex biological processes with high accuracy and high temporal 

resolution [229]. For this purpose, red-shifted protection groups are commonly combined 

with protection groups that absorb in the UV range to achieve a circuit with the greatest 

possible signal orthogonality [285–287]. So far, various protection group combinations 

have already been used for orthogonal substance release in vitro in hydrogels and nano 

materials or for (de)activation of protein functions as well as in vivo in mammalian cells 

[271,288–295]. Advantages of using photocaged small molecules include, for example, 

the necessity to express less associated proteins, such as the photoreceptor itself, as 

well as the enzymes for chromophore biosynthesis, and thus they can be used in almost 

any target organism without negatively influencing the metabolic and energy capacity. 
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However, a possible disadvantage is the lack of reversibility and potential cytotoxicity of 

the chemical protection groups [266,285,296]. 

 

In summary, there is a multitude of promising approaches for optogenetic control of 

biological processes, however, these often address mammalian cell systems. The 

optogenetic tools for controlling bacterial gene expression inevitably require extensive 

characterization and optimization to expand the toolbox of available systems and 

implement new promising properties, such as better solubility or red-shifted absorption. 

Moreover, the subsequent application of light control at flask to milliliter scale is another 

major challenge that would significantly improve the accessibility of optogenetics. 

 

I.2. POST-TRANSLATIONAL REGULATION 
 

Following a detailed description of the advantages and limitations of transcriptionally 

controlled biological processes in the previous chapter, various options for post-

translational control of enzyme activity (Fig. I.1) that can be addressed via optogenetic 
strategies will be outlined in this section. These can, for example, be based on protein-

protein interactions, such as the use of protein tags or chromophore-assisted light 

inactivation (CALI).  

 

I.2.1. FUSION PROTEINS FOR CONTROLLING ENZYME ACTIVITY 
 

Protein biosynthesis can not only be controlled at a transcriptional level, as discussed in 

the previous chapter, but also at a post-translational level. In bacteria, it is often based 

on post-translational modifications, such as phosphorylation, which results in structural 

changes within the protein, gylcosylation, which protects the protein against degradation 

by proteases [297,298], proteolysis for the truncation of individual proteins or peptides, 

for example the cleavage of signal peptides during secretion, and finally, protein 

degradation by proteases, which recognize a specific protein tag [299,300]. Particularly 

the peptide-based modifications are frequently adapted in biotechnological approaches 

for gaining control over enyzme activity or the localization of a specific target protein by 

using functional peptide tags or enzyme fusions [301–303].  
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In the following chapter, however, the focus will be on fusion enzymes or fusion tags and 

their application for light-mediated control of enzyme activity. Here, a distinction can be 

made between reversible and irreversible on- and off-switches [304,305]. Reversible 

switches are mostly generated by translational fusion with photo-responsive proteins and 

associated loop regions, such as the CRY2 domain from Arabidopsis thaliana or the 

LOV2 domain from Avena sativa [305–307]. The latter, for example, is composed of a 

FMN-binding core domain and a Jα-helical loop domain at the C-terminus [308]. Upon 

illumination with blue light, a cysteine in the LOV2 domain forms a covalent bond with 

the excited FMN molecule leading to a conformational change within the core domain 

followed by dissociation and unfolding of the Jα helix (Fig. I.5A). Additionally, the photo 
domains can be used for light-induced heterodimerization with their respective 

interaction partner (Fig. I.5B). 

Figure I.5 Selected reversible and irreversible on- and off-switches based on fusion enzymes 
applicable for post-translational control of enzyme activities by light. 
Recombinant fusions of catalytically active and light-responsive domains can be used to post-translationally 
control enzyme activity, as exemplarily shown for A) the reversible light-induced allosteric activation of a 
target enzyme using a photo domain or B) the reversible heterodimerization of a photo domain with its 
interaction partner, both fused to a respective target protein and its binding partner (yellow circle). C) Further, 
enzymes can also be deactivated using protein fusions as depicted for a light-controllable protein degron, 
which is based on a degeneration tag and a coupled photo domain, which itself is fused to the target enzyme. 
D) Finally, a deactivation can also be achieved by using a photosensitizer fused to the target enzyme. This 
photosensitizer produces reactive oxygen species (ROS; red asterisks) upon light exposure leading to the 
destruction of the fusion complex. 
 
Prominent examples are the blue light-induced heterodimerization of the LOV domain 

bearing FKF1 protein from A. thaliana with the GIGANTEA (GI) protein, which again is 

triggered by the formation of a covalent bond between FMN and a cysteine of FKF1. This 

bond leads to a structural rearrangement allowing FKF1 to bind to GI [223]. Due to the 

size of GI and the low dark recovery of FKF1 [309], further heterodimerization systems 

based on LOV domains such as tunable, light-inducible dimerization tags (TULIPs) [310] 

or the improved light-inducible dimer (iLID) [311,312] were constructed. Irreversible 

methods for light-mediated control of enzyme activity mainly include off-switches, such 
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as protein-tag-mediated degradation of the target enzyme or the localized generation of 

reactive oxygen species (ROS). The first approach is likewise based on a photo domain 

fused to a target enzyme and the related loop domain, which in turn is fused to a 

degradation tag (Fig. I.5C) [313–316]. The latter uses chemical molecules or genetically 
encoded fluorescent proteins that produce ROS upon illumination (Fig. I.5D) and will be 
elucidated further in the following section, since it was applied in the framework of this 

thesis for controlling the activity of selected biosynthetic pathway enzymes. 

 

I.2.2. PHOTOSENSITIZERS AS AN OPTOGENETIC TOOL FOR 
CONTROLLING ENZYME ACTIVITY 

 

Photochromic chemical compounds that locally generate ROS when exposed to light of 

a certain wavelength are called photosensitizers (PS) [317,318]. Upon exposure, the 

photosensitizer is elevated from the electronic ground state (0PS) to a singlet excited 

state (1PS) via absorption (A) and subsequent internal conversion (IC) (Fig. I.6A). 
Afterwards, in addition to releasing energy via fluorescence (F), it can reach a long-living 

triplet state (3PS) via intersystem crossing (ISC). From this point, various ROS can be 

created including superoxide radical anion (O2●–), hydrogen peroxide (H2O2) and 

hydroxyl radical (HO●), which are generated by electron transfer of the photosensitizer’s 

triplet state to molecular oxygen (type I mechanism), and singlet oxygen (1O2), which is 

formed by energy transfer of the triplet state to molecular triplet oxygen (type II 

mechanism) instead of returning to the ground state via phosphorescence (P) [319]. After 

this cycle, the PS returns to its electronic ground state and can re-enter the cycle by 

absorbing a new photon. Inactivation of target structures using ROS is most commonly 

referred to as chromophore-assisted light inactivation (CALI), but other names such as 

chromophore-assisted laser inactivation or fluorophore-assisted light inactivation (FALI) 

are likewise used. Due to a targeted delivery of the PS to a cellular structure using 

ligands or antibodies, or the fusion of a genetically encoded PS with the target enzyme, 

the ROS are produced in close proximity and the adjacent structure is irreversibly 

destroyed leading to a loss of function [320]. 
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Figure I.6 Photosensitizer for light-mediated control of enzyme activity by formation of reactive 
oxygen species. 
Photosensitizers (PS) are chromophores that produce reactive oxygen species (ROS) upon illumination with 
light of a certain wavelength. A) During exposure, the molecule is elevated from the electronic ground state 
(0PS) to a singlet excited state (1PS) via absorption (A) and internal conversion (IC). Subsequently, it can 
release energy via fluorescence (F) or reach a long-living triplet state (3PS) via intersystem crossing (ISC). 
From this point, various ROS can be created including hydroxyl radicals (HO●), hydrogen peroxide (H2O2) 
and superoxide radical anions (O2●–), which are generated by electron transfer of the photosensitizer’s triplet 
state to molecular oxygen (type I mechanism), and singlet oxygen (1O2), which is formed by energy transfer 
of the triplet state to molecular oxygen (type II mechanism) instead of returning to the ground state via 
phosphorescence (P). B) Photosensitizers can be based on chemical compounds such as porphyrins (upper 
illustration) or on genetically encoded fluorescence proteins (bottom illustration). While an elaborate scaffold 
of hydrophilic moieties (M), linkers (L), and ligands or antibodies must be constructed to use chemicals in 
vivo, genetically encoded PSs can be fused to the target protein at DNA level and thus are expressed in an 
uncomplicated manner. (eGFP PDB ID: 6YLQ). C) Excitation (solid line) and emission (dashed line) spectra 
of selected genetically encoded photosensitizers. All LOV domain-derived proteins such as miniSOG, SOPP 
and SOPP3 bind flavin as a chromophore and thus exhibit an absorption maximum at around 450 nm and 
an emission maximum at 500 - 530 nm. Closely related GFP variants such as eGFP can be excited at 
around 490 nm and emit light at 510 nm. KillerOrange is a blue-shifted derivative of KillerRed, resulting in 
an absorption maximum in the green range at 500 nm and an emission maximum at 555 nm. KillerRed and 
its monomeric variant SuperNova absorb in the red spectrum at around 585 nm and emit light at 610 nm. 

 

While singlet oxygen is highly reactive, resulting in a short lifetime of up to 2 µs and a 

diffusion range of around 150 nm [321,322], the other ROS and particularly H2O2 show 

a prolonged lifetime of 1 ms and thus can diffuse over longer distances or even between 

adjacent cells [323,324]. Hence, not only proteins or cellular components in close 
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proximity are damaged, but also the whole cellular environment, including cell walls, lipid 

membranes, or nucleic acids [325–327], which must be taken into account when 

choosing a suitable PS for the specific CALI application. Previously, the PSs malachite 

green and eosin proved valuable for light-mediated deactivation of an alkaline 

phosphatase, a β-galactosidase and an acetylcholine esterase [320,328]. Furthermore, 

dyes like ReAsH or fluorescein are frequently used [329–332]. Those chemical-based 

photosensitizers need to be combined with a targeting molecule, such as an antibody, a 

ligand, or a peptide tag and modified with various moieties for improved hydrophilicity to 

be applicable for intracellular targeting (Fig. I.6.B, upper illustration). However, due to 
the typically laborious design of the chemical-based PSs, there has been a constant 

search for novel or optimized photosensitizers. In this context, it has been observed that 

some modified fluorescent proteins based on the basic chromophore structure of the 

green fluorescent protein (GFP) such as eGFP can not only emit fluorescence when 

excited with light of a certain wavelength, but also produce ROS and thus can be utilized 

as a genetically encoded PS (Fig. I.6B, bottom illustration) [333]. Progressively, further 
genetically encoded PSs were found, such as the red fluorescent protein KillerRed 

derived from the hydrozoan chromoprotein anm2CP [334,335], which was successfully 

used for targeted inactivation of proteins in cell membranes, mitochondria, or nuclei 

[336–338]. In contrast to GFP, KillerRed is characterized as highly phototoxic and seems 

to produce ROS mainly via the type I mechanism under participation of molecular oxygen 

and upon illumination with green to orange light [339–342]. KillerRed was further 

optimized to obtain the monomeric derivative SuperNova, which shows similar 

photophysical and photosensitizing properties as KillerRed, but produces 10% less ROS 

via the type I and 5% more ROS via the type II mechanism and additionally allows for an 

uncomplicated fusion to target proteins [343]. In addition to SuperNova, a further 

derivative was developed, denoted as KillerOrange, which can be excited independently 

of KillerRed at a blue-shifted wavelength (Fig. I.6C) [344]. Besides these GFP-based 
PSs, there are also members of the group of flavin-binding fluorescent proteins (FbFPs), 

which are known to exhibit photosensitizing activity. The first known example is the mini 

singlet oxygen generator, short miniSOG, which is derived from the engineered, green-

fluorescing LOV-domain 2 from A. thaliana phototropin 2 [345]. Unlike the GFP-related 

PSs, the LOV-based proteins bind an endogenous flavin chromophore such as FMN, 

which acts as a photosensitizer upon blue light illumination and results in the generation 

of 1O2 via the type II reaction [345,346]. As the name suggests, miniSOG was proposed 

to be an efficient singlet oxygen producer, but this could not be proven in subsequent 

studies [347,348]. However, miniSOG was successfully used to perform CALI of synaptic 

release in neurons or of mitochondrial proteins in nematodes [349,350]. Two noteworthy 
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derivatives of miniSOG are SOPP and SOPP3, also known as singlet oxygen 

photosensitizing proteins, which were shown to offer strongly improved singlet oxygen 

quantum yields [346,351].  

However, genetically encoded photosensitizers have not yet been used to control 

relevant pathway enzymes in microbial secondary metabolite biosynthesis (Fig. I.1, 
orchestration of complex biosynthetic pathways). Besides those LOV-derived variants, 

there are various other flavin-binding fluorescent proteins including iLOV and phiLOV 

[352,353], or proteins derived from bacterial photoreceptors such as DsFbFP and 

DsFbFP M49I (Dinoroseobacter shibae), CreiLOV (Chlamydomonas reinhardtii), 

EcFbFP (B. subtilis), or Pp1FbFP and Pp2FbFP (P. putida) [354–356], which all need to 

be characterized with respect to their photosensitizing properties in further detail. 

In summary, chromophore-assisted light inactivation is a powerful tool that utilizes 

protein-protein interactions or protein fusions and light-sensitive chromophores to 

produce ROS and thereby selectively deactivating enzymes or other cellular molecules. 

The photosensitizing group can be a chemical molecule, which needs to be linked to a 

targeting structure such as ligands or antibodies, or a genetically encoded fluorescent 

protein that is able to produce ROS due to its encapsulated chromophore and can be 

genetically linked to the protein of interest. However, the number of fluorescent proteins 

used as fusion partners for CALI approaches is still quite low, although they offer 

valuable features including an easy linkage and a straightforward targeting to a specific 

cellular structure. Consequently, further fluorescent proteins known for ROS generation 

should be evaluated with respect to their suitability for light-mediated enzyme inactivation. 

 

I.3. PROTEIN-CELL INTERACTIONS FOR OPTOGENETIC CONTROL OF 
CELLULAR PROCESSES 

 

The use of fusion proteins consisting of an effector domain such as photosensitizers and 

a target domain represents a very valuable approach for the precise 

regulation/inactivation of desired proteins, as described in detail in the previous chapter. 
However, photosensitizers are well-established for the optogenetic control of cellular 

processes via protein-cell interactions (Fig. I.1). In this context, the following chapter 
focuses in particular on the use of those photosensitive proteins to control cell viability, 

as it is performed for bacterial populations in mono- or co-cultures, denoted as 

antimicrobial photodynamic inactivation (aPDI), or for tumor cells in photodynamic 

therapy (PDT) approaches [357,358]. Since both chemical and genetically encoded 
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photosensitizers produce not only short-lived singlet oxygen, but also longer-lived ROS, 

such as H2O2 upon illumination, they can also be used to target and destroy surrounding 

cellular organelles and membranes, finally triggering apoptosis of the respective cells. 

These cells can, for example, be multi-drug-resistant bacteria, which are addressed in 

aPDI approaches (Fig. I.7A) [319,327,358,359]. Here, particularly cationic 

photosensitizing chromophores or additional moieties are used to specifically target the 

negatively-charged cell membrane of bacteria, while avoiding damage to mammalian 

tissue [360,361]. Secondly, the potential of this method can be exploited for the treatment 

of tumor cells as it is frequently performed in biomedical applications, e.g., PDT 

(Fig. I.7B). Here, PSs are utilized for the treatment of various oncological and non-
oncological diseases, as ROS lead to oxidative damage of tumor tissue, resulting in cell 

death and activation of the immune response [325,359,362]. 

