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D. Summary 

D. Summary  

 

Optogenetic tools are light-responsive components that allow for a simple triggering of 

cellular functions with unprecedented spatiotemporal resolution and in a non-invasive 

fashion. In this context, photocaged compounds, which release bioactive molecules 

upon short light exposure, are highly valuable tools for setting up light control and thus 

regulating and studying crucial bio(techno)logical processes such as gene expression. 

Due to the unique potential of light to achieve a stringent control of cellular processes, 

this thesis was concerned with the overall aim to establish light-controlled bacterial 

expression systems based on photocaged compounds. 

Initially, different inducible expression systems were characterized in-depth using 

microfluidic single-cell analysis and subsequently reengineered towards beneficial 

expression features such as system tightness or population homogeneity. Consequently, 

different light-controlled expression tools were established based on Plac/LacI, PBAD/AraC 

and PrhaBAD/RhaRS promoter/regulator systems in Escherichia coli using photocaged 

derivatives of IPTG, arabinose, galactose, rhamnose and glucose. Here, gene 

expression was monitored by means of fluorescent reporter based online monitoring and 

further tuned towards a rapid and highly dynamic control. Essentially, single-cell 

analyses indicated that by applying photocaged carbohydrates, conventional chemical 

induction mostly gets superseded at the level of population heterogeneity, expression 

strengths and temporal resolution. Finally, established optogenetic tools were 

transferred to alternative expression hosts such as Corynebacterium glutamicum and 

first biotechnological productions such as flavoring terpenoid and secondary metabolite 

antibiotic biosyntheses. 

Conclusively, photouncaging is a sophisticated approach to achieve a gradually 

adjustable, non-invasive, spatiotemporal and thus high-throughput feasible fine control 

of simple to complex biological processes within bacterial cultures in picoliter- to liter-

scale. In the future, several special applications such as high-throughput screenings as 

well as closed or multimodal processes are predestined for optogenetic control. 

Inevitably, plenty of prospective synthetic bio(techno)logical tasks in different key 

microbes arise for the newly developed and versatile plug-and-play expression toolbox 

mediating light-controlled gene expression via photocaged compounds. 

 

 



XI 

           

–– 

E. Zusammenfassung 

E. Zusammenfassung 

 

In der Optogenetik ermöglichen molekulare Lichtschalter eine unkomplizierte und nicht-

invasive Ansteuerung von zellulären Funktionen mit einer enormen räumlichen und 

zeitlichen Auflösung. Durch die Kopplung mit Licht-sensitiven chemischen 

Schutzgruppen können sogenannte photocaged compounds bioaktive Moleküle nach 

kurzer Belichtung freisetzen. Folglich sind diese Verbindungen geeignete molekulare 

Werkzeuge, um eine solche Lichtsteuerung zu realisieren und somit wichtige 

bio(techno)logische Prozesse, wie etwa die Genexpression, zu regulieren und zu 

erforschen. Aufgrund dieses einzigartigen Potenzials von Licht eine höhere Form der 

Kontrolle über zelluläre Prozesse zu erzielen, wurde in dieser Arbeit das übergeordnete 

Ziel verfolgt, Licht-gesteuerte bakterielle Expressionssysteme basierend auf photocaged 

compounds zu etablieren. 

Zunächst wurden unterschiedliche induzierbare Expressionssysteme mithilfe 

mikrofluidischer Einzelzellanalysen eingehend charakterisiert und anschließend 

hinsichtlich gewünschter Expressionseigenschaften, wie etwa der strikten Kontrolle des 

Promotors oder einer erhöhten Homogenität der Zielgenexpression innerhalb einer 

bakteriellen Population, optimiert. Infolgedessen wurden unterschiedliche 

lichtgesteuerten Expressionssysteme basierend auf Plac/LacI, PBAD/AraC und 

PrhaBAD/RhaRS Promotor/Regulator-Kombinationen in Escherichia coli unter 

Verwendung von photo-aktivierbaren IPTG-, Arabinose-, Galactose-, Rhamnose- und 

Glucose-Derivaten etabliert. Hierbei wurde die Genexpression während der Kultivierung 

mithilfe Fluoreszenzreporter-basierter Online-Überwachung verfolgt und anschließend 

ausgewählte Systeme in Hinblick auf ein schnelles und hochdynamisches 

Ansprechverhalten verbessert. Grundlegend konnte dabei mittels  Einzelzellanalysen 

aufgezeigt werden, dass die photocaged compounds herkömmliche chemische 

Induktoren hinsichtlich der Populationshomogenität, der Expressionsstärke sowie der 

zeitlichen Auflösung des jeweiligen Expressionssystems zumeist deutlich übertreffen. 

Abschließend wurden etablierte optogenetische Werkzeuge auf alternative 

Expressionswirte wie etwa Corynebacterium glutamicum sowie auf erste Produktionen 

biotechnologisch relevanter Terpenoide und Antibiotika übertragen. 

Zusammengefasst haben sich photocaged compounds als ausgeklügelte Werkzeuge 

etabliert, um eine graduell steuerbare, nicht-invasive, zeitlich und räumlich hoch 

aufgelöste und somit Hochdurchsatz-fähige Feinsteuerung von einfachen und 

komplexen biologischen Prozessen im Pikoliter- bis Liter-Maßstab zu erzielen. In Zukunft 

sind einige spezielle Anwendungen wie etwa Hochdurchsatz-Screenings sowie 



XII 

 

 

E. Zusammenfassung 

geschlossene oder multimodale Prozesse in besonderem Maße für eine optogenetische 

Steuerung qualifiziert. Zwangsläufig ergeben sich viele potenzielle Anwendungen im 

Bereich der synthetischen Bio(techno)logie sowie in verschiedenen relevanten 

Mikroorganismen für die hier neu entwickelten und vielseitigen optogenetischen 

Werkzeuge zur Vermittlung einer lichtgesteuerten Genexpression mithilfe von 

photocaged compounds. 
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I. Introduction 

I. Introduction 
 

I.1 Natural bacterial gene regulation 

 

Although invisible to the naked eye, bacteria populate every imaginable habitat on earth 

(Whitman et al. 1998), ranging from the deepest seas over the driest soils and the highest 

atmospheres (Imshenetsky et al. 1978) to the most miscellaneous bioreactors in 

biotechnology (Sánchez 2005). Even in the human body, our cells (3 x 1013) are 

numerically inferior to those of bacteria (4 x 1013) (Sender et al. 2016).  Furthermore, 

most bacterial habitats are subjected to drastic and rapid environmental fluctuations with 

respect to e.g. temperature, pH, humidity or carbon source availability. Beyond that, 

individual bacterial species such as Escherichia coli are not only found in one particular 

habitat, but are known to colonize numerous quite different environments successfully 

(Chuang et al. 1993). Closely connected to such habitat diversity and thus vast 

adaptability of bacteria turns out to be the ability to rapidly respond to fluctuating 

environmental conditions with a manifold metabolic diversity (Acar et al. 2008; Kussell 

and Leibler 2005). To realize this flexible responsiveness, bacteria have evolved 

complex regulatory networks that precisely concert the expression of genes (Smits et al. 

2006; Thattai and van Oudenaarden 2004). This seems challenging and crucial at the 

same time, considering that, for instance, the E. coli genome encompasses more than 

4000 genes (Blattner et al. 1997; Studier et al. 2009) and protein biosynthesis demands 

tremendous amounts of energy (Byrgazov et al. 2013; Saier 2013). This renders 

constitutive expression of all genes unfeasible. Consequently, only the subset of genes 

is expressed that is required for the adaption to the present extracellular environment 

e.g. for uptake and metabolism of available nutrients. 

To exert straightforward control over such specific sets of genes, they are commonly 

clustered in transcriptional units that share a single promoter, which is subjected to 

diverse regulatory stimuli such as carbon source availability, pH or temperature shifting 

as well as the presence of microbial competitors (Beales 2004; Deutscher et al. 2006; 

Ponomarova and Patil 2015).  

Most prominent operons are those of the carbon metabolism, in particular those for 

lactose and arabinose consumption, which are subsequently described in further detail. 
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I. Introduction 

I.1.1 The lactose utilization network  

 

In 1961, Jacob and Monod first described a set of genes in E. coli that was tightly 

suppressed in the presence of glucose, and efficiently transcribed in the sole presence 

of lactose (Jacob and Monod 1961). The functional unit was later denoted as the lac 

operon and found to be controlled by two regulatory proteins, a global activator called 

catabolite repressor protein (CRP) and a specific lac repressor (LacI) (Busby and Ebright 

1999; Lewis et al. 1996). By means of CRP and LacI, which both bind specifically close 

to the promoter of the tricistronic lac operon, the transcription of lacZ, lacY and lacA and 

their contribution to lactose metabolism is controlled (Fig. I.1 A). The gene lacY codes 

for a membrane embedded galactoside/H+-symporter, which is also denoted as the lac 

permease LacY and catalyzes the import of lactose molecules from the environment 

(Guan and Kaback 2006).  

Upon LacY-mediated intracellular accumulation, lactose molecules are further 

processed by the lacZ encoded β-galactosidase (LacZ) that converts lactose into either 

glucose and galactose or 1,6-allolactose (Jobe and Bourgeois 1972). In addition, the 

lacA encoded galactoside transacetylase (LacA) acetylates and thus inactivates wrongly 

imported inducing, but non-metabolizable thiogalactosides (Andrews and Lin 1976; 

Marbach and Bettenbrock 2012; Roderick 2005).  

Since the actual lac inducer allolactose is formed in a β-galactosidase side-reaction and 

lactose import is strictly dependent on the presence of the lac permease, an inherent 

basal expression of the lac genes is essential.  

Substantial lac gene expression, however, is virtually repressed by the lac repressor 

protein, that is encoded by the constitutively expressed lacI gene, located upstream of 

the other three lac genes (Wilson et al. 2007). In the absence of inducer molecules, a 

tetrameric LacI complex binds to two of the three lac operator sites within the lac operon, 

and forms a stable DNA loop that impedes the transcription of the three lac genes 

downstream of the Plac promoter (Daber et al. 2007; Wilson et al. 2007). The presence 

of an inducer, preferentially allolactose, indicates lactose availability in the environment. 

Inducer binding to LacI entails a conformational change in the tetrameric LacI complex 

leading to a tremendously decreased affinity for the operator DNA and thus the 

dissociation from the operator (Daber et al. 2007; Dunaway et al. 1980). Hence, inducer-

mediated derepression of the lac promoter is the first requirement for an efficient 

transcription of the lacZYA operon.  

Furthermore, glucose availability substantially represses the lac gene transcription. 

Here, CRP, whose activity is regulated by cyclic adenosine monophosphate (cAMP),  
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plays an essential role in lac operon repression (Wanner et al. 1978; Wilson et al. 2007). 

 

FIGURE I.1 | Natural gene regulation of selected carbon source metabolization operons.  

(A) Natural lac-based gene expression via allolactose. Upon LacY (lac permease)-mediated import of 
lactose into the cell, lactose is transformed into allolactose via LacZ (β-galactosidase) activity, whereas 
wrongly imported thiogalactosides get acetylated via LacA (transacetylase). Inducer binding leads to the 
dissociation of the LacI repressor from the Plac promoter and thus induces lac gene expression. (B) 
Arabinose inducible gene expression. Upon active uptake via AraE and AraFGH transport proteins, which 
are encoded in two separate transcriptional units (2. and 3.), arabinose positively regulates PBAD promoter 
activity (1.). The three araBAD genes code for the proteins involved in arabinose metabolization to 

D-xylulose-5-phosphate. In the absence of arabinose, AraC tightly represses target gene expression. 
Furthermore, both operons are subjected to carbon catabolite repression that is basically pursued via cAMP 
level-sensing of the CRP protein. 

 

cAMP, which is generated upon glucose starvation, acts as an allosteric effector for the 

CRP protein and recruits the RNA polymerase to bind with a higher affinity to the lac 

promoter region (Busby and Ebright 1999). Glucose or rather cAMP-based carbon 

catabolite repression (CCR) (Box I.1) is a simplified principle that uses the complex 

phospho-transferase system (PTS) to coordinate carbon source hierarchy throughout 

the microbial world (Deutscher et al. 2006). 

Besides the pre- and absence of glucose or 

lactose, lac gene expression further depends on 

stochastic fluctuations of expression and 

predisposition of induction. Those factors entail a 

distinct bistability (Box I.1) and thus 

heterogeneous population that mainly leads back 

Box I.1 | Glossary of terms 
 
Carbon Catabolite repression (CCR) 
Global microbial control system that 
mediates the prevalent metabolization of 
primary carbon sources such as glucose 
(carbon source hierarchy) via the CRP 
regulator protein. 
Bistability Feature of a dynamic bio-
logical system in which two discrete states 
coexist among isogenic cells within a 
population that was exposed to a defined 
stimulus.  
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to unequally distributed LacY proteins among isogenic cells (Eldar and Elowitz 2010; 

Ozbudak et al. 2004; Robert et al. 2010). 

 

 

I.1.2 The arabinose utilization network 

 
Another well-known transcriptional unit that is prone to CRP-mediated CCR is the 

arabinose utilization network of E. coli. Here, the three genes coding for L-arabinose 

metabolization, araB, araA and araD are under control of the PBAD promoter, which is 

positively regulated by the AraC protein (Fig. I.1 B) (Brautaset et al. 2009; Guzman et 

al. 1995). In contrast to the LacI regulator, which exclusively represses transcription in 

the absence of an appropriate inducer, the dimeric AraC protein effectively activates and 

represses transcription, in the presence or absence of arabinose, respectively (Schleif 

2010). The uptake of the sole inducer arabinose is strictly dependent on a complexly 

regulated transport system that mainly consists of the AraE and AraFHG transport 

proteins, whose genes are spread among the genome (Fritz et al. 2014; Schleif 2010; 

Scripture et al. 1987). Upon successful import of L-arabinose, the carbohydrate is further 

processed by means of AraA, AraB, and AraD, which catalyze the isomerization, 

phosphorylation and epimerization of L-arabinose via L-ribulose and L-ribulose-5-

phosphate to D-xylulose-5-phosphate. Since the incorporation of D-xylulose-5-phosphate 

into the pentose phosphate pathway is energetically less favorable than glucose 

consumption, ara gene expression is likewise prone to CCR via the CRP protein (Miyada 

et al. 1984). Finally, arabinose inducible gene expression was again found to be 

subjected to distinct cell-to-cell variations during gene expression (Fritz et al. 2014; 

Khlebnikov et al. 2000; Siegele and Hu 1997). 

The briefly presented regulatory networks illustrate how bacteria have evolved 

ingeniously controlled circuits to adaptively respond to their environment.  

 

 

I.2 Artificial gene regulation in biotechnology 

 

In biotechnology, bacteria massively contribute to the industrial production of therapeutic 

proteins (Schmidt 2004, Huang 2012, Baeshen 2015), bioactive secondary metabolites 

(Clardy et al. 2006, Berdy 2005, Vaishnav 2010) or chemical building blocks (Lee et al. 

2011, Choi et al. 2015). To accomplish such microbial production processes, 

homologous and especially heterologous genes have to be expressed in a 

straightforward, precise and frequently temporal fashion (Medema et al. 2011, Keasling 
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1999, Smanski 2016). Thus, for the successful production of proteins or biosynthetic 

enzymes suited expression tools have to be developed that allow a feasible control of 

target gene expression. Therefore, inducible expression tools are valuable devices to 

gain control over gene expression procedures (Keasling 1999, Terpe 2006).  

Barely astonishing, the variety of sophisticated natural regulatory circuits massively 

inspired the development of artificial control strategies in synthetic biology (Box I.2) 

and biotechnology. As a consequence, numerous inducible expression systems were 

developed by combining regulatory gene circuits with suitable expression hosts to exert 

control over recombinant gene expression (Terpe 2006). Here, exact control over gene 

expression attains utmost importance to direct cellular resources into the right direction, 

which most often means to tackle the challenge of balancing biomass and product 

formation. Typically, bacterial expression cultures are induced in the exponential growth 

phase to enable sufficient biomass accumulation prior to extensive product formation 

(Balzer et al. 2013; Rosano and Ceccarelli 2014; Saïda et al. 2006). This becomes 

further essential regarding toxic gene products, where precise regulation and timing of 

gene expression acquires increasing relevance (Dumon-Seignovert et al. 2004; Saïda et 

al. 2006; Wagner et al. 2008). 

Prior to setting up sophisticated inducible expression tools, suitable expression hosts 

should be recruited for the respective application. Four bacterial workhorses, which are 

most commonly used in biotechnology, will thus be shortly presented in the following. 

 

 

I.2.1 Expression hosts 

 

Most bacterial expression systems are based on common platform organisms that 

feature straightforward genetic manageability, non-pathogenicity, rapid growth up to high 

cell densities and particularly the availability of adequate expression tools. Noteworthy, 

mainly Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum and 

Pseudomonas putida are prominent key microbes with biotechnological relevance.  

One of the most frequently used and best characterized organisms in biotechnology is 

the Gram-negative enterobacterium E. coli (Baeshen et al. 2015; Baneyx 1999; Terpe 

2006), which is, for instance, consulted for the production of about 30% of currently 

approved therapeutic proteins (Huang et al. 2012; Sanchez-Garcia et al. 2016; Walsh 

2010). Valuable industrial productions with crucial medical relevance include the blood 

sugar control hormone insulin, the blood clot retractor hirudin as well as interferons or 

interleukins for antiviral or antitumor immunotherapy (Baeshen et al. 2015; Huang et al. 

2012; Schmidt 2004). Generally, for biotechnological productions in E. coli, apparent 
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disadvantages like pyrogenic lipopolysaccharides (LPS) or laborious down-stream 

processing face a tremendous wealth of ingeniously constructed strains to tackle 

manifold problems occurring during recombinant gene expression (Rosano and 

Ceccarelli 2014; Samuelson 2011; Terpe 2006) (see Chapter I.3).  

In contrast to E. coli, Gram-positive Bacillus strains lack LPS endotoxins and bear a 

significant secretion capacity that often facilitates down-stream processing to a large 

extent. Especially the firmicute B. subtilis is a well-characterized and manageable 

expression host and has been frequently applied for heterologous protein production (Li 

et al. 2004; Westers et al. 2004). Furthermore, B. megaterium appears to be a valuable 

alternative due to a more stable maintenance and replication of plasmids even in the 

absence of antibiotics (Korneli et al. 2013; Münch et al. 2015). On this account, 

numerous Bacillus strains have been engineered in the last decades for the large-scale 

production of, for example, amylases or vitamin B12, that are vital for brewing or as food 

supplements (Mohammed et al. 2014; Moore et al. 2014; Terpe 2006) 

Furthermore, the actinobacterium C. glutamicum represents another important Gram-

positive biotechnological platform organism. It has been massively exploited for the 

industrial production of lower alcohols (Blombach et al. 2011; Inui et al. 2004; Niimi et al. 

2011), organic acids (Litsanov et al. 2012; Wieschalka et al. 2013) and especially amino 

acids (Wendisch et al. 2016; Wendisch 2014). Notable processes imply the high-titer 

productions of amino acids such as L-arginine and L-lysine (Eggeling and Bott 2015; 

Park et al. 2014), that are essential for cattle feed (Patton et al. 2014), or building block 

chemicals such as succinate or itaconate (Ahn et al. 2016; Otten et al. 2015) that aim to 

replace petrochemically produced compounds. 

Particularly with respect to natural product biosynthesis, P. putida is one of the key 

workhorses, since it provides a highly versatile intrinsic metabolism including diverse 

enzymatic capacities together with a notable xenobiotic tolerance (Loeschcke and Thies 

2015; Troeschel et al. 2012). Therefore, the Gram-negative pseudomonad seems highly 

qualified for several special biotechnological purposes such as the production of 

rhamnolipids, terpenoids, polyketides, polyhydroxyalkanoates or non-ribosomal peptides 

(Loeschcke and Thies 2015; Poblete-Castro et al. 2012). 

Moreover, numerous specialized expression hosts including Rhodobacter, 

Streptomyces or Gluconobacter have been shown to be highly suited for challenging 

applications such as membrane protein and antibiotic productions or where specific pH 

and oxidative capabilities are required (Heck & Drepper 2016; Hiltner et al. 2015; Liebl 

et al. 2014; Özgür 2015; Terpe 2006). 

Irrespective of the finally selected expression host, the success of recombinant gene 

expression is invariably interconnected with the applied expression tool.  



7 

           

–– 

I. Introduction 

I.2.2 Expression tools 

 

Typical expression tools make use of native or mutagenized promoters and a 

corresponding transcriptional regulator that represses, derepresses or activates target 

gene expression in the presence of a specific inducer. In the following, three 

biotechnologically relevant expression systems that emerged from natural gene circuits 

over the last decades will be reviewed. 

 

 

I.2.2.1 Lac-derived promoter systems 

 

Based on the lactose utilization network of E. coli (see Chapter I.1.1), different promoters 

were constructed as tools for recombinant protein production in E. coli and various other 

biotechnological workhorses (Terpe 2006). As initial plasmid-systems using the native 

lac promoter (Polisky et al. 1976) showed only moderate expression levels, different 

promoter mutagenesis and hybridization studies were performed to elevate promoter 

activity distinctly. The mutagenized lacUV5 promoter (Wanner et al. 1977), for instance, 

was found to exert stronger expression together with a reduced catabolite repression, 

yet revealed noticeable basal expression levels (Dubendorff and Studier 1991; 

Grossman et al. 1998). By combining the -20 bp upstream region of the trp promoter and 

the respective downstream region of the lacUV5 promoter, a synthetic promoter hybrid 

construct, denoted as the tac promoter (de Boer et al. 1983), was designed to further 

increase gene expression levels up to 10-fold (Amann et al. 1983).  

In 1986, however, Studier and Moffatt developed an elaborate expression setup that was 

since then the expression tool of choice for high-level recombinant protein production in 

E. coli (Gräslund et al. 2008; Studier and Moffatt 1986; Terpe 2006). Here, the T7 RNA 

polymerase (T7RP) (Box I.2) gene from the bacteriophage T7 was chromosomally 

integrated into the E. coli BL21 genome. Upon expression of the T7RP gene that is under 

PlacUV5 control, the recombinant phage polymerase 

features tremendous processivity (Holmes et al. 

1983; Iost et al. 1992), exclusive and high 

specificity for its unique promoter (Chamberlin et 

al. 1970; Tabor and Richardson 1985) and 

autonomy of bacterial regulators such as sigma 

factors and terminators (Arvani et al. 2012; 

Loeschcke et al. 2013; Tahirov et al. 2002).  

 

Box I.2 | Glossary of terms 
 
Synthetic Biology An emerging inter-
disciplinary field that applies engineering 
principles to the fundamental com-
ponents of biology in order to redesign 
artificial biological components and 
systems for various useful functions. 
T7 RNA Polymerase Highly processive 
RNA polymerase from the T7 bacterio-
phage that specifically drives high-level 
transcription from its cognate T7 
promoter, irrespective of common 
bacterial regulators and terminators. 
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Together with suited expression vectors harboring the target genes under control of a 

synthetic T7lac promoter, the presented expression strain E. coli BL21(DE3) and its 

derivatives are frequently employed for high-level gene expression (Samuelson 2011) 

with up to 50% target protein of total protein cell titers (Baneyx 1999).  

