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Abstract 

Bioluminescence is the production of light by living organisms using enzyme-catalyzed 

reactions as a key factor to release the energy. Generally, the bioluminescent reaction in 

bacteria is catalyzed by a luciferase, an enzyme employing FMN as a redox cofactor to drive 

the mono-oxygenation of an aldehyde substrate to its corresponding acid product. The free 

energy released during the oxidation of the aldehyde gives rise to an excited state FMN-4a-

hydroxide, which in turn serves as the light emitting molecule luciferin. 

 

The genes responsible for the light production are present as an operon, luxCDABEG: luxA and 

luxB encode the α and β subunits of luciferase; luxC, luxD, and luxE specify the enzymatic 

components of a fatty acid reductase complex; and luxG encodes a flavin reductase. Many 

strains of Photobacteria also carry an extra gene, termed luxF, having a lux operon gene order 

of luxCDABFEG. Sequence similarity to luxB suggests that luxF has evolved by gene duplication, 

however, its role in bacterial bioluminescence is obscure. The hypothesized function of LuxF 

is to bind 6-(3’-(R)-myristyl)-FMN (myrFMN, a possible side product of the luciferase reaction), 

which otherwise is thought to bind the active site of luciferase sufficiently tight thus leading 

to inhibition of the bioluminescence reaction. 

 

The generation of myrFMN in the Photobacterium is a largely unexplored phenomenon. In the 

present study, we have developed a method to isolate myrFMN from Photobacterium 

leiognathi S1. Using isolated and purified myrFMN we could show that binding to apo-LuxF 

(Kd = 80 nM) was fifty times tighter than to luciferase (Kd = 4 µM) by using isothermal titration 

calorimetry. In addition, we exploited this tight binding of myrFMN to recombinant apo-LuxF, 

to explore the occurrence of myrFMN in various bioluminescent bacterial strains (luxF+ and 

luxF-) in Photobacterium. This analysis showed that myrFMN is present in all photobacterial 

strains tested, suggesting that myrFMN production is independent of the occurrence of luxF. 

Similarly, finding of trace amounts of myrFMN in Vibrio and Aliivibrio indicates that myrFMN 

generation is not restricted only to Photobacterium. 

 

To study the effect of myrFMN on the bioluminescence yield, an inhibition assay was 

performed using single turnover reactions. With increasing myrFMN concentration the total 

light yield went down dramatically. Addition of LuxF helped in scavenging the myrFMN to 
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substantial levels bringing back the lost activity of luciferase, thereby confirming our 

hypothesis that LuxF serves as a scavenger of myrFMN in bioluminescent bacteria. The 

creation of luxF, presumably by gene duplication of luxB, was an important evolutionary 

invention that provided an enormous advantage over other bioluminescent bacteria. Finally, 

in order to investigate the formation of myrFMN and to analyze the role of luciferase and LuxF 

in this process, we established a cofactor regeneration enzyme-catalyzed cascade reaction 

that supports the luciferase reaction for up to 72 hours. This approach enabled to 

unambiguously demonstrate by UV-Vis absorption spectroscopy and mass spectrometry that 

myrFMN is generated in the bacterial bioluminescent reaction. Based on this finding we have 

postulated a reaction mechanism for myrFMN generation that is compatible with the 

proposed radical mechanism for the luciferase reaction (CIEEL mechanism).  
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Zusammenfassung 

Biolumineszenz ist die Produktion von Licht durch lebende Organismen. In Bakterien ist in die 

Biolumineszenzreaktion eine Luziferase, ein FMN abhängiges Enzym, involviert, welches die 

Monooxygenierung eines Aldehyds zur entsprechenden Säure katalysiert. Die während der 

Oxidation freiwerdende Energie führt zur Bildung eines angeregten FMN-4a-Hydroxids, das 

sogenannte Luziferin, welches bei Relaxation Licht emittiert.  

Die Gene, die für die Biolumineszenz verantwortlich sind, finden sich auf einem Operon, 

luxCDABEG. luxA und luxB stehen dabei für die α und β Untereinheiten der Luziferase. luxC, 

luxD, und luxE bilden die Komponenten eines Fettsäurereduktasekomplexes und luxG codiert 

für eine Flavinreduktase. In vielen Vertretern der Gattung Photobakterium findet sich 

außerdem ein zusätzliches Gen, luxF, mit einer Operonanordnung von luxCDABFEG. 