Figure I.7 Applications of genetically encoded photosensitizers for light-controlled modulation of 
cell viability. 
A) The use of fluorescent proteins as photosensitizers (PS) proved valuable for various in vivo applications 
such as the field of antimicrobial photodynamic inactivation (aPDI). Here, multi-drug-resistant bacteria are 
damaged by reactive oxygen species (ROS) generated by genetically encoded PSs (red protein structure, 
KillerRed PDB ID: 2WIQ), which sometimes are additionally linked to a targeting structure (blue crescents), 
resulting in a significantly lower chance of resistance formation within a bacterial population. B) The use of 
photosensitizers could further be successfully applied for combating oncological diseases via photodynamic 
therapy (PDT), in which ROS produced by the PSs damage cancer cells and thereby lead to cell ablation 
and an increased immune response. For a targeted effect, delivery tags such as antibodies or ligand are 
used (blue crescents). 
 

Chemical photosensitizers used in therapy are mainly based on tetrapyrroles, porphyrins, 

chlorines, phthalocyanines, phenothiazinium salts, methylene blue, or BODIPYS, which 

are combined with a targeting structure, such as an antibody or a ligand, or administered 

locally [318,319,357,358]. However, in addition to the aforementioned elaborate design 

of those PSs, there are further issues particularly in clinical application, including 

undesirable side effects such as prolonged skin and eye sensitivity to visible light and 

photoallergic reactions due to non-selective PS uptake [318,357,363]. Therefore, the 

demand for novel photosensitizers with reduced side effects was likewise growing in this 
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field, leading to the utilization of fluorescent proteins as genetically encoded PSs. In the 

recent years, mainly KillerRed was successfully applied for PDT treatments of mice and 

human cancer cell lines [336,364–367]. Additionally, miniSOG was employed for light-

induced killing of cancer cells [368,369]. The initiation of cell ablation has so far been 

realized using red fluorescent proteins such as KillerRed or TagRFP for bacterial cells 

including E. coli, but also for mammalian cells [334,370,371]. In a study of Ruiz-Gonzales 

et al., it could be shown that miniSOG outperforms TagRFP with respect to its toxicity 

towards bacterial cells [371]. 

In general, photosensitizers are a valuable tool for aPDI approaches, since ROS mostly 

trigger severe impairments with collateral damage, making it more difficult for resistance 

mechanisms to develop [372,373]. Furthermore, the generated ROS penetrate bacterial 

biofilms, which are of central importance for the infectivity of pathogenic bacteria such 

as Pseudomonas aeruginosa or Staphylococcus aureus, significantly better than 

conventional antibiotics, which need hours to days to achieve complete functionality 

[361,374,375]. Nonetheless, within the group of photosensitizers, genetically encoded 

fluorescent proteins are so far in the minority and thus should be further investigated 

regarding their applicability for killing cancer cells as well as multi-drug-resistant bacteria. 
 

I.4. UTILIZATION OF LIGHT-RESPONSIVE TRANSCRIPTIONAL AND 
POST-TRANSLATIONAL CONTROL FOR BIOTECHNOLOGICAL 
APPLICATIONS 

 
The detailed investigation of manifold biological processes is not only essential to gain a 

detailed insight into cellular functions and dynamics but also to successfully apply these 

findings in biotechnological bottom-up approaches. However, a profound understanding 

of important regulatory networks strongly requires the ability to both visualize and 

orchestrate dynamic in vivo processes in a straightforward and robust manner and with 

high spatiotemporal resolution. As described in the previous sections, light-mediated 

control over cellular functions can be gained besides others at the transcriptional and 

post-translational level (chap. I.1.3 and I.2.2). Considering a native, unmodified 
organism, which controls all its cellular processes with temporal perfection, exercising 

artificial control does not seem to be necessary. However, it gains importance when, for 

example, microbial production processes require the use of heterologous production 

hosts, or bacteria are not monitored within their usual environment but in artificial 

microbial consortia. In the following, both examples will be elucidated in more detail with 

respect to relevant high-value products and their production in alternative, heterologous 
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host organisms on the one hand and to possible application examples for controlling 

biological processes or even the composition of artificial microbial consortia on the other. 

 

I.4.1. CONTROL OF NATURAL PRODUCT BIOSYNTHESIS 

 
Natural products and their derivatives have taken a significant market share in the 

pharmaceutical industry over the last 40 years, accounting for over 60% of anticancer 

agents and nearly 50% of anti-infectives [376]. However, these compounds are usually 

laborious to synthesize chemically due to their complexity and sophisticated 

stereochemistry [143,377] and an extraction out of the native host, such as plants or 

fungi, is time-consuming and, in many cases, ecologically not feasible. Furthermore, 

some organisms might be human pathogenic microbes that are not culturable under lab 

conditions or suffer from insufficient growth or product titers [51,377–379]. Hence, the 

heterologous expression of one or even the entire biosynthetic gene cluster in a 

genetically accessible, non-toxic, and highly productive host is a promising alternative 

for the production and engineering of natural products. The increasing interest in bacteria 

as living cell factories arises from their diversified metabolism, which offers an impressive 

capacity for a multitude of biocatalytic transformations [380]. In addition to the primary 

metabolism, which provides metabolites needed for growth and maintenance of cellular 

functions, such as amino acids, fatty acids, and sugars, bacteria further produce so-

called secondary metabolites. Those include antibiotics, siderophores, or signaling 

molecules [381–385] and are not essential for the central metabolism of the organism, 

but provide advantages for defense or for adaption under changing environmental 

conditions [386–388]. Due to those valuable features and their versatile biological effect 

on other organisms, secondary metabolites are utilized as natural antifungals and 

antibiotics, as well as anti-cancer and immunosuppressive compounds in the 

pharmaceutical industry [376,386,389]. However, the production of heterologous 

proteins in general, as well as the biosynthesis of heterologous secondary metabolites 

in particular, bears several challenges including (i) an effective transfer of the respective 

gene cluster to the preferred host, (ii) diverse bioactivities of heterologous secondary 

metabolite compounds leading to impaired strain stability, growth, or production yields, 

and (iii) an insufficiently coordinated gene expression or enzyme activity resulting in low 

production titers [51,390,391]. To address the first challenge, effective restriction-free 

cloning techniques have been developed in recent years, which are replacing 

conventional cloning methods based on the use of restriction endonucleases 

[51,392,393]. In addition to PCR- or recombinase-based methods, the transfer and 



I. INTRODUCTION::: 

 29 

expression (TREX) system is particularly noteworthy in this context, as it enables the 

straightforward transfer, integration, and heterologous expression of complex gene 

clusters in different bacterial hosts, thus paving the way for the access to valuable natural 

products, as nicely demonstrated by the work of Domröse, Klein and Weihmann, who 

were able to heterologously produce prodiginines, phenazines and violacein derivatives 

in P. putida [390,391,394]. Once the integration of the heterologous genes has been 

successfully completed, it is important to ensure that the overproduction of the bioactive 

compound does not negatively affect the health and growth of the organism, which is 

often achieved by selecting a suitable and robust production host. While well-established 

platform organisms such as E. coli or S. cerevisiae are often used for the microbial 

production of non-toxic products or building blocks such as amino acids or isoprene 

scaffolds [51,143], specialized organisms are increasingly applied for the production of 

antimicrobial substances or more complex natural products (chap. I.1.2.2) 
[124,143,388,395]. In the following, three examples for complex natural product 

biosynthetic pathways, namely terpenes, prodiginines and rhamnolipids, will be 

elucidated in more detail and recent metabolic engineering strategies for an optimized 

metabolite production are briefly described. Those natural products classes were 

selected in the project context of the Bioeconomy Science Center (BioSC) project 

‘CombiCom’, which focused on the exploitation of natural product biosynthetic pathways 

to deliver bioactive natural products and structurally derived compounds and thus, were 

likewise used as model biosynthetic pathways in this work. 

Terpenes constitute one of the largest and most diverse secondary metabolite class 
encompassing over 80,000 compounds, which mainly are of plant-origin [396–399]. They 

all are characterized by an isoprenoid C5 scaffold, which is repeatedly connected to form 

hemi- (C5), mono- (C10), sesqui- (C15), di- (C20), tri- (C30), tetra- (C40), and polyterpenes 

(>C40) (Fig. I.8) [400,401].  
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Figure I.8 Homologous and heterologous terpene biosynthesis pathway of R. capsulatus and a 
selection of metabolic engineering strategies for improved heterologous terpene titers.  
A) The DXP pathway (blue arrows), which is composed of seven genes, is responsible for providing terpene 
precursor molecules, while the inherent carotenoid biosynthesis pathway (green and red arrows) 
encompasses nine genes located at several positions in the R. capsulatus genome and results in the 
production of various homologous terpenes. For a further increased terpene precursor supply, the 
heterologous MVA module from Paracoccus zeaxanthinifaciens (violet arrows) can be overexpressed. 
Genes indicated with an asterisk are available in two chromosomal copies. The gene dxr is also denoted as 
ispC and the gene ispE as cmk. B) Within the DXP pathway, pyruvate and GAP are used to build the terpene 
precursor molecules IPP and DMAPP. Additionally, acetyl-CoA can be used as a building block for such 
precursors, if the heterologous MVA module is co-expressed in the respective production strain. In the 
following, IPP and DMAPP are converted via the precursors GPP, FPP and GGPP to different homologous 
terpenes, such as the carotenoids spheroidene or neurosporene. If available, heterologous terpene synthase 
can be overexpressed for conversion of FPP and its derivatives to novel terpenes of varying complexity and 
isoprene chain length (yellow module). The enzyme names marked in red are common targets of metabolic 
engineering strategies for increased terpene titers. MVA: mevalonate, DXP: 1-deoxy-D-xylulose 5-
phosphate, GAP: glyceraldehydes-3-phosphate, Dxs: 1-deoxy-D-xylulose 5-phosphate synthase, FPP: 
farnesyl pyrophosphate, IPP: isopentenyl pyrophosphate, DMAPP: dimethylallyl pyrophosphate, Idi: 
isopentenyl diphosphate isomerase, IspA: FPP synthase, GPP: geranyl pyrophosphate, CrtE: GGPP 
synthase, GGPP: geranylgeranyl pyrophosphate, CrtB: phytoene synthase, CrtC: hydroxyneurosporene 
synthase, CrtD: hydroxyneurosporene desaturase, CrtF: demethylspheroidene O-methyltransferase, CrtI: 
phytoene desaturase. 
 
The terpenoid synthesis starts from the two isoprene intermediates isopentenyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which are produced 

from three acetyl-coenzyme A molecules (acetyl-CoA) via the mevalonate (MVA) 

pathway or from glyceraldehyde-3-phosphate (GAP) and pyruvate via the 1-deoxy-D-

xylulose 5-phosphate (DXP) pathway, also denoted as the 2-C-methyl-D-erythritol 4-

phosphate (MEP) pathway. Starting from IPP and DMAPP, the prenyltransferases 

catalyze the elongation of linear prenyl pyrophosphates via head-to-tail condensations 

resulting in the formation of the three terpene precursors C10- geranyl pyrophosphate 
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(GPP), C15- farnesyl pyrophosphate (FPP), and C20- geranylgeranyl pyrophosphate 

(GGPP), which are subsequently used as precursor molecules for the biosynthesis of 

monoterpenoids, sesqui- and triterpenoids, or di- and tetraterpenoid, respectively. 

Afterwards, further rearrangements, cyclization reactions or decorating reactions may be 

performed via P450 monooxygenases, reductases, dehydrogenases, or transferases, 

further broadening the available terpene spectrum [402–407]. While the MVA pathway 

is predominantly found in eukaryotes (e.g., mammals, plants, and fungi), archaea, and a 

few bacteria [408,409], the DXP pathway mainly occurs in bacteria, cyanobacteria, and 

green algae [410]. Inherently, terpenes are employed for a variety of purposes in plant 

physiology and development, such as photoprotection or antioxidation (carotenoids), 

communication, and hormone signaling (e.g. pinene) or repellent activity against 

predators and parasites (e.g. verbenone, β-caryophyllene) [402,411–413]. Due to those 

versatile bioactivities, terpenes are also of commercial interest to the pharmaceutical 

sector for the treatment of pathogenic infections, inflammation or cancer [376,414,415]. 

Furthermore, they render terpenoids exceedingly interesting for the production of flavors 

and fragrances, biofuels or bio-based pesticides in agriculture [416–419]. As an industrial 

production host, mainly E. coli and S. cerevisiae are exploited, as documented by 

several heterologously produced and already marketed terpenes. Prominent examples 

are β-farnesene, which is produced in yeast by Amyris, valencene and nootkatone, both 

produced in yeast by Evolva, patchoulol and sclareol, which are produced in both yeast 

and E. coli by Firmenich or stevio glycosides, marketed under the name EverSweet® and 

produced in yeast by Cargill. Furthermore, alternative hosts such as 

Rhodobacter sphaeroides are increasingly applied, as illustrated by the marketed 

terpenes valencene and nootkatone by the biotech company Isobionics (now BASF) 

[419]. 

Currently, there are several approaches for engineering efficient terpenoid production 

strains, which can often be combined to increase effectiveness [396,420,421]. Here, 

modifications can be carried out at different levels, e.g., increasing endogenous 

precursor supply, modifying cofactor requirements, eliminating bottlenecks and 

competitive reactions, and mitigating the toxic effects of intermediates or products, as 

well as genetic and protein engineering [406,422–424]. Extensive research on the 

production of heterologous terpenes in the phototrophic bacterium R. capsulatus has 

been conducted, since it proved to be a promising host for the production of recombinant 

membrane proteins or valuable natural compounds (chap. I.1.2.2) [185–187]. It has 
been shown that engineering of isoprenoid precursor biosynthesis can lead to a strong 

increase in sesqui- and triterpenoid formation in R. capsulatus [187,425] and 

R. sphaeroides [426–430], and in particular, co-expression of a terpene synthase with 
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the FPP synthase IspA and/or enzymes of the heterologous MVA pathway led to 

significantly increased production of the corresponding plant terpenoids. However, as 

shown in various studies, overexpression of the isoprenoid intermediates in microbial 

hosts can lead to toxicity, metabolic stress and feedback inhibition [402,431–435], 

impairing the growth and production yield. This problem is often addressed by using 

controllable induction techniques with gradual promoters or expression systems that 

flexibly respond to product concentration or other environmental stimuli [417,436], as 

demonstrated for the dynamic regulation of FPP level in the terpene biosynthesis of 

E. coli [434]. Furthermore, increased yields can also be gained by reducing competitive 

reactions with dynamic promoters, but without impairments in cell survival, as shown for 

the yeast-based production of santalene [437] or the implementation of feedback loops 

for improving microbial biofuel production [438]. 

In summary, terpenes are valuable and versatile metabolites for both pharmaceutical 

and biotechnological applications. Thus, the heterologous production of novel terpene 

variants needs to be transferred to alternative expression hosts, such as the phototrophic 

bacterium R. capsulatus, as a natural terpene producer (chap. I.1.2.2), and their 
bioactivities should be elucidated with respect to further possible application fields such 

as antimicrobial treatments. 

The bacterial secondary metabolites belonging to the group of prodiginines are red-
pigmented, bioactive tripyrroles [439], which include compounds such as prodigiosin, 

undecylprodigiosin, norprodigiosin, cycloprodigiosin, or streptorubin B. They are 

naturally produced from amino acids and acetate building blocks by various 

proteobacterial species, including Serratia, Hahella, Vibrio, and Streptomyces [440–

443]. In contrast to the great variety of terpenes, the diversity within prodiginines is rather 

limited as the compounds can be divided into only two main groups according to their 

structure: they either carry n-alkyl residues, such as prodigiosin, norprodigiosin, or 

undecylprodigiosin or are cyclized derivatives such as cycloprodigiosin and streptorubin 

B [441]. The biosynthesis genes of all prodiginines are encoded in a unidirectional gene 

cluster (Fig. I.9A) and proceeds via a bifurcated pathway, yielding the bipyrrole 
2,2-bipyrrole-5-carboxyaldehyde (MBC), originated from proline and malonyl-coA, and a 

monopyrrole (e.g., 2-methyl-3-pentyl-pyrrole, MAP), produced from pyruvate and 2-

octenal. MBC and the monopyrrole are finally condensed by a ligase, such as the 

prodigiosin ligase PigC, to form the tripyrrolic red-pigmented compound (Fig. I.9B). 
Afterwards, a cyclization reaction may be performed by non-heme iron oxidases [444]. 