Appropriate inducer molecules that activate lac-based gene expression in the presented 

promoter systems include natural inducers such as galactose (Xu et al. 2012) or mainly 

lactose (Menzella et al. 2003; Studier 2005). Moreover, non-metabolizable synthetic 

inducers such as thiomethyl-β-D-galactopyranoside (TMG) and isopropyl-β-D-

thiogalactopyranoside (IPTG) were developed to mediate constant instead of transient 

induction of lac promoter-based gene expression (Boezi and Cowie 1961; Cohn 1957). 

Among all inducers galactose, exhibits lowest binding affinity to the LacI regulator 

(Gilbert and Müller-Hill 1966). Compared to galactose, the actual lac inducer allolactose, 

which emerges from lactose upon LacZ activity, shows a more than 80-fold higher LacI 

binding. Highest binding affinities to LacI, however, are observed for the synthetically 

modified inducers TMG and IPTG, which feature 3- and 12-fold increased binding 

properties, respectively (Gilbert and Müller-Hill 1966). Natural inducer uptake basically 

depends on GalP (mainly galactose) and LacY transport proteins, whereas synthetic 

inducers are imported via both active transport and passive diffusion (Fig. I.2 A). 

In summary, lac-based expression tools were comprehensively reengineered to cope 

with the demands for straightforward, broad-host range and high-level gene expression. 

Notably, for common key microbes such as E. coli, C. glutamicum, P. putida or B. subtilis 

lac-based gene expression tools were successfully developed over the last decades 

(Eikmanns et al. 1991; de Lorenzo et al. 1993a; Terpe 2006; Troeschel et al. 2012) 

 

 

I.2.2.2 Ara-derived promoter systems 

 

Besides lac-promoter-mediated gene expression, PBAD promoter (see Chapter I.2) 

based expression tools established as valuable alternatives for recombinant protein 

production especially in E. coli, where it depends on the complex AraEFGH transport 

system (Brautaset et al. 2009; Terpe 2006). Favorable features of the ara system include 

a rapid and strong expression response, a low basal background activity especially in 

the presence of glucose, the inexpensiveness of arabinose as well as high inducer-

sensitivity in araBAD-deletion strains (Balzer et al. 2013; Fritz et al. 2014; Guzman et al. 

1995; Rosano and Ceccarelli 2014). Furthermore, the fact that the AraC regulator protein 

effectively activates and represses transcription (Fig. I.2 B) in the presence or absence 
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of arabinose (Schleif 2010) entails a relatively tight and fine-adjustable regulation of gene 

expression levels in dependence on arabinose concentrations (Brautaset et al. 2009).  

 

 
FIGURE I.2 | Synthetic gene regulatory circuits and their inducer uptake.  

(A) Lac-based gene expression via natural (lactose, galactose) or synthetic (TMG, IPTG) inducers. Uptake 

basically occurs through GalP (mainly galactose) or LacY (all inducers) transport proteins and by passive 

diffusion (* only synthetic inducers TMG and IPTG). Inducer binding leads to the release of the LacI repressor 

from the Plac promoter and thus induces gene expression. (B) Arabinose inducible gene expression upon 

active uptake via AraE and AraFGH transport proteins. In the presence of arabinose AraC positively 

regulates PBAD promoter activity, whereas in the absence of arabinose AraC tightly represses target gene 

expression. (C) Pm/XylS regulated gene expression driven by benzoates that are imported via passive 

diffusion and initiate the XylS regulator-dependent activation of Pm promoter-based expression. 

Abbreviations: galP: galactose permease gene; lacY: lactose permease gene; lacI: lac repressor gene; 

araFGH: arabinose transporter genes; araE: arabinose transporter gene; araC: ara regulator gene; araBAD: 

arabinose metabolization genes; xylS: xyl regulator gene. The figure was modified from Binder et al. (2016) 

PLoS ONE 11: e0160711; doi: 10.1371/journal.pone.0160711, under the terms of the Creative Commons 

Attribution 4.0 International License. 

 

 

Interestingly, a deletion of the last 12 amino acids of the AraC regulator’s C-terminus 

enlarged arabinose sensitivity and significantly reduced IPTG-crosstalk of PBAD promoter 

based gene expression at the same time (Lee et al. 2007). 

Whereas arabinose inducible expression tools have been broadly applied in E. coli for a 

long time, alternative expression hosts such as C. glutamicum and P. putida were only 

quite recently exploited for efficient PBAD-based gene expression (Calero et al. 2016; 

Zhang et al. 2012). Here, mainly the heterologous expression of additional arabinose 

uptake genes proved crucial for the adequate application of arabinose induction. 

 

 

 

 

 

http://dx.doi.org/10.1371/journal.pone.0160711
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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I.2.2.3 Xyl-derived promoter systems 

 

In contrast to afore presented expression tools that strongly depend on the functional 

expression of complex transport systems, the Pm/XylS system features complete 

autonomy with respect to inducer uptake (Fig. I.2 C). The Pm/XylS system imports 

respective benzoate inducer molecules via passive diffusion and has been proven as a 

promising tool for recombinant protein production (Blatny et al. 1997; Brautaset et al. 

2009; Ramos et al. 1988). Imported benzoates bind to the XylS regulator protein, which 

in turn positively regulates Pm-controlled gene expression. Primarily, m-toluic acid 

serves as main inducer of recombinant Pm/XylS systems, although it has been reported 

that a variety of different benzoates are able to drive Pm-derived gene expression as 

well (Ramos et al. 1986). Moreover, single point mutations in the XylS regulator (e.g. 

R45T) were shown to significantly enhance inducer promiscuity (Ramos et al. 1990; 

Ramos et al. 1986). 

Towards high-level protein production, the native Pm promoter was subjected to random 

mutagenesis yielding several high-level variants, which exhibited up to 14-fold increased 

expression responses (Bakke et al. 2009). Among those, especially the ML1-17 variant 

(PM1-17) was shown to be highly convenient for high-level gene expression (Bakke et al. 

2009; Balzer et al. 2013). 

Finally, Pm/XylS derived expression tools were shown to be well applicable in different 

Gram-negatives (Blatny et al. 1997) such as E. coli (Balzer et al. 2013) or P. putida 

(Calero et al. 2016; de Lorenzo et al. 1993b). However, their biotechnological potential 

has probably not yet been fully exploited. 

 

 

I.2.2.4 Further expression systems  

 

Additional expression systems that are worth mentioning are based on propionate-

inducible PprpB/PrpR (Lee and Keasling 2006; Lee and Keasling 2005), rhamnose-

inducible PrhaBAD/RhaRS (Brautaset et al. 2009; Haldimann et al. 1998) or 

anhydrotetracycline (aTc)-inducible PtetA/TetR (Skerra 1994) regulatory systems. 

However, due to expensive or partly toxic inducers, a restricted expression host 

spectrum or the need for coexpression of recombinant transport systems, those systems 

are less often applied for biotechnological purposes.  
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I.3 Challenges in recombinant gene expression 

 

Despite the opulent wealth of diverse expression systems, recombinant gene expression 

commonly faces several drawbacks that will be shortly described in the following, 

together with so far established solution strategies.  

 

 

I.3.1 Common drawbacks in recombinant gene expression 

 

In principle, challenges during recombinant gene expression can be distinguished into 

system-specific, gene-specific and cultivation-specific impediments. System-specific 

drawbacks lead back to the respective expression system, which includes the selected 

expression host together with the promoter/regulator and transport systems employed 

for recombinant gene expression. Furthermore, the target gene(s) can cause problems 

during recombinant gene expression that arise from respective gene and especially 

protein features and are closely connected to the given expression environment and thus 

the expression host. Finally, the cultivation approach is capable of decisively interfering 

with recombinant gene expression. Subsequently, common drawbacks will be described 

and the complex interplay of system-, gene- 

and cultivation-specific impediments will be 

insinuated (Fig. I.3).  

An obvious system-specific drawback 

illustrates the inherent phenotypic 

heterogeneity (Box I.3) of an expression 

system. Whereas in natural microbial 

habitats, phenotypic heterogeneity has 

evolved as the ultimate strategy to survive in 

fluctuating and competitive environments, 

such cell-to-cell variations are vastly 

unfeasible for recombinant gene expression 

(Lidstrom and Konopka 2010). Likewise 

unsuited appear all-or-nothing responses 

or feedback loops (Box I.3), which are, for 

instance, observed in different lac-based 

expression setups (Novick and Weiner 1957; 

Robert et al. 2010). Here, defined on- and off-

Box I.3 | Glossary of terms 
 
Phenotypic heterogeneity Cell-to-cell 
variations within an isogenic population that 
show variable phenotypes, e.g. with respect to 
growth or expression, and are independent of 
genetic or environmental variations. 
All-or-nothing response Regulation principle 
where a biological response is independent of 
the strength of an applied stimulus. Above 
certain threshold values the response is 
always enforced in the same deterministic 
fashion, quite contrary to gradual regulation 
(vide infra). 
Feedback loops Negative or positive 
feedback loops are implemented into 
regulatory circuits to attenuate or amplify the 
biological responses (e.g. metabolization) in 
dependence on certain metabolite threshold 
levels. 
Gradual regulation Expression of a gene 
directly correlates to the concentration of a 
supplied inducer molecule and thus allows for 
a fine adjustment of gene expression levels. 
Basal expression Level of gene expression 
that occurs in the absence of an inducer. Also 
denoted as ‘leakiness’. 
Inclusion bodies Intracellular accumulations 
of recombinantly produced proteins in in-
soluble aggregates that are usually incorrectly 
folded and thus functionally inactive. 
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states impede a finely adjustable, gradual regulation (Box I.3) of gene expression and 

thus complicate the optimization of overall expression levels (Keasling 1999). Further 

system-specific challenges are tightness and timing of gene expression as just-in-time 

induction upon sufficient biomass accumulation is a general prerequisite for numerous 

applications (Keasling 1999). Tight, temporal, homogeneous and gradual control attains 

increasing relevance if additional gene-specific impediments come into play. This 

becomes most evident for toxic gene products, where excessive, leaky (Box I.3) and 

thus early expression leads to tremendously reduced biomass formation, negative 

selection pressure and thus significantly lowered overall yields (Saïda et al. 2006). 

Notably, not only specific gene products may appear toxic for the host cell, also the 

overexpression of arbitrary genes may lead to tremendous growth impairments in 

individual expression systems e.g. due to the depletion of cellular resources. Likewise, 

for inclusion bodies (Box I.3), which are known to occur e.g. for hydrophobic proteins 

or massive protein overproduction in general, the precise adjustment of gene expression 

levels plays a major role (Terpe 2006).  

General gene-specific drawbacks include a mal-adjusted codon usage that frequently 

occurs in heterologous gene expression especially for eukaryotic genes. 

 

 

FIGURE I.3 | Simplified Venn diagram highlighting and classifying common system-, gene- and 
cultivation-specific challenges in recombinant gene expression and their functional interactions. 

 (A) Numerous gene expression drawbacks can be attributed to the respective expression system, yet 
commonly depend on the respective target gene(s) as well as the applied cultivation conditions. (B) Several 

impediments during gene expression are gene-specific and may lead back to the gene sequence or the 
protein maturation or activity in general. (C) Further drawbacks may originate from the cultivation approach, 

for instance, due to unfavorable nutrient selection, fluctuations or the cultivation temperature. Additional 
overlaps, challenges and functional interactions are expected to arise for individual setups. 
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Rather ubiquitous issues pose mRNA and protein degradation and may lead back to 

system-, gene- as well as cultivation-specific impediments. Especially, protein 

degradation is interconnected to frequent gene-specific obstacles such as folding, 

disulfide bonding, cofactor requisition or maturation (e.g. oxidation) that are likewise 

strictly dependent on applied expression strains or cultivation conditions. Upon 

successful translation of target proteins, finally posttranslational modifications or the 

secretion into the extracellular medium are gene-specific challenges that may depend 

on the applied expression strategy, though. Besides the respective expression strategy, 

the applied cultivation conditions play a non-negligible role in recombinant gene 

expression (Jana and Deb 2005). For instance, culture oxygenation or cultivation 

temperatures were shown to decisively influence folding or maturation issues (Drepper 

et al. 2010; Terpe 2006). Further cultivation conditions that impair or rather influence 

recombinant gene expression include e.g. catabolite repression, carbon source 

hierarchy, choice of medium, environmental heterogeneity (Box I.4) or nutrient 

depletion and complete the intricate image of challenges during recombinant gene 

expression (Fig. I.3). 

 

 

I.3.2 Current strategies to encounter expression drawbacks 

 

Based on such versatile and entangled challenges during recombinant gene expression, 

extensive work has been ventured over the past decades to tackle at least some of the 

most recurring issues (Rosano and Ceccarelli 2014; Saïda et al. 2006; Terpe 2006). In 

the following, selected strategies to approach most common drawbacks will be discussed 

in brief (Tab. I.1).  

Toxicity is the most apparent issue in recombinant gene expression. Hence, countless 

approaches have been conducted to provide expression tools that are suited for toxic 

gene products (Saïda et al. 2006) such as toxic proteins or enzymes forming toxic 

metabolites. Basically, such strategies involve tightly titratable expression systems 

(Guzman et al. 1995), the delay of expression responses (Miroux and Walker 1996) and 

particularly the reduction of leaky gene expression.  

Thus, tightness is of pivotal importance for 

recombinant expression of toxic or difficult-to-

express genes. In this context, next to the 

application of inherently tighter expression tools 

(Guzman et al. 1995), the supplementation of 

glucose seems an appropriate approach to 

Box I.4 | Glossary of terms 
 
Environmental heterogeneity Cell-to-cell 
variations in an isogenic population caused 
by fluctuating environmental (extrinsic) 
factors such as insufficient aeration or 
stirring. 
T7 Lysozyme Natural T7 RNA polymerase 
inhibitor from the bacteriophage T7.  
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minimize basal expression of systems that are prone to carbon catabolite repression 

such as Plac, Pxyl, PBAD or PrhaBAD systems (Balzer et al. 2013; Brautaset et al. 2009; Terpe 

2006). In this context, also the specific ratio of regulator binding sites and available 

regulator proteins dictates the extent of basal expression. Thus, the coexpression of 

additional negative regulator (Dubendorff and Studier 1991) or accessory inhibitory 

genes (Studier 1991) are able to significantly enhance the tightness of an expression 

system. In particular, for PT7lac-based expression setups the supply of additional copies 

of the lac repressor gene lacI or lysY, a gene encoding the T7 lysozyme (Box I.4) and 

thus a natural inhibitor of the T7RP, proved valuable for the reduction of basal expression 

(Dubendorff and Studier 1991; Studier 1991). This approach was further elaborated with 

the E. coli Lemo21(DE3) expression host presented by Wagner et al. in 2008 (Wagner 

et al. 2008). Here, an optimized lysY gene was tightly controlled via an L-rhamnose 

inducible rhaBAD promoter on the so-called pLemo plasmid to enable finely adjusted 

downregulation of PT7lac-controlled membrane protein production in the conventional E. 

coli BL21(DE3) host.   

Furthermore, it seems favorable that a uniform induction response is provided upon 

induction. Phenotypic heterogeneity is under reasonable suspicion for lowered yields 

and lacking control of target gene expression in biotechnology and synthetic biology. In 

this context, a detailed single-cell analysis is a pivotal prerequisite (Grünberger et al. 

2014) to tackle potential phenotypic heterogeneity, for instance by means of transport 

system modifications (Khlebnikov et al. 2001; Khlebnikov et al. 2000). Due to the crucial 

relevance of single-cell analysis as a means of unravelling phenotypic heterogeneity, 

cutting-edge single-cell methodologies will be presented in the subsequent chapter in 

further detail (Chapter I.4).  

Moreover, several gene-specific factors such as codon-usage, folding, disulfide bonding 

and secretion commonly restrain the success of functional gene expression. On this 

account, multiple expression strains have been engineered (Rosano and Ceccarelli 

2014; Samuelson 2011; Terpe 2006), to provide for instance additional tRNAs to address 

codon usage bias (e.g. E. coli Rosetta), improved disulfide bond formation (e.g. E. coli 

Origami) or proper folding at low temperatures (e.g. E. coli ArcticExpress).  

Notably, also the optimization of target genes to the codon-usage of the respective host 

and thus the re-synthesis of genes provides a valuable, yet pricey alternative. Regarding 

issues in secretion, cofactor supply and posttranslational modifications, however, the 

application of completely different, alternative expression hosts seems to be most 

promising. While Bacillus strains offer high secretion capacities (Harwood and 

Cranenburgh 2008) and Rhodobacter strains might be suited to improve cofactor supply 

(Katzke et al. 2012; Heck & Drepper 2016), for proteins requiring posttranslational 
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modifications, eukaryotic expression platforms such as Saccharomyces cerevisiae, 

Pichia pastoris or Kluyveromyces lactis are the method of choice (Porro et al. 2011; 

Schmidt 2004). 

 

 

TABLE I.1 | Selected strategies to tackle drawbacks in recombinant gene expression.  

Drawback Solution approaches    Reference 

Toxicity  Increasing system tightness 
 Delaying / Reducing expression responses   
 Applying titratable expression tools  
 

(Saïda et al. 2006), 
(Miroux and Walker 1996) 
(Guzman et al. 1995; Wagner et al. 2008) 

Tightness  Glucose supplementation (for CCR-sensitivity) 
 Repressor overexpression 
 

(Balzer et al. 2013; Guzman et al. 1995) 
(Studier 1991; Wagner et al. 2008) 

Phenotypic 
heterogeneity 

 In-depth single-cell analysis to unravel the  
   cause of heterogeneity 
 Transport System Modification 
 

(Grünberger et al. 2014) 
(Khlebnikov et al. 2001; Khlebnikov et al. 
2000) 

Codon usage  Adaption to host codon usage   
 Specialized hosts (e.g. E. coli Rosetta) 
 

(Samuelson 2011; Terpe 2006) 

Folding  Lowering temperature 
 Chaperone coexpression 
 Specialized hosts (e.g. E. coli ArcticExpress) 
 

(Ferrer et al. 2003; Hartinger et al. 2010; 
Samuelson 2011; Terpe 2006) 

Disulfide bonds  Direction to the periplasm  
 Specialized hosts (e.g. E. coli Origami) 
 

(Rosano and Ceccarelli 2014; Samuelson 
2011) 

Secretion  Alternative hosts / strains with high secretion  
   capacity 
 

(Harwood and Cranenburgh 2008; Terpe 
2006) 

Cofactor supply  Alternative expression hosts (e.g. R. capsulatus) 
 

(Katzke et al. 2012; Katzke et al. 2010; 
Heck & Drepper 2016) 

Posttranslational 
modifications 
 

 Alternative (eukaryotic) expression hosts   
 

(Porro et al. 2011; Schmidt 2004) 

Inclusion bodies   Lowering temperature 
 Applying titratable expression tools 
 Direct protein to the periplasm  
 

(Rosano and Ceccarelli 2014; Terpe 
2006) 

Degradation  Lowering temperature 
 Protease-deficient hosts 

(Samuelson 2011; Terpe 2006) 

   
Yields   Promoter mutagenesis 

 Plasmid copy number  
T7RP implementation 
 

(Bakke et al. 2009) 
(Balzer et al. 2013) 
(Katzke et al. 2010; Kortmann et al. 2015; 
Studier and Moffatt 1986) 

 

 

 

More general problems that probably occur in most expression hosts portray undesired 

mRNA and protein degradations as well as inclusion body formations. Here, challenges 

may generally be tackled applying lowered cultivation temperatures, protease-deficient 

expression strains or the downregulation of expression (Terpe 2006).  

Finally, it is further conceivable that overall expression yields do not cope with originally 

intended amounts despite the fact that none of the aforementioned individual challenges 

appears to be obviously responsible. In this context, the superior goal is simply to 

increase expression levels. Promising approaches on this behalf include the 

implementation of the highly processive T7RP (Katzke et al. 2010; Kortmann et al. 2015; 
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Studier and Moffatt 1986; Troeschel et al. 2012), the increment of plasmid copy numbers 

(Balzer et al. 2013) or extensive promoter mutagenesis (Bakke et al. 2009). 

Noteworthy, a selected approach often solves the problem at hand, yet raises another. 

Such an example poses the extensive random mutagenesis of the wildtype Pm promoter 

reported by Bakke and coworkers (Bakke et al. 2009). Whereas mutagenized promoter 

variants depicted up to 8-fold improved overall expression levels, all high-level variants 

involved enlarged basal expression, which increased leakiness up to 400-fold. This 

example illustrates that challenges in recombinant gene expression are complexly 

entangled.  

Although plenty of individual cases prove that most challenges can be approached, some 

consistently recur so that rather systematic and global approaches should be considered 

(Balzer et al. 2013; Calero et al. 2016). Evidently, recombinant gene expression would 

benefit from novel broad-host-range expression tools that provide higher-order control of 

microbial gene expression. In this context, tightly controlled high-level gene expression 

that can be triggered in a rapid, homogeneous and gradual fashion is the superior goal 

for reengineering recombinant expression tools. One approach to tackle these ambitious 

objectives will be discussed in-depth in chapter I.5.  

Prior to setting up well-defined expression tools that provide a higher-order control of 

gene expression, it is important to uncover existing regulatory impairments down to 

single-cell level. Inevitably, the existence of subpopulations can have a large impact on 

productivity and overall yields, as solely adequate producer cells with moderate growth 

are desired in biotechnological and synthetic biology applications. An important 

prerequisite to approach those limitations is thus an in-depth single-cell analysis of 

respective expression setups (Delvigne and Goffin 2014; Grünberger et al. 2014).  

 

 

I.4 Single-cell analysis tools – Principles and distinctions 

 

Quantitative and dynamic single-cell analyses of microbial populations provide a 

powerful tool to gain valuable insights into the complexity of cell-to-cell-variations with 

respect to cell morphology, growth and expression (Delvigne and Goffin 2014; 

Grünberger et al. 2014; Young et al. 2012). Those insights are an important prerequisite 

to reengineer recombinant gene expression and microbial productions towards higher 

degrees of control, robustness and precision. 

To monitor population dynamics, flow cytometric analyses (Box I.5) (Fig. I.4 A) are 

frequently engaged to investigate millions of single cells in an appropriate amount of time 

(Delvigne and Goffin 2014; Müller and Nebe-von-Caron 2010; Neumeyer et al. 2013). 
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Here, the obtained data reveal a highly representative picture of the microbial population 

at a given time-point. Analysis of population dynamics can be accomplished as a 

snapshot-like accumulation of broad data sets. This way, just the pre- or absence of 

heterogeneity is visualized for specific time points rather than a real dynamic decoding 

of phenotypic heterogeneity including mother-daughter cell correlations and the 

knowledge how single cells behave over time (Fig. I.4 B). In addition, using flow 

cytometric analysis it appears difficult to investigate cell-to-cell variations in growth. 

Conclusively, flow cytometry illustrates a highly quantitative approach to uncover 

population heterogeneity. However, an analysis of population dynamics at high 

spatiotemporal resolution seems impeded, as single-cell lineages as well as a distinction 

between environmental (extrinsic) and actual phenotypic (intrinsic) heterogeneity cannot 

be displayed. 