While MBC synthesis is strictly conserved, the biosynthesis of monopyrrole 
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intermediates varies in terms of substitution patterns and functional proportions and is 

thus responsible for the natural diversity of prodiginines [394,441].  

Figure I.9 Prodigiosin gene cluster and respective biosynthesis pathway. 
A) The inherent prodigiosin biosynthesis cluster from Serratia marcescens encompasses 14 unidirectional 
genes with a total length of 21 kb. While the genes pigB-pigE encode enzymes responsible for the synthesis 
of MAP and the final condensation with MBC to form prodigiosin, the remaining genes pigA and pigF-pigN 
encode enzymes catalyzing the production of MBC. B) The prodigiosin biosynthesis is a bifurcated pathway 
starting on the one hand from pyruvate and 2-octenal, which are converted to the precursor molecule MAP 
by the enzymes PigD,E,B, and on the other hand from proline and malonyl-CoA, which are transformed to 
the precursor molecule MBC by the enzymes PigI,G,A,J,H,M,F,N. The two resulting molecules MAP and 
MBC are finally condensed to the red-colored prodigiosin by the enzyme PigC. MAP: 2-methyl-3-pentyl-
pyrrole, MBC: 2,2-bipyrrole-5-carboxyaldehyde, 3-AO: 3-acetyloctanal, HBM: 4-hydroxy-2,2’-bipyrrole-5-
methanol, HBC: 4-hydroxy-2,2’-bipyrrole-5-carbaldehyde, prodigiosin: 
2-methyl-3-pentyl-6-methoxyprodiginine, PigD: 3-acetyloctanal synthase, PigE: 
3-acetyloctanal aminotransferase, PigB: H2MAP oxidase/ dehydrogenase, PigI: L-prolyl-AMP ligase, PigG: 
peptidyl carrier protein, PigA: L-prolyl-PCP dehydrogenase, PigJ: pyrrolyl-β-ketoacyl ACP synthase, PigH: 
HBM synthase/ aminotransferase, PigM: HBM oxidase/ dehydrogenase, PigF: 3-acetyloctanal 
aminotransferase, PigN: oxidoreductase. 
 
Prodigiosin but also prodiginines, in general, offer a multitude of bioactivities, which 

make them promising candidate compounds for pharmaceutical and biotechnological 

industry. Firstly, they offer an antibiotic activity against various different species, 

including major human pathogens such as Staphylococcus aureus or 

Streptococcus pyogenes [445–449], with a particularly pronounced effect on Gram-

positive bacteria [440]. Secondly, prodigiosin has been shown to exhibit promising 

activity against various cancer cell lines by induction of apoptosis, including 

hematopoietic cancer, breast cancer, oral cancer, and skin cancer [450–454], 

administered solely or in combination with other inhibitors [455]. A prominent example 

for a synthetic anti-cancer agent is the indole bipyrrole named Obatoclax, that is already 

being tested in phase II clinical trials for the treatment of various cancers such as mantle 

cell lymphoma, myelofibrosis or leukemia [456–458]. Additionally, prodiginines were 
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shown to exhibit antifungal and nematocidal activities, which is a valuable source for 

agricultural applications [459–461]. However, the availability of new-to-nature 

prodiginine derivatives is limited by their low diversity, rendering the use of semi- or 

mutasynthesis as well as in silico applications to broaden the product spectrum 

particularly attractive. Due to the bifurcated biosynthetic pathway and the natural 

promiscuity of PigC, mutasynthesis could be applied to specifically produce synthetic 

prodiginines by Pietruzska and coworkers [394,462]. Furthermore, PigC was subject to 

directed evolution approaches to enhance enzyme activity or broaden substrate 

promiscuity [463–465] or even replaced by homolog ligases from 

Pseudoalteromonadaceae strains [466]. Since those complex chemical and synthetic 

biological approaches require a strict and straightforward control of enzymatic activity, 

they might benefit from light-responsive regulatory tools on transcriptional or post-

translational level. 

Finally, an increasingly important group of secondary metabolites are rhamnolipids 
(RL), which are bio-based surfactants that provide a more sustainable substitute for 
petrochemical-based tensides. In general, rhamnolipids belong to the group of 

glycolipids and thus, are amphiphilic compounds composed of one or two hydrophilic 

rhamnose molecules linked to one or two hydrophobic 3-hydroxy fatty acids of various 

chain lengths (Cx-Cy), such as 3-(3-hydroxyalkanoyloxy)alkanoate (HAA) (Fig. I.10) 
[467,468]. Depending on the number of sugar residues, they are referred to as mono-

rhamnolipids (MRL) or di-rhamnolipids (DRL). In nature, rhamnolipids are mostly 

produced by bacteria of the genus Pseudomonas, with the opportunistic pathogen 

P. aeruginosa being one of the most prominent rhamnolipid producers, but they can also  

Figure I.10 Rhamnolipid biosynthesis genes and associated pathway in Pseudomonas aeruginosa.  
A) The biosynthesis of rhamnolipids is encoded by three genes and is organized in two bicistronic operons- 
rhlA together with rhlB and rhlC with PA1131, a gene of unknown function [472]. B) The acyltransferase 
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RhlA first assembles the 3-(3-hydroxyalkanoyloxy)alkanoic acid (HAA) from two activated β-hydroxy fatty 
acids and in a next step HAA is coupled with a molecule of activated dTDP-rhamnose by the 
rhamnosyltransferase RhlB via a β-glycosidic bond. The resulting mono-rhamnolipid (MRL) is converted to 
a di-rhamnolipid (DRL) by the rhamnosyltransferase RhlC, which catalyzes the addition of a further dTDP-
rhamnose to the first rhamnose moiety. ACP: acyl carrier protein, dTDP: deoxythymidine diphosphate. 
 
be found in Burkholderia spp. [468–470]. In P. aeruginosa, the length of fatty acid chains 

varies between C8 and C14, but most frequently C10-C10 chains are found, whereas in 

Burkholderia species long-chain C14-C14 fatty acids are mostly used [469,471]. 

The rhamnolipid biosynthesis encompasses three sequential enzymatic reactions 

(Fig. I.10B). In the first step, two 3-hydroxyacyl molecules bound to an acyl carrier 
protein (ACP) are esterized by the acyltransferase RhlA to form HAA [473]. The 

rhamnosyltransferase RhlB subsequently links an HAA molecule with activated dTDP-

rhamnose to create MRLs [474,475]. In the last reaction, the rhamnosyltransferase RhlC 

catalyzes the addition of a second dTDP-rhamnose molecule to the MRLs, yielding DRLs 

[472]. While the genes encoding RhlA and RhlB are organized in a bicistronic operon, 

the gene encoding RhlC is part of a bicistronic operon with PA1131, a gene of unknown 

function (Fig. I.10A) [468,472]. Bacterial rhamnolipids fulfill important functions in their 
natural producer, such as enabling swarming motility and biofilm formation or act as 

virulence factors [476–479]. They also inhibit phagocytosis by host macrophages and 

enhance the uptake of hydrophobic substances [480,481]. However, since their 

amphiphilic character is valuable as a biosurfactant and they can be produced from 

renewable resources, which commonly exhibit a low ecotoxicological potential and offer 

an alternative to petrochemical-based surfactants, rhamnolipids have become a focus of 

interest in the biotechnology and pharmaceutical industry [482–486]. Besides their use 

for bioremediation and oil recovery, due to their emulsifying properties, they are also 

applied in the field of pharmaceuticals and cosmetics, as they show low toxicity, surface 

active properties and, antimicrobial activity [484,487–489]. Moreover, rhamnolipids are 

valuable bio-detergents and thus are increasingly added to detergent compositions, 

laundry products, shampoos and soaps [490,491]. Currently, P. aeruginosa is mostly 

used for the industrial production of rhamnolipids, but it features some disadvantages, 

such as a complex quorum-sensing-based regulatory mechanism of rhamnolipid 

biosynthesis or its general pathogenicity [492,493]. Therefore, there are increasing 

efforts to use heterologous hosts such as E. coli, P. fluorescens, and P. putida KT2440 

[494–496] and to make them industrially competitive by means of metabolic engineering, 

adaptive laboratory evolution, and bioprocess optimization [137,482,497–499]. 

Additionally, attempts are being made to influence the composition of the rhamnolipid 

mixtures at the genetic level by means of metabolic engineering and the use of inducible 

promoters to finally be able to produce tailormade rhamnolipids [137,179,490]. In this 
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context, controlling the different rhamnolipid mixtures by means of light-responsive 

regulators could provide an advantage on the way to produce designer rhamnolipids 

[500]. 

In summary, the presented examples illustrate that versatile approaches are available to 

establish light control over different cellular processes. However, current tools 

necessarily require further characterization, optimization, and redesign to be adaptable 

to the requirements of these multifaceted biological processes. 
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I.5. OUTLINE OF THIS THESIS 

 
The field of synthetic biology is based on the redesign or development of artificial, 

biological systems such as cells, tissues, or organisms with predictable performance 

characteristics. For this purpose, both the strict and straightforward orchestration as well 

as a simple and robust visualization of biological processes is indispensable. Light as 

environmental factor seems to be ideally suited for this task, as it represents a very 

precise, spatially, and temporally highly tunable and flexible stimulus. Thus, this thesis 

aimed to establish optogenetic strategies for controlling versatile cellular 
processes on different cellular levels and at several experimental scales.  
The here addressed biological processes can be assigned to the following cellular level: 

(i) the transcriptional level and (ii) the post-translational level via protein-cell interactions. 

Furthermore, (iii) complex secondary metabolite pathways are established that could 

benefit from light control. Additionally, (iv) relevant visualization strategies on batch 

culture and single-cell level are utilized to online-monitor individual biological processes 

with high temporal resolution and under defined cultivation conditions. 

First, photocaged IPTG variants with varied solubility were analyzed with respect to their 

usability for light-mediated transcriptional regulation in the expression hosts E. coli, 

P. putida and B. subtills (chapter II.1.1). Subsequently, the application of photocaged 
inducers for light-controlled gene expression was established for the alternative 

production host R. capsulatus under both phototrophic and non-phototrophic conditions 

(chapter II.1.2) Furthermore, challenges and solutions of photocaged inducer synthesis 
and their application in bacteria are illustrated by means of photocaged IPTG variants 

with red-shifted absorption characteristics and photocaged salicylic acid derivatives and 

corresponding promoter systems, which had not yet been applied for light-mediated 

gene expression (chapter II.1.3). Finally, photocaged inducers were utilized for 
wavelength-selective activation of gene expression in P. putida (chapter II.1.4). 
Additionally, fluorescent proteins were characterized with respect to both their 

spectroscopical and photosensitizing properties (chapter II.2.1) and subsequently, 
those proteins were analyzed for their suitability to control the cell viability of various 

Gram-positive and Gram-negative bacteria via light-mediated protein-cell interactions 

(chapter II.2.2). As an example of metabolic pathways that would benefit from light-
mediated orchestration of enzyme activities or metabolite fluxes, the biosynthetic 

pathway of both homologous and heterologous terpenes was established in the 

alternative expression host R. capsulatus and optimized with respect to cultivation and 

illumination conditions to improve the terpene titers (chapter II.3.1-3).  
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II. RESULTS 
 

This chapter is composed of nine manuscripts, which either have already been published 

or are about to be published in peer-reviewed journals. The presented work is based on 

joint publications resulting from a variety of fruitful collaborations with working groups in 

the context of the BioSC project CombiCom and beyond. In particular, I would like to 

mention the Institute of Bioorganic Chemistry of Prof. Jörg Pietruszka (University of 

Düsseldorf), the Multiscale Bioengineering group of Prof. Alexander Grünberger 

(University of Bielefeld) and the Molecular Phytomedicine group of Prof. Grundler 

(University of Bonn). The own contribution to the respective manuscript is commented 

on the first page of each document. 
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II.1. LIGHT-MEDIATED TOOLS FOR TRANSCRIPTIONAL REGULATION 

II.1.1. NOVEL PHOTOCAGED IPTG VARIANTS FOR LIGHT-
CONTROLLED GENE EXPRESSION IN E. COLI, P. PUTIDA 
AND B. SUBTILIS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Effect of photocaged isopropyl β-D-1-thiogalactopyranoside 
solubility on the light responsiveness of LacI-controlled 

expression systems in different bacteria 

 

Fabian Hogenkamp*, Fabienne Hilgers*, Andreas Knapp, Oliver Klaus, 
Claus Bier, Dennis Binder, Karl-Erich Jaeger, Thomas Drepper and Jörg 

Pietruszka 

 

ChemBioChem, Feb 2;22(3):539-547 (2021). cbic.202000377 

 

The online version may be found at: 10.1002/cbic.202000377 

Status: published 

For the Supporting Information see Appendix (Chapter V.1., page 272). 

 

 

Copyrights © 2021 Hogenkamp et al. Reprinted with permission. 

This article is distributed under the terms of the 

Creative Commons Attribution CC BY License.  

 

Own contribution: 

Designing and performing biological experiments, plasmid constructions, 
analyzing in vivo data, writing parts of the manuscript. 
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II.1.2. APPLICATION OF PHOTOCAGED INDUCERS FOR 
IMPLEMENTATION OF LIGHT CONTROL IN R. CAPSULATUS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Photocaged inducers for the non-invasive light control of 
production processes in the phototrophic bacterium 

Rhodobacter capsulatus 

  

Fabienne Hilgers*, Fabian Hogenkamp*, Oliver Klaus, Luzie Kruse, 
Alessa Lappe, Anita Loeschcke, Claus Bier, Dennis Binder, Karl-Erich 

Jaeger, Jörg Pietruszka and Thomas Drepper 

 

Target journal: PLoS One 

 

Status: manuscript in preparation 

For the Supporting Information see Appendix (Chapter V.2., page 295). 

 

 

 

 

 

 

 

Own contribution: 

Designing and performing biological experiments, plasmid constructions, 
analyzing in vivo data, writing the manuscript. 



   II. RESULTS 

 50 

 



II. RESULTS::: 

 51 

  



   II. RESULTS 

 52 

  



II. RESULTS::: 

 53 

  



   II. RESULTS 

 54 

  



II. RESULTS::: 

 55 

  



   II. RESULTS 

 56 

  



II. RESULTS::: 

 57 

  



   II. RESULTS 

 58 

  



II. RESULTS::: 

 59 

  



   II. RESULTS 

 60 

  



II. RESULTS::: 

 61 

  



   II. RESULTS 

 62 

  



II. RESULTS::: 

 63 

  



   II. RESULTS 

 64 

  



II. RESULTS::: 

 65 

  



   II. RESULTS 

 66 

  



II. RESULTS::: 

 67 

  



   II. RESULTS 

 68 

  



II. RESULTS::: 

 69 

  



   II. RESULTS 

 70 

 



II. RESULTS::: 

 71 

  



   II. RESULTS 

 72 

II.1.3. CHALLENGES AND SOLUTIONS IN CAGED COMPOUND 
SYNTHESIS AND IN VIVO APPLICATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Optochemical Control of Bacterial Gene Expression:  

Novel Photocaged Compounds for Different Promoter Systems 

  

Fabian Hogenkamp*, Fabienne Hilgers*, Nora Lisa Bitzenhofer, Vera 
Ophoven, Mona Haase, Claus Bier, Dennis Binder, Karl-Erich Jaeger, 

Thomas Drepper and Jörg Pietruszka 
 

 

ChemBioChem, 22, 2021. cbic.202000467 

 

The online version may be found at: 10.1002/cbic.202100467 

Status: published 

For the Supporting Information see Appendix (Chapter V.3., page 307). 