These bottlenecks were tackled in recent years by means of microfluidic single-cell 

analysis (Box I.5) (Dusny and Schmid 2015; Grünberger et al. 2015; Grünberger et al. 

2014). 

FIGURE I.4 | Common single-cell analysis tools – Principles and distinctions.  

(A) Flow cytometric single-cell analysis upon conventional batch cultivation allows the analysis of thousands 

of cells with respect to size (forward scatter), granularity / density (side scatter) and specific fluorescence 
signals. (B) Flow cytometric analysis enables to quickly measure large amounts of cells without visualization 
of population dynamics or lineages, respectively. (C) Left - Photograph of a microfluidic PDMS single-cell 

cultivation chip next to a match. The inset shows a SEM micrograph of a monolayer cultivation section 
among several hundreds of single cultivation chambers. Right - Schematic illustration of microscale growth 
chamber that is perfused with cell suspensions and media for cultivation of trapped cells. Modified from 
Binder et al. (2014) Integr Biol (Camb) 6: 755–65; doi: 10.1039/c4ib00027g, under the terms of the Creative 
Commons Attribution-NonCommercial 3.0 Unported Licence. (D) Microfluidic single-cell analysis provides 

spatiotemporally resolved, detailed insights into population dynamics and lineages, yet in a less quantitative 
fashion.  

http://dx.doi.org/10.1039/c4ib00027g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
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Single-cell microfluidics allows a detailed investigation of thousands of cells in terms of 

morphology, expression and growth to provide in-depth knowledge on the single-cell 

dynamics of population heterogeneity. Here, several hundred polydimethylsiloxane 

(PDMS)-based monolayer growth chambers can be monitored in a high-throughput and 

spatiotemporal fashion using time lapse microscopy (Fig. I.4 C, D). Furthermore, well-

defined environmental conditions can be established by a constant perfusion of 

cultivation medium e.g. through 10 µm high nutrient supply channels to the growth 

chambers (typical dimensions for the cultivation of E. coli: 1 x 40 x 40 µm). In contrast to 

classical agar pad based single-cell analysis technologies (Dusny et al. 2015; Young et 

al. 2012), long-term cultivations and environmental homogeneity are key benefits that 

allow for an in-depth analysis of phenotypic heterogeneity independent of perturbing 

extrinsic factors. Moreover, in contrast to flow cytometric analysis, single-cell lineages 

can be traced in a spatiotemporal fashion (Grünberger et al. 2015; Helfrich et al. 2015). 

Irrespective of the selected single-cell analysis technology, readout systems to 

quantitatively report and monitor the respective bioprocess at single-cell level have to be 

implemented. This seems crucial, especially if the experimental setup is complex 

regarding the number of analyzed parameters, modifications and conditions and reaches 

the limitations of currently developing single-cell omics technologies (Saliba et al. 2014; 

Zenobi 2013). Whereas single-cell transcripts may be amplified via appropriate 

technologies prior to quantification (Saliba et al. 2014), metabolite sensitivity cannot be 

easily enhanced and remains a big challenge for small cells like bacteria (Zenobi 2013). 

Consequently, for direct bioprocess monitoring, optical biosensors (Box I.5) provide a 

valuable and widely established method for bio-

product detection with broad applicability and 

adequate sensitivity (Delvigne et al. 2015; 

Delvigne and Goffin 2014). In addition, special 

staining technologies to report e.g. metabolic 

activity, membrane potential or cell viability were 

developed for application in microfluidics and flow 

cytometry (Brehm-Stecher and Johnson 2004; 

Krämer et al. 2015; Neumeyer et al. 2013). Most 

commonly, however, fluorescing reporters are 

employed to monitor cellular processes such as 

gene expression (Drepper et al. 2013; Shaner et 

al. 2005). In this context, also transcription factor-

based biosensors play a pivotal role in single-cell 

analysis of biotechnological production processes 

Box I.5 | Glossary of terms 
 
Flow cytometry. A laser-based techno-
logy that counts thousands of single cells 
separately and conducts optical 
measurements to provide information on 
individual cell length, granularity and 
fluorescence. Often those measurements 
are coupled to fluorescence-activated cell 
sorting (FACS) to allow automated 
parameter dependent high-throughput 
single-cell sorting. 
Single-cell microfluidics Analytical tool to 
cultivate and analyze thousands of single 
cells with high spatial and temporal 
resolution in a dynamic fashion. Commonly 
cells are trapped in a defined 
microenvironment (e.g. in a microchip) 
where defined environmental conditions 
can be created by means of continuous 
liquid perfusion.  
Biosensor A biomolecule, e.g. protein that 
dynamically alters its properties e.g. 
fluorescence in response to environmental 
changes such as pH or metabolite 
concentrations. 
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(Mahr et al. 2015; Mahr and Frunzke 2016; Mustafi et al. 2014; Xiao et al. 2016). 

Moreover, FRET- or riboswitch-based biosensors pose sophisticated alternatives to 

unravel phenotypic heterogeneities appropriately (Fowler and Li 2014; Moussa et al. 

2014).  

Concisely, an in-depth single-cell analysis and particularly unraveling and minimizing 

phenotypic heterogeneity is a key aspect in understanding and optimizing recombinant 

gene expression. In this context, optical monitoring, for instance by means of fluorescent 

gene expression markers or fluorescent metabolite biosensors, is an established method 

to quantitatively report cellular processes such as gene expression in a spatiotemporal 

fashion. Logically consistent, the question emerges, to what extent it might be beneficial 

not only to report but also to trigger cellular events by optical means. Therefore, the final 

chapter will focus on recent approaches to control cellular functions by light. 

 

 

I.5 Optogenetic tools – Light as a key player to increase the degree 

of control over cellular functions? 

  

In nature, biological key processes in bacteria such as growth, gene expression or 

protein activity underlie highly complex regulation and control patterns that originate from 

millions of years of evolutionary selection. For instance, natural effectors often require 

uptake or conversion processes, which in turn are interconnected to cellular growth 

states or carbon source availability (see Chapter I.1.1). Thus, phenotypic diversity, 

differential expression, feedback loops, and carbon source hierarchy significantly dictate 

biological processes with respect to responsiveness and functionality. For synthetic 

biology or biotechnological applications, however, contrary features such as strict, 

robust, homogeneous and rapid control are desired.  

To gain elevated precision and high spatiotemporal resolution, the external stimulus light 

is currently evolving as a key player in providing a higher-order control over cellular 

functions (Brieke et al. 2012; Drepper et al. 2011). The advantages of light control 

comprise an unprecedented spatiotemporal resolution together with high variability and 

selectivity, which jointly empower the triggering of biological functions in a precise and 

non-invasive fashion. In this context, especially biological photoreceptors and 

photocaged compounds arise as valuable so-called optogenetic tools (Box I.6) to 

achieve spatiotemporally resolved light-control for studying and regulating biological 

functions in a more robust and predictable fashion (Deiters 2009; Gardner and Deiters 

2012; Krauss et al. 2011; Young and Deiters 2007a).  
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I.5.1 Biological photoreceptors 

 

A highly valuable attempt to control cellular functions by light is conveyed using 

genetically encoded photoreceptors (Box I.6) (Christie et al. 2012b; Fenno et al. 

2011). This optogenetic approach, which originally arose from neurosciences, employs 

both naturally occurring and artificially designed photo-switchable proteins to conduct in 

vivo signal transduction in biological applications (Drepper et al. 2011). Here, the light-

response is usually implemented in a reversible fashion and enables to apply a broad 

spectrum of different light colors ranging from UV-B to near infrared light (Pathak et al. 

2013; Ziegler et al. 2016; Ziegler and Möglich 2015).  

To sense such a wide range of electromagnetic radiation and conduct proper in vivo 

signal transduction emanating from the photoreceptor protein, different chromophores 

are incorporated within the respective photoreceptors. Applied chromophores include, 

for instance, intramolecular tryptophan residues for UV-B perception in UVR8 

photoreceptor (Christie et al. 2012a), different blue-light-sensing flavins in LOV, BLUF 

and CRY photoreceptors (Christie et al. 2012b; Gomelsky and Hoff 2011; Losi and 

Gärtner 2012), retinals in rhodopsins (Fenno et al. 2011; Kandori 2015) or red-light-

sensing bilin chromophores in phytochrome photoreceptors (Ikeuchi and Ishizuka 2008; 

Rockwell et al. 2006; Rockwell and Lagarias 2010).  

In addition to this variety of sensing domains, a comparable functional versatility is 

currently arising due to the modular organization and thus enabled continuous redesign 

of existing photoreceptors with novel functional output modules (Ziegler et al. 2016; 

Ziegler and Möglich 2015). Most common 

effector modules are kinases or c-di-GMP 

turnover domains that drive plenty of cellular 

processes (Ikeuchi and Ishizuka 2008; Losi and 

Gärtner 2012). Biological photoreceptors 

generally require continuous light exposure due 

to usually quick dark recovery from the light-

activated signaling state.  

A prominent example of a photoreceptor 

ingeniously engineered to drive bacterial gene 

expression poses the blue-light sensing LOV 

histidine kinase YF1 (Möglich et al. 2009). Here, 

the YtvA LOV sensing-domain from B. subtilis 

Box I.6 | Glossary of terms 
 
Optogenetics Methodology using 
genetically encoded light-responsive 
elements to achieve light-control of cellular 
functions, which originally arose from 
neuroscience. In a broader sense, both 
genetically encoded photoreceptors and 
photocaged compounds together with the 
actuated genetic element can be 
conceived as optogenetic tools. 
Photoreceptor Light-sensitive protein-
chromophore complex that conducts light-
initiated signal transduction to modulate 
cellular behavior. 
Two-component system Predominant 
bacterial signal transduction system which 
typically consists of a histidine kinase that 
senses a specific environmental stimulus 
and a corresponding response regulator 
that mediates the cellular response (e.g. 
transcription factor activity) in dependence 
on its phosphorylation state. 
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was fused to the FixL kinase effector-domain of Bradyrhizobium japonicum to yield a 

blue-light repressed two-component system (Box I.6). Together with the response 

regulator FixJ, the recombinant photoreceptor was in an initial setup able to repress gene 

expression approximately 70-fold upon continuous blue-light exposure in E. coli. 

Moreover, a redesign using an inversion cassette based on the lambda cI repressor 

resulted in an additional blue-light activated expression setup that was capable to induce 

gene expression up to 460-fold in a highly dynamic fashion (Ohlendorf et al. 2012).  

In summary, both natural and recombinant photoreceptors represent valuable tools to 

control cellular functions such as bacterial gene expression by light (Ziegler and Möglich 

2015). 

 

 

I.5.2 Photocaged compounds 

 

Another sophisticated approach of controlling cellular functions by light, uses 

photocaged compounds (Box I.7) to implement optogenetic control into biological 

applications. This concept was pursued in this work and will thus be introduced 

subsequently in more detail. In photocaged compounds, biomolecule activity is masked 

by photolabile protection groups and can be fully restored upon short light exposure 

(Brieke et al. 2012; Goeldner and Givens 2005). Already in 1977, Engels and Schlaeger 

successfully introduced the first photocaged biomolecule, namely o-nitrobenzyl-caged 

cAMP (Engels and Schlaeger 1977), which was shortly after followed by photocaged 

ATP (Kaplan et al. 1978). Since then, tremendous work has been ventured to photocage 

vital biomolecules properly in order to gain spatiotemporal light-control over chemical 

and biological processes (Brieke et al. 2012; Deiters 2009; Gardner and Deiters 2012). 

Several requirements have to be met to empower favorable photocaging and 

photouncaging efficiencies. 

 

 

I.5.2.1 General prerequisites for photouncaging  

 

To realize smooth functionality and straightforward in vivo applicability of photocaged 

compounds, several criteria, concerning development, physicochemical properties and 

photo-release have to be fulfilled. 

Generally, a feasible and cost-efficient synthesis based on readily available precursors 

is clearly favored for the employment of photocaged compounds. Moreover, the 

photocaging group should be readily installable to the chosen effector molecule. At best, 

a photoprotection group should be highly stable both in vitro and in vivo and provide easy 
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coupling to different common effector molecule functionalities such as hydroxyl-, 

carboxy-, amino-, or amide moieties (Brieke et al. 2012; Goeldner and Givens 2005). To 

this end, alcohol or aldehyde precursors seem to qualify as versatile photocaging group 

functionalities (Goeldner and Givens 2005; Szymański et al. 2014). 

Upon successful caging of the respective biomolecule, a diverse set of beneficial 

physicochemical properties facilitates the employment of the photocaged compound at 

hand. Appropriate absorptivity, solubility, non-toxicity as well as stability in vivo and in 

vitro are crucial for the success of the respective application. Furthermore, an adequate 

uncaging quantum yield (Box I.7), i.e. the efficiency of photo-induced bond scission, 

seems beneficial for most applications. Highly interesting in this context are also 

compounds that bear an appropriate two-photon cross section (Box I.7) and are thus 

suited for two-photon uncaging (Box I.7), so that light of approximately twice the 

wavelength can be applied (Bort et al. 2013; Brieke et al. 2012). This prospective, yet 

elaborate method of two-photon-uncaging will be discussed in a later chapter (III.4.2) in 

further detail. 

In addition to mentioned physicochemical properties, the photocaged compound should 

exhibit no residual biological activity at all to fully suppress the respective function in the 

absence of light. In the presence of light, the actual photo-release is a key feature for the 

success of the in vivo application. It should be realized in a reasonable amount of time, 

so that no excessive light exposure is required and may thus bring the otherwise 

harmless irradiation into cytotoxic dimensions that entail phototoxic reactions or the 

heating-up of microbial cultivations. Furthermore, 

it is beneficial if a complete photo-release takes 

place and accordingly biological activity can be 

fully restored upon light exposure. 

Upon successful and, ideally, complete photo-

release of the biological effector molecule, any 

interference of resulting photo-products with 

cellular activity is undesired. A welcome feature, 

however, poses the ability to monitor the 

photoreaction online, for instance, in form of 

decreasing photocaged compound fluorescence 

or increasing photo-product fluorescence. Here, 

strongly fluorescing photocages are often 

favored to enable distinct visualization of the 

uncaging process by means of a significant shift 

Box I.7 | Glossary of terms 
 
Photocaged Compounds Light-
responsive molecules that are rendered 
biologically inactive by means of photo-
labile protection groups and regain their 
primal function upon short light exposure. 
Uncaging quantum yield Percentage of 
photocaged compounds that undergo the 
intended photocleavage reaction in the 
excited state. 
Two-photon uncaging (TPU) An optical 
technique that applies two photons of 
approximately twice the usual wavelength 
simultaneously to the same molecule to 
evoke the photoreaction in very small 
excitation volumes of several femtoliters. 
Special high-frequency lasers in the NIR-IR 
range have to be used.  
Two-photon cross section Photo-
chemical efficiency of two-photon uncaging 
that relates to the two photon-areas and the 
time, in which the two photons have to be 
applied to drive the photoreaction. To drive 
TPU applications properly cross sections 
above 0.1 GM (Göppert-Mayer unit; 10-50 
cm4 s photon-1) are favored. 
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of fluorescence (Goeldner and Givens 2005; Luo et al. 2014).  

This challenging and diversified requirement profile led to the establishment of various 

photocages, whereof most prevalent ones will be subsequently highlighted. 

 

 

I.5.2.2 Commonly applied photocaging groups  

 

Nowadays, a plethora of different photocaging groups with auspicious features is 

available and absorptivity spans from UV to red light (Hansen et al. 2015). Most 

frequently consulted photocages, however, are based on nitrobenzyl- and coumarin-

derived photocaging groups (Brieke et al. 2012; Goeldner and Givens 2005).  

For nearly 40 years, nitrobenzyl-derived photocages have been readily applied for 

photouncaging applications (Engels and Schlaeger 1977; Kaplan et al. 1978). 

Straightforward syntheses together with well-known photocleavage reactions are key 

benefits that still warrant their continuous employment (Deiters 2010; Goeldner and 

Givens 2005; Young and Deiters 2007a). Despite various examples highlighting 

applicability (Barth and Corrie 2002; Chou et al. 2010; Zhao et al. 2013), o-nitrobenzyl 

(NB) compounds mainly absorb in the UV-B/-C range (Fig. I.5 A), wherein radiation is 

rather cell-toxic and thus less appropriate for in vivo applications. On this account, NB 

uncaging is usually conducted using excessive UV-A light exposure, where the 

respective compounds provide moderate to low absorptivity. Hence, advanced 

nitrobenzyl-derivatives were developed that featured a bathochromic shift towards a 

longer-wavelength absorption and thus improved biocompatibility (Görner 2005; 

Schaper et al. 2010). Especially 6-nitroveratryl (NV), also denoted as 1,2-dimethoxy-4-

nitrobenzyl (DMNB) or 6-nitroveratryloxycarbonyl (NVOC), and 6-nitropiperonyl-type 

photocages (NP), which include the frequently used 6-nitropiperonyloxymethyl (NPOM) 

derivative, were shown to exhibit adequate UV-A absorptivity and efficient photolysis 

(Görner 2005; Lusic and Deiters 2006; Schaper et al. 2010). In addition to NV and NP-

photocages for longer-wavelength absorption, different carboxy-nitrobenzyls (CNB) were 

designed to improve compound solubility (Ni et al. 2007; Schaper et al. 2010).  

Further prevalent photocages are coumarins or rather coumarin-4-ylmethyl 

derivatives (Brieke et al. 2012; Goeldner and Givens 2005), that are significantly red-

shifted compared to nitrobenzyl-cages (Fig. I.5 A). Here, different moieties such as 

alkoxy-, amine, bromo- or hydroxyl-groups in the C6, C7 and C8-position are able to 

decisively shift the absorptivity into the visible range and improve water-solubility or 

membrane-permeability, respectively (Eckardt et al. 2002; Furuta et al. 1999; Goeldner 

and Givens 2005; Hagen et al. 2003; Klán et al. 2013). Novel promising coumarin-
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derivatives are, for instance, 7-diethylamino-4-thiocoumarinmethyl- or 6-bromo-7-

hydroxycoumarinmethyl that were shown to be well-suited for green light or two-photon 

uncaging, respectively (Fournier et al. 2013a; Fournier et al. 2013b; Luo et al. 2014). 

 

 
FIGURE I.5 | Absorption maxima of common photocaging groups along the UV-Vis spectrum and 
simplified photorelease mechanism of most prevalent o-nitrobenzyl derived caged compounds. 

(A) Common photocaging groups that are applied to temporarily mask biological activities of respective 
effector molecules (X) include o-nitrobenzyl (NB) (λmax~260 nm), nitroveratryl (NV) (λmax~350 nm), 
nitropiperonyl (NP) (λmax~350 nm) and diverse coumarin-4-ylmethyl (CM) (λmax~380-450 nm) photocages 
(Brieke et al. 2012; Klán et al. 2013; Pelliccioli and Wirz 2002). Approximate long-wavelength absorption 
maxima, which slightly differ in dependence on chosen residues and effector molecules, are presented 
alongside the excerpt of the UV-Vis spectrum, with absorption at wavelengths between 200 and 450 nm. (B) 
Simplified photorelease mechanism of common o-nitrobenzyl based caged compounds (Goeldner and 
Givens 2005; Il’ichev et al. 2004; Schaper et al. 2009). R: -H, -CH3, -CO2H. R’: -H (NB), -OMe (NV) or 4,5-
methylenedioxy-bridge (NP) residues as presented in Fig. I.5 A.  

 
 
In contrast to NB phototriggers, CM-based derivatives bear a highly promising chromatic 

diversity and are partly well-suited for two-photon-uncaging applications (Amatrudo et al. 

2014; Furuta et al. 1999; Klán et al. 2013). However, synthesis of CM photocaged 

compounds proved to be less straightforward, more challenging or dependend on rather 

expensive precursors (Goeldner and Givens 2005). 

Next to NB- and CM-derived photocages a huge variety of different photocaging groups, 

such as nitroindolines (Papageorgiou et al. 2005), p-hydroxyphenacyls (Givens et al. 

2012), BODIPYS (Umeda et al. 2014) or heptamethine cyanines (Gorka et al. 2014) 

exists, whose facile and versatile applicability has to be evaluated in the near future. In 

a later chapter the applicability of novel photocages will be discussed in further detail 

(see Chapter II.6). Most prevalent photocages, however, are still o-nitrobenzyl derived 

compounds, whereof mainly NV- and NP-type caging groups are well applicable for 
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numerous in vivo applications. One key feature is the well-characterized and efficient 

photolysis. 

To efficiently release the effector molecule, the o-nitrobenzyl compound undergoes five 

essential steps (Fig. I.5 B) that all occur in a millisecond time scale (Bley et al. 2008). 

Upon initial UV light absorption, the o-nitrobenzyl compound forms an aci-nitro 

intermediate in a phototautomerization reaction (Il’ichev et al. 2004). Here, a benzylic 

proton is abstracted by the nitro group to yield the Z-isomer of the corresponding nitronic 

acid. In a next step, the aci-nitro intermediate gets deprotonated to form the aci-nitro 

anion. Thereupon, the aci-nitro anion has to be (re-)protonated to the E-isomeric nitronic 

acid, to undergo cyclization in the following. Here, the aci-nitro E-isomer can cyclize to 

form the N-hydroxybenzisoxazoline intermediate. In a final step the unstable bicyclic 

benzisoxazoline degrades irreversibly via deprotonation to yield the respective effector 

molecule and the final nitrosocarbonyl photoproduct (Goeldner and Givens 2005).  

In summary, the effector release from o-nitrobenzyl derived caged compounds occurs in 

a well-known, rapid and quantitative fashion in both aqueous and organic solutions, thus 

providing the groundwork for countless photochemical applications. Logically consistent, 

NB-derived photocaged compounds were together with other sophisticated derivatives 

employed to control biochemical processes in vitro and in vivo with utmost precision and 

in a spatiotemporal and non-invasive fashion. Despite far-reaching fields of application 

from neurobiology (Ellis-Davies 2007) over biomedicine (Bao et al. 2015; Nani et al. 

2015) and material sciences (San Miguel et al. 2011) to photopharmacology (Fan et al. 

2012; Lerch et al. 2016; Velema et al. 2014b), the subsequent chapter will solely focus 

on light-controlled gene expression by means of photocaged compounds (Deiters 2009). 

 

 

I.5.2.3 Photocaged compounds for light-controlled gene expression  

 

Optogenetic tools bear the tremendous potential for achieving a higher-order control of 

gene expression. As natural gene regulation mechanisms underlie immense complexity, 

elaborate control mechanisms and phenotypic variability (see Chapter I.1), optogenetic 

approaches such as photouncaging offer to remedy lacking precision, spatiotemporal 

resolution and invasiveness of conventional chemical induction. Here, a brief overview 

of existing attempts to control microbial gene expression by light using photocaged 

compounds will be provided.  

In general, three main photouncaging principles are employed to realize light-controlled 

microbial gene expression, namely the optogenetic control of promoter, protein or 

riboswitch activity (Fig. I.6). The most common approach poses the utilization of 
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photocaged inducer molecules to drive microbial promoter activity. Whereas the 

biological activity of the inducer molecule is efficiently prohibited by means of 

photocaging, light exposure fully restores inducer functionality and thus enables the 

inducer to bind to the respective regulator protein, which in turn activates or represses 

gene expression (Fig. I.6 A). 