 

 

Copyrights © 2021 Hogenkamp et al. Reprinted with permission. 

This article is distributed under the terms of the 

Creative Commons Attribution CC BY-NC-ND 4.0 License.  

 

 

Own contribution: 

Designing and performing biological experiments, plasmid constructions, 
analyzing in vivo data, writing parts of the manuscript. 
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II.1.4. WAVELENGTH-SELECTIVE CONTROL OF GENE EXPRESSION 
IN P. PUTIDA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Wavelength-selective control of mono- and di-rhamnolipid 
synthesis in Pseudomonas putida using photocaged 

compounds 

  

Fabienne Hilgers*, Fabian Hogenkamp*, Nora Lisa Bitzenhofer, Stephan 
Thies, Karl-Erich Jaeger, Jörg Pietruszka and Thomas Drepper 

 
Target journal: ACS Synthetic Biology 

 
Status: manuscript in preparation 

 
For the Supporting Information see Appendix (Chapter V.4., page 412). 

 
 
 
 
 
 
Own contribution: 

Designing and performing biological experiments, plasmid constructions, 
analyzing in vivo data, writing parts of the manuscript. 
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II.2. LIGHT-RESPONSIVE TOOLS FOR CONTROLLING PROCESSES ON 
THE POST-TRANSLATIONAL LEVEL 

II.2.1. FLUORESCENT PROTEINS AS GENETICALLY ENCODED 
PHOTOSENSITIZERS 

 
 
  

An optogenetic toolbox of LOV-based photosensitizers for 
light-driven killing of bacteria 

  

Stephan Endres, Marcus Wingen, Joaquim Torra, Rubén Ruiz-González, 
Tino Polen, Gabriela Bosio, Nora Lisa Bitzenhofer, Fabienne Hilgers, 
Thomas Gensch, Santi Nonell, Karl-Erich Jaeger, Thomas Drepper  

 

Scientific Reports 8(1):15021. (2018). s41598-018-33291-4 

 

The online version may be found at: 10.1038/s41598-018-33291-4 

 

Status: published 

For the Supporting Information see Appendix (Chapter V.5., page 436). 

 

 

Copyrights © 2018 Endres et al. Reprinted with permission. 

This article is distributed under the terms of the 

Creative Commons Attribution CC BY License.  

 

Own contribution: 

Planning and performing in vivo toxicity experiments, analyzing data, 
editing manuscript. 
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II.2.2. PHOTOSENSITIZERS FOR ANTIMICROBIAL PHOTODYNAMIC 
INACTIVATION  

 
  Genetically encoded photosensitizers as light-triggered 

antimicrobial agents 

 

Fabienne Hilgers*, Nora Lisa Bitzenhofer*, Yannic Ackermann, Alina 
Burmeister, Alexander Grünberger, Karl-Erich Jaeger, Thomas Drepper 

 

Int. J. Mol. Sci., 20(18), 4608. (2019). ijms20184608 

 

The online version may be found at: 10.3390/ijms20184608 

 

Status: published 

For the Supporting Information see Appendix (Chapter V.6., page 445). 

 

 

Copyrights © 2019 Hilgers et al. Reprinted with permission. 

This article is distributed under the terms of the 

Creative Commons Attribution CC BY License.  

 

Own contribution: 

Designing and performing experiments, analyzing data, writing parts of the 
manuscript. 
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II.3. ESTABLISHMENT OF SECONDARY METABOLITE PATHWAYS IN 
VERSATILE HETEROLOGOUS HOSTS 

II.3.1. HETEROLOGOUS SYNTHESIS OF PLANT TERPENES IN 
R. CAPSULATUS 

 
  Engineered Rhodobacter capsulatus as a phototrophic platform 

organism for the synthesis of plant sesquiterpenoids 

 

Katrin Troost, Anita Loeschcke, Fabienne Hilgers, Armagan Yakup 
Özgür, Tim Moritz Weber, Beatrix Santiago-Schübel, Vera Svensson, 
Jennifer Hage-Hülsmann, Samer S. Habash, Florian M.W. Grundler, A. 
Sylvia S. Schleker, Karl-Erich Jaeger and Thomas Drepper 

 

Front. Microbiol. 10:1998. (2019). fmicb.2019.01998 

 

The online version may be found at: 10.3389/fmicb.2019.01998 

 

Status: published 

For the Supporting Information see Appendix (Chapter V.7., page 457). 

 

 

Copyrights © 2019 Troost et al. Reprinted with permission. 

This article is distributed under the terms of the 

Creative Commons Attribution CC BY License.  

 

Own contribution: Establishment of compound quantification method for 
final determination of product titers, writing parts of the manuscript. 
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II.3.2. R. CAPSULATUS AS HETEROLOGOUS HOST FOR THE 
PRODUCTION OF BIOACTIVE TERPENES 

 
  

Heterologous production of β-caryophyllene and evaluation of 
its activity against plant pathogenic fungi 

 

Fabienne Hilgers*, Samer S. Habash*, Anita Loeschcke, Yannic 
Sebastian Ackermann, Stefan Neumann, Florian M. W. Grundler, Karl-
Erich Jaeger, A. Sylvia S. Schleker and Thomas Drepper  

 

Microorganisms. 9(1), 168. (2021). microorganisms9010168 

 

The online version may be found at: 10.3390/microorganisms9010168 

 

Status: published 

For the Supporting Information see Appendix (Chapter V.8., page 472). 

 

 

Copyrights © 2021 Hilgers et al. Reprinted with permission. 

This article is distributed under the terms of the 

Creative Commons Attribution CC BY License.  

Own contribution: Designing and performing experiments concerning 
terpene production in Rhodobacter and analysis of antibacterial activities, 
plasmid constructions, analyzing data, writing the manuscript. 
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II.3.3. HETEROLOGOUS PRODUCTION OF VERSATILE TERPENES IN 
R. CAPSULATUS 

 
  

Production of C20, C30 and C40 terpenes in the engineered 
phototrophic bacterium Rhodobacter capsulatus 

 

Jennifer Hage-Hülsmann*, Oliver Klaus*, Karl Linke, Katrin Troost, Lukas 
Gora, Fabienne Hilgers, Astrid Wirtz, Beatrix Santiago-Schübel, Anita 
Loeschcke, Karl-Erich Jaeger and Thomas Drepper 

 

Journal of Biotechnology, 338, 20-30. (2021). j.jbiotec.2021.07.002 

The online version may be found at: 10.1016/j.jbiotec.2021.07.002 

 

Status: published 

For the Supporting Information see Appendix (Chapter V.9., page 483). 

 

 

Copyrights © 2021 Elsevier B.V. Reprinted with permission. 

 

 

 

Own contribution: Terpene analytics, editing manuscript. 
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III. GENERAL DISCUSSION 
 
Within this thesis, versatile light-responsive tools for controlling biological functions on 

various cellular levels were established in E. coli, transferred to alternative expression 

hosts such as P. putida or R. capsulatus and finally applied in first biotechnological 

applications. First, existing tools for light-mediated control of transcription were extended 

by additional variants including both yet unestablished promoter systems and 

photocaged inducer molecules, as well as more advanced protecting groups to modulate 

factors such as compound solubility or absorption wavelength (chap. II.1). Second, 
fluorescent proteins were characterized with respect to their photophysical and 

photosensitizing properties in vitro and were subsequently applied for the killing of 

several Gram-positive and Gram-negative bacteria (chap. II.2). Finally, biosynthetic 
pathways of natural products such as various terpenes were established in the 

alternative production hosts R. capsulatus (chap. II.3). Additionally, associated 
publications of several cooperation partners are listed and discussed, offering either 

tools for online-monitoring of intra- and intercellular processes or first application 

possibilities of the previously established light-responsive tools (Fig. III.1). 

Figure III.1 Optogentic systems developed and co-developed within this work and in associated 
publications of cooperation partners.  
The established regulatory systems adressed various levels including the transcriptional, post-translational 
and cellular level. Furthermore, implemented biosynthetic pathways and cellular processes that could be 
online-monitored or optogenetically controlled are listed. To simplify the assignment, the manuscripts have 
been given abbreviations in brackets. These consist of the initials of the main author and the year of 
publication. Multiple publications in the same year are further indicated by an additional letter. Publications 
as main author are marked in bold letters. References: FHo21a [501], FHo21b [502], FHi21a [503], FHi21b 
[504], SE18 [505], FHi19 [506], FR20 [507], KT19 [188], FHi21c [189], JHH21 [508], JL20 [509], AB19 [510], 
PL21 [511], TG21 [512], AB21 [513]. 
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In the following section, the optogenetic tools, secondary metabolite pathways and 

online-monitoring concepts for intracellular processes developed and described in 

chapters II.1 - II.3 will be summarized (chap. III.1). Further, the optogenetic tools, 
namely the photocaged inducers and photosensitizers, are discussed in the context of 

possible optimization strategies (chap. III.2). Finally, selected application fields of the 
established optogenetic tools, such as the orchestration of secondary metabolite 

pathways or the regulation of cell-cell interactions to engineer artificial microbial 

consortia, will be elucidated to underline the broad applicability of optogenetic control 

systems and to guide future studies (chap. III.3). To simplify the assignment, the 
manuscripts have been given abbreviations in brackets. These consist of the initials of 

the main author and the year of publication. Multiple publications in the same year are 

further indicated by an additional letter. Publications as main author are marked in bold 

letters. 

III.1. OPTOGENETIC TOOLS, SECONDARY METABOLITE PRODUCTION 
CHASSIS AND VISUALIZATION STRATEGIES OF CELLULAR 
PROCESSES  

III.1.1. TOOLS FOR LIGHT-MEDIATED TRANSCRIPTIONAL CONTROL 
 

The possibility to precisely control and orchestrate the expression of heterologous genes 

or complete gene clusters is fundamental for efficient protein production and successful 

implementation of foreign secondary metabolite pathways in bacterial hosts, since it 

guarantees both a balanced energy and metabolic burden. For this purpose, various 

light-responsive switches suitable for transcriptional control based on photocaged 

inducer molecules were established and evaluated not only in E. coli, but also in 

alternative production hosts such as B. subtilis, R. capsulatus, or P. putida (chap. II.1 
[501–504]). In the following, the results are briefly summarized, considering the individual 

features and findings of each system and the most important aspects are concluded in 

Table III.1. Initially, the previously established NP-photocaged IPTG [231,514], which 
exhibits a limited solubility in water-based systems, was complemented by two further 

cIPTG variants with differing hydrophobicity [FHo21a, 501]. BC-cIPTG bears hydrophilic 
carboxylic side chains, while BEC-cIPTG additionally harbors lipophilic ester moieties, 

which could facilitate an improved passive membrane uptake. In E. coli, the differential 

solubility of tested photocaged IPTG variants seems to play a minor role for optochemical 

in vivo applications, since NP-cIPTG remains the best suited variant followed by BC-

cIPTG. For P. putida and B. subtilis, however, BC-cIPTG proved to be a well-suited 

alternative, as it exhibits an induction level of around 70% and up to 100% in comparison 
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to IPTG, respectively. In further studies, all three derivatives were applied for the light-

mediated control of gene expression in the alternative host R. capsulatus under 

phototrophic and non-phototrophic conditions [FHi21a, 503]. Here, especially NP-cIPTG 
proved valuable under all three growth conditions, as it offers a sufficient responsiveness 

and even exceeds the induction level of IPTG under microaerobic and phototrophic 

conditions. In contrast, BC- and BEC-cIPTG, although they also reached the induction 

level of IPTG, were subject to a severe instability effect in vivo and thus, are not 

applicable for light-mediated control of transcription in this host. 

Table III.1 Comparison of established tools for light-responsive on-switches for transcriptional 
control in bacteria. For each expression system, the highest expression levels are highlighted in green, 
underlining the suitability of the respective caged inducers. Specific numeral designation of each photocaged 
compound within the respective primary publication: NP-cIPTG 1, BC-cIPTG 10b, BEC-cIPTG 10a, DC-2-
cIPTG 1b, DC-6-cIPTG 1d, DCC-cIPTG 1c, DC-cAra 2b, DC-NN-cAra 2c, BC-cSal 21, BC-cSal*Na 25, DC-
cSal 5, DC-cSal*Na 6, NB-cIPTG 4. 

 
 
 
 
 
 
 
 

Compound Expression 
system 

Expression level 
Advantages Applicability 

c 
(challenges) Ref. [x-fold] a [%] b 

Photo-
caged 
IPTG 

NP-
cIPTG 

E. coli 
Tuner(DE3) 
LacI/PT7 

115 96 Low working 
concentrations 
(50 µM), 
strong and 
tight induction 

+++ 
(low solubility of 
NP-cIPTG, 
two-step 

photorelease) 

FHo21a 
 

[501] 
 

BC-
cIPTG 84 80 

BEC-
cIPTG 24 85 

Photo-
caged 
IPTG 

NP-
cIPTG 

P. putida 
KT2440 
LacI/Ptac 

3 32 
BC-cIPTG 
reaches 65% 
of IPTG 
induction 

++ 
(high working 
concentrations 
(1 mM), low 
induction level) 

BC-
cIPTG 5 65 

BEC-
cIPTG 3 45 

Photo-
caged 
IPTG 

NP-
cIPTG 

B. subtilis 
DB430 
LacI/Pgrac 

20 52 Strong and fast 
induction, 
BC-cIPTG 

comparable to 
IPTG induction 

+++ 
(high working 
concentrations 
(1 mM)) 

BC-
cIPTG 15 100 

BEC-
cIPTG 7 77 

Photo-
caged 
IPTG 

NP-
cIPTG R. capsulatus 

SB1003 
(high/low/no 

O2) 
LacI/Ptac 

(3/6/4) (65/103/ 
157) 

NP-cIPTG 
exceeds IPTG 
under low/ no 
O2 conditions 

++ 
(high working 
concentrations 
(1 mM), high 

basal 
expressiond, BC- 
& BEC-cIPTG 
not stable in 

vivo) 

FHi21a 
[503] 

BC-
cIPTG 

(1.3/1.3/ 
1.2) 

(109/136/
158) 

BEC-
cIPTG (2/2/2) (75/110/ 

111) 
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Table III.1 continued. 

a expression level of induced cultures in comparison to the expression level under non-induced conditions 
b expression level of caged compound in comparison to conventional inducer in equimolar concentration 
c suitability of the system indicated by the number of pluses, where one + means limited suitability and +++ 
means excellent suitability. 

d high basal expression of this system could be abolished via overexpression of lac repressor 
e the respective number indicates the linkage position (2-OH vs. 6-OH) of the caging group at IPTG 
f NN= abbreviation for photocaged compound variant with carbamate linker between protection group and 
inducer molecule 

g photolysis could be improved by an alternative linker 
 
 

Compound Expression 
system 

Expression level 
Advantages Applicability 

c 

(challenges) Ref. [x-fold] a [%] b 

Photo-
caged 
IPTG 

DC-2-
cIPTG e 

E. coli 
Tuner(DE3) 
LacI/PT7 

4 90 
Blue-light 
responsive, 
low working 
concentrations 

(50 µM) 

++ 
(reduced 
compound 

stability in dark 
controls) 

FHo21b 
[502] 
 