Essentially, the most prominent photocaged inducer is photocaged IPTG that was 

shown to drive lac-based bacterial gene expression (Young and Deiters 2007b). NP-

photocaged IPTG efficiently releases IPTG in a two-step photocleavage (Box I.8) 

process upon short UV-A light exposure and subsequent enzymatic hydrolysis of the 

photoproduct esters. Using photocaged IPTG, a ten-fold photoactivation of Plac/LacI-

regulated gene expression could be achieved in E. coli, which roughly corresponded to 

85% of expression levels obtained with conventional equimolar induction. Although 

functionality was distinctly proven in principle, full applicability of the caged inducer, e.g. 

with respect to temporal resolution, gradual regulation or single-cell responsiveness, was 

since then not further elucidated. 

By contrast to the presented bacterial photocaged inducers, additional photocaged 

biomolecules were shown to enable light-controlled gene expression in mammalian cells. 

Those include caged estradiol (Cruz et al. 2000), β-ecdysone (Lin et al. 2002), 

hydroxytamoxifen (Link et al. 2005), and toyocamycin (Young et al. 2009). Noteworthy, 

photocaged doxycycline (Cambridge et al. 2009; Cambridge et al. 2006; Sauers et al. 

2010) was shown to drive Ptet/TetR-based gene expression upon UV-A light exposure. 

Despite likewise elaborated microbial Ptet/TetR-based expression tools that respond to 

either doxycycline itself or the structural analog anhydrotetracycline (Berens and Hillen 

2003), photocaged doxycycline derivatives have not yet been recruited for light control 

of microbial gene expression, for instance in yeasts.  

Besides the approach of exerting light-control of promoter activity using caged inducers, 

it is further feasible to obtain photocontrol of riboswitches (Box I.8) (Fig. I.6 B). In this 

context, a synthetic theophylline-sensing 

riboswitch (Lynch and Gallivan 2009) was 

recently employed in combination with NP-

photocaged theophylline (Young and Deiters 

2006) to photoactivate gene expression in E. coli 

(Walsh et al. 2014). Here, LacZ reported gene 

expression was strikingly upregulated up to 276-

fold in response to UV-A light-mediated release 

of the NP-photocaged theophylline ligands.  

Box I.8 | Glossary of terms 
 
Two-step photocleavage In contrast to 
one-step photocleavages, upon initial 
photolysis the photoproduct of two-step 
photocleavage reactions requires further 
processing such as oxidation or enzymatic 
cleavage prior to release the bioactive 
effector molecule.  
Riboswitch A regulatory mRNA segment 
that specifically binds small target 
molecules and regulates the transcription or 
translation of the respective mRNA e.g. via 
differential folding in response to the 
effector molecule concentration. 
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In addition to small-molecule photocaged effectors to control promoter or riboswitch 

activity, also biological macromolecules such as proteins may be caged effectively 

(Baker and Deiters 2014). Chou et al. successfully introduced an NB-photocaged 

tyrosine into the catalytic sites of recombinantly expressed T7 RNA polymerases 

(T7RP) to control gene expression (Chou et al. 2010). Therefore, NB-photocaged 

tyrosine was implemented into the proteins using genetic code expansion via orthogonal 

tRNA synthase-tRNA pairs from Methanococcus jannaschii. Finally, photo-functionality 

of recombinant T7RP proteins could be achieved to drive PT7-based gene expression in 

both E. coli and mammalian cells (Fig. I.6 C). 

 

 

FIGURE I.6 | Light-controlled bacterial gene expression using photocaged compounds.  

Light-dependent control over gene expression using photocaged compounds, which effectively release 
bioactive effector molecules upon short light exposure. Uncaged compounds can promote cellular behavior 
such as promoter (A), riboswitch (B) or specific protein (C) activity. Sophisticated photocaged compounds 

(grey boxes) that have been successfully applied to control bacterial gene expression include photocaged 
IPTG (Young and Deiters 2007b), photocaged theophylline (Walsh et al. 2014) and photocaged T7RP (Chou 
et al. 2010).  
 

Moreover, photocaged oligonucleotides pose a sophisticated approach of controlling 

RNA and DNA molecules (Liu and Deiters 2014; Yamazoe et al. 2014). Whereas benefits 

could be proven mainly in vitro and for some mammalian applications including splicing 

(Hemphill et al. 2015) and even plasmid control (Hemphill et al. 2014), in vivo applicability 

in microbes has to be elucidated in the near future. 

The presented examples illustrate how diverse approaches may be employed to 

establish optogenetic tools for bacterial gene expression in principle. However, current 
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tools inevitably require in-depth characterization, optimization and redesign to compete 

with currently available conventional expression tools, and finally to supersede them in 

suited lab-scale applications. In this context, it will be an appealing challenge to entirely 

exploit the versatile features of electromagnetic radiation, in favor of miscellaneous 

microbial application in biotechnology and synthetic biology. 
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I. 6 Outline of the thesis  

 

Light is currently evolving as a key player in providing a higher-order control over cellular 

functions. Here, unique features such as high variability and selectivity meet with 

unprecedented spatiotemporal resolution to trigger cellular events in a precise, 

straightforward and non-invasive fashion. In this context, it was the overall aim of this 

thesis to establish light-controlled expression systems based on photocaged 

compounds in bacteria.  

Initially a set of different E. coli expression systems was (I) characterized down to the 

single-cell level in order to recruit suited systems for the subsequent application in a light-

controlled setup (Chapter II.1). Here, a focus was laid onto the cell-to-cell heterogeneity 

of expression, which should be (II) tuned towards homogeneity (Chapter II.2). Upon 

identification of suited expression systems, (III) light-controlled expression tools were 

established applying photocaged inducer molecules (Chapter II.3). Thereby, the 

attention was turned on elevating the temporal resolution of obtained light-

responsiveness.  

 

 
FIGURE I.5 | Graphical outline of this thesis.  

Within the scope of this thesis different E. coli expression systems were (I.) characterized down to the single-
cell level and recruited for the overall aim to achieve light-control of gene expression. A special focus was 
laid onto cell-to-cell heterogeneity of expression that was (II.) tuned towards homogeneity. Subsequently, 
(III.) light-controlled expression tools were established and (IV.) optimized with respect to technical setup 
and general light-control. Based on established optogenetic tools, (V.) the transfer of light-controlled tools to 
alternative platform organisms was tackled prior to (VI.) uncovering future perspectives in-depth.  
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Next, (IV) parameters affecting light exposure were systematically characterized from a 

technical point of view in different cultivation setups and optimized applying a newly 

developed photomicrobioreactor (Chapter II.4). 

Further, (V) established light-controlled setups were transferred to a) alternative 

expression hosts, and b) biotechnological applications (Chapter II.5). 

Finally, (VI) future perspectives for light-controlled expression tools using photocaged 

compounds were uncovered and evaluated (Chapter II.6).  
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II. Results 
 

The following results section of this thesis includes nine manuscripts that were compiled 

in close and essential collaborations with the Institute of Bioorganic Chemistry (Heinrich-

Heine University Düsseldorf), the Institute of Bio- and Geosciences (IBG-1, FZ Jülich), 

the Group of Biochemical Engineering (RWTH Aachen) as well as the Group of Genetics 

of Prokaryotes (University of Bielefeld). On this account, the own contributions were 

estimated for all manuscripts taking into account the following aspects: Design of 

experiments / performance of experiments / data analysis / writing the manuscript. 

Specific contributions to the articles at hand are a listed below. Furthermore, the current 

status of the presented manuscript was specified. 

 

Chapter II.1 

Binder D,* Probst C,* Grünberger A,* Hilgers F, Loeschcke A, Jaeger K-E, Kohlheyer D, 

Drepper T (2016) Comparative Single-Cell Analysis of Different E. coli Expression 

Systems during Microfluidic Cultivation. PLoS One 11:e0160711. 

Status: Published 

Own contribution: 35% 

 Designing and performing experiments, plasmid constructions, analyzing data, writing the 

manuscript 

  

Chapter II.2 

Binder D, Drepper T, Jaeger KE, Delvigne F, Wiechert W, Kohlheyer D, Grünberger A 

(2016) Analysis and engineering of microbial phenotypic heterogeneity – From tools to 

applications and beyond.  

Status: Published 

Own contribution: 65% 

 Writing the manuscript 

 

Chapter II.3.1 

Binder D,* Grünberger A,* Loeschcke A, Probst C, Bier C, Pietruszka J, Wiechert W, 

Kohlheyer D, Jaeger K-E, Drepper T (2014) Light-responsive control of bacterial gene 

expression: precise triggering of the lac promoter activity using photocaged IPTG. Integr 

Biol (Camb) 6:755–65. 

Status: Published 

Own contribution: 45% 

 Designing and performing experiments, cIPTG synthesis, analyzing data, writing the 

manuscript 
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Chapter II.3.2 

Binder D, Bier C, Grünberger A, Drobietz D, Hage-Hülsmann J, Wandrey G, Büchs J, 

Kohlheyer D, Loeschcke A, Wiechert W, Jaeger K-E, Pietruszka J, Drepper T (2016) 

Photocaged Arabinose - A Novel Optogenetic Switch for Rapid and Gradual Control of 

Microbial Gene Expression. Chembiochem 17:296–299.  

Status: Published 

Own contribution: 65% 

 Designing experiments, performing in vivo experiments, analyzing data, writing the 

manuscript 

 

Chapter II.3.3 

Bier C, Binder D, Drobietz D, Loeschcke A, Drepper T, Jaeger K-E, Pietruszka J (2016) 

Photocaged carbohydrates – versatile tools for controlling gene expression by light. 

Synthesis; doi: 10.1055/s-0035-1562617. 

Status: Published 

Own contribution: 25% 

 Performing in vivo experiments, writing parts of the manuscript 

 

Chapter II.4.1 

Binder D, Bier C, Klaus O, Pietruszka J, Jaeger K-E, Drepper T (2016) Using 1,2-

dimethoxy-4-nitrobenzene actinometry to monitor UV-A light exposure in 

phozobiotechnological setups. 

Status: To be submitted 

Own contribution: 80% 

 Designing and performing experiments, analyzing data, writing the manuscript 

 

Chapter II.4.2 

Wandrey G, Bier C, Binder D, Hoffmann K, Jaeger K-E, Pietruszka J, Drepper T, Büchs 

J (2016) Light-induced gene expression with photocaged IPTG for induction profiling in 

a high-throughput screening system. Microb Cell Fact 15:63. 

Status: Published  

Own contribution: 20% 

 Plasmid construction, initial cIPTG synthesis, spectral Analysis, analyzing data, writing 

parts the manuscript 
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Chapter II.5.1 

Binder D,* Frohwitter J,* Mahr R, Bier C, Grünberger A, Loeschcke A, Peters-Wendisch 

P, Kohlheyer D, Pietruszka J, Frunzke J, Jaeger K-E, Wendisch VF, Drepper T (2016) 

Light-controlled cell factories - Employing photocaged IPTG for light-mediated 

optimization of lac-based gene expression and (+)-valencene biosynthesis in 

Corynebacterium glutamicum. Appl Environ Microbiol. doi: 10.1128/AEM.01457-16 

Status: Published  

Own contribution: 45% 

 Designing and performing experiments, initial cIPTG synthesis, analyzing data, writing the 

manuscript 

 

Chapter II.6 

Binder D, Pietruszka J, Jaeger K-E, Drepper T (2016) Cage me if you can! – From 

assembly to application of photocaged compounds in microbial biotechnology. 

Status: To be submitted 

Own contribution: 80% 

 Writing the manuscript 
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II.1 Characterization and setup of suited expression systems 

 

II.1.1 Microfluidic analysis of E. coli expression systems 

 

 

 

Comparative single-cell analysis of different E. coli expression 

systems during microfluidic cultivation 
 

 

 
 

 

Dennis Binder, Christopher Probst, Alexander Grünberger,  

Fabienne Hilgers, Anita Loeschcke, Karl-Erich Jaeger,  

Dietrich Kohlheyer and Thomas Drepper 

 

PLoS One 2016; 11:e0160711. 
 

 

The full online version may be found at: 

http://dx.doi.org/10.1371/journal.pone.0160711 

 

For the complete supporting information see Appendix  

(Chapter V.1) turn to page 189. 

 

 

Copyrights © 2016 Binder et al. Reprinted with permission. 

This article is distributed under the terms of the  

Creative Commons Attribution 4.0 International License. 
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II.2 Tuning single-cell expression responses towards homogeneity 

 

II.2.1 Analysis and engineering of phenotypic heterogeneity 

 

 

 

Homogenizing bacterial cell factories: Analysis and 

engineering of phenotypic heterogeneity  
 

 

 

 

 

 

 

 

 

 

 

 

Dennis Binder, Thomas Drepper Karl-Erich Jaeger, Frank Delvigne, 

Wolfgang Wiechert, Dietrich Kohlheyer and Alexander Grünberger 

 

Metab Eng. 2017; 42:145–156. 

 

 

The full online version may be found at:  

https://doi.org/10.1016/j.ymben.2017.06.009. 

 

 

Copyright © 2017 International Metabolic Engineering Society. Published by 

Elsevier Inc. Reproduced with permission. 
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II.3 Establishing of light-controlled expression systems 
 

II.3.1 Light-responsive control of bacterial gene expression 

 

 

 

 

Light-responsive control of bacterial gene expression: Precise 

triggering of the lac promoter activity using photocaged IPTG 
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II.3.2 Photocaged Arabinose 
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II.3.3 Photocaged Carbohydrates 
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II.4 Technical setup and optimization of light exposure 
 

II.4.1 DMNB Actinometry 
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II.4.2 Light-induced induction profiling 
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II.5 Versatility of light-control 
 

II.5.1 Light-controlled Corynebacterium cell factories 
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II.6 Uncovering future perspectives 
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III. General Discussion 
 

Within the framework of this thesis, a set of different universally applicable light-

controlled expression systems was established in E. coli, transferred to alternative 

expression hosts and applied in first biotechnological applications. Here, the established 

optogenetic expression tools will be shortly summarized (III.1) and compared to existing 

photocaged compound and photoreceptor-based approaches to control bacterial gene 

expression by light (III.2). Furthermore, prospective and future targets for light-controlled 

expression setups in different biotechnological key microbes will be discussed (III.3). 

Besides the obvious advantages arising from light-control, special future applications 

(III.4) will be elucidated in-depth that might hugely benefit from photo-uncaging concepts. 

Conclusively, light-control using photocaged compounds will be critically assessed in 

terms of future applicability, feasibility and transfer to industrial applications (III.5). 

 

 

III.1 Summary of within this work established light-controlled 

expression systems 

 

Different light-controlled expression systems based on photocaged compounds were 

established during this work, and within associated and co-supervised bachelor or 

master projects. In the following, these will be briefly capitulated under consideration of 

individual highlight findings, with key aspects summarized in Table III.1.  

Initially, the previously described photocaged IPTG (Young and Deiters 2007b) was 

applied in a redirected and optimized T7RP-based high-level gene expression circuit 

(Chapter II.3.1) (Binder et al. 2014). Here, the expression response showed several 

improved features, which will be elucidated in the next chapter. In this study, the two-

step-photocleavage reaction and the involved delay of gene expression response were 

uncovered as clear bottlenecks of photocaged IPTG-based light induction. In a more 

recent approach (Chapter II.4.2), the loss of temporal resolution was circumvented by 

means of extensive process optimization including the application of higher working 

concentrations, higher light-intensities, higher cell densities or synthetic cultivation media 

(Wandrey et al. 2016). Cultivation and light parameters could thus be modified 

accordingly to produce an immediate expression response, which was comparable to 

IPTG induction.  

Similarly, during the application of photocaged IPTG in C. glutamicum (Chapter II.5.1) 

the loss of temporal resolution due to the two-step-photocleavage was negligible under 

applied conditions and even outperformed the generally poor induction with conventional 

IPTG slightly (Binder et al. 2016b).  
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Furthermore, light-controlled gene expression using photocaged IPTG was transferred 

to the alternative expression hosts P. putida and B. subtilis within the framework of two 

associated bachelor theses of Sonja Kubicki and Nora Bitzenhofer (Bitzenhofer 2016; 

Kubicki 2015). In P. putida, light induction using photocaged IPTG was found to exhibit 

a moderate inductivity and would need further process optimization prior to a 

straightforward application (Kubicki 2015). Here, the impact of two-step-photocleavage 

is not yet fully elucidated. Moreover, light induction using photocaged IPTG, in B. subtilis, 

provided an efficient induction (Bitzenhofer 2016) of PT7lac promoter based gene 

expression (Püth 2015; Troeschel et al. 2012). Even though comparable expression 

results could be obtained for both IPTG and light induction, the two-step-photocleavage 

was found to delay the gene expression response significantly. 

 

 

TABLE III.1 | Summary of established light-controlled expression systems. 

Compound 
Expression 
host 

Induction / 
Repression
[x-fold] 

Advantages 
Applicability* 
(Bottlenecks) 

Reference 

Photocaged  
IPTG 

E. coli 
Tuner(DE3) 

50 Homogeneity, 
gradual regulation 

++  
(Two-step-photocleavage / 
Temporal resolution) 

(Binder et al. 
2014; Wandrey 
et al. 2016) 

Photocaged  
IPTG 

C. glutamicum 
ATCC13032 

240 Homogeneous, 
gradual & strong 
induction (> IPTG) 

+++  
(Two-step-photocleavage) 

(Binder et al. 
2016b) 

Photocaged  
Arabinose 

E. coli  
LMG(DE3) 

60 Homogeneous, 
gradual & rapid 
regulation 

+++  
(n.d.) 

(Binder et al. 
2016a) 

Photocaged  
IPTG 

P. putida 
KT2440 

10 Gradual 
regulation 

+/- 
(high working concentrations, 
low expression levels) 

(Kubicki 2015) 

Photocaged  
IPTG 

B. subtilis 
DB430-T7 

12 Gradual 
regulation 

+/- 
(Two-step-photocleavage / 
moderate dynamic range) 

(Bitzenhofer 
2016) 

Photocaged  
Galactose 

E. coli 
BL21(DE3) 

3.5 First one-step 
photocleavable  
lac inducer 

+ 
(low dynamic range) 

(Bier et al. 
2016) 

Photocaged  
Rhamnose 

E. coli 
Tuner(DE3) 

4 One-step 
photocleavable 

++ 
(no full repression) 

(Bier et al. 
2016) 

Photocaged  
Glucose 

E. coli 
BL21(DE3) 

1.6 One-step 
photocleavable, 
High solubility 

+/- 
(high working concentrations, 
growth impairments) 

(Bier et al. 
2016) 

Photocaged 
Lactose 

E. coli 
BL21(DE3) 

34** Much stronger 
and faster 
induction than 
Lactose  

-- 
(enzymatic hydrolysis in vivo) 

(Bier et al. 
2016) 

 * Rough estimation of applicability for precise regulation of gene expression with regard to presented (dis-)advantages. 
** For UV-A light exposed and unexposed cultures. 
Grey lines highlight the results of two bachelor projects that were concerned with setting up NP-photocaged IPTG based 
light-control in the alternative expression hosts P. putida and B. subtilis. 

 

In contrast, instantaneous light-control was demonstrated applying photocaged 

arabinose (Chapter II.3.2), which is released in an efficient one-step photolysis (Binder 

et al. 2016a). Under standard lab conditions in E. coli, photocaged arabinose was found 



142 

 

 

III. General Discussion 

to temporally outperform the induction response of photocaged IPTG up to 2.1-fold and 

enabled the up-to-date most rapid regulation of bacterial gene expression by light.  

Furthermore, the NP-photocaging that was applied for arabinose is highly versatile 

(Chapter II.3.3), and thus led to the development of further photolabile carbohydrates 

(Bier et al. 2016). In this study, in vivo functionality of photocaged derivatives of 

galactose, rhamnose and glucose was in principle approved in E. coli. Here, in-depth 

characterization and optimization has to be conducted and will lead to highly applicable 

photoswitches for microbial gene expression in the near future, though.  

Lastly, photocaged lactose (Chapter II.3.3) showed highly favorable expression 

characteristics in terms of rapid and strong induction of gene expression that can 

probably be attributed to significantly improved resorption kinetics in terms of membrane 

permeability. However, the compound was found to be not stable in E. coli (Bier et al. 

2016), which presumably leads back to enzymatic hydrolysis e.g. by intrinsic  

glycosidases or especially by the β-galactosidase. Here, it might be interesting to review 

light control in novel hosts with poor glycosidase activity or lacZ-deficient strains such as 

E. coli Tuner(DE3). Notably, the example of photocaged lactose illustrates that the 

wealth of hydrolyzing microbial enzymes is a crucial aspect that dictates in vivo 

applicability of photocaged compounds. 

The summary of all presented light-controlled expression systems based on photocaged 

compounds demonstrates that light induction of gene expression is, in principle, highly 

applicable for different biotechnological key microbes (Tab. III.1).  

 

 

III.2 Comparison to existing optogenetic switches 

 

In the following chapter, the established light-controlled expression systems, which were 

developed within the framework of this thesis, will be compared to existing approaches 

of controlling bacterial gene expression by light. To this end, both photo-uncaging 

applications (III.2.1) and genetically-encoded photoreceptors (III.2.2) will be appraised.  

 

 

III.2.1 Comparison to photo-uncaging applications 

 

First of all, with NP-photocaged IPTG a highly sophisticated approach of controlling 

gene expression by light was described in 2007. This work was a milestone for light-

activated bacterial gene expression using caged compounds (Young and Deiters 

2007b). Here, the application of 0.5 mM of photocaged IPTG in a pUC19 plasmid-based 

E. coli BL21(DE3) expression system yielded an about 10-fold light activation of Plac-
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derived lacZ expression, which corresponded to approximately 85% of the expression 

response obtained with conventional, equimolar IPTG induction. 

Based on this approach, photocaged IPTG mediated light-control was within this work 

(Chapter II.3.1) transferred to alternative expression systems in order to establish more 

applicable biotechnological expression setups (Binder et al. 2014). In detail, T7RP-based 

high-level gene expression systems were applied to realize stronger overall expression 

levels than those achieved with simple Plac promoters. Furthermore, cultivation 

conditions were optimized to obtain expression outputs that were fully comparable to 

conventional IPTG induction. Here, it was crucial to light-induce gene expression in time 

to allow sufficient intracellular hydrolysis of released photoproduct esters. Moreover, the 

novel expression setup allowed the application of up to 12.5-fold reduced working 

concentrations of 40 µM and a highly gradual regulation that is known to be impeded for 

common lac-based gene expression systems (Hartinger et al. 2010; Ozbudak et al. 2004; 

Samuelson 2011). Lastly, the single-cell responses of photocaged IPTG-based light 

induction were tuned towards homogeneity by applying the lac permease-deficient E. 

coli Tuner(DE3) expression host, yielding an overall high degree of precise light 

regulation down to the single-cell level. Notably, the relatively low temporal resolution 

due to the essential two-step-photocleavage reaction remained as one distinct 

bottleneck of photocaged IPTG based light regulation.  

In a further study (Chapter II.4.2), however, also this drawback could be abolished via 

extensive process optimization in a novel photomicrobioreactor setup (Wandrey et al. 

2016). Here, 10-fold elevated working concentrations as well as the application of a 

synthetic cultivation medium and about 40-fold higher UV-A light intensities yielded an 

instantaneous expression response that was highly comparable to conventional IPTG 

induction. Although the exact reasons of the improved temporal resolution are not yet 

fully elucidated, the study illustrates that rapid regulation of gene expression is also 

feasible using photocaged IPTG. Moreover, it demonstrated that the transient nitroso-

photoproducts, which emerge upon photolysis of photocaged IPTG, are well suited for 

fluorescence-based online monitoring of the photouncaging reaction. 

In addition to photocaged IPTG-driven induction of gene expression, which displays a 

low-molecular photocaged compound, a different approach was developed by Chou et 

al. presenting NB-photocaged T7RP. Here, the introduction of NB-photocaged tyrosine 

into a protein was realized via orthogonal tRNA synthase-tRNA pairs from 

Methanococcus jannaschii (Chou et al. 2010). Through the replacement of a catalytically 

active tyrosine by NB-photocaged tyrosine, photo-functionality of recombinant T7RP 

proteins could be attained to trigger T7RP-derived gene expression in both E. coli and 

mammalian cells. Although the sophisticated application of photocaged amino acids to 
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gain light-regulation of protein activities is quite elaborated and was shown in principle 

for a multitude of amino acids and proteins (Baker and Deiters 2014), labor input and 

quantity of required functional elements still restrict unconfined application.  

Another, valuable approach of controlling gene expression by light is concerned with 

riboswitch regulation and was recently exemplified by means of photocaged theophylline 

(Walsh et al. 2014). Here, light-activation of NP-photocaged theophylline (Walsh et al. 

2014; Young and Deiters 2006) was able to 276-fold upregulate lacZ-reported gene 

expression using a synthetic theophylline riboswitch (Lynch and Gallivan 2009), which 

was strictly dependent on the target gene region, though. For the moment, this poor 

versatile deployment of different promoter-reporter or rather promoter-target gene 

combinations clearly restricts the application of NP-photocaged theophylline and 

illustrates the need for further extensive riboswitch engineering in the future (Berens and 

Suess 2015).  

Ultimately, the photocaged arabinose constructed within this work (Chapter II.3.2) 

represents the first example of a one-step photocleavable inducer that allows fast, 

accurate and independent control of target gene expression in E. coli. In contrast to 

similarly sophisticated setups using photocaged theophylline or IPTG, photocaged 

arabinose performs independently of the target DNA downstream of the promoter (unlike 

caged theophylline) or secondary cellular reactions (unlike caged IPTG) (Binder et al. 

2016a). Besides the more prevalent NP-photocaged arabinose derivative, a 1-(6-

nitrobenzo[d][1,3]dioxol-5-yl)ethanol (NBE) photocage was able to improve the uncaging 

quantum yield about 2.6-fold (Binder et al. 2016a). Hence, NBE-photocaged arabinose 

further illustrates that simple modifying groups can play a major role in improving 

photochemical or physicochemical properties such as quantum yields or solubility. The 

so far uncharted potential of specifically tailoring photocaged compounds towards the 

respective application particularly in terms of solubility, photolysis, wavelength or 

membrane-permeability definitely has to be fully elucidated in the future.  

Besides the here presented photocaged compounds to control bacterial gene 

expression, several other sophisticated approaches exist that approved light-control 

either in vitro or in eukaryotic systems (Deiters 2010; Gardner et al. 2011; Young and 

Deiters 2007a). It will be interesting to see if some of those photoswitches can be 

recruited for bacterial light-regulation.  
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III.2.2 Comparison to photoreceptor-based applications 

 

In addition to elaborately designed chemical photoswitches, a recent research field is 

engaged in controlling gene expression in bacterial cells by means of genetically 

encoded photoreceptors (Drepper et al. 2011; Möglich and Moffat 2010; Ziegler and 

Möglich 2015). Here, both naturally occurring and artificially engineered photoreceptors 

are employed to control bacterial gene expression (Schmidt and Cho 2015; 

Shcherbakova et al. 2015; Ziegler and Möglich 2015). Three most relevant examples will 

be discussed hereafter.   

The first recombinant photoreceptor for light-controlled gene expression in E. coli is the 

phytochrome-based Cph8, which comprises the cyanobacterial red-light sensing Cph1 

domain from Synechocystis PCC6803 and the EnvZ histidine kinase domain from E. coli 

(Levskaya et al. 2005). Furthermore, the Synechocystis PCC6803 genes ho1 and pcyA 

genes were introduced into the system to convert heme into the essential phytochrome 

chromophore phycocyanobilin. Upon red-light exposure, gene expression could be 

successfully repressed about 18-fold via the OmpR regulator in initial setups (Levskaya 

et al. 2005; Tabor et al. 2011). Further extensive optimization and expression level 

adjustments of this system yielded a compressed and highly applicable light-switch with 

72-fold dynamic range that was efficiently activated or repressed upon excitation with 

light around 740 or 650 nm, respectively (Schmidl et al. 2014).   

Similar to Cph8, another Synechocystis photosystem was employed, this time in its 

natural form, as a green light responsive photoswitch to control bacterial gene expression 

(Hirose et al. 2008; Tabor et al. 2011). The cyanobacterial two-component system 

comprises of the green-light sensing histidine kinase CcaS and its response regulator 

CcaR. Initial CcaS-based light-control of gene expression in E. coli was able to induce 

gene expression 2-fold (Tabor et al. 2011). Extensive redesign of the two-component 

system, however, achieved to tremendously enlarge the dynamic range of light-

regulation up to 112-fold and finally yielded a green light sensor that is efficiently 

activated or repressed upon green and red irradiation around 520 and 650 nm, 

respectively (Schmidl et al. 2014).  

Another prominent approach of light-controlled gene expression is based on the blue-

light sensing recombinant LOV histidine kinase YF1 (Möglich et al. 2009). Here, the YtvA 

LOV sensing-domain from B. subtilis was fused to the FixL kinase effector-domain of 

Bradyrhizobium japonicum to yield a blue-light repressed two-component system. In an 

initial setup, the artificial two component system YF1/FixJ was able to repress gene 

expression approximately 70-fold upon continuous blue-light exposure. Moreover, a 

redesign using an inversion cassette based on the lambda cI repressor yielded additional 
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blue-light activated expression setups that were capable to induce gene expression up 

to 460-fold in a highly dynamic fashion (Ohlendorf et al. 2012).  

Compared to photocaged compounds, the application of genetically encoded 

photoreceptors generally bears both clear advantages and distinct bottlenecks (Tab. 

III.2). While photo-uncaging applications are usually activated upon short light 

exposure (seconds to minutes), photoreceptor-based applications often require either 

continuous or pulsed irradiation due to the commonly fast dark-recovery kinetics 

(Davidson et al. 2013; Ziegler and Möglich 2015). Although a fast dark-recovery might 

thus involve a more cost- and labor-intense light irradiation (e.g. temperature effects 

within the culture), it bears the considerable advantage of reversibility. For irreversible 

photoswitching, however, one can use photoreceptors with extended dark recoveries 

(Circolone et al. 2012). Responsiveness of light-regulation using photoreceptors lies in 

the same range as compared to those obtained with photocaged compounds, yet strictly 

depends on the respective photoreceptor setup. It can range from several minutes 

(Olson et al. 2014) to two hours (Ohlendorf et al. 2012) of delay for the protein production 

onset.  

 

TABLE III.2 | Comparison of crucial light-control features for photocaged compounds and 
photoreceptors.  

Feature Photocaged compounds Photoreceptors 

Exposure  Short Continuous or pulsed 
Reversibility  None* Full 
Responsiveness  Fast Fast 
Spatial specificity  Moderate (Diffusion-limited)  Usually high  
Reaction selectivity Moderate Cross-talk can occur 
Stability Usually stable Usually stable 
Toxicity Can occur at high concentrations Usually low 
Homogeneity Good  Usually good 
Versatile applicability Good  Restricted  

*reversible chemical photoswitches such as azobenzenes (Szymański et al. 2013) are not discussed within this work. 

 

 

 

The specificity of photoreceptor-based applications is expected to be high as 

photoreceptor proteins may be tagged or fused for specific localization, whereas photo-

uncaging applications are usually subject to free diffusion. Here, however, caged 

proteins should bear a comparable specificity. Photoreceptor selectivity might be 

negatively affected by cross-talk between endogenous proteins, which is especially 

observed for bacterial sensor kinases (Krell et al. 2010). Such cross-talk, for instance, 

necessitated the deletion of the endogenous E. coli EnvZ histidine kinase in Cph8-based 

applications to prohibit the cross-talk with the shared response regulator OmpR 

(Levskaya et al. 2005; Olson et al. 2014; Tabor et al. 2011). Likewise, for some individual 

photocaged compounds, side-reactions have been reported (Pelliccioli and Wirz 2002; 

San Miguel et al. 2011). 
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In terms of stability, photoreceptors show slight benefits as compared to photocaged 

compounds. While photoreceptors might face problems regarding oligomerization or 

protein stability, photocaged molecules are challenged to resist partially harsh cellular 

environments as well as a multitude of modifying and degrading enzymes. This was, for 

instance, exemplified within this thesis by means of photocaged lactose (Chapter II.3.3), 

which significantly hydrolyzed in vivo even under dark conditions (Bier et al. 2016). 

Especially ester-moiety comprising photocaged compounds are prone to enzymatic 

degradation and beyond that are even in charge for the full release of some effector 

molecules like photocaged IPTG (Young and Deiters 2007b). By chemical means, 

however, it should be possible to provide sufficient in vivo stability of photocaged 

compounds using, for instance, bulky esters, modifying groups or simply an alternative 

photocaging derivative (Brieke et al. 2012; Goeldner and Givens 2005; Klán et al. 2013; 

Szymański et al. 2014). 

The same is true for overcoming potential toxicity issues with individual photocaging 

derivatives and photocaged compounds. In the rare cases of compound toxicity, a variety 

of well-established photo-protection groups is available to choose from for reducing 

toxicity (Brieke et al. 2012; Hansen et al. 2015). 

Both photocaged compounds (Binder et al. 2016a; Binder et al. 2016b; Binder et al. 

2014) and photoreceptors (Ohlendorf et al. 2012; Olson et al. 2014) affect unexpected 

population homogeneity if applied for light-controlled gene expression. Conventional 

chemical induction, however, is commonly known to depict distinct cell-to-cell-variations 

(Balzer et al. 2013; Fritz et al. 2014; Marbach and Bettenbrock 2012). 

One key advantage of photocaged compounds seems to be their transferability to 

alternative expression strains or hosts, as no heterologous expression (e.g. of 

photoreceptor genes) and the involved fine-adjustment of genetically encoded 

components (e.g. the balance between photoreceptor and response regulator) is 

required. Hence, given that an expression system is already applicable in a desired 

expression host, the implementation of light-control by means of photocaged inducers is 

quite feasible, as demonstrated within this work via application of photocaged IPTG in 

alternative expression hosts (Binder et al. 2016b; Bitzenhofer 2016; Kubicki 2015). 

Common photoreceptor based systems such as YF1-, Cph8 or CcaS-setups, however, 

were precisely tailored and mutagenized for E. coli (Gleichmann et al. 2013; Ohlendorf 

et al. 2012; Schmidl et al. 2014), thus neglecting the light-control in alternative auspicious 

biotechnological workhorses so far.  

Conclusively, each approach of controlling cellular functions by light exhibits 

considerable advantages over the other. Probably, the power of light might be fully 
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harnessed only in a joint venture of photocaged compounds and photoreceptors for a 

bright future in synthetic biology and biotechnology (Brieke et al. 2012).  

 

 

III.3 Prospective optogenetic expression systems  

 

In the previous chapter, the versatile interspecies-transfer was highlighted as a key 

benefit of photocaged compounds. In this regard, alternative biotechnological 

workhorses (Liebl et al. 2014; Terpe 2006) such as Bacilli should be made accessible 

for light-control to tackle manifold photobiotechnological applications in the future 

(Chapter III.4). Moreover, novel expression systems have to be developed for already 

accessed organisms in order to achieve a higher-order control of gene cascades in a 

multimodal or multi-chromatic fashion. In this context, the triggering of different 

promotor/regulator systems by means of different light colors or light intensities poses a 

valuable tool to control complex gene sets and will be further appraised in a following 

chapter (see Chapter III.4.3). Beforehand, some prospective expression setups that 

qualify for setting up future optogenetic switches based on photocaged compounds 

will be discussed in the following (Tab. III.3, Fig. III.1).  

For E. coli, additional expression tools exist, whereof the aTc-inducible Ptet/TetR, the L-

rhamnose inducible PrhaBAD/RhaRS and the propionate-inducible PprpR/PrpR system are 

established systems for inducible gene expression (Terpe 2006).  

The Ptet/TetR system (Fig. III.1 A) is well established for high-level gene expression in 

E. coli (Skerra 1994; Terpe 2006) and is commonly applying aTc as an inducer, due to 

its significantly improved TetR binding affinity and a distinctly lower antibiotic activity 

(Berens and Hillen 2003). Consequentially, extremely low working concentrations of 

about 200 nM can suffice for full induction. Thus, aTc-inducible gene expression 

represents an appealing target for a light-inductive system. Interestingly, for 

photoactivation of mammalian gene expression, the structural analogue doxycycline was 

already successfully subjected to photocaging (Cambridge et al. 2009; Cambridge et al. 

2006; Sauers et al. 2010). Thus, it may be assumed that aTc could be readily photocaged 

in a similar manner. 

Another established expression system in E. coli poses the PrhaBAD/RhaRS system (Fig. 

III.1 B), which is highly similar to the PBAD/AraC system (Brautaset et al. 2009; Haldimann 

et al. 1998). As photocaged L-rhamnose was already proven functional (Chapter II.3.3) 

in a repressible expression setup (Bier et al. 2016), light-activated gene expression using 

PrhaBAD/RhaRS based gene expression poses an auspicious alternative that should be 

established in the future. Interestingly, a modified rhaBAD expression system solely 



149 

           

–– 

III. General Discussion 

consisting of the RhaS regulator was just recently shown to provide efficient induction by 

means of alternative sugars such as L-mannose or L-lyxose (Kelly et al. 2016). 

 

TABLE III.3 | Prospective targets for light-controlled expression setups via photocaging.  

Host 
System 
(Inducer) 

Chemically accessibility 
of the inducer    

x-fold induction 
(concentration) 

Features Reference  

E
. 

c
o

li
 

Ptet/TetR 
(aTc) 

+/-* 5000 
0.4 µM 

Low working 
concentrations 
 

(Skerra 1994; Lutz and 
Bujard 1997) 

PrhaBAD/RhaRS 
(Rhamnose) 

++ 
(Bier et al. 2016) 

7800 
(2 -12 mM) 
 

Large regulatory 
range  

(Haldimann et al. 1998; 
Wagner et al. 2008) 

PprpB/PrpR 
(Propionate) 

+* 1500 
(50 mM) 

Cheap inducer, 
homogeneous, 
leaky but CCR-
sensitive 
 

(Lee and Keasling 
2005) 

PT7lac/LacI 
(Galactose) 

++ 
(Bier et al. 2016) 

10 
(0.4 mM) 

Moderate 
dynamic range 
 

(Xu et al. 2012) 

PT7betO/BetI 
(Choline) 

++ 
(Peng and Goeldner 
1996; Specht and 
Goeldner 2004) 

20 / 130** 
(100 mM) 

Inducible and 
Repressible, 
low basal 
expression 
 

(Ike et al. 2015) 

Pm/XylS  
(Salicylate/ 
Anthranilate) 

++* 30*** 
(1.5 mM) 

Rapid and strong 
expression 
response but 
very leaky 
 

(Binder et al. 2016c) 

P
. 
p

u
ti

d
a
 

PnagAa/NagR 
(Salicylate) 

++* n.d. 
(0.1 -1 mM) 

low basal 
expression & 
working 
concentration 

(Schmitz et al. 2015; 
Wierckx et al. 2005) 

Psal/NahR 
(Salicylate) 
 

++* 175 
(1 mM) 

Tight & gradual 
regulation 

(Calero et al. 2016) 

PrhaB/RhaRS 
(Rhamnose) 

++ 
(Bier et al. 2016) 

750 
(10 mM) 

High regulatory 
range 
 

(Calero et al. 2016) 

ParaB/AraC 
(Arabinose) 

++ 
(Binder et al. 2016a) 

n.d. 
(1 mM****) 

Significantly 
lowered working 
concentration 
 

(Calero et al. 2016) 

C
. 

g
lu

ta
m

ic
u

m
 

PBAD/AraC 
(Arabinose) 

++ 
(Binder et al. 2016a) 

>400 
(4 mM) 
 

Homogeneous (Zhang et al. 2012) 

PprpD2/PrpR 
(Propionate) 

+* 120 
(10 µM) 

Low working 
concentrations, 
Reversible 
induction 
 

(Plassmeier et al. 
2013) 

Ptet/TetR 
(aTc) 

+/-* 50 
(0.5 µM) 

Low working 
concentrations, 
Low basal 
expression 
 

(Lausberg et al. 2012) 

B
. 

s
u

b
ti

li
s
 /
  

B
. 
m

e
g

a
te

ri
u

m
 

PxylA/XylR 
(Xylose) 

++* 
>200 
(30 mM) 

Low basal 
expression,  
High-level but 
heterogeneous 
expression 

(Bitzenhofer 2016; 
Stammen et al. 2010) 

aTc: anhydrotetracycline. * Rough estimation. ** Repression. CCR: carbon catabolite repression. Leakiness can be 
reduced via glucose. *** Alternative promoter variants for reduced leakiness and thus improved dynamic ranges available. 
**** Using AraE overexpression. 
 

 

Another prospective photocaging target seems to be propionate as it is highly applicable 

for controlling gene expression in E. coli (Fig. III.1 C) (Lee and Keasling 2005). Despite 

the simple structure of propionate it could be in some degree challenging to cage this 

inducer since ester-mediated photocaging of carboxyl moieties is commonly observed to 

readily undergo intracellular hydrolysis in bacteria.  
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In addition to those established expression systems, more recently a galactose-inducible 

PT7lac/LacI (Xu et al. 2012), a choline-inducible PT7betO/BetI system (Ike et al. 2015) and a 

salicylate-inducible Pm/XylS system (Binder et al. 2016c) were identified as valuable 

expression tools for E. coli and might pose appealing targets for photocaged inducers. 

D-Galactose was a long time neglected as a valuable inducer for lac expression circuits 

(Fig. III.1 D), yet recent studies show strong galactose induction of lac based gene 

expression, especially in strains lacking the galactose kinase GalK, thus providing the 

inability to metabolize the inducer (Xu et al. 2012). In this context, synthesis and basic 

functionality of photocaged galactose (Chapter II.3.3) could be already proven within the 

framework of this thesis (Bier et al. 2016). However, further optimization seems essential 

to produce a more applicable expression setup in terms of expression strength and 

dynamic range of regulation for this first one-step-photocleavable lac inducer. Using 

galK+ strains, it would be further conceivable to produce light-controlled reversible 

expression tools based on the metabolization of galactose. 

As mentioned, novel choline inducible and repressible expression systems 

implementing the T7RP for high-level gene expression were established recently for 

E. coli (Fig. III.1 E) (Ike et al. 2015). Interestingly, in another context photocaged choline 

derivatives were already synthesized (Peng and Goeldner 1996; Specht and Goeldner 

2004) and might empower future light-control of those choline-regulated expression 

tools. 

Moreover, benzoate inducible Pm/XylS expression systems pose sophisticated tools for 

recombinant protein production (Balzer et al. 2013; Brautaset et al. 2009). While 

photocaging of the conventional inducer m-toluic acid might face similar problems as 

propionate due to its carboxyl moiety, alternative benzoate inducers like salicylic or 

anthranilic acid could be much more chemically accessible via their hydroxyl- or amino-

functionalities, respectively. In this respect, the XylS regulator protein of the conventional 

Pm/XylS system was in the framework of this thesis (Chapter II.1.1) mutagenized to 

improve salicylate and anthranilate inducibility in E. coli significantly (Binder et al. 

2016c).  

In P. putida, further salicylate-inducible expression systems have also been applied for 

gene expression control and were based on the PnagAa/NagR (Schmitz et al. 2015; 

Wierckx et al. 2005) or the Psal/NahR regulon (Calero et al. 2016). All three salicylate-

inducible expression systems (Fig. III.1 F) would thus be highly attractive targets for 

novel light-controlled expression setups using either photocaged salicylate or 

anthranilate (for the novel Pm/XylS system) derivatives.  

In general, P. putida qualifies as a highly versatile workhorse especially for natural 

product biosynthesis with vast intrinsic metabolic and enzymatic capacities (Loeschcke 



151 

           

–– 

III. General Discussion 

and Thies 2015). Future light-controlled expression tools for P. putida might further target 

the L-rhamnose-inducible PrhaB/RhaSR (Fig. III.1 B) or the L-arabinose-inducible 

PBAD/AraC system (Fig. III.1 G) (Calero et al. 2016).  

 

 

 
FIGURE III.1 | Putative targets for future light-controlled promoter / regulator systems. 

(A) aTc-inducible gene expression in E. coli or C. glutamicum based on the Ptet/TetR-system. (B) L-

rhamnose-inducible gene expression in E. coli or P. putida based on the PrhaBAD/RhaRS-system. (C) 

Propionate-inducible gene expression in E. coli or C. glutamicum based on the PprpB/D2/PprR-system. (D) 

Galactose-inducible gene expression in E. coli based on the PT7lac/LacI-system. (E) Choline-inducible gene 

expression in E. coli based on the PT7betO/BetI-system. Here, the T7RP drives choline-inducible gene 

expression in the presence of arabinose. BetI regulator mutants are available that reverse the choline 

response (*), producing choline-repressible setups. (F) Salicylate-inducible gene expression in E. coli or P. 

putida based on the Pm/XylSR45T, the PnagAa/NagR or the Psal/NahR system. (G) L-Arabinose-inducible gene 

expression in P. putida or C. glutamicum based on the PBAD/AraC system. The coexpression of araE (**), 

which encodes the arabinose transporter AraE, is optional, yet mediates both increased sensitivity and 

population homogeneity. (H) D-Xylose-inducible gene expression in B. subtilis or B. megaterium based on 

the PxylA/XylR system. 
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Notably, for the PBAD-based expression setup the coexpression of the AraE transporter 

gene yielded about 100-fold reduced and thus principally applicable working 

concentrations of 1 mM for photouncaging (Calero et al. 2016).  

Several elaborated expression tools exist as well for the biotechnological workhorse 

C. glutamicum, which represents one of the most important biotechnological platform 

organisms, particularly in regard to its contributions to the industrial amino acid 

production (Eggeling and Bott 2015; Jensen and Wendisch 2013; Mahr et al. 2015; Park 

et al. 2014; Wendisch 2014).  