DC-6-
cIPTG e 3 77 

DCC-
cIPTG 3 81 

Photo-
caged 
arabi-
nose 

DC-cAra 
E. coli 
LMG194 
AraC/PBAD 

3 20 Blue-light 
responsive, 
low working 
concentrations 

+ 
(low induction 

level) g DC-NN-
cAra f 4 48 

Photo-
caged 
salicylic 
acid 

BC-cSal 
E. coli 

Tuner(DE3) 
NagR/PnagAa 

3 106 BC-cIPTG 
induction level 
comparable 
to Sal 

+ 
(high working 
concentrations 
(1 mM), low 
compound 

stability in dark 
controls 

BC-cSal 
*Na 2 106 

Photo-
caged 
salicylic 
acid 

BC-cSal 

P. putida 
KT2440 

NagR/PnagAa 

0.9 204 
Blue-light 
responsive, 
low working 

concentrations, 
DC-NN-cSal 
significantly 
exceeds Sal 
induction level 

+++ 
(BC-cSal 

variants are not 
stable in vivo) 

FHi21b 
[504] 

BC-cSal 
*Na 1.0 206 

DC-NN-
cSal f 4 182 

DC-NN-
cSal*Naf 2 187 

Photo-
caged 
IPTG 

NB-
cIPTG 

P. putida 
KT2440 
LacI/Ptac 

9 43 

Compatible for 
multichromatic 
system, 
Good 

compound 
stability, low 
basal 

expression 

++ 
(only ~40% 
induction in 
comparison to 

IPTG) 
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Additionally, intrinsic carotenoid production of R. capsulatus was light controlled by using 

photocaged IPTG. The induction with NP-cIPTG led to an elevated induction response 

in comparison to cultures induced with IPTG and thus underlines the broad applicability 

of photocaged inducers for controlling metabolic pathways (see chap. III.3.2). In addition 
to photocaged IPTG variants with altered water solubility, further variants with red-shifted 

absorption maxima were constructed and applied in vivo to avoid the need for UV-A light 

exposure and to allow additional applications as part of an optogenetic multi-wavelength 

control system [FHo21b 502]. For this purpose, coumarin-based protection groups, such 
as diethylaminocoumarin (DC) or dicyanocoumarin (DCC), were exploited and linked to 

the respective inducer molecule through carbonate, carbamate, or ether bonds. In 

comparison to NB-based photocages, they offer a bathochromatically-shifted absorption 

maximum and thus can be addressed with blue light (Fig. III.2). In E. coli, the three 
carbonate variants DC-2-cIPTG, DC-6-cIPTG and DCC-cIPTG exhibited a high induction 

level, which for the former was comparable to cultures induced with IPTG. However, all 

blue light-responsive variants suffered from elevated induction levels in the unexposed 

cultures, possibly due to reduced compound stability under in vivo conditions [FHo21b 
502]. Besides photocaged IPTG, also photocaged arabinose was tested with a 

coumarin-based protection group fused either via an ether bond (DC-cAra) or via an 

additional linker and a carbamate bond (DC-NN-cAra) to allow for a reliable and precise 

photorelease upon illumination [FHo21b 502].  

Figure III.2 Photophysical properties of photocaged compounds established within several 
manuscripts in the framework of this thesis.  
A) UV-Vis spectra of selected photocaged compounds are exemplarily shown demonstrating the obtained 
red-shift of the newly synthesized variants in comparison to the well-established NB and NP protection 
groups, which are UV light-responsive. B) Absorption maxima of each photocaged inducer applied in this 
work. Additionally, the specific numeral designation of each compound within the respective publication is 
indicated to facilitate the assignment. NB: nitrobenzyl, NP: nitropiperonyl, DC: diethylaminocoumarin, DCC: 
dicyanocoumarin, Sal: salicylic acid, Ara: arabinose, NN: carbamate linker. 
In this case, only the DC-NN-cAra variant showed a sufficient induction response of 

about 50% in comparison to arabinose, while the other cAra derivative exhibited an 
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insufficient photolysis as also underlined by in vitro measurements. Finally, the group of 

photocaged inducer molecules was extended by four new derivatives based on salicylic 

acid [FHo21b 502], which, in comparison to most of the established photocages, 
addresses toluate or benzoate-based expression systems that are especially well known 

for transcriptional regulation in pseudomonads [98,124]. BC-cSal and its sodium salt 

form BC-cSal*Na were successfully applied in E. coli and the former exhibited an 

induction level comparable to salicylic acid. However, elevated hydrolysis in unexposed 

cultures could be observed for both variants. In P. putida, BC-cSal and the blue light-

responsive, coumarin-based DC-cSal were applied in their acidic and sodium salt form 

and while both BC-cSal derivatives exhibited an insufficient stability under unexposed 

conditions, DC-cSal in its acidic form could be successfully applied for light-mediated 

control of gene expression with remarkably low working concentrations of 50 µM [FHi21b 
504]. Further, DC-cSal could be combined with the UV-absorbing NB-cIPTG to form a 

novel two-wavelength induction system in P. putida. Although NB-cIPTG only exhibited 

an induction level of around 40% in comparison to IPTG, the system did not show high 

basal expression and the compound stability was sufficient, so that the expression of two 

genes could be individually controlled via UV-A and blue light exposure, respectively.  

In summary, photocaged inducer molecules have proven to be a valuable tool for the 

light-mediated control of transcription. Not only various inducer molecules belonging to 

the group of carbohydrates and benzoates, but also versatile protection groups with 

altered properties such as solubility or a bathochromic shift were successfully utilized for 

photocaged compound synthesis and in vivo application in E. coli. Furthermore, selected 

photocaged inducers were transferred to promising alternative expression hosts such as 

B. subtilis, P. putida or R. capsulatus. 

III.1.2. LIGHT-MEDIATED POST-TRANSLATIONAL CONTROL OF CELL 
VIABILITY  

 
Cellular processes can be regulated not only by protein-protein interactions, but also by 

protein-cell interactions. In this context, the use of proteins to control cell viability is a 

particularly valuable approach, which is applied for the control of bacterial populations in 

mono- or co-cultures, such as in antimicrobial photodynamic inactivation (aPDI) or for 

the inactivation of tumor cells in photodynamic therapy (PDT). A well-established method 

for inactivation of target cells is the use of photosensitizers, which produce both short-

lived and longer-lived ROS species upon illumination. Besides chemical-based 

photosensitizers, fluorescent proteins are frequently used as genetically encoded 

photosensitizers, since they offer several benefits including their good biocompatibility 
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and their straightforward and flexible application based on a targeted localization and the 

possibility for genetic fusion with the target protein [368,369]. Hence, various LOV- and 

GFP-based fluorescent proteins were analyzed in this work with respect to their 

photophysical and photosensitizing properties and subsequently applied for killing of 

different Gram-positive and Gram-negative bacteria. The evaluated genetically encoded 

photosensitizers and their photosensitizing in vitro and in vivo properties are listed in 

Table III.2. 

Table III.2 Photophysical and photosensitizing properties of LOV- and GFP-like photosensitizers. 
Red boxes indicate the most toxic PS variants with either mostly type I ROS production (upper box) or the 
production of both ROS types (lower box). The respective publication is indicated by a reference, whereby 
the associated publications can be assigned to the following abbreviation: [505] SE18, [506] FHi19. The 
H2O2 formation and toxicity of each PS is indicated by the number of pluses, where – means barely any 
H2O2 production/ phototoxicity and + to ++++ means low to high H2O2 production/ phototoxicity. n.d.: not 
determined. 
 

 

As aforementioned (chap. I.2.2), photosensitizers can produce ROS via the type I or the 
type II mechanism, resulting either in the production of superoxide radical anion (O2•-), 

hydrogen peroxide (H2O2), and hydroxyl radical (HO•) or in the formation of singlet 

oxygen (1O2). Interestingly, the evaluated PSs can be assigned to two subgroups – PSs 

that mainly produce 1O2, such as Pp1FbFP and Pp2FbFP, and PSs that produce both 
1O2 and ROS of the type I pathway (e.g., O2•- and H2O2), such as EcFbFP, DsFbFP, 
DsFbFP M49I, SOPP and SOPP3 [SE18 505, FHi19 506]. In general, the LOV-like PSs 
produced ROS in significantly higher quantities in comparison to GFP-like variants, 

which can among others be explained by a good oxygen accessibility of the chromophore 

Name 
Excitation/ 
Emission 
λmax [nm] 

Singlet 
oxygen 
quantum 

yield ΦΔ [505] 

H2O2/ O2●– 
formation 
[505,506] 

In vivo 
phototoxicity 

[505,506] 

Extracellular 
phototoxicity

[506] 
CFU PI Gram

− 
Gram
+ 

Pp1FbFP 450/496 0.23 – n.d. ++ + ++ 

Pp2FbFP 449/495 0.11 – n.d. + + ++ 

EcFbFP 448/496 0.07 ++ ++ ++ ++ + 

iLOV 450/497 0.05 + n.d. ++ n.d. n.d. 

phiLOV2.1 450/497 0.01 – + – n.d. n.d. 

DsFbFP 449/495 0.33 ++ ++ – n.d. n.d. 

DsFbFP 
M49I 

450/498 0.42 +++ 
+++ 

+++ +++ + 

SOPP 440/490 0.25 ++ n.d. +++ n.d. n.d. 

SOPP3 439/490 0.60 [346] ++++ ++++ ++++ + + 

KillerOrange 455/514 n.d. + + + + – 
SuperNova 579/610 0.02 [515] + – + – – 
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[516,517]. For an in vivo evaluation of selected PSs, both an intracellular production in 

E. coli and an extracellular addition to various Gram-negative and Gram-positive bacteria 

was performed [FHi19 506]. The intracellular production of ROS in E. coli resulted in 
differential toxicities with DsFbFP M49I, SOPP and SOPP3 being the strongest 

photosensitizers, which is in good correlation with the 1O2 and H2O2 in vitro data (Tab. 
III.2). For an extracellular application, DsFbFP M49I and EcFbFP, which both produce 
type I and type II ROS, proved to be particularly valuable for the killing of Gram-negative 

bacteria including the pathogen P. aeruginosa, while Pp1FbFP and Pp2FbFP were most 

effective against Gram-positive bacteria, such as Staphylococcus aureus and 

Staphylococcus epidermis. Interestingly, SOPP3, which originally was constructed for 

the exclusive production of singlet oxygen and exhibits a singlet oxygen quantum yield 

of 0.6 [346], showed an antimicrobial spectrum similar to DsFbFP M49I and EcFbFP 

rather than Pp1FbFP and Pp2FbFP. This finding is in good agreement with the in vitro 

data on H2O2 production thereby underpinning the conclusion that SOPP3 can produce 

not only type I but also type II ROS.  

The pathogenic species exhibited an increased resistance against all the applied PSs. 

While P. aeruginosa was severely affected only by DsFbFP M49I, EcFbFP and SOPP3, 

the Staphylococcus strains were exclusively sensitive to Pp1FbFP and Pp2FbFP, which 

is in good agreement with previous reports [518,519] and might be explained by the 

divergent membrane and cell wall morphology in terms of composition and thickness 

[520,521]. To further increase the toxicity for pathogenic bacteria, a PS was specifically 

directed to the bacterial cell envelope. For this purpose, DsFbFP M49I was genetically 

fused to the P. aeruginosa-specific lectin LecB, which binds to various sugar moieties 

located on the surface of P. aeruginosa cells. By doing so, the binding efficiency of 

DsFbFP M49I to the target cell could be increased over 4-fold and the extracellular 

antimicrobial toxicity by 3.8-fold. Within the associated master thesis of Yannic 

Ackermann it was further shown that SOPP3 was not well applicable as targeted 

photosensitizer, since an increased binding affinity upon LecB fusion could not be 

detected [522].  

In summary, various LOV- and GFP-type fluorescent proteins were evaluated with 

respect to their photophysical, and photosensitizing properties and selected variants 

were used as genetically encoded photosensitizers for versatile applications including 

antimicrobial photodynamic inactivation of Gram-positive and Gram-negative bacteria. 
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III.1.3. ESTABLISHMENT OF SECONDARY METABOLITE PATHWAYS 
AS A POTENTIAL TARGET FOR OPTOGENETIC REGULATORY 
TOOLS 

 
Many microbial production processes for both bulk and high-value natural products 

require the use of heterologous hosts, which guarantee a stable and highly productive 

bioprocess. However, both the production of heterologous proteins and the biosynthesis 

of heterologous secondary metabolites in particular pose several challenges including 

toxicity of heterologous secondary metabolite compounds leading to impaired growth or 

low production yields. Furthermore, insufficiently coordinated gene expression or 

enzyme activity often results in low production titers. To circumvent these disadvantages, 

alternative hosts are increasingly being employed for the production of bioactive 

compounds. In this context, metabolic engineering strategies or the application of 

suitable regulatory circuits are generally used to steadily increase production yields or 

even expand the substance spectrum by new-to-nature variants. Hence, the production 

of relevant high-value natural products, such as plant terpenes, in the alternative, 

heterologous host R. capsulatus was established and metabolic engineering as well as 

bioprocess optimization strategies were applied to improve the final product yields as 

summarized in Table III.3.  

Table III.3 Successfully produced terpenoids in R. capsulatus and applied engineering strategies. 
Notably high terpene titers are highlighted in green. R.s.: R. sphaeroides, S.c.: S. cerevisiae, C.g.: 
C. glutamicum, E.c.: E. coli. 
 

Terpene 
Host 

organism/ 
strain 

Heterologous 
synthase 

Over-
expressed 
genes 

Product 
yield 
[mg L-1] 

Reference 
Literature 
yields 
[mg L-1] 

valencene 

R. capsulatus 
SB1003-MVA 

CsVS  
(Citrus sinensis) 

MVA, 
ispA 

3 

KT19 
[188] 

352 
R. s. [426] 
539 

S. c. [523] 

CnVS  
(Callitropsis 

nootkatensis) 

MVA, 
ispA, dxs, idi 18 

patchoulol PcPS 
(Pogostemon cablin) 

MVA, 
ispA, dxs, idi 

24 60 
C. g. [524] 

β-caryo-
phyllene 

QHS1  
(Artemisia annua) 

MVA, 
ispA 139 FHi21c 

[189] 
220 

E. c. [525] 

casbene 

R. capsulatus 
SB1003 

RcCS  
(Ricinius communis) ispA, dxs, idi, 17 

JHH21 
[508] 

>100  
S. c. [526–

528] 

squalene 
McSQS 

(Methylococcus 

capsulatus) 
ispA 90 2000 

S. c. [529] 

β-carotene CrtYI  
(Pantoea ananatis) 

ispA, dxs, idi, 30 

>2000 
E. c. [530,531] 

>1000 
S. c. [532] 
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Since R. capsulatus offers unique physiological properties, such as the development of 

an extensive intracytoplasmic membrane under phototrophic conditions for the storage 

of membrane-associated enzymes or hydrophobic metabolites as well as an intrinsic 

carotenoid biosynthesis, it is particularly well suited for biosynthesis of hydrophobic 

terpenoids. Therefore, R. capsulatus was chosen for the production of various 

heterologous sesqui-, di-, tri-, and tetraterpenes from both plant and bacterial origin 

[KT19 188, FHi21c 189, JHH21 508]. In any cases, the exclusive overexpression of the 
terpene synthase did not lead to high product titers, so that metabolic engineering was 

performed as one possibility for increasing terpene yields. It could be shown that the 

production capacity of R. capsulatus can be enhanced by the co-production of enzymes 

responsible for the precursor supply of the terpene pathway such as the FPP synthase 

IspA, the 1-deoxy-D-xylulose 5-phosphate synthase DxS or the isopentenyl diphosphate 

isomerase Idi [KT19 188, FHi21c 189, JHH21 508]. Furthermore, an introduction of the 
heterologous MVA pathway into the hosts’ chromosome, which also contributes 

positively to the precursor synthesis, resulted in additionally increased sesquiterpene 

titers. Interestingly, as depicted in Table III.3, this metabolic engineering concept cannot 
simply be applied to every new target terpene, following the slogan "the more, the better", 

but must rather be tailored individually to each novel terpene by selecting appropriate 

gene combinations for co-expression to meet the requirements of the respective terpene 

synthase. Additionally, for sesqui- and triterpenes it could be shown that the choice of a 

suitable heterologous synthase is highly relevant for an optimal production process 

[KT19 188, JHH21 508]. Further, bioprocess optimization could positively affect the 

terpene yields by increasing the light or energy input during phototrophic cultivation in 

general as well as by adjusting the illumination spectrum from broad-spectrum bulb light 

to narrow-spectrum IR light [FHi21c 189].  