Here, analogous to P. putida and E. coli, a promising arabinose-inducible expression 

system was established recently that produced a homogeneous expression response 

upon constitutive araE coexpression (Zhang et al. 2012). A further prospective 

photocaging target seems to be propionate as it is highly applicable for controlling gene 

expression in C. glutamicum in a reversible fashion (Fig. III.1 C) (Plassmeier et al. 2013). 

Moreover, a Ptet/TetR system exists for C. glutamicum, which exhibits well-titratable gene 

expression with extremely low working concentrations in the nanomolar range (Lausberg 

et al. 2012). 

Furthermore, Gram-positive Bacillus strains such as B. subtilis or B. megaterium are 

popular hosts for recombinant protein production due to their excellent protein secretion 

capacity (Korneli et al. 2013; Terpe 2006; Troeschel et al. 2012). Here, especially the D-

xylose-inducible PxylA/XylR system (Fig. III.1 H) is a highly attractive expression tool for 

both B. subtilis (Troeschel et al. 2012) and B. megaterium (Stammen et al. 2010). NP-

photocaging is also conceivable for xylose, and could thus pave the way for future light-

controlled gene expression in Bacilli based on photocaged xylose. 

The here presented expression systems highlight the variety of inducible expression 

setups, which are yet un-accessed for light-control. For photocaged derivatives of 

rhamnose, galactose or arabinose, photocaging has been initiated and was already 

proven in principle (Bier et al. 2016; Binder et al. 2016a). Moreover, photocaged choline 

was already fully established for a quantitative release upon UV-A light exposure (Peng 

and Goeldner 1996; Specht and Goeldner 2004). Hence, novel light-controlled 

expression setups based on these compounds will most definitely emerge in the near 

future. In this context, the success of setting up novel photocaged compound-based 

photoswitches for E. coli and diverse alternative biotechnological key organisms will 

mainly depend on the successful synthesis, the compatibility of the respective host to 

light exposure or the necessary working concentrations. 

Concerning aTc, propionate, salicylate or possibly anthranilate, chemical synthesis 

seems challenging, yet feasible and the multitude of accessible expression hosts with 

such inducers should provide a further incentive to realize their photocaging. 
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Notably, some bacteria are under reasonable suspicion to be more sensible or rather 

vulnerable for light exposure than others, taking into account that elaborate photo-

sensing systems have evolved to protect the respective organism against excessive light 

exposure (Gomelsky and Hoff 2011). However, regarding E. coli (Binder et al. 2014), 

P. putida (Kubicki 2015), C. glutamicum (Binder et al. 2016b), B. subtilis or 

B. megaterium (Bitzenhofer 2016), at least UV-A light exposure, even in excessive 

amounts, appeared not to be harmful. 

Lastly, the working concentration is a key aspect for the functionality of light-control. In 

this context, concentrations above 2 mM were found to impede bacterial growth 

(Chapter II.3.3) in individual cases to a certain extent (Bier et al. 2016). Moreover, the 

required UV-A light exposure increases proportionally with elevated working 

concentrations as well (Chapter II.4.1). This was, for instance, observed for the transfer 

of photocaged IPTG from E. coli to C. glutamicum (Chapter II.5.1), where the 2.5-fold 

increase in concentrations led to about 10-fold enlarged, yet still manageable, exposure 

times for full conversion (Binder et al. 2016b).  

Conclusively, future work on novel light-controlled expression setups using photocaged 

compounds will surely benefit from the wealth of different sophisticated expression tools. 

Here, different alternative expression platforms such P. putida, C. glutamicum, B. subtilis 

or B. megaterium should play a major role to tackle versatile photobiotechnological 

applications such as natural compound or recombinant protein productions as well as 

high-throughput screenings appropriately. 

 

 

III.4 Future photouncaging applications  

 

Upon establishing a broad variety of light-controlled expression setups in various 

biotechnological key microbes, a multitude of future applications discloses, which will be 

subsequently discussed in further detail. 

 

 

III.4.1 High-throughput light-control of micro-cultivations 

 

Diverse bio(techno)logical questions require a high-throughput in the assessment of 

experimental parameters. For instance, microbial production processes are crucially 

dependent on parameters such as expression levels or time of induction. In this context, 

light is a valuable tool to implement precisely controlled parameter modifications into the 

respective application. Especially for picoliter scale cultivations such as monolayer 
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chambers (Grünberger et al. 2014), droplets (Kaminski et al. 2016; Mazutis et al. 2013) 

or agar pad-based setups (Young et al. 2012), the high spatial resolution of light 

provides considerable advantages that are scarcely complied with conventional chemical 

induction.  

In this sense, two-photon-excitation seems a powerful tool to introduce light impulses 

into single-cell applications with utmost precision in the lower femtoliter-scale (Bort et al. 

2013; Brieke et al. 2012; Fichte et al. 2016) and thus to empower the triggering of single 

populations or even cells. The concept of two-photon uncaging will later be elucidated in 

further detail (Chapter III.4.2). However, even focused one-photon excitation was shown 

to enable spatial control on the 20 µm-scale i.e. for areas with 20 µm in diameter 

(Ohlendorf et al. 2012) and hence outperforms conventional chemical induction 

distinctly. 

In particular, for the control of numerous parallelized microsystems, optogenetic tools 

qualify for triggering single compartments with adequate spatial precision and in an 

appropriate amount of time. The additional temporal benefit of light-regulation becomes 

most evident if hundreds or thousands of parallelized cultures e.g. in 3456-well microtiter 

plates have to be induced at the same time and in a diversified fashion. Light induction 

can be easily implemented simultaneously, implying an appropriate light source, 

whereas conventional chemical induction requires invasive, time- and labor-intensive 

pipetting or pricey automated liquid handling systems (Huber et al. 2009; Rohe et al. 

2012).  

High-throughput screening is currently accompanied with elevated expenditures of work 

and time in pico- to nanoliter cultivations. The microfluidic perfusion setups that were 

applied in this study (e.g. Chapter II.1.1), for instance, bear four separately perfused 

nutrient channels, so that merely four different environmental conditions, e.g. inducer 

concentrations, may be applied (Gruenberger et al. 2013; Grünberger et al. 2015; 

Grünberger et al. 2014). Likewise, in microfluidic droplet cultivations (Mazutis et al. 2013) 

the high-throughput variation or temporal definition of different stimuli involves 

tremendous efforts. To this end, external and variable control of different events and 

especially at any given time-point would significantly facilitate the screening of e.g. 

expression parameters such as induction time points or strengths in current micro-

cultivations (Fig. III.2 A). High-throughput light-control of microfluidic or droplet 

microfluidic single-cell applications might be implemented to existing setups via non-

invasive and spatiotemporal triggering of defined zones. In this sense, light-gradients 

could be introduced with high temporal flexibility by means of miniaturized graduated 

neutral-density filters or light-impermeability gradients.  
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The later concept was just recently exemplified in a light-mediated high-throughput 

screening of microalgal growth using novel microfluidic photo-bioreactors by creation of 

up to 64 different light conditions via a black dye gradient (Kim et al. 2014). This study 

properly demonstrates how light-control can assist in setting up high-throughput single-

cell applications in the future.  

Moreover, standard micro- to milliliter scale high-throughput cultivations could 

experience a higher degree of throughput applying optogenetic tools.  

 

 
FIGURE III.2 | Prospective high-throughput light-control of micro-cultivations. 

(A) Light-control of pico- to nanoliter-scale micro-cultivations. While conventional microfluidic perfusion (left) 

or droplet microfluidic setups (center) enable cultivations under only few different conditions, the 
implementation of light-control in terms of e.g. gradually increased light intensities alongside the microchips 
would allow varying a much broader range of parameters upon spatiotemporal light induction (using e.g. 
photocaged inducers for induction). Modified from Binder et al. (2014) Integr Biol (Camb) 6: 755–65; doi: 
10.1039/c4ib00027g (Fig. III.2 A left) and Mahler et al. (2015) RSC Adv 5:101871–101878; doi: 

10.1039/C5RA20118G (Fig. III.2 A middle), under the terms of the Creative Commons Attribution-Non 
Commercial 3.0 Unported Licence. (B) In advanced photomicrobioreactors (µl–ml scale cultivations) light-

control can assist to fully automatize cultivation control (left), where online-monitoring of biomass production 
and fluorescent feedback is implemented to conditionally (e.g. upon achieving certain thresholds) trigger 
single-well cultivations, and, for instance, pursues the superior goal of finding optimal induction levels and 
time points as well as a perfect balance between growth and production (right). 
 

 
 
For microbial productions, conventional chemical induction is frequently applied to vary 

induction levels and thus optimize recombinant protein production. Here, applied 

conventional chemical induction discloses obvious bottlenecks as high-throughput would 

necessitate costly automated liquid handling systems (Huber et al. 2009; Rohe et al. 

http://dx.doi.org/10.1039/c4ib00027g
http://dx.doi.org/10.1039/c4ib00027g
http://dx.doi.org/10.1039/C5RA20118G
http://dx.doi.org/10.1039/C5RA20118G
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
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2012) or labor- and time-consuming manual pipetting that entails considerably elevated 

contamination risks. 

Light induction, however, can fully exploit spatiotemporal, non-invasive and gradual 

features of electromagnetic radiation and thusly qualifies for high-throughput and full 

automation of microbial cultivations (Fig. III.2 B). High-throughput feasibility was 

illustrated in this work (Chapter II.4.2) by means of photocaged IPTG based induction 

profiling (Wandrey et al. 2016). Moreover, future bioprocesses could be fully automatized 

by time- or growth-coupled light induction to serve the superior goal of optimizing 

microbial cultivations with respect to optimal productivity or a perfect balance between 

growth and production. 

  

 

III.4.2 Light-controlled special applications 

 

Besides the employment of spatiotemporal light-control to elevate the high-throughput 

of microbial cultivations, electromagnetic radiation bears additional benefits for several 

special synthetic bio(techno)logical applications. 

The non-invasive fashion of light would enable to trigger closed applications from the 

outside, thus providing minimal process perturbation (Fig. III.3 A). Evidently, anaerobic 

or small volume batch cultivations could benefit from non-invasive light control since 

supplementation of, for example, chemical inducers during the process would entail 

oxygenation, dilution or at least tremendous technical efforts to minimize such customary 

interferences. In this context, the non-invasive and spatiotemporal triggering of different 

anaerobes such as Chlostridium, Actinomyces, Bacteroides or Rhodobacter, could 

provide a higher degree of regulation to tackle various aspiring anaerobic 

biotechnological applications (Cueto-Rojas et al. 2015). For instance, the phototrophic 

Gram-negative bacterium R. capsulatus displays tremendous membrane storage and 

unique metabolic capacities only under anaerobic conditions that qualify for prospective 

applications such as high-level membrane protein production (Katzke et al. 2012; Katzke 

et al. 2010; Özgür 2015, Heck & Drepper 2016). Nonetheless, sophisticated expression 

tools for temporal and external control of gene expression or growth lack to a large extent 

and should be established in the future based on optogenetic approaches. 

Furthermore, the high selectivity and specificity together with its excellent 

spatiotemporal precision, empowers electromagnetic radiation to control complex 

tasks such as specific events in multicellular environments (Fig. III.3 B). Hence, light 

can provide precise control of microbial consortia to gain so far uncharted insights into 

the complexity of a multicellular microbial world and to tackle prospective multi-species 
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applications (Brenner et al. 2008; Hays et al. 2015; Song et al. 2014). In this context, 

diverse applications have been explored and can be anticipated in the future. 

For instance, the growth of different microbial species can be precisely balanced by 

means of photocaged or photoswitchable antibiotics (Velema et al. 2015; Velema et al. 

2014a; Velema et al. 2013). This was recently exemplified for a mixture of E. coli and 

Staphylococcus aureus using photocaged derivatives of fluoroquinolone and 

benzylpenicillin in an orthogonal fashion (Velema et al. 2014a). Here, a light-triggered 

conditional species selection was conducted by exposure to UV-B or white light, 

respectively.  

 

 
FIGURE III.3 | Potential of light-control for special synthetic bio(techno)logical applications. 

(A) Non-invasive triggering of micro-scale applications (e.g. micro-batch or anaerobic cultivations) that can 

be triggered by light with minimal oxygenation- or dilution-effects and thus minimal process perturbation 

(left). Also anaerobic lab-scale cultivations such as those with R. capsulatus (picture generously provided 

by Dr. Achim Heck) might benefit from additional external light-control using optogenetic switches (right). (B) 

Especially at the single-cell level, spatiotemporal light-control of microbial consortia would enable (I.) a 

convenient species balance between two microorganisms via photocaged antibiotics, (II.) a precisely 

coordinated inter-species communication and (III.) the excitation of single-cells in isogenic populations via 

two-photon excitation. 

 

 

Furthermore, inter-cellular communication tools (Hays et al. 2015; Song et al. 2014) 

might be subjected to light-control in order to gain spatiotemporal regulation of processes 

that are crucial for the entire consortium. This way, otherwise constitutively or randomly 

executed processes like horizontal gene transfer, plasmid replication, predation or 

simple metabolite exchange could be specifically light-programmed to design and 

optimize synthetic microbial consortia for biotechnological or biomedical purposes. In this 

context, precisely timed shared productions or bacterial ‘physicians’ that selectively 
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deliver therapeutics or rather antibiotics to pathogenic cells would be valuable targets for 

light-control (Claesen and Fischbach 2015; Medema et al. 2011; Smanski et al. 2016). 

Lastly, spatiotemporal light-control of single-cells e.g. by means of two-photon-

excitation can disclose yet uncharted insights into single-cell dynamics as well as signal 

perception and propagation. The specific implementation of a light impulse to a single-

cell would allow gaining novel insights on signal perception and propagation that are 

otherwise perturbed in complex populations. Here, single-cell triggering could unravel 

the impact of surrounding microbes on phenotypic heterogeneity in isogenic or multi-

species microbial consortia more clearly. 

However, it will be of pivotal interest to see how highly diffusive caged and uncaged 

compounds might limit the spatial resolution of a light impulse. To this end, the commonly 

reported intracellular accumulation and the bidirectional diffusion of caged biomolecules 

has to be subject to future studies. Specifically, further extensive work is needed on cell-

permeability and intracellular accumulation of caged and uncaged compounds to finally 

elucidate the question to what extent photocaged compound based light control can be 

applied at low picoliter-scale spatial resolution in the future. 

Irrespective of the yet unanswered exact impact of two-photon-uncaging (TPU) on the 

spatial resolution of light control, the approach involves a novel mode of regulation in the 

red to IR range. Given that respective compounds exhibit convenient TPU cross 

sections, also UV-B and UV-C absorbing compounds can be readily recommitted for 

biological applications as TPU drives them at twice the wavelength applied for 

conventional excitation (Houk et al. 2016). Furthermore, using TPU it will be possible to 

discriminate between compounds absorbing in the same range if they considerably differ 

in their TPU cross-section i.e. the efficiency of TPU. Generally, photocaged compounds 

are considered as TPU compatible for in vivo applications for TP cross-sections above 

0.1 GM. Here, one GM (Göppert-Mayer) unit corresponds to 10-50 cm4 s photon-1 and 

characterizes the product of the two photon-areas and a time, in which the two photons 

have to be applied to drive the photoreaction (Bort et al. 2013; Brieke et al. 2012). 

Inevitably, TPU can be a sophisticated accessory tool for light control at the single-cell 

level and has to be elucidated in-depth for future applications. 

 

 

III.4.3 Multi-modal light-control of gene cascades 

 

As already insinuated for TPU, driving biotechnological applications in a multi-modal 

fashion bears pivotal advantages of concerting complex processes in a higher degree of 

control. Specifically, an effectively controlled orchestration of multiple cellular processes 

is desired in diverse contexts, such as complex gene or protein networks or effective end 
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product biosynthesis from a complex multi-modular biosynthetic pathway (Medema et al. 

2011; Smanski et al. 2016). 

To implement such multi-parameter light regulation (Fig. III.4 A) generally three main 

principles are conceivable: Chromatically orthogonal, sequential and simultaneous 

photouncaging. The most evident form of multi-modal photocaged compound based light 

control poses chromatically orthogonal regulation (Brieke et al. 2012; Hansen et al. 

2015; Klán et al. 2013). Here, two different bioactive molecules are caged with two 

different photocages that absorb at different wavelengths. For a minimal spectral overlap 

of both photocaged compounds, light regulation can be obtained in any chosen order, 

thus providing utmost flexibility. For conventional photocages, e.g. NB- and CM-derived 

photoprotection groups, however, a spectral overlap does exist, which often limits the 

chronological sequence of photouncaging. This was, for instance, observed during the 

application of different CM-caged antibiotics for orthogonal light control of mixed bacterial 

populations (Velema et al. 2014a). While the OC-caged benzylpenicillin derivative 

exhibited a narrow absorption spectrum in the UV-A range, light absorption of the NC-

caged fluoroquinolone derivative was rather broad and extended to the blue range. Since 

both compounds showed distinct UV light absorptivity, photouncaging had to be 

conducted primarily using blue or white light exposure to trigger both compounds 

independently in a chronological fashion.  

A sequence restriction is likewise observed for the approach of sequential 

photouncaging using two compounds that absorb in the same range, yet vary distinctly 

in their photochemical properties. In detail, the photolytically highly efficient and fast 

uncaging reaction can be triggered upon short irradiation prior to uncaging compounds 

with a much less efficient photorelease by applying increased light exposure times or 

intensities. Notably, the success and especially the selectivity of sequential 

photouncaging will clearly depend on a sufficiently different uncaging efficiency. For 

instance, different levels of regulation were achieved for sequential photouncaging of 

different pHP-caged deoxythymidines in vitro (Rodrigues-Correia et al. 2014). Here, the 

product of extinction coefficient and uncaging quantum yield differed up to 470-fold, thus 

providing an excellent basis for this sequential uncaging approach.  

Besides the application of different light qualities and quantities to exert light control in a 

multi-modal fashion, it is further possible to photoactivate different photocaged 

compounds simultaneously. In this context, one may benefit from clearly different 

features of the triggered biological response such as expression strength, activation 

kinetics, or opposed regulatory mechanisms e.g. the simultaneous activation of one 

reaction together with the repression of another. Most evidently, the within the framework 

of this study uncovered significant temporal delay of the photocaged IPTG mediated 
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gene expression (Chapter II.3.1) may pose a sophisticated tool, e.g. in combination with 

fast phototriggers such as photocaged arabinose (Chapter II.3.2), to initiate different 

cellular events chronologically. Here, a simultaneous light activation of both compounds 

would create two expression responses with a sequential i.e. temporal offset.  

Irrespective of the chosen approach for multi-modal light control, orthogonal triggering of 

cellular events ingeniously enables to reengineer regulatory cascades or metabolic 

pathways towards the desired productivity and functionality.   

Firstly, differential expression of separate genes or gene units is a useful tool to 

debottleneck metabolic fluxes towards a product (Cress et al. 2016; Medema et al. 2011; 

Wendisch et al. 2016). While the homologous expression of a complete gene cluster may 

be evolutionary adapted for required productivity by means of codon usage or host-

specific control mechanisms, heterologous expression of gene clusters will most likely 

benefit from reengineering (Liebl et al. 2014; Loeschcke et al. 2013). The exact temporal, 

sequential and spatial arrangement of gene expression can reveal benefits during 

microbial production processes, not only with respect to end product yields but also 

regarding side-product formation (Medema et al. 2011).  

Most evident conveniences of precise control over gene expression are manifested for 

toxic gene products. For simple single-gene expression setups, both late and tightly 

regulated gene expression is commonly found to be a key aspect in dealing with toxic 

metabolites or proteins (Miroux and Walker 1996; Saïda et al. 2006; Wagner et al. 2008). 

Likewise, for complex gene cascades with toxic intermediates or end-products, 

differential control in a multi-modal fashion might be suitable. In this sense, in a first step 

the precursor supply could be triggered, whereas upon sufficient biomass accumulation 

the production of a toxic end-product could be initiated in a second and delayed step. 

This approach was corroborated within this thesis using the example of (+)-valencene 

biosynthesis (Chapter II.5.1), where a yet unimodal delay of toxic (+)-valence production 

was able to elevate overall productivity significantly (Binder et al. 2016b). It may be 

speculated that the temporal decoupling and thus completely independent triggering of 

FPP and (+)-valencene biosynthetic procedures, e.g. by means of multi-chromatic 

optogenetic control, might offer tremendous potential for further debottlenecking the 

metabolic flux towards (+)-valencene biosynthesis in C. glutamicum. 

Moreover, by means of multi-modal light regulation, the irreversibility of photouncaging 

can be bypassed if inhibitory compounds such as glucose are released or repressing 

proteins such as the T7 lysozyme inhibitor are produced as a result of a second light 

activation. 
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FIGURE III.4 | Prospective multiparameter light-control of gene cascades to redirect or debottleneck 
metabolic fluxes towards the end-product. 

(A) Ways of multiparameter light control: Chromatically orthogonal uncaging using two different-colored 

photocaged compounds, sequential uncaging using photocaged compounds with highly dissimilar 

photochemical properties and simultaneous uncaging of two different photocaged compounds with e.g. 

antagonistic responses or delayed induction kinetics. (B) The five enzyme violacein biosynthetic pathway is 

depicted together with conceivable reengineering strategies to produce optimized metabolic fluxes, a 

reduction of side-product formation or end-product toxicity as well as novel metabolites. Abbreviations: λ: 

maximal absorption wavelength; ε: extinction coefficient; Φ: uncaging quantum yield; P: promoter strength; 

t: induction kinetics. 

 

 

Finally, the differential expression of genes may not only assist in elevating end-product 

yields but also in creating so far uncharted metabolite diversity with novel target 

compounds of e.g. medical relevance in a single production strain in an ‘on-demand’ 

fashion.   

A concrete example for a prospective metabolic pathway that would hugely benefit from 

extensive reengineering in this sense, poses the violacein biosynthesis (Cress et al. 

2016; Hilgers 2016; Hoshino 2011; Vaishnav and Demain 2010). The production of the 
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secondary metabolite violacein is mediated by five enzymes that catalyze the synthesis 

of violacein from L-tryptophan and are encoded by vioABCDE gene cluster (Fig. III.4 B). 

Even though the recombinant production of violacein, which has promising antitumor and 

antibiotic properties (Hoshino 2011; Subramaniam et al. 2014; Vaishnav and Demain 

2010), led to substantial yields in E. coli (Chapter II.3.2), a considerable side-product 

formation was observed (Binder et al. 2016a). These side-products, essentially 

consisting of deoxyviolacein, might be reduced by simple pathway reengineering. In this 

context, the initial induction of vioD expression prior to the actual expression of the whole 

gene cluster could debottleneck the metabolic flux towards a higher overall violacein 

productivity by minimizing deoxyviolacein side-products (Fig. III.4 B).  

Furthermore, it would be interesting to express the violacein cluster in elaborately 

designed tryptophan-overproducing C. glutamicum strains that deliver the violacein 

precursor L-tryptophan at the gram scale (Ikeda 2006; Ikeda and Katsumata 1999). Here, 

however, it might be essential to express the precursor accumulating genes vioABE prior 

to end-product biosynthetic vioDE genes, since the (deoxy-)violacein end-products were 

be shown to be toxic for C. glutamicum (Sun et al. 2016).  