In conclusion, R. capsulatus proved as valuable heterologous host for the biosynthesis 

of several classes of terpenoids of bacterial, plant or mammalian origin. By applying 

individually tailored metabolic engineering strategies to increase selected precursor 

fluxes or by bioprocess engineering, terpene titers could be increased, making this 

secondary metabolite pathway a promising target for precisely and straightforward light 

control. 
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III.1.4. ONLINE-MONITORING TOOLS FOR VISUALIZATION AND 
CONTROL OF CELLULAR PROCESSES 

 
As described in detail in the previous sections, tools have been developed that allow for 

a precise regulation of biological processes on different cellular levels. However, the 

visualization of these intra- and particularly intercellular processes within mono- or co-

cultures still represents a major challenge. Thus, visualization concepts were 

successfully established from milliliter to microliter scale, which allow monitoring with 

high spatiotemporal resolution and offer first application possibilities of the previously 

established light-responsive tools. 

Firstly, online-monitoring of bacterial cultures during in vivo analysis of novel photocaged 

inducers was applied using a parallelized Bioreactor system on milliliter scale. Since this 

method offers an online-monitoring not only of growth processes and the production of 

various fluorescent target proteins, but also of other cultivation parameters such as the 

dissolved oxygen tension in the cultivation medium in real-time, it was possible to 

determine the induction kinetics for the afore described cIPTG derivatives in three hosts 

E. coli, P. putida and B. subtilis [FHo21a 501]. Further, non-phototrophic growth of 
R. capsulatus was adapted to this cultivation method in order to gain insights into the 

respective growth behavior and protein production level of each culture under varying 

growth conditions. In addition, the dissolved oxygen tension was measured during 

cultivation and allowed the determination of aeration conditions sufficient for aerobic or 

microaerobic growth [FHi21a 503]. Disadvantages of this online-monitored batch 
cultivation, however, include the lack of information on population heterogeneity related 

to growth, cell morphology, or individual cellular expression levels. Thus, flow cytometric 

analyses are commonly applied for the investigation of population heterogeneity, 

allowing for the analysis of millions of single cells in a short period of time. The gained 

data set reveals a quantitative snapshot of a microbial culture, which can be assembled 

into a semi-continuous measurement by adding further data sets. By this purpose, flow 

cytometry measurements were used to analyze the homogeneity of the light-induced 

antimicrobial effect of intracellularly produced photosensitizers on cells in a population 

[FHi19 506]. It could be shown that ROS-mediated cell death occurred in two phases 
depending on the respective illumination time. While short illumination times led to two 

subpopulations of PI-positive cells, after a prolonged illumination time a nearly 

homogeneous PI fluorescence in over 90% of the analyzed cells was observed. 

Additionally, control over the growth of a sub-population within an artificial consortium 

was partly obtained in the master thesis of Nora Bitzenhofer by intracellularly expressed 

photosensitizers, which led to exposure time-dependent cell death of the target cells 
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[533]. However, a prolonged exposure time also resulted in the inactivation of the non-

expressing cell population. Thus, the phototoxicity of the PS, but even more the analysis 

method should be adapted to gain more insights about the spatial distribution of the 

ROS. Hence, this semi-continuous approach offers quantitative heterogeneity data of 

specific time points but is not able to perform an actual dynamic analysis of phenotypic 

heterogeneity including single-cell linage or the distinction between environmental or 

intrinsic phenotypic heterogeneity. 

As an alternative method, microfluidic cultivation can be performed, which offers not only 

in-depth knowledge about bacterial growth, morphology, and target gene expression, but 

also about phenotypic heterogeneity of populations at the single-cell level under defined 

environmental conditions. Since the microfluidic cultivation chambers are interconnected 

by supply channels, this method allows for both batch and continuous flow cultivations, 

the latter particularly enabling long-term studies. Furthermore, a simple medium 

exchange for adaption of nutrient composition or inducer concentrations as well as a 

straightforward tracking of cell lineage is possible, in contrast to flow cytometry [534]. In 

this work, microfluidic single-cell analysis proved to be a valuable tool for several 

approaches. Firstly, this method was chosen to analyze the heterogeneity of ROS-

mediated cell damage by intracellularly produced PS and the accessibility of single 

E. coli cells to extracellularly added PS proteins [FHi19 506]. In both cases, the cell 
damage was strongly dependent on the illumination time. While initially ROS only led to 

growth impairments without affecting cell viability, prolonged illumination led to variable 

damage within each cell, until further illumination finally led to a homogenization of cell 

damage and thus to cell death within the whole microcolony. This effect was independent 

of the position of the respective cell within the microcolony and could be observed 

although the PS fluorescence was homogeneously distributed over the whole cell 

population. 

In conclusion, online-monitoring approaches on milliliter and microliter scale as well as 

on single-cell level were successfully established to investigate specific protein-cell or 

cell-cell interactions such as targeted cell ablation. While the microbioreactor system 

only offers insights into the whole batch culture, flow cytometry offers a semi-continuous 

and quantitative analysis of hundred thousand of cells on single-cell level. The use of 

microfluidics further allows for continuous monitoring of selected cells within two-

dimensional microcolonies under well-defined environmental conditions and with high 

spatiotemporal resolution.  
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III.2. COMPARISON TO OPTOGENETIC SWITCHES AND OPTIMIZATION 
STRATEGIES FOR FUTURE STUDIES 

 
In this section, the two established optogenetic tools, namely photocaged inducers and 

genetically encoded photosensitizers, are discussed in the context of alternative light-

mediated control systems published recently and possible optimization approaches are 

elucidated to guide future studies. 

III.2.1. OPTOGENETIC TOOLS FOR TRANSCRIPTIONAL CONTROL 
 

The control of bacterial gene expression using photocaged inducer molecules was first 

performed in 2007 by Young and Deiters, who used NP-cIPTG for light-mediated and 

Plac-derived expression of lacZ in E. coli BL21(DE3) [230]. Based on this approach, 

photocaged IPTG and further caged carbohydrates were optimized and applied for light 

control of various expression systems in E. coli [231–233]. Within this thesis, the 

preexisting toolbox was complemented in close collaboration with the Institute of 

Bioorganic Chemistry (IBOC) by more advanced photocaged compounds to address the 

following categories: i) the compound solubility, ii) novel microbial hosts, iii) the 

absorption wavelength and iv) yet unestablished promoter systems and photocaged 

inducer molecules. When comparing protection groups with altered hydrophobicity, such 

as the BC- or BEC-group (Tab. III.1), it could be seen that especially the more water-
soluble BC-cIPTG led to an 2-fold increase of the induction response in P. putida and 

B. subtilis in comparison to NP-cIPTG and a comparable induction strength to IPTG 

[FHo21a 501]. Furthermore, by using BC-cIPTG, the induction process could be 
accelerated by up to 40% in P. putida and E. coli, while it prolonged the induction 

response in B. subtilis by around 30%. So far, only the more hydrophobic NP-cIPTG was 

applied for transcriptional light control in B. subtilis and P. putida but led to drastically 

decreased induction responses in comparison to the IPTG control [535,536]. Hence, 

particularly the application of the novel BC-cIPTG variant in P. putida and B. subtilis is a 

promising alternative for the well-established NP-cIPTG. However, the induction level of 

BC-cIPTG in P. putida could be further elevated by guaranteeing an efficient uptake of 

photocaged IPTG intermediates via overexpression of suitable permeases, which 

however, must be capable of importing molecules with large and expansive protecting 

groups. Furthermore, a complete enzymatic hydrolysis of the photocaged molecule 

needs to be ensured to gain the highest possible induction level, since BC-cIPTG, 

equally to its predecessor NP-cIPTG, requires a two-step uncaging mechanism [231]. 

This mechanism includes the hydrolysis of one ester bond via illumination with UV-A light 

and the second ester bond via enzymatic hydrolysis, which could be facilitated via 
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overexpression of unspecific esterases or other hydrolases or even by supplementation 

of the cultivation medium with natural oils to induce production of intrinsic esterases or 

lipases [536]. As an alternative to IPTG-responsive systems, benzoate-inducible 

systems, such as the NagR/PnagAa system, may be considered. Here, DC-cSal showed 

a significantly increased induction level of nearly 2-fold in comparison to an induction 

with salicylic acid under extremely low inducer concentrations of 50 µM [FHi21b 504]. 
Furthermore, the three cIPTG variants with altered solubility were applied for light-

mediated transcriptional control in the phototrophic host R. capsulatus. NP-cIPTG 

proved to be well applicable exhibiting an induction level between 80% and 160% in 

comparison to the IPTG control (Tab. III.1) and with acceptably low fluorescence signals 
in the unexposed control cultures. Remarkably, BC- and BEC-cIPTG showed to be not 

suitable, since they are prone to a severe instability effect in the unilluminated cultures 

nearly reaching the induction level of the exposed cultures [FHi21a 503]. This effect 
could not be attributed to the influence of the cultivation media but could possibly be due 

to host-specific enzymes that facilitate the hydrolysis of both photocaged inducer 

molecule linkages without the need of UV-A light illumination. 

Since all currently available photocages for transcriptional control of bacterial gene 

expression are UV-A light-responsive, the inducer toolbox was further complemented by 

variants with a bathochromatically shifted absorption maximum, which consequently can 

be addressed with blue light illumination [FHo21b 502]. For this purpose, coumarin-
based cages, such as diethylaminocoumarin (DC) or dicyanocoumarin (DCC), linked 

through carbonate, carbamate or ether bonds were constructed and evaluated for their 

applicability in vivo. While photocaged small molecule inducers with absorption maxima 

over 400 nm are frequently applied in eukaryotes [271,537–539], the here established 

photocaged IPTG variants were the first inducers for controlling bacterial gene 

expression with light of a wavelength longer than 400 nm. Alternatively, only genetically 

encoded photoreceptor-based systems are available for transcriptional control in 

bacteria using blue light [221,540–542]. Particularly, the novel carbonate-linked DC-2-

cIPTG and the carbamate-linked DC-NN-cAra proved to be suitable with some 

restrictions regarding their stability resulting in either an elevated expression of target 

genes in the dark controls or a slow photolysis of the linker, respectively. The carbonate 

DC-6-cIPTG, in contrast, proved to be more hydrolysis sensitive, probably due to the 

linkage position at the 6-OH group, which might be sterically more accessible by 

esterases. In general, it can be concluded that for the in vivo application of carbonate-

linked cages, the concentrations should be reasonable low to reduce the influence of 

hydrolysis in the dark putatively mediated by esterase cleavage. Additionally, the 

hydrolysis-stable carbamate-linked DC-NN-cAra could be subjected to a longer 
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illumination time and the pH value of the cultivation medium during illumination should 

not fall below pH 7 to favor the release mechanism of the linker. Furthermore, an 

alternative linker with optimized self-immolation characteristics could be used for a faster 

photorelease [543]. The ether-linked DC-cAra was characterized by a slow in vitro 

photorelease and an insufficient induction of target gene expression in in vivo 

measurements. This can be explained by an insufficient photoheterolysis due to the poor 

leaving group properties of arabinose, rendering it unsuitable in combination with an 

ether linkage [270,544]. Nevertheless, novel photocaged inducers were established, 

which can be addressed by illumination with blue light and thus pave the way towards a 

multi-chromatic transcriptional control of several genes or even complex biosynthetic 

pathways by combining different photocaged inducers with diverging absorption maxima. 

Furthermore, the toolbox could be expanded by a blue light-responsive photocaged 

arabinose variant, which can be applied for the transcriptional control of the well-

established PBAD/AraC promoter system.  

Besides the application of carbohydrate-based photocaged inducer variants, BC-cSal as 

well as its sodium salt derivative were evaluated for their usability to control transcription 

of two salicylic acid-responsive promoter systems in E. coli, namely the Pm/XylS and the 

PnagAa/NagR system [FHo21b 502]. The first proved to be not suitable for light-controlled 
regulation using photocages, since transcription was initiated by sole illumination with 

UV-A light but without the addition of salicylic acid as inducer molecule. This effect was 

probably due to a light-mediated induction of stress-related sigma factors leading to the 

hyperproduction of the positive LysR-type regulator XylS upon illumination, which in the 

following can activate gene expression in an inducer-independent manner [35,37]. This 

mechanism, however, also bears the possibility to use the Pm/XylS system as inducer-

independent method for gradually controlling transcription in dependence on the 

illumination time with UV-A light. An alternative approach was recently published by 

Romano et al., where they adapted the positive regulator AraC to be light-inducible 

without the need of arabinose supplementation by domain-swapping with photosensitive 

receptor domains [545]. In the case of the Pm/XylS system, however, no genetic 

modifications need to be performed, since the native promoter system turned out to be 

UV-A light responsive under minimal medium conditions. The second salicylic acid-

responsive promoter system PnagAa/NagR was suitable for light-mediated control of 

transcription, particularly by using BC-cSal in its acidic form, which led to induction level 

comparable to the IPTG control and a decreased fluorescence in the unilluminated 

controls when compared to its sodium salt derivative. However, the responsiveness of 

the system needs to be further improved by reducing the basal activity or by increasing 

the overall induction strength, which could be performed, for example, by directed 
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promoter mutagenesis or by supplementation of 4-nitrobenzoate during cultivation 

[43,46]. Notably, the BC-cSal variants were constructed using ether bonds for linkage, 

which previously proved to be unsuitable for DC-cAra [FHo21b 502]. In this case, 
however, the tethering via an ether bond showed to be applicable, since the photorelease 

of NB-based photocages follows a different reaction mechanism, which is not determined 

by the strength of the inducer molecules’ leaving group properties, but rather on the 

stability of the resulting radical within the protection group upon photolysis [270,546]. 

In addition to the application of salicylic acid-responsive promoter systems in E. coli, the 

photocaged ether BC-cSal and its sodium salt derivative as well as a coumarin-based 

carbamate variant DC-NN-cSal both in its acid and in its sodium salt form were used to 

control gene expression in P. putida [FHi21b 504]. Interestingly, both BC-cSal 
derivatives showed a major instability in unexposed cultures, which possibly is due to 

host-specific enzyme hydrolysis, as both compounds worked well in the same cultivation 

medium in E. coli. The DC-NN-cSal derivatives, by contrast, proved to be well suited for 

blue light-mediated transcriptional control, exceeding the salicylic acid control by up to 

180% (Tab. III.1). Additionally, the more water-soluble sodium salt form again exhibited 
a higher induction level in the dark controls, so that their use, similar to the BC-cIPTG 

derivatives in E. coli, is only recommended if the preliminary dissolution of the compound 

in organic solvents such as DMSO or ethanol should pose a problem for the biological 

system. The DC-NN-cSal variant was further evaluated for its applicability in a multi-

chromatic induction system in combination with NB-cIPTG and showed a good induction 

level at inducer concentrations of only 50 µM and a rapid photorelease upon blue light 

illumination for 5 minutes. Thus, the carbamate linkage of DC-NN-cSal offered a fast and 

more sufficient photorelease in comparison to the previously described DC-NN-cAra, 

since salicylic acid offers a stronger leaving group in comparison to arabinose, 

determining the efficacy of the photoheterolysis [FHo21b 504, 270]. Conclusively, a 
wavelength-selective induction system addressable with UV-A and blue light could be 

established by combining cIPTG and cSal derivatives. So far, this is the first multi-

chromatic system for light-mediated transcriptional control in bacteria based on 

photocaged inducers molecules. All alternative multi-chromatic systems found in 

literature are either based on artificial photoreceptors [9,547], such as Cph8, CcaS, YF1 

or AraC applied in bacteria [208,210,545] as well as PhyB or VVD applied in mammalian 

cells [548,549] or on photoprotective groups [285,296], which so far were only applied in 

vivo in mammalian cells or zebrafish [271,288,294,295]. However, as the established 

system only offers a wavelength selective control of transcription, further investigation 

should be made regarding photocaging groups with absorption maxima in the blue or 

green light, but without a substantial absorption in the UV-A range, such as 
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dicyanocoumarins, thiocoumarines or BODIPYS [272,273,277,279]. Moreover, the 

stability of those compounds under unexposed conditions as well as under the very 

specific in vivo conditions imposed by the selected expression host and the experimental 

design of the cultivation process need to be ensured. Furthermore, the combination of 

photocaged inducers with photoreceptors for controlling transcription in a multi-chromatic 

fashion seems to be a promising possibility to enable light control with red-shifted 

absorption. Particularly for R. capsulatus, the cobalamine-dependent photoreceptor 

CarH [550,551] is especially well-suited since its chromophore 5’-

deoxyadenosylcobalamin, a form of vitamin B12, is naturally provided by this organism 

[552]. 