Finally, the violacein pathway depicts how differential gene expression can be used to 

exploit nature’s wealthy variety of natural compounds and their inherently vast 

antimicrobial potential. In initial production experiments, that were conducted in a, with 

this work associated, master thesis of Fabienne Hilgers, the expression of different vio 

genes yielded considerable metabolite diversity (Hilgers 2016). For instance, the 

alternative violacein pathway derivatives deoxyviolacein, proviolacein and 

prodeoxyviolacein could be produced via expression of vioABCE, vioABDE and vioABE, 

respectively (Hilgers 2016).  

For introduced stages of violacein pathway reengineering, multi-modal light control 

represents a highly promising tool. Based on the photoswitches established within this 

thesis, essentially the combination of photocaged arabinose and photocaged galactose 

(Chapter II.3.3) would be feasible for sequential photouncaging due to different working 

concentrations (25 µM as compared to 400 µM) and thus different exposure times (10 

min as compared to 30 min). Furthermore, the application of NB photocaging derivatives 

instead of NP compounds could contribute to increase differences in photochemical 

properties and thus to enable sequential photouncaging (Fig. III.4 B). 

In future synthetic bio(techno)logical applications, multi-modal light control will certainly 

assist in redirecting metabolic pathways and gaining a higher order control of complex 

gene cascades.  
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III.5 Final and critical evaluation of photouncaging applicability  

 

To apply photocaged compounds for high-throughput, spatiotemporal or multi-modal 

light control in a broad range of biotechnological applications, several specific 

requirements have to be fulfilled, apart from the general prerequisites for successful 

photocaging (see Chapter I.5.2.1). These will be critically assessed hereafter (III.5.1) 

and finally the industrial applicability of photocaged compound based light control will be 

questioned in detail (III.5.2).   

 

 

III.5.1 Critical factors for successful photouncaging 

 

Besides the initially presented prerequisites for successful photouncaging, further 

parameters were highlighted during this thesis as crucial for setting up light control 

appropriately.  

Predominantly, the light intensity was found to be a key parameter for the uncaging 

process (Chapter II.4.1). In this context, the application of high-power UV-A LEDs (53 

mW/cm2) instead of the conventional low-power UV-A hand lamp (~1 mW/cm2) 

corroborated a crucial significance of light intensities in reducing overall light exposure 

times (Chapter II.3.1 & II.4.2), as they achieved an up to 45-fold elevated photolysis 

(Binder et al. 2014; Wandrey et al. 2016). Thus, light intensities were able to further 

improve the temporal resolution of light induction from a technical point of view down to 

the lower second scale (Fig. III.5 A). 

Besides that, also the photocaged compound working concentration is under 

reasonable suspicion to elevate temporal resolution distinctly. In the same study 

(Chapter II.4.2) ten-fold increased working concentrations of photocaged IPTG were 

found to provide an instantaneous expression response, which contravened initial 

studies (Chapter II.3.1 & II.3.2) on photocaged IPTG based light-responsiveness (Binder 

et al. 2016a; Binder et al. 2014). Notably, this concentration dependent acceleration was 

likewise observed (Chapter II.4.2) for increasing concentrations of conventional IPTG 

(Wandrey et al. 2016). Here, IPTG concentrations above 250 µM evoked most rapid 

induction of gene expression, although an overall saturation was already observed for 

75 µM IPTG at the end of the whole cultivation. Despite the fact that elevated working 

concentrations are presumed to provide faster in vivo expression responses, one has to 

note that an increased working concentration entails the elongation of exposure times 

for complete uncaging. This became most evident for low UV-A light intensities, as for 

instance the photorelease of 40 µM and 100 µM of caged IPTG required exposure times 

of 2 and 20 minutes (Chapter II.3.1 & II.5.1), respectively (Binder et al. 2014). Elevated 
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working concentrations in the millimolar range are further assumed to provide more 

growth impairments than those in the lower micromolar range. This was, for instance, 

observed for photocaged glucose that was found to be slightly toxic in the lower 

millimolar range (Bier et al. 2016). Here, the supplementation of 20 mM photocaged 

glucose (Chapter II.3.3) in combination with light exposure reduced cellular growth by 

about 50%. In this context, applicability is further restricted by the compound solubility, 

which lay in the range between 2 and 60 mM for respective photocaged carbohydrates 

(Chapter II.3.3) in aqueous solution (Bier et al. 2016). 

Conclusively, high working concentrations partly confine the applicability of photocaged 

compounds in vivo with respect to required exposure times or compound solubility and 

toxicity.  

 
 FIGURE III.5 | Critical factors influencing photouncaging applications and estimated profitability for 
upscaling of photocaged compound based light control. 

(A) Critical factors affecting successful photouncaging applications. (B) Upscaling of light controlled 

cultivations using photocaged compounds. With increasing culture volumes, profitability of photouncaging 
starts to decrease. 
 
 

Moderate to low working concentrations, however, exhibited a straightforward 

applicability and were even suited for the opulent production of toxic gene products 

(Chapter II.5.1) (Binder et al. 2016b). In this context, it was beneficial that most light-

controlled expression setups depicted a broad range of inducibility (Chapter II.4.2 & 

II.5.1) from early exponential to early stationary growth phases (Binder et al. 2016b; 

Wandrey et al. 2016). Notably, standard E. coli expression cultures using photocaged 
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IPTG were clearly dependent on early induction time points to provide a decent induction 

of gene expression, though. Here, a systematic evaluation of light-inducibility in terms of 

different cultivation conditions, working concentrations, light intensities and induction 

time points will probably unravel underlying mechanisms more clearly.  

Fortunately, photocaged compound based applications were found to be noticeably 

independent of conventional carbohydrate transport systems (Chapter II.3.2 & II.5.1). 

Most probably due to the improved membrane permeability of photocaged compounds, 

quite favorable features arose, namely outstanding population homogeneity and partly 

elevated expression strengths compared to equimolar conventional induction (Fig. III.5 

A).  

Additional parameters that exhibited appreciable influence on photocleavage reactions 

during µl- to ml-scale cultivations setups in different microtiter plates generally included 

shaking frequencies, surface-to-volume ratios, plate covers and the distance to the light 

source as shown by DMNB actinometry (Chapter II.4.1). Shaking frequencies and plate 

covers showed more severe influences than filling volumes and the therewith interrelated 

surface-to-volume ratio. Nonetheless, the highest impact on photoconversion exhibited 

still the reduction of light intensity, either via light source distance enlargement or actual 

dimming of the respective light source. 

Taking into account this complex interplay between all those critical factors, 

photouncaging will be conclusively evaluated with respect to economic and large-scale 

feasibility (Fig. III.5 B).  

 

 

III.5.2 Economic and large-scale feasibility of photouncaging 

 

To evaluate economic applicability of photocaged compound based light control in 

more detail, a raw estimation of costs that incur during chemical synthesis has to be 

conducted. To this end, conventional purchasable chemical inducers were compared to 

selected self-synthesized photocaged inducers from a financial point of view.   

Strikingly, a cost calculation for conventional chemical inducers including current market 

prices and common working concentrations revealed a broad price range relating to the 

price of a one liter expression culture (Tab. III.4). While inducers such as salicylate, 

arabinose, galactose, lactose and propionate represent rather cheap inducers in the 

lower cent (€) range, especially synthetic inducer molecules such as aTc and TMG 

exhibit up to 7000-fold increased and thus strikingly high costs per liter. Moderate costs, 

however, can be estimated for inducers such as xylose, rhamnose, IPTG and choline.  

Interestingly, price calculations for photocaged inducers that were during this thesis 

synthesized and provided by our academic collaboration partner at small scales are 
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within the same moderate range. In this sense, the application of photocaged IPTG or 

photocaged arabinose should produce costs in the range of 0.3 to 1.7 € per liter 

expression culture, respectively. Here, the actual costs are strongly dependent on the 

precursors applied for the synthesis. For instance, the self-synthesis of 6-nitropiperonal 

instead of purchasing it, would produce more efforts, yet could reduce overall costs about 

17%. Although, costs for the 2-step photocaged IPTG (Binder et al. 2014) and the 3-step 

NP-photocaged arabinose synthesis (Binder et al. 2016a) are estimated to be roughly 

the same, the application of NP-photocaged arabinose appears even more cost-effective 

due to the 1.6-fold reduced working concentrations of 25 µM for full induction. 

Furthermore, the omission of column chromatography purification procedures (Chapter 

II.3.3) can further account for reduced processing costs (Bier et al. 2016).  

 

TABLE III.4 | Raw estimation of costs and economic feasibility for conventional (purchased) and 
photocaged inducer (self-synthesized) applications.  

 Inducer 
Molecular 
Weight [g/mol]   

Working 
concentrations 

Price* / kg  Price / l 
Economic 
feasibility 

C
o

n
v

e
n

ti
o

n
a
l 
in

d
u

c
e
rs

 

Salicylate 138.12 1 mM 48.3 < 0.01 € +++ 

Arabinose 150.13 0.1 mM 670 € 0.01 € +++ 

Galactose 180.16 0.4 mM 315 € 0.02 € +++ 

Lactose 360.31 (xH2O) 5 mM 35 € 0.06 € +++ 

Propionate 74.08 50 mM 26.3  € < 0.09 €*** +++ 

Xylose 150.13 30 mM 54 € 0.24 € ++ 

Rhamnose 164.16 10 mM 190 €  0.31 € ++ 

IPTG 238.30 0.1 mM 37500 € 0.89 € + 

Choline 139.62 (Cl-) 100 mM 85.7 1.20 € + / - 

aTC 462.88 (HCl) 0.5 µM 226600000 € 52.44 €  - - 

TMG 210.25 1 mM 333000 € 70.01 € - - - 

P
h

o
to

c
a
g

e
d

 
in

d
u

c
e
rs

 

Photocaged  
IPTG 

 415.41 40 – 100 µM ~ 41000 €  
(1-step synthesis) 
~ 34000 € 
(2-step synthesis) 

~ 0.7 - 1.7 € 
 
~ 0.6 - 1.4 € 

(+) 
 

(+) 
 

NP-Photocaged  
Arabinose 

329.26  
 

25 – 100 µM** ~ 34000 €  
(3-step synthesis) 

~ 0.3 - 1.1 € (++) 

Light-grey highlighted columns do not include expenses for labor and time expenditures. 
* calculated from the Carl Roth website in May 2016 for 1 kg supply and > 98% purity 
 ** for araBAD-deletion strains 
*** the price for propionate induction in C. glutamicum would be further decreased about 5000-fold. 

 

 

Notably, extensive modifications were implemented in order to realize full induction of 

gene expression at such low concentrations for the expression systems applied in this 

work. For instance, the initial study on photocaged IPTG applied 0.5 mM of the 

compound (Young and Deiters 2007b), whereas in the redesign using a lower plasmid 

copy number and the implementation of the T7RP (Chapter II.3.1) 12.5-fold reduced 

concentrations sufficed for full induction (Binder et al. 2014). Substantially, the here 
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applied PBAD-based expression setup was reengineered by means of araBAD-deficiency 

(Guzman et al. 1995) and a mutagenized AraC regulator (Lee et al. 2007) to provide full 

induction at 25 µM of arabinose (Binder et al. 2016a) and therefore 2680-fold reduced 

concentrations (Chapter II.3.2) compared to conventional setups using up to 67 mM 

(Terpe 2006). Admittedly, just by applying expression systems that were reengineered 

towards high inducer sensitivity, photocaged compound based light control appears 

economically feasible to such extent.  

Conclusively, the application of photocaged compounds discloses manageable costs. 

Particularly for the production of high-value products, photocaged compound based light 

control is justifiable if the production process profits hereof, for instance, due to 

population homogeneity or stronger overall expression levels. The actual costs of about 

1 € per liter for photocaged compound synthesis (Tab. III.4) appear negligible if the 

profits for the final products are comparatively large. For example, (+)-valencene and 

violacein productivities of 41 and 270 mg per liter that were obtained in this study, could 

produce incomes in the regions of 160 and 88,000 €, respectively. Notably, all these 

calculations are based on actual market prices (Sigma Aldrich) and do not include any 

downstream processing. Nevertheless, the calculations highlight that photocaged 

compound-based light control can be economically feasible, if their benefits outbalance 

conventional control procedures in a high-value biotechnological application.  

Quite obviously, the economic feasibility was found to be strongly correlated to the 

applied working concentration (Tab. III.4). For instance, propionate induction in 

C. glutamicum (Plassmeier et al. 2013) would present an inducible expression setup with 

utmost cost-efficiency as considerably low costs of 0.09 € per liter for E. coli (Lee and 

Keasling 2005) might be further decreased 5000-fold due to the reduction of working 

concentrations from 50 mM to 10 µM. Accordingly, from an economic point of view, the 

synthesis of photocaged propionate can be strongly suggested and would probably 

outperform most of the conventionally applied inducers with respect to running costs.  

However, also with respect to functionality and general applicability the inducer 

concentration is of utmost importance. Specifically, high photocaged compounds 

working concentrations led to a significant enlargement of required light intensities. As 

mentioned earlier, the 2.5-fold increase of the photocaged IPTG concentration from 

40 µM (in E. coli; Chapter II.3.1) to 100 µM (in C. glutamicum; Chapter II.5.1) produced 

about 10-fold extended exposure times for full photo-conversion (Binder et al. 2016b; 

Binder et al. 2014). These observations are in good accordance with in vitro results using 

DMNB actinometry (Chapter II.4.1), where the increment of DMNB concentration from 

0.1 mM to 1 mM, likewise resulted in roughly 6-fold increased times until complete 

conversion and 5.2-fold elevated half-conversion times, respectively.  
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Moreover, biocompatibility of excessive amounts of photocaged inducers has to be 

further elucidated in the future. For initial tests using individual photocaged 

carbohydrates (unpublished and preliminary results), for instance, concentrations above 

2 mM were already found to fully impede cellular growth, whereas for photocaged 

glucose 2.5-fold amounts of the photocaged compound (Chapter II.3.3) showed minor 

impacts on biomass formation (Bier et al. 2016). Notably, at such high concentrations 

also the high purity of synthesized compounds might be of elevated importance. 

Another interesting question for the future of photocaged compounds will be to what 

extent an upscaling of current light-controlled applications is feasible. Whereas lower 

liter-scale cultivations should work more or less readily for photouncaging applications, 

larger-scale photobioreactors such as sunlight-driven 25000 liter microalgae reactors 

(Olaizola 2000) could face significant difficulties. Here, the requirement of an artificial 

high-power light source, an appropriate surface-to-volume ratio, and eligible mixing 

efficacies will definitely restrict photouncaging applications to several hundred liter 

cultivations at most (Fig. III.5 B). 

Furthermore, accessory issues traditionally occurring during the upscaling of microbial 

productions such as poor aeration (Garcia-Ochoa and Gomez 2009) or environmental 

heterogeneities (Lara et al. 2006) will come along. More than for usual microbial 

production processes (Takors 2012; Xia et al. 2016), the upscaling of 

photobiotechnological applications and especially those using photocaged compounds 

faces serious challenges and will require tremendous work in the future.   

Yet, for lab-scale cultivations photouncaging has emerged as a sophisticated and well 

applicable tool to achieve a high-throughput feasible, spatiotemporal and non-invasive 

control over various synthetic bio(techno)logical applications. Here, current 

photouncaging in the picoliter to liter scale provides a versatile plug-and-play control over 

bacterial gene expression in a rapid, homogeneous and tight fashion. Thus, plenty of 

challenges can be tackled in various biotechnological key microbes in future applications. 
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V.1 Supporting Information for Chapter II.1.1 – Microfluidic Analysis of  

E. coli expression systems  

 

Comparative single-cell analysis of different E. coli expression systems during 

microfluidic cultivation 

Dennis Binder,* Christopher Probst,* Alexander Grünberger,* Fabienne Hilgers, Anita 

Loeschcke, Karl-Erich Jaeger, Dietrich Kohlheyer, Thomas Drepper 

PLoS One 2016; 11:e0160711. 

 

 

 

 

 

 

S1 Appendix. Supporting methods. 

Exact LB growth media recipes and quantification of galactose, lactose and glucose. 
doi:10.1371/journal.pone.0160711.s001 

 

 
Supporting Methods  
 
LB Growth Media  
For initial cultivations four different lysogeny broth (LB) cultivation media were employed that were 
constituted as follows: LB1 (25 g l-1 ready-to-use mix Luria/Miller; Carl Roth, Karlsruhe, Germany); 
LB2 (10 g l-1 tryptone/peptone from casein (Carl Roth, Karlsruhe, Germany), 10 g l-1 NaCl, 5 g l-1 

yeast extract (type KAT, Ohly, Hamburg Germany); LB3 (10 g l-1 peptone from casein (Carl Roth, 
Karlsruhe, Germany), 10 g l-1 NaCl, 5 g l-1 yeast extract (Carl Roth, Karlsruhe, Germany); LB4 (10 
g l-1 BactoTM peptone (BD Biosciences, Franklin Lakes, NJ, USA), 10 g l-1 NaCl, 5 g l-1 BactoTM 

yeast extract (BD Biosciences, Franklin Lakes, NJ, USA).  
 
Quantification of galactose, lactose and glucose  
Galactose and lactose were quantified via photometric detection of NADH using a β-
galactosidase, galactose mutarotase and β-galactose dehydrogenase based enzyme assay 
(Rapid Kit K-LACGAR; Megazyme, Ireland). For glucose measurements a hexokinase/glucose-
6-phosphate dehydrogenase based assay for NADPH detection was performed as previously 
described [58].  
 
Supporting Reference  

58. Richhardt J, Bringer S, Bott M. Role of the pentose phosphate pathway and the Entner-

Doudoroff pathway in glucose metabolism of Gluconobacter oxydans 621H. Appl Microbiol 

Biotechnol. 2013; 97: 4315–23. 

 

 

 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s001
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S1 Fig. Expression responses and growth of E. coli BL21(DE3) with (A-C) and without (D) 

the pRhotHi-2-EYFP expression vector in different complex LB cultivation. 

(A) Representative micro-colonies, weakly induced (2.5 μM) with IPTG after approximately 4 h of 

cultivation in four different LB media. (B) Mean fluorescence distribution for the representative 

microcolonies shown above. Mean values and coefficient of variations are plotted above the bar, 

indicating the complete spread. (C) Mean fluorescence for ten EYFP-expressing colonies 

cultivated in the four different media. (D) Comparison of maximum growth rates for non-induced 

cultivations in the different LB media (grey bars) with growth rates obtained for uninduced 

cultivation in the novel defined rich medium M9CA (dark grey bars). 

doi:10.1371/journal.pone.0160711.s002 

 

 

 
S2 Fig. Fluorescence profiles for conducted microfluidic expression setups. 

Averaged single-cell fluorescence development for at least ten populations cultivated without 
(blue), as well as using intermediate (green) and high inducer concentrations. Shaded areas 
indicate respective standard deviations. The end of the experiment corresponds to the time 
were cultivation chambers are almost fully loaded or where cells completely stopped growing. 
doi:10.1371/journal.pone.0160711.s003 

 

 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s003
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S3 Fig. Bulk fluorescence profiles for batch cultivations of different E. coli expression 

systems. 

Expression response of the selected expression systems 1–6 (A-F) in a BioLector microbioreactor 
system (m2plabs, Germany) under constant monitoring of biomass accumulation and reporter 
fluorescence. Indicated fluorescence was biomass-normalized. Expression cultures were 
inoculated to cell densities corresponding to an optical density of 0.05 at 580 nm. Gene 
expression was induced when cell cultures reached the logarithmic growth phase (cell density of 
OD580 ~0.5). Cultures induced with 1 mM arabinose start to consume arabinose, while the are 
still growing, whereas induction with 2.5 mM arabinose leads to tremendous growth impairment 
and thus no arabinose consumption was observed during the observation period of 10 h. 
Expression cultures were performed at least in triplicates. Shaded areas indicate respective 
standard deviations. a.u.: arbitrary units. 
doi:10.1371/journal.pone.0160711.s004 
 
 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s004
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S4 Fig. Time-resolved fluorescence reporter expression patterns of microfluidic 

cultivations using intermediate and high inducer concentrations. 

Histograms were plotted using single-cell fluorescence values obtained from representative 
populations at the initial (blue, N>8), intermediary (green, halftime of experiment) and end state 
(red, μmax ~ 0) of conducted microfluidic cultivation experiments. 
doi:10.1371/journal.pone.0160711.s005 
 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s005
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S5 Fig. Expression heterogeneity analysis of different E. coli expression systems during 

microfluidic cultivation using (A) intermediate and (B) high inducer concentrations for 

induction of target gene expression. 

Percentaged coefficient of variation and fraction of outliers (outside the 1.5-fold IQR) are plotted 
as potential indicators of expression heterogeneity for ten individual microcolonies. Cross lines 
reveal respective means and standard deviations. Grey dotted lines show thresholds for 
expression heterogeneity (CV > 25%) or increased number of rare events (outliers > 6%) selected 
for the expressions systems at hand. The bottom left quadrant indicates the region of expression 
robustness and homogeneity. 
doi:10.1371/journal.pone.0160711.s006 
 
 
 

 
S6 Fig. Comparison of representative microcolonies from conducted microfluidic 

analyses, which differ in their lacY and lacI constitution. 

lacY+: E. coli BL21(DE3), lacY-: E. coli Tuner(DE3),—additional LacI: pRhotHi-2 expression 
vector, + additional LacI: pRhotHi-2-LacI expression vector. The white scale bar corresponds to 
10 μm. 
doi:10.1371/journal.pone.0160711.s007 
 
 
 
 
 
 
 
 
 
 
 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s007
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S1 Table. Bacterial strains, plasmids and oligonucleotides used in this study. 

doi:10.1371/journal.pone.0160711.s008 

 
 

S2 Table. Quantification of known inducing or repressing carbohydrates in 

different E.coli cultivation media. 

doi:10.1371/journal.pone.0160711.s009 

 
 

 

 

 

 

 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0160711.s009
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V.2 Supporting Information for Chapter II.3.1 – Light-responsive control of 

bacterial gene expression  

   

Light-responsive control of bacterial gene expression: Precise triggering of the 

lac promoter activity using photocaged IPTG  

Dennis Binder,* Alexander Grünberger,* Anita Loeschcke, Christopher Probst, Claus 

Bier, Jörg Pietruszka, Wolfgang Wiechert, Dietrich Kohlheyer, Karl-Erich Jaeger and 

Thomas Drepper. Integr Biol (Camb). 2014;6: 755–65. 
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V.3 Supporting Information for Chapter II.3.2 – Photocaged Arabinose 

   

Photocaged Arabinose – A Novel Optogenetic Switch for Rapid and Gradual 

Control of Microbial Gene Expression  

Dennis Binder, Claus Bier, Alexander Grünberger, Dagmar Drobietz, Jennifer Hage-

Hülsmann, Georg Wandrey, Jochen Büchs, Dietrich Kohlheyer, Anita Loeschcke, 

Wolfgang Wiechert, Karl-Erich Jaeger, Jörg Pietruszka, and Thomas Drepper. 

ChemBioChem 2016; 17: 296–300. 
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V.4 Supporting Information for Chapter II.3.3 – Photocaged Carbohydrates   

 

Photocaged carbohydrates – versatile tools for controlling gene expression by 

light. (Feature article for Synthesis, in press) 

Claus Bier, Dennis  Binder, Dagmar Drobietz, Anita Loeschcke, Thomas Drepper, Karl-

Erich Jaeger, Jörg Pietruszka (2016) 
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V.5 Supporting Information for Chapter II.4.1 – DMNB Actinometry 

 

Using 1,2-dimethoxy-4-nitrobenzene actinometry to monitor UV-A light exposure 

in photobiotechnological setups (In preparation) 

Dennis Binder, Claus Bier, Oliver Klaus, Jörg Pietruszka, Karl-Erich Jaeger, and 

Thomas Drepper 

 

NMR data of a DMNB solution prior to light exposure: 

 

1H NMR (600 MHz, Deuterium Oxide) δ 7.97 (dd, 3J5,6 = 9.0 Hz, 4J5,3 = 2.5 Hz, 1H, 5-H), 7.84 (d, 4J3,5 = 2.5 Hz, 1H, 3-H), 
7.13 (d, 3J6,5 = 9.0 Hz, 1H, 6-H), 3.95 (s, 3H, CH3), 3.92 (s, 3H, CH3). 
 

 
Figure S1. 1H NMR spectrum of an unexposed 1.25 mM 1,2-Dimethoxy-4-nitrobenzene solution (0.5 M KOH, 10% DMSO-d6) in 

Deuterium oxide. 
 

 
NMR data of a DMNB solution upon 60 min of UV-A light exposure: 
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1H NMR (600 MHz, Deuterium Oxide) δ 7.97 (dd, 3J5,6 = 9.0 Hz, 4J5,3 = 2.5 Hz, 1H, 5-H) 7.84 (d, 4J3,5 = 2.5 Hz, 1H, 3-H), 
7.47 (dd, 3J5´,6´ = 8.8 Hz, 4J5´,3´ = 2.9 Hz, 1H, 5´-H), 7.28 (d, 4J3´,5´ = 2.9 Hz, 1H, 3´-H), 7.13 (d, 3J6,5 = 9.0 Hz, 1H, 6-H), 6.87 
(d, 3J6´,5´ = 8.8 Hz, 4H), 3.95 (s, 3H, CH3), 3.92 (s, 3H, CH3)., 3.83 (s, 3H, CH3

´), 3.30 (s, 3H, -OMe). 

 

 
Figure S2. 1H NMR spectrum of a light-exposed (60 min UV-A) 1.25 mM 1,2-Dimethoxy-4-nitrobenzene solution (0.5 M KOH, 
10% DMSO-d6) in Deuterium oxide. 
 
 

 
Figure S3. Full UV-Vis (A) and UV-Vis-Difference (B) spectra for fully converted 1.25 mM DMNB solutions measured in a quartz 

cuvette. 
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Table S1. Cultivation vessel specifications. 

Cultivation 
vessel 

Vessel Specification  
Total 
volume 

Working 
Volume 

Liquid 
surface*** 

Surface-to-
volume-ratio***  

MTP 
96 well F-Bottom  
(Greiner Bio-One) 

392 µL 100 µL 48.44 mm2 >0.48 mm-1** 

MTP Black 
Nunclon F96 Black  
(Thermo Scientific) 

400 µL 100 µL 49.70 mm2 0.50 mm-1 

FP 
48 well, flat bottom, black 
FlowerPlate®, (m2p labs) 

3200 µL 800 µL 96.97 mm2 0.12 mm-1 

10 mL Flask* 
100 mL Erlenmeyer flask, 
narrow neck (DURAN®) 

n.d. 10 mL 4096 mm2 >0.41 mm-1** 

100 mL Flask* 
1000 mL Erlenmeyer flask, 
narrow neck (DURAN®) 

n.d. 100 mL 17161 mm2 >0.17 mm-1** 

*     volumina here refer to solution volume not to flask capacity 
**   due to translucent cultivation vessel: lateral light exposure and thus enlarged exposed surface expected 
*** for unshaken cultures 

 
 
Table S2. Exact UV-A light exposure setups for different cultivation vessels. 

Cultivation 
vessel 

Exact distance to vessel Exposed from 
Shaking 
frequencies 

MTP 4.5 cm Top 1000 rpm 

MTP Black 4.5 cm Top  1000 rpm 

FP 1.5 cm* Top  1000 rpm* 

10 ml Flask 1.85 cm 
Sideways  
(9° tilted towards flask) 

150 rpm 

100 ml Flask 1.85 cm 
Sideways  
(9° tilted towards flask) 

150 rpm 

*Except for parameter variation experiments shown in Fig. 3. 
 
 

 

Figure S4. Solubility improvement of DMNB in aqueous potassium hydroxide solutions via DMSO. 
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V.6 Supporting Information for Chapter II.4.2 – Light-induced induction 

profiling 

 

 

Light-induced gene expression with photocaged IPTG for induction profiling in a 

high-throughput screening system  

Georg Wandrey, Claus Bier, Dennis Binder, Kyra Hoffmann, Karl-Erich Jaeger, Jörg 

Pietruska, Thomas Drepper, Jochen Büchs . Microb Cell Fact 2016, 15:63. 

 

 

 

 

 

 

 

 

 

 

Additional file: 1. cIPTG was dissolved in isopropanol/n-heptan 50/50. (8.3 mg in 2.5 mL) and irradiated 

for 10 min (375 nm; 6.2 mW/cm²). cIPTG and its ester intermediates (cIPTGe1 and cIPTGe2) were then 
separated via HPLC (column: Chiralpak IC, 250·10 mm, Daicel, Japan; solvent: n-heptan:2-propanol 
(30:70); flow rate: 0.5 mL/min; detection: UV 258 nm) 
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Additional file: 2 . NMR-measurement of ester intermediates. cIPTGe1 (A) and cIPTGe2 (B) were identified 
via NMR. cIPTGe1 (A): 1H-NMR (600 MHz, CDCl3), δ [ppm]: 7.35 (s, 1 H, 4´-CH), 6.01 (s, 1 H, 7´-CH), 6.14 

(s, 2 H, 2´-CH2), 4.75 (dd, 2J6a, 6b = 11.5 Hz, 2J6a, 5 = 6.0 Hz, 1 H, 6-CH2), 4.66 (dd, 2J6b, 6a = 11.4 Hz, 
2J6b, 5 = 6.6 Hz, 1 H, 6-CH2), 4.39 (m, 1 H, 1-CH), 3.98 (m, 1 H, 4-CH), 3.87 (m, 1 H, 5-CH), 3.63 (m, 2 H, 
2-CH, 3-CH), 3.17 (septet, 3JSCH, CH3a/b = 6.70 Hz, 1 H, -SCH), 2.73 (s, 1 H, OH), 2.59 (s, 1 H, OH), 2.45 
(s, 1 H, OH), 1.31 (d, 3JCH3a, SCH = 1.70 Hz, 3H, -CH3a), 1.30 (d, 3JCH3b, SCH = 1.80 Hz, 3H,-CH3b). 
13C-NMR (151 MHz, CDCl3), δ [ppm]: 166.94 (C-7), 160.67 (C-6´), 153.16 (C-7a´), 150.80 (C-3a´), 133.61 
(C-5´), 108.72 (C-4´), 103.36 (C-2´), 89.36 (C-7´), 86.00 (C-1), 75.66 (C-5), 74.34 (C-3), 70.51 (C-2), 68.47 
(C-4), 64.69 (C-6), 35.92 (SCH), 24.22 (C- CH3a), 23.99 (C- CH3b). cIPTGe2 (B): 1H-NMR (600 MHz, 

CDCl3), δ [ppm]: 7.42 (s, 1 H, 4´-CH), 6.19 (s, 2 H, 2´-CH2), 6.01 (s, 1 H, 7´-CH), 5.69 (dd, 3J4,3 = 3.6 Hz, 
3J4,5 = 1.1 Hz 1 H, 4–CH), 4.47 (d, 3J1,2 = 9.7 Hz, 1 H, 1-CH), 3.86 (m, 1 H, 5-CH), 3,78 (m, 2 H, 6a-CH2, 
3-CH), 3.70 (dd, 3J6b, 6a = 11.9 Hz, 3J6b, 5 = 7.1 Hz, 1H, 6-CH2), 3.30 (t, 3J2,1 = 9.4 Hz, 3J2,3 = 9.4 Hz, 
1 H, 2-CH2)), 3.18 (m, 1 H, -SCH), 1.31 (d, 3JCH3a/b, SCH = 1.6 Hz, 3H,-CH3a), 1.30 (d, 3JCH3a/b, 
SCH = 1.5 Hz, 3H,-CH3b) 

 

 

 

 

 

 

Additional file: 3. Relative amount of cIPTG ester intermediates over time. No ester intermediates are 

detected without UV-A irradiation (-UV-A). After UV-A irradiation (+UV-A) ester intermediates are detected. 
They were stable for at least 24 h (+24 h). Addition of lipase PL from Alcaligenes sp. fully degrades the ester 
intermediates (+lipase). HPLC (Jasco HPLC system, column: Hyperclone 5 μ ODS (C18) 120 
(Phenomenex), solvent: MeOH:H2O 30:70, flow rate: 1 mL/min, 25 °C, 30 μL, detection: UV 258 nm at 
11.46 min). 1000 μM cIPTG in H2O, irradiation with 6.4 mW/cm² at 375 nm for 10 min and storage at RT for 
24 h, addition of 1 mg lipase PL (Alcaligenes sp. lipase 100000 U/g) to 910 μL at 38 °C for 24 h 
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Additional file: 4. Photo-uncaging of cIPTG as a function of UV-A exposure duration. In vitro decomposition 

of 400 μM cIPTG in H2O by UV-A irradiation (λmax = 368 nm, I = 52 mW/cm², n = 4) monitored via HPLC–
UV. HPLC (Jasco HPLC system, column: Hyperclone 5 μ ODS (C18) 120 (Phenomenex), solvent: 
MeOH:H2O 30:70, flow rate: 1 mL/min, 25 °C, 30 μL, detection: UV 258 nm at 19.04 min) 

 

 

 

 

 

Additional file: 5. Effect of UV-A irradiation on cell growth. Scattered light intensity of non-induced cultures 

irradiated with UV-A LEDs for 0–120 s (λmax = 368 nm, I = 52 mW/cm²). No cIPTG was added to the medium. 
The black arrow indicates the time of UV-A exposure in the exponential phase. For up to 60 s of UV-A 
exposure only minute deviations are detected in the scattered light signal. Exposure for 120 s leads to a 
slightly lower scattered light signal in the stationary phase. Since exposure durations of up to 40 s were 
sufficient for optical induction, negative effects of UV-A irradiation are of no concern for the bacteria used in 
this work. Cultivations were performed in triplicates; standard deviation is shown in the same color as the 
mean value but at 50 % transparency 
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Additional file: 6. Initial product formation after induction. Zoomed view of Fig. 6c and Fig. 6g. FbFP 

fluorescence of E. coli cultures induced after 7.5 h with 0–1000 μM IPTG (A) or 400 μM of cIPTG and 0–
40 s of UV-A irradiation (B). The initial product formation gradually increases with increasing IPTG 
concentrations (0–400 μM) and is saturated for higher concentrations (400–1000 μM) (A). However, the 
highest product fluorescence at the end of the cultivation after 42 h is reached with 75–100 μM IPTG (A, 
right side). For optical induction, initial product formation rate is highest for 20–40 s of UV-A irradiation and 
the highest product concentrations after 42 h are reached with 8–10 s (B). Note the axis scaling and breaks 
for increased readability. Additionally, note that only 400 μM of cIPTG are available for uncaging in B. 
Cultivation conditions: 800 μL Wilms-MOPS mineral medium per well in a 48-FlowerPlate, 400 μM cIPTG 
added to cultures induced with the LED array (λmax = 368 nm, I = 52 mW/cm²), 30 °C, shaking frequency: 
1000 rpm, shaking diameter: 3 mm 
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Additional file: 7. Data normalization. Raw scattered light signals are influenced by the microtiter plate lot 

(A). For normalization the raw signals of cultivations in one lot can be multiplied with a correction factor to 
match the course of the other cultivation (B). The correction factor is determined by dividing the scattered 
light intensities at the end of the cultivation after 42 h. This correction factor can also be applied to correct 
EcFbFP fluorescence signals (C). The normalized signals of cultures induced with 0, 100 or 200 μM IPTG 
are in good agreement. This demonstrates that reproducible results can be obtained even when different 
microtiter plate lots are used. Cultivation conditions: 800 μL Wilms-MOPS mineral medium per well in a 48-
FlowerPlate, 30 °C, shaking frequency: 1000 rpm, shaking diameter: 3 mm. Error bars in A and B indicate 
the standard deviation of six reference cultures. Induction in C after 6 h. Data for 0 μM IPTG and lot 14xx 
is not visible in C because it is almost identical to lot 15xx 
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Additional file: 8. Online measurement of cIPTG ester intermediates and NP-uncaging product. This figure 

shows the full data set of the measurement presented in Fig. 4 where measurements for 8, 15, 40 and 50 s 
of UV-A irradiation were not shown to increase readability. Fluorescence intensity (λEx = 326 nm, 
λEm = 407 nm, black cross in Fig. 2) of 12 E. coli cultures before and after UV-A irradiation for 0–60 s (A) 
and fluorescence intensity measured directly after irradiation as a function of duration of UV-A exposure (B). 
At the beginning of the cultivation, 400 μM cIPTG were added to the medium. After 10 h, optical induction 
was performed with the LED array (λmax = 368 nm, I = 52 mW/cm²). The amount of ester intermediates 
increases with increasing duration of UV-A exposure and can be fitted with first-order kinetics (solid lines 
and equations in B, R² > 0.995). Reduced irradiance leads to lower rate constants (black triangles, I = 13 
mW/cm²) and reduced cIPTG concentration to lower amplitude (green diamonds, 50 μM cIPTG). Cultivation 
conditions: 800 μL Wilms-MOPS mineral medium (20 g/L glucose, 0.2 M MOPS) per well in a 48-
FlowerPlate, 30 °C, shaking frequency: 1000 rpm, shaking diameter: 3 mm 
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Additional file: 9. Online measurement data for conventional induction profiling with manual addition of 

IPTG solution and optical induction profiling with cIPTG. This figure shows the full data set of induction 
profiling experiment presented in Fig. 6. Scattered light and FbFP fluorescence of 304 E. coli cultures 
induced with IPTG (A-F) and of 96 E. coli cultures induced with cIPTG (G-L). Time of induction and inducer 
strength (IPTG concentration or duration of UV-A exposure) are varied in full factorial design. Colors from 
blue to red mark later induction times (0.5–16 h), dull to bright colors mark increasing inducer strength (0–
1000 μM IPTG or 0–40 s duration of UV-A exposure). The first column (A,D,G,J) shows the full data set 
while the second column (B,E,H,K) shows a subset at a fixed induction time of 7.5 h and the third column 
(C,F,I,L) shows a subset at a fixed inducer strength of 400 μM IPTG or 40 s UV-A exposure. Small colored 
down-pointing arrows illustrate the time of induction (not all shown). Long horizontal arrows in black 
illustrate general trends, e.g. impact of increasing inducer concentration on growth (B). Cultivation 
conditions: 800 μL Wilms-MOPS mineral medium per well in a 48-FlowerPlate, 400 μM cIPTG added to 
cultures induced with the LED array (λmax = 368 nm, I = 52 mW/cm²), 30 °C, shaking frequency: 1000 rpm, 
shaking diameter: 3 mm 
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V.7 Supporting Information for Chapter II.5.1 – Light-controlled  

Corynebacterium cell factories  

 

Light-controlled cell factories – Employing photocaged IPTG for light-mediated 

optimization of lac-based gene expression and valencene biosynthesis in 

Corynebacterium glutamicum 

Dennis Binder,* Jonas Frohwitter,* Regina Mahr, Claus Bier, Alexander Grünberger, 

Anita Loeschcke,  Petra Peters-Wendisch, Dietrich Kohlheyer, Jörg Pietruszka, Julia 

Frunzke, Karl-Erich Jaeger, Volker Wendisch and Thomas Drepper. Appl Env Microbiol 

2016. doi: 10.1128/AEM.01457-16 
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DNA-Sequence of the synthetic codon-usage optimized CnVS gene (oCnVS): 

ATGGCGGAAATGTTCAACGGCAACAGCAGCAACGATGGCAGCAGCTGCATGCCGGTGAAAGATGCG

CTGCGCCGCACCGGCAACCATCATCCGAACCTGTGGACCGATGATTTCATCCAGAGCCTGAACAGCC

CGTATAGCGATAGCAGCTATCATAAACATCGCGAAATCCTGATCGATGAAATCCGCGATATGTTCAGC

AACGGCGAAGGCGATGAATTCGGCGTGCTGGAAAACATCTGGTTCGTGGATGTGGTGCAGCGCCTG

GGCATCGATCGCCATTTCCAGGAAGAAATCAAAACCGCGCTGGATTATATCTATAAATTCTGGAACCA

TGATAGCATCTTCGGCGATCTGAACATGGTGGCGCTGGGCTTCCGCATCCTGCGCCTGAACCGCTAT

GTGGCGAGCAGCGATGTGTTCAAAAAATTCAAAGGCGAAGAAGGCCAGTTCAGCGGCTTCGAAAGCA

GCGATCAGGATGCGAAACTGGAAATGATGCTGAACCTGTATAAAGCGAGCGAACTGGATTTCCCGGA

TGAAGATATCCTGAAAGAAGCGCGCGCGTTCGCGAGCATGTATCTGAAACATGTGATCAAAGAATATG

GCGATATCCAGGAAAGCAAAAACCCGCTGCTGATGGAAATCGAATATACCTTCAAATATCCGTGGCGC

TGCCGCCTGCCGCGCCTGGAAGCGTGGAACTTCATCCATATCATGCGCCAGCAGGATTGCAACATCA

GCCTGGCGAACAACCTGTATAAAATCCCGAAAATCTATATGAAAAAAATCCTGGAACTGGCGATCCTG

GATTTCAACATCCTGCAAAGCCAGCATCAGCATGAAATGAAACTGATCAGCACCTGGTGGAAAAACAG

CAGCGCGATCCAGCTGGATTTCTTCCGCCATCGCCATATCGAAAGCTATTTCTGGTGGGCGAGCCCG

CTGTTCGAACCGGAATTCAGCACCTGCCGCATCAACTGCACCAAACTGAGCACCAAAATGTTCCTGCT

GGATGATATCTATGATACCTATGGCACCGTGGAAGAACTGAAACCGTTCACCACCACCCTGACCCGC

TGGGATGTGAGCACCGTGGATAACCATCCGGATTATATGAAAATCGCGTTCAACTTCAGCTATGAAAT

CTATAAAGAAATCGCGAGCGAAGCGGAACGCAAACATGGCCCGTTCGTGTATAAATATCTGCAAAGCT

GCTGGAAAAGCTATATCGAAGCGTATATGCAGGAAGCGGAATGGATCGCGAGCAACCATATTCCGGG

CTTCGATGAATATCTGATGAACGGCGTGAAAAGCAGCGGCATGCGCATCCTGATGATCCATGCGCTG

ATCCTGATGGATACCCCGCTGAGCGATGAAATCCTGGAACAGCTGGATATCCCGAGCAGCAAAAGCC

AGGCGCTGCTGAGCCTGATCACCCGCCTGGTGGATGATGTGAAAGATTTCGAAGATGAACAGGCGCA

TGGCGAAATGGCGAGCAGCATCGAATGCTATATGAAAGATAACCATGGCAGCACCCGCGAAGATGCG

CTGAACTATCTGAAAATCCGCATCGAAAGCTGCGTGCAGGAACTGAACAAAGAACTGCTGGAACCGA

GCAACATGCATGGCAGCTTCCGCAACCTGTATCTGAACGTGGGCATGCGCGTGATCTTCTTCATGCT

GAACGATGGCGATCTGTTCACCCATAGCAACCGCAAAGAAATCCAGGATGCGATCACCAAATTCTTCG

TGGAACCGATCATCCCGTAA 
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FIG S1 Growth curves of C. glutamicum cultures in triplicates in BHI complex (grey triangles) and CGXII 

minimal medium (black squares). 

 

 

 

 

 

 

FIG S2 Basal expression background of cIPTG supplemented cultures in BHI (A) and CGXII medium (B) in 

the dark. Normalized fluorescence values originate from biomass-normalized triplicates analog to values for 

induced gene expression depicted in Fig. 2B,D. Control: Wildtype control strain without the pEKEx-2-EYFP 

plasmid. 
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FIG S3 Dynamic range of induction for IPTG (light grey) and cIPTG-based (dark grey) induction after 3 (left) 

and 20 h (right) of expression in BHI (A) and CGXII medium (B) using C. glutamicum ATCC13032 (pEKEx-

2-EYFP). Calculations originate from data depicted in Fig.2 B,C (biomass-normalized fluorescence) and 

Fig.S2 (basal fluorescence levels). 

 

FIG S4 Propidium iodide-based live-dead-staining using flow cytometric single-cell analysis to evaluate cell 

viability. 
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FIG S5 Reduction of growth impairment during (+)-valencene production in VLC6 via delayed induction and 

application of cIPTG-based light induction. A) Growth rates of VLC6 cultures for direct induction (0 h) are 

depicted for different IPTG inducer concentrations. B) Growth rates of VLC6 cultures are shown for delayed 

IPTG and cIPTG-induction after 4 (light grey) and 6 h (dark grey) together with un-induced cultures (control). 

All means and standard deviation derive from biological triplicates. 

 

TAB S1 Summary titers and productivities for the conducted (+)-valencene productions in different 

C. glutamicum strains using CGXII minimal medium. Values for volumetric productivity were calculated using 

the overall cultivation times (28 h for induction after 4 h and 30 h for induction after 6 h). 

Strain Condition Titer [mg l-1] Final OD600 

Volumetric productivity 

[µg l-1 h-1] 

Biomass yield 

[µg g CDW-1 h-1] 

VLC3 0.1 mM IPTG, 6h, Flask 7.2±0.6 33.5±2.1 240 ± 20 28.7±2.4 

VLC4 0.1 mM IPTG, 6h, Flask 10.8±1.1 34.1±1.8 360 ± 37 42.2±4.3 

VLC5 0.1 mM IPTG, 6h, Flask 10.5±3.5 33.9±2.3 350 ± 117 41.3±13.8 

VLC6 0.1 mM IPTG, 6h, Flask 27.1±0.6 35.2±1.1 903 ± 20 102.7±2.3 

VLC6 
0.1 mM IPTG, 6h, 

Flowerplate 
29.0±0.1 59.7±3.4 967 ± 3 64.8±0.3 

VLC6 0.1 mM IPTG, 4h, Flask 14.8±1.1 30.3±1.2 529 ± 39 69.8±5.2 

VLC6 
0.1 mM IPTG, 4h, 

Flowerplate 
28.4±1.7 57.8±2.9 1014 ± 61 70.2±4.2 

VLC6 

0.1 mM cIPTG, full light 

induction after 4h, 

Flowerplate 

41.0±0.7 60.8±1.9 1464 ± 25 96.3±1.6 
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