In conclusion, novel photocaged inducers for the light-mediated regulation of bacterial 

gene expression could be successfully established, which expand the toolbox by 

utilization of novel inducer molecules such as salicylic acid, novel photocaging groups 

with altered solubility or bathochromatically shifted absorption and finally alternative 

expression hosts including P. putida, B. subtilis and R. capsulatus. Hence, the 

improvements pave the way towards a more universal applicability of this optogenetic 

system. 

III.2.2. PHOTOSENSITIZERS FOR CONTROLLING CELL VIABILITY 

 
The use of genetically encoded photosensitizers (PS) to control cell viability via protein-

cell interactions is a particularly valuable approach, which can be applied for the control 

of bacterial populations, such as in antimicrobial photodynamic inactivation (aPDI). Here, 

inactivation of target cells is performed by the production of both short-lived and longer-

lived ROS species upon illumination. Within the framework of this thesis, several LOV- 

and GFP-like fluorescent proteins were characterized with respect to their photophysical 

and photosensitizing properties in vitro and in vivo [SE18 505, FHi19 506]. The in vitro 
analysis revealed that the PSs can be assigned to one of two subgroups: the first one 

includes PSs that produce ROS using mainly the type I reaction, such as Pp1FbFP and 

Pp2FbFP, and the PSs in the second group produce ROS by means of both the type I 

and type II reaction, such as DsFbFP M49I and SOPP3, which in turn represent the 

strongest producer in this subgroup. The in vivo application of selected PSs for killing of 

E. coli cells showed a good correlation between the in vitro and in vivo data. Additionally, 

a pattern in the activity spectrum could be observed, as PSs producing type I ROS were 

more potent against Gram-positive bacteria, while the PSs that produce both types of 

ROS are most effective against Gram-negative bacteria [FHi19 506]. Additionally, by 
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fusing the PS SOPP3 to a specific lectin it could be targeted to P. aeruginosa cells and 

increased the cell toxicity by nearly 4-fold.  

For an improved functionality of the PS-mediated control of cell viability, different 

approaches should be pursued. Firstly, additional fluorescent proteins should be 

analyzed with respect to their photosensitizing properties including their ROS selectivity 

and yield. Recently, two novel variants of the LOV-like protein Mr4511 from 

M. radiotolerans were constructed via single site mutation of a reactive cysteine, which 

exhibited strongly increased singlet oxygen quantum yields of around 0.2 to 0.5 [553]. 

Furthermore, the well-known photosensitizers SuperNova, KillerRed and miniSOG were 

subjected to directed evolution, which increased their phototoxicity against bacteria 

and/or mammalian cells [554,555]. Obviously, further rational mutation approaches are 

required to expand the portfolio of genetically encoded photosensitizers by variants with 

more selective or stronger ROS production, which would be even more suited for 

therapeutic applications [556]. In addition to this methodology, proteins with an 

alternative photosensitizing chromophore, such as malachite green or its derivatives, 

could be constructed, as recently shown by Bruchez and coworkers and analyzed in 

detail by Dichmann et al. [557,558]. Furthermore, SuperNova Green was recently 

developed to expand the color palette and to achieve multi-chromatic control over 

ablation of selective cancer cells [559]. A similar approach was conducted earlier by 

Williams et al., who combined miniSOG and KillerRed for multi-chromatic ablation of 

cholinergic motor neurons in Caenorhabditis elegans [337]. A second possibility to 
improve the toxicity of PS is the utilization of targeting tags, such as antibodies or 

peptides, as recently shown by cooperation partners [FR20 507]. Here, the 

photosensitizer EcFbFP was successfully applied for photodynamic therapy of tumor 

cells by fusion to a cell-penetrating peptide derived from azurin. Thus, this fusion protein 

is cell wall permeable, specifically addresses tumor cells and causes cell death of around 

90% in comparison to an external application of the PS. For targeted delivery of PSs to 

relevant, pathogenic bacteria, similar approaches were established. Zhou et al. used a 

hepta-arginine peptide functionalized at the C-terminus with a chemically-based PS, 

which selectively bound to Gram-positive bacteria and led to complete cell death upon 

illumination [560]. Additionally, Niu and coworkers constructed a PS conjugate with the 

transacting activator protein of transduction peptide, which drives internalization of the 

construct into the membrane of Gram-negative bacteria [561]. Further targeting 

structures include antimicrobial peptide conjugates [562], which bind and disrupt the cell 

membrane, proteins that are naturally exposed on the outer cell membrane, such as 

protein A in S. aureus [563], or proteins that specifically bind components of the bacterial 

outer cell membrane, such as the lipopolysaccharide-binding homo-tetrameric lectin 
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ConA [564] for Gram-negative bacteria. Thus, to specifically address further cell types, 

including cancer cells or pathogenic bacterial species, research must be conducted with 

respect to novel targeting structures [565–567].  

III.3. APPLICATIONS THAT COULD BENEFIT FROM OPTOGENETIC 
CONTROL 

 
In the framework of this thesis, different optogenetic and optochemical systems were 

established, which allow for the control of diverse cellular processes, including 

transcriptional control as well as the control of protein-cell interactions. Since these 

regulatory tools are characterized by various advantageous properties, such as rapid, 

gradually controllable and non-invasive activation, they offer a promising possibility for 

the orchestration of more complex inter- and intracellular processes. In the following, this 

approach will be explained in more detail using various biotechnologically relevant 

examples, such as the inactivation of proteins by means of protein-protein interactions 

via chromophore-assisted light inactivation, the regulation of complex biosynthetic gene 

clusters, and finally the control and online-monitoring of cell-cell interactions within 

mono- and co-cultures to engineer artificial consortia. 

III.3.1. PROTEIN INACTIVATION BY PROTEIN-PROTEIN 
INTERACTIONS USING CALI 

 
As described in chapter II.2.2, several fluorescent proteins were exploited as genetically 
encoded photosensitizers, which locally generate several reactive oxygen species 

(ROS) species upon exposure to light of a certain wavelength [SE18 505]. In the 

framework of this thesis, genetically encoded PS were mainly applied for the inactivation 

of target cells, such as several Gram-positive and Gram-negative bacteria or cancer cells 

[SE18 505,FHi19 506, FR20 507]. It could be shown that the choice of an appropriate 
PS seems to be important, since both the ROS species and the amount of ROS produced 

by each PS varies significantly. However, not only the control of cell viability within a 

population, but also the targeted destruction of cellular structures, such as proteins or 

lipids, bears manifold applications and is commonly denoted as chromophore-assisted 

light inactivation (CALI). In case of genetically encoded photosensitizers, the targeting 

of the protein of interest is performed by generation of a translational fusion between the 

chosen protein and a respective photosensitizer. By this, ROS are produced in close 

proximity and the adjacent structure is irreversibly destroyed leading to a loss of protein 

activity. This technique can both be applied for controlling the enzyme activity in in vitro 

reactions or in vivo for the orchestration of biosynthetic pathways. Gerlach et al. recently 
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tested the PSs SOPP3, SOPP, EcFbFP, Pp2FbFP and SuperNova for their suitability for 

CALI of a carboligase and could successfully show that SOPP3 and SOPP fusion 

constructs sufficiently inactivate the target protein by up to 90% upon blue light 

illumination, but without affecting the enzyme activity in unexposed controls [TG21 512]. 

Interestingly, the fusion to EcFbFP and Pp2FbFP lead to aggregation of the fusion 

proteins, which were partly active, but challenging to handle. This effect only appeared 

for dimeric PSs in combination with the tetrameric structure of the carboligase, while the 

monomeric variants SOPP, SOPP3 and SuperNova formed soluble fusion proteins. In a 

next step, the best-performing PS candidate, SOPP3, was applied in a multi-step 

enzyme cascade producing the pharmaceutical precursor tetrahydroisoquinoline [568]. 

Here, fusion of SOPP3 to relevant pathway enzymes and subsequent blue light-

mediated inactivation at a certain time point avoided cross-reactivity and led to a 

substantial product increase of 65%. For further applications of PSs in multi-step enzyme 

cascades, the combination of SOPP3 with a bathochromatically shifted PS variant, such 

as the novel variants KillerRed 2 or SuperNova 2 [554] would be promising to enable a 

multi-chromatic inactivation of two enzymes in an independent manner. Notably, 

SuperNova 2 should be preferred due to its monomeric structure in order to avoid 

aggregation of the fusion proteins. Furthermore, it shows an enhanced toxicity in 

comparison to its predecessor SuperNova, which showed to be not applicable for CALI 

applications due to its low ROS formation [TG21 512]. In an additional approach, the two 

PSs EcFbFP and SOPP were successfully used for CALI of the transferase PigC 

belonging to the prodigiosin biosynthetic pathway within an associated master thesis of 

Nora Bitzenhofer [533]. Here, the bifurcated pathway served as a valuable proof-of-

concept application, since only the last step, the condensation of MAP and MBC by PigC, 

results in the formation of a colored product, the tripyrrole prodigiosin, which can be 

easily quantified (Fig. III.3A). Upon blue light illumination, the PS fusion reduced the 
product formation and thus the enzyme activity of PigC by up to 50% in an in vitro 

reaction. By adding the respective non-fused PS to a control reaction, it was further 

shown that SOPP led to a reduced product formation upon illumination, while EcFbFP 

showed no reduction, thus underlining that the ROS production capacity is an important 

factor, which must be considered when selecting a PS for a respective CALI application. 

In a second step, the CALI approach was transferred to PigD, an enzyme within the 

prodigiosin pathway responsible for the formation of MAP, in an in vivo approach by Jana 

Ehlers during her bachelor’s thesis in our working group [569]. 
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Figure III.3 Several target enzymes for chromophore-assisted light inactivation in the prodigiosin 
biosynthetic pathway (adapted from Bitzenhofer 2018 [533] and Ehlers 2019 [569]). 
The bifurcated prodigiosin biosynthetic pathway is a valuable target for a proof-of-concept CALI application, 
since only the last step of the synthesis, the condensation of MAP and MBC, leads to the formation of the 
red-colored prodigiosin, which can be easily quantified. A) The fusion of the final condensing enzyme PigC 
with a photosensitizer (PS) and subsequent blue light illumination leads to the inactivation of PigC, which 
can be measured via prodigiosin formation. B) In addition to PigC, additional relevant pathway enzymes can 
be inactivated, such as PigD, which is responsible for the synthesis of MAP, resulting in a light-dependent 
regulation of MAP levels. In combination with a respective pigA,F-N deletion strain, artificial MBC 
mutasynthons could be supplemented to gain new-to-nature prodigiosin derivatives. MAP: 2-methyl-3-
pentyl-pyrrole, MBC: 2,2-bipyrrole-5-carboxyaldehyde, prodigiosin: 2-methyl-3-pentyl-6-methoyprodiginine, 
PigC: prodigiosin synthase, PigD: 3-acetyloctanal synthase. 
 
 
It could be shown that the prodigiosin formation could be reduced by nearly 40% upon 

illumination using a EcFbFP-PigD fusion protein in a P. putida pigD deletion strain. This 

first in vivo application shows that CALI is a promising way to gradually control PigD in 

this biosynthetic pathway, resulting in a light-dependent regulation of MAP levels. In 

combination with a respective pigA,F-N deletion strain, artificial MBC mutasynthons 

could be supplemented to gain new-to-nature prodigiosin derivatives in a mutasynthesis 

approach (Fig. III.3B), as performed for MAP mutasynthons by Klein et al. [394,462].  

In summary, chromophore-assisted light inactivation is a powerful tool that utilizes 

protein fusions and light-sensitive chromophores to selectively produce ROS and by this 

inactivate targeted pathway enzymes. In the following chapter, further application 

possibilities of optogenetic regulators, such as CALI, for the orchestration of secondary 

metabolite pathways are discussed. 
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III.3.2. OPTOGENETIC REGULATION OF COMPLEX BIOSYNTHETIC 
GENE CLUSTERS 

 

As aforementioned, the production or engineering of natural compounds by expression 

of a heterologous gene or even an entire biosynthetic gene cluster in a well-established, 

genetically accessible, and highly productive host poses a promising possibility that is 

increasingly being integrated into biotechnological and industrial processes. Besides all 

advantages a heterologous host can offer, there are some challenges to be tackled for 

a successful production of complex secondary metabolites including possible 

bioactivities of intermediate or end products as well as an insufficiently coordinated gene 

expression or enzyme activity, both leading to impaired growth or production yields [51]. 

For this purpose, specialized organisms are increasingly applied for the production of 

antimicrobial substances or more complex secondary metabolite products 

[143,388,395]. A good example for this strategy is the production of heterologous 

terpenes in the phototrophic host R. capsulatus. Since the broad class of terpenes offers 

various promising bioactivities, it is of commercial interest to various industrial sectors 

for the production of pharmaceuticals, flavors and fragrances, biofuels or bio-based 

pesticides [416–419]. For an optimized production of those isoprene-derived 

compounds, extensive efforts were made with respect to metabolic engineering and 

bioprocess optimization addressing, among others, the following issues: increasing 

endogenous precursor supply, modifying cofactor requirements, eliminating bottlenecks 

and competitive reactions, mitigating the toxic effects of intermediates or products, as 

well as genetic and protein engineering [406,422–424]. For R. capsulatus [187,425] and 

R. sphaeroides [426–430] in particular, it was demonstrated that engineering of the 

isoprenoid precursor synthesis results in a strongly increased sesqui- and triterpenoid 

production, which could also be shown within this thesis. In detail, the co-expression of 

a terpene synthase with the FPP synthase IspA and/or enzymes of the heterologous 

MVA pathway led to significantly increased production of the corresponding plant 

terpenoids (Tab. III.2) [KT19 188, FHi21c 189, JHH21 508]. Nonetheless, various 
studies revealed that overproduction of isoprenoid intermediates in the heterologous 

host can be toxic for the producer cell or leads to metabolic stress and feedback inhibition 

and in turn, to decreased growth and production titers [402,431–435]. Besides recently 

published approaches, where production yields were improved by either using dynamic 

promoter systems for regulation of the precursor supply [434], by reduction of 

competitive side reactions [437] or by the implementation of feedback loops [438], the 

application of photocaged inducer molecules pose another promising way to regulate the 

precursor levels for optimized production titers (Fig. III.4A).  
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Figure III.4 Optogenetic strategies for balancing the FPP levels for an optimized heterologous 
terpene production. For optimized terpene production titers in R. capsulatus, the level of the precursor 
molecule FPP needs to be balanced between the homologous carotenoid biosynthesis pathway and the 
heterologous terpene pathway, since FPP is known to exert metabolic stress or even cell toxicity in several 
bacterial hosts. Thus, two optogenetic strategies are proposed using either photocaged inducer molecules 
or genetically encoded photosensitizers. A) The intrinsic carotenoid synthesis of R. capsulatus starts from 
the C5 building blocks IPP and DMAPP. In a carotenoid-deficient strain, deletion of genes encoding the 
relevant carotenoid pathway enzymes CrtE and CrtF can be complemented by IPTG-mediated expression 
of the crtE and crtF genes on a plasmid. Light-mediated induction of crt gene expression using NP-cIPTG 
can be utilized to balance the FPP flux and thus, avoiding unwanted metabolic stress. B) Alternatively, a 
translational fusion of crtE with a photosensitizer-encoding gene leads to the production of a CrtE-PS fusion 
protein, which may be gradually inactivated upon blue light illumination and by this should similarly allow the 
balance of FPP utilization. IPP: isopentenyl pyrophosphate; DMAPP: dimethylallyl pyrophosphate; IspA: 
FPP synthase; FPP: farnesyl pyrophosphate; CrtE: GGPP synthase; GGPP: geranylgeranyl pyrophosphate; 
CrtB: phytoene synthase; CrtI: phytoene desaturase; CrtC: hydroxyneurosporene synthase; CrtD: 
hydroxyneurosporene desaturase; CrtF: demethylspheroidene O-methyltransferase; PS: photosensitizer; 
(CrtE PDB structure: 6SXL, PS PDB structure: 6GPU).  
 

As demonstrated in this thesis, the expression of FPP converting enzymes within the 

host-specific carotenoid biosynthesis of R. capsulatus could be fine-tuned applying 

cIPTG under phototrophic conditions [FHi21a 503]. Along with the adapted illumination 
wavelength in the IR range, this approach could be transferred to the production of 

heterologous terpenes under phototrophic growth conditions in future studies. Here, the 

use of a carotenoid-deficient strain, which was recently shown to produce triterpenoids 

with increased yields [570], could be engineered by implementing the expression of 

genomically deleted crt genes under cIPTG control for adjustable carotenoid levels. 

Hence, light could be employed for balancing the FPP level between the production of 

homologous carotenoids or heterologous terpenes and thus preventing negative effects 

of elevated FPP levels, which might lower the production titers.  

Alternatively, photosensitizers could be applied for inactivation of relevant carotenoid 

pathway enzymes, such as CrtE (Fig. III.4B). An inactivation can be facilitated by a C- 
or N-terminal translational fusion of the crtE gene with a photosensitizer-encoding gene. 

By this means, the CrtE activity could be optogenetically regulated to ensure a balanced 

FPP pool, which may avoid metabolic stress and thus leads to an increased production 
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of heterologous terpenoids. However, since the photosensitizing process is dependent 

on molecular oxygen, the critical oxygen concentration needs to be determined and the 

cultivation process needs to be adapted with respect to a temporarily elevated oxygen 

input if necessary. Certainly, those optogenetic on- and off-switches could be transferred 

to further promising organisms, such as the fungus U. maydis, which was recently 

exploited as heterologous host of the plant-derived sesquiterpene valencene and the 

fungal sesquiterpene α-cuprenene by Lee et al. [JL20 509]. Here, metabolic engineering 

was applied by implementing the carotenoid biosynthesis to produce lycopene as 

readout of intracellular FPP titers. By overexpression of the heterologous valencene 

synthase CnVS or the α-cuprenene synthase Cop6, terpene titers in the mg L-1 scale 

could be produced, rendering U. maydis particularly valuable for the production of fungal 

terpenes. 

In a similar way to the above-described modifications, both optogenetic tools offer the 

possibility to control further secondary metabolite pathways, such as the rhamnolipid 

biosynthesis in P. putida. As mentioned in chapter I.4.I, rhamnolipids are commonly 
produced in a predefined mixture of mono- and di-rhamnolipids (MRL and DRL) in 

P. putida. However, the possibility of producing tailored rhamnolipid mixtures is very 

promising, since the physico-chemical properties of each rhamnolipid blend varies 

greatly depending on its composition. Recently, the production of MRL and DRL could 

be controlled by applying photocaged inducers addressable with two different light colors 

[FHi21b 504]. For this purpose, the genes responsible for the production of MRL, namely 
rhlA and rhlB, where subjected to cSal control by placing them behind a salicylic acid-

responsive promoter [504]. Upon blue light illumination, MRL were produced in even 

higher amounts compared to the salicylic acid control cultures. Upon UV-A light 

illumination, the expression of the rhlC gene was activated, which encodes an enzyme 

responsible for the conversion of MRL to DRL. This wavelength-selective system thus 

enables the independent control of both biosynthetic processes with a high temporal 

resolution (Fig. III.5A). The approach could be used in future studies for an induction 
profiling to generate tailored rhamnolipid mixtures depending on the starting point of 

illumination, the duration of illumination or the illumination intensity. However, the system 

so far only offers a wavelength-selective, but not an orthogonal process, since the blue 

light-responsive cSal variant can also be addressed with UV-A light [FHi21b 504]. 
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Figure III.5 Optogenetic strategies to orchestrate the rhamnolipid biosynthesis in P. putida for the 
production of tailormade rhamnolipid mixtures. 
Since the physico-chemical properties of rhamnolipid blends vary greatly depending on their composition, 
the possibility of producing tailored mixtures is very promising. This could be achieved by targeted 
optogenetic control of the production volume of each individual component using photocaged inducer 
molecules or genetically encoded photosensitizers. A) Rhamnolipid biosynthesis is encoded by the three 
genes rhlA, rhlB and rhlC and starts with the conversion of activated β-hydroxy fatty acids to HAA by RhlA. 
Subsequently, HAA is transformed to a MRL by RhlB upon addition of an activated rhamnose molecule and 
further to DRL by RhlC via linkage of another activated rhamnose moiety. Modification of the rhamnolipid 
mixture and thus orchestration of MRL and DRL production can be implemented by bringing rhlAB and rhlC 
under the control of two different promoters. Light-responsive control of those two processes can be gained 
by using the corresponding photocaged inducer molecules, namely cSal and cIPTG and by variation of 
parameters such as the start of illumination, the duration of exposure or the illumination intensity. B) 
Alternatively, photosensitizers can be used to produce rhamnolipid mixtures with varying MRL amounts. For 
this purpose, a translational fusion of rhlA with a photosensitizer-encoding gene is constructed that leads to 
the production of a RhlA-PS fusion protein. This fusion protein can be gradually inactivated upon blue light 
illumination after a certain time point, so that MRL are predominantly converted to DRL by RhlC leading to 
an individually adjustable DRL purity in dependence on the level of RhlA inactivation. HAA: 3-(3-
hydroxyalkanoyloxy)alkanoic acid; MRL: mono-rhamnolipid; DRL: di- rhamnolipid; ACP: acyl carrier protein; 
(RhlA SMR structure: Q51559; PS PDB structure: 6GPU). 
 
Novel photocaged salicylic acid variants with minimized absorption in the 300 – 400 nm 

range would allow the activation of both uncaging processes in a sequentially-

independent manner. Additionally, photosensitizers can be applied for the adaption of 

the rhamnolipid mixture by gradually inactivating the enzyme RhlA, which mediates the 

conversion of activated hydroxy fatty acids to HAA (Fig. III.5B). For this purpose, the 
RhlA-encoding gene needs to be translationally fused to the gene of a selected 

photosensitizer, so that a fusion protein is generated. At a desired time point, the enzyme 

is inactivated via blue light illumination and the existing intermediates are gradually 

converted to DRL without new ones being reproduced, leading to a individually 

adjustable DRL purity in dependence on the level of RhlA inactivation.  

In summary, both optogenetic systems, the use of photocaged inducer molecules and 

the application of photosensitizers, represent a powerful and highly versatile method for 



   III. GENERAL DISCUSSION 

 214 

precisely orchestrate complex metabolic pathways with high temporal resolution, e.g., to 

increase the final production yield or to adjust the composition of the end product. 

III.3.3. CONTROL OF INTRA- AND INTERCELLULAR PROCESSES IN 
BACTERIAL COMMUNITIES BY LIGHT 

 
In nature, microorganisms live in communities, which commonly are composed of a 

multitude of different species living together for their mutual benefit [571,572]. The 

stability of these consortia is not only based on cellular interactions, such as aggregation, 

biofilm formation or horizontal gene transfer, but also on small molecule- or protein-

based interactions including protein secretion or metabolite transfer, e.g., for quorum-

sensing. The metabolites originate from substrate conversion processes, which are 

mostly catalyzed in a concerted manner following the division of labor principle and are 

shared as a public good, referred to as commensalistic and mutualistic interactions, or 

released to negatively affect a member of the own community or an external, opposing 

organism in a predatory or competing interaction [573]. Although natural microbial 

communities have been used for centuries in production processes, e.g., for cheese, 

wine or beer, little is known about the specific interactions between species, as the study 

of microbial communities still remains challenging [572,573]. To overcome these 

difficulties, synthetic microbial consortia are being created that allow for the generation 

of defined microbial systems with reduced complexity, while still retaining the key 

features of their natural counterparts [571,572,574]. This way, a synthetic community 

can be (i) used as a model system for the study of the performance and stability of 

microbial communities in detail as a top-down approach or (ii) utilized for analyzing the 

optimal conditions necessary to generate specific interactions like symbiosis or 

competition and how a complex community structure can emerge from these in a bottom-

up approach. Besides serving as model systems to better understand such microbial 

communities, artificial consortia also represent a promising new frontier of biotechnology. 

The synthetic design offers the possibility to balance the weaknesses of a respective 

production host by skillfully assembling the consortium [575] or the use of an auxiliary 

population to outsource the production of a particular carbon source or the secretion of 

an enzyme that in turn degrades the available carbon source into smaller and more 

accessible molecules [576,577]. Additionally, a spatial distribution of a biosynthetic 

pathway of complex or toxic secondary metabolites among several organisms [578], or 

a parallel optimization of different parts of the biosynthetic pathway within a division of 

labor concept [575,579] can be performed. By means of systems biology and rational 

design, artificial microbial consortia could be successfully used, e.g., for the production 
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of natural products [580,581], high-value compounds [574] and small molecules [582], 

but also for the production of biofuels or pollution control of waste water [574,583,584].  

To ensure proper co-cultivation, the individual division rates of each population and thus 

the composition of the synthetic consortium must be strictly regulated. This is often 

realized by using special selective media or by adjusting the cell titers [575], but non-

invasive regulation using light-sensitive antibiotics or engineered mutualistic interactions 

between each individual population has also been established [585–587]. However, the 

implementation of alternative regulatory mechanisms, such as the control of horizontal 

gene transfer, is also conceivable as it should provide a precise and straightforward 

control of communication processes with high spatiotemporal resolution. A major 

challenge in this context is the regulation and online-monitoring of those intra- and 

intercellular processes, the cellular compositions of a mixed consortium or their biological 

output signals over a long cultivation period. To analyze the individual populations, as 

well as changes and heterogeneity within the co-culture, flow cytometry approaches 

proved valuable in various applications. However, also microfluidic single-cell analysis 

offers promising possibilities for time-resolved tracking of cell division and monitoring of 

individual biological responses at the single-cell level under defined cultivation 

conditions. To visualize secretion of recombinant proteins, the split GFP assay was 

developed and applied for the gradual quantification of several secreted protein in 

B. subtilis [588,589]. Based on this system, Lenz et al. recently developed the iSplit GFP 

assay for the straightforward quantification of intracellularly produced recombinant 

proteins in B. subtilis [PL21 511], which can be applied for online monitoring in a 

BioLector system in batch cultures as well as on single-cell level, as nicely shown for an 

analysis in a microfluidic chip. With this system, insights into both the intracellular 

localization and the production heterogeneity of the recombinant β-glucuronidase GUS 

from E. coli could be achieved as a proof-of-concept approach. In the currently prepared 

doctoral thesis of Patrick Lenz, both the extracellular and the intracellular split GFP 

system will be combined using two engineered split protein versions sufficiently differing 

in their excitation and emission wavelength [590]. Furthermore, this system includes a 

measure for secretion stress by means of a third orthogonal fluorescent output. Thus, 

the three assay parameters will allow for a combined analysis of intracellularly and 

secreted recombinant protein as well as the associated secretion stress in a bacterial 

culture. Additionally, Burmeister et al. developed a specific microfluidic chip design to 

enable cultivation of two populations in close proximity, but without direct cell contact, 

which was utilized for investigation of both intra- and interspecies, microbial interactions 

such as microbial cross-feeding of two C. glutamicum strains or horizontal gene transfer 

between E. coli and P. putida strains, respectively [AB19 510]. While metabolite cross-
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feeding could be observed in co-cultures using the divided chip design, bacterial 

conjugation only took place after direct cell-cell contact in an unsegmented microfluidic 

chip. In addition to this research, different media compositions and growth conditions 

were analyzed with respect to the frequency of successful horizontal gene transfer 

events in the master thesis of Daniela Brocke [591]. In a follow-up publication, the 

established co-cultivation platform was recently used to develop and characterize an 

optochemically controllable bacterial consortium on microcolony level consisting of two 

C. glutamicum strains [AB21 513]. Here, an L-lysine auxotrophic strain is combined with 

a variant that is able to produce L-lysine in dependence of photocaged IPTG. Upon 

illumination, the growth rate of the auxotrophic strain could be increased by up to 70% 

in comparison to uninduced cultures, which underlines the suitability of photocaged 

inducer for light control of an intercellular interaction in a microbial community. The co-

cultivation chip design was furthermore used to study inter-species interactions and the 

use of public goods within an artificial consortium of R. capsulatus and P. putida cells 

during the associated master studies of Luzie Kruse [592]. In this work, P. putida was 

designed to offer an iron-independent biosynthesis of the siderophore pyoverdine. 

Instead of the natural mechanism sensing iron depletion, pyoverdine production was 

induced by the addition of IPTG or the photocaged variant BC-cIPTG. Subsequent co-

cultivation experiments using microfluidics revealed that R. capsulatus, which did not 

show growth under iron limitation in monocultures, was able to grow in the presence of 

P. putida cells. Hereby it could be proved that the siderophore pyoverdine acts as a 

common good in this consortium and further that cell growth of one community member 

can be selectively controlled by a commensalistic interaction. 
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This thesis underlines that both photocaged inducers and photosensitizers are valuable 

and well applicable tools for the control of intra- and intercellular processes or 

interactions in a non-invasive fashion and with high spatiotemporal control (Fig. III.6). 

Figure III.6 Optogenetic strategies to orchestrate cellular functions established in this thesis and 
possibilities for their application to control processes in microbial communities.  
A) Within this thesis, two optogenetic tools, namely photocaged compounds and photosensitizers, were 
developed and successfully applied in vivo for the control of various processes on different cellular levels. 
B) In addition, those optogenetic tools are extremely valuable for the control of processes within microbial 
consortia. Hereby, not only the composition of the co-culture, but also bacterial communication, horizontal 
gene transfer or the sharing of metabolite could be subjected to light control and subsequently online-
monitored on single-cell level to gain a deeper understanding of the respective process or even the whole 
bacterial community. 
 
Besides the highly flexible, ready-to-use control over bacterial gene expression, an 

additional regulatory off-switch could be implemented post-translationally to orchestrate 

cell viability or enzyme activity in a straightforward and sophisticated manner. In future 

studies, both photocaged inducer molecules and genetically encoded photosensitizers 

could be used for controlling the composition of other relevant microbial consortia or 

regulating processes such as horizontal gene transfer, plasmid replication, predation, 

metabolite exchange and consumption or protein secretion. 
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