Sequenzähnlichkeiten zu luxB deuten darauf hin, dass luxF durch Genduplizierung entstanden 

ist, dessen Rolle für die bakterielle Lumineszenz ist jedoch weitgehend unklar. Vermutet wird, 

dass LuxF 6-(3’-(R)-myristyl)-FMN (myrFMN, ein Nebenprodukt und Inhibitor der 

Luziferasereaktion) bindet und so von der Active Site der Luziferase fernhält.  

Die Bildung von myrFMN in Photobakterien ist ein grußteils unerforschtes Phänomen. In 

dieser Studie wurde eine Methode zur Isolierung von myrFMN aus Photobacterium leiognathi 

S1 entwickelt. Die Bindung von isoliertem und gereinigtem myrFMN zu apo-LuxF (Kd = 80 nM) 

war in Bindungsstudien ca. 50 Mal stärker als zur Luziferase (Kd = 4 µM). Diese starke Bindung 

wurde ausgenutzt um das Vorkommen von myrFMN in verschiedenen biolumineszenten 

Photobakterienstämmen (luxF+ and luxF-) zu untersuchen. Dabei wurde myrFMN in allen 

getesteten Stämmen gefunden, was nahe legt, dass die Produktion von myrFMN nicht mit 

dem Vorhandensein von luxF gekoppelt ist. Außerdem wurden Spuren von myrFMN auch in 

Vibrio und Aliivibrio festgestellt, was darauf hinweist, dass die myrFMN Bildung kein alleiniges 

Phänomen der Gattung Photobakterium darstellt.  

Um den Einfluss von myrFMN auf die Biolumineszenzausbeute zu untersuchen wurde ein 

Inhibitionsassay mit Single Turnover Reaktionen entwickelt. Dabei ging die totale 

Lichtausbeute mit steigender myrFMN-Konzentration drastisch zurück. Die Zugabe von LuxF 

zu den Reaktionsansätzen führte zur Bindung von myrFMN an LuxF und zur Wiederherstellung 

der Luziferaseaktivität, was die von uns vorgeschlagene Funktion von LuxF als „Fänger“ von 

myrFMN in biolumineszenten Bakterien bestätigt. Die Bildung von luxF durch Genduplizierung 
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war eine wichtige evolutionäre Erfindung, die den Trägern einen enormen Vorteil gegenüber 

anderen biolumineszenten Bakterien verschaffte.  

Um die Bildung von myrFMN und die Rollen von Luziferase und LuxF in diesem Prozess 

genauer zu untersuchen, wurde ein Multiturnover Assay mit Kofaktorregenerierung 

entwickelt bei dem die Luziferasereaktion für bis zu 72 Stunden aufrecht gehalten werden 

konnte. Diese Experimente zeigten eindeutig, dass myrFMN während der bakteriellen 

Biolumineszenzreaktion gebildet wird. Basierend auf diesen Ergebnissen schlagen wir einen 

Mechanismus zur Bildung von myrFMN vor, welcher mit dem radikalischen Mechanismus für 

die Luziferasereaktion (CIEEL Mechanismus) vereinbar ist.  

  



X 
 

Table of Contents 

Affidavit..................................................................................................................................II 

Acknowledgements................................................................................................................IV 

Abstract..................................................................................................................................VI  

Zusammenfassung..................................................................................................................VIII  

Introduction………………………………………………………………………………………………………………………1 

1. Bioluminescence………………………………………………………………………………………………………...2 

1.1. History…………………………………………………………………………………………………………………………2 

1.2. Evolution and Distribution……………………………………………………………………………………………2 

1.3. Function……………………………………………………………………………………………………………………….3 

1.4. Application……………………………………………………………………………………………………………………3 

1.5. Basic chemical reaction…………………………………………………………………………………………………5 

1.6. The luciferin………………………………………………………………………………………………………………….5 

1.7. Flavin reactivity……………………………………………………………………………………………………………..7 

2. Bacterial Bioluminescence……………………………………………………………………………………………..8 

2.1. Genetic organization………………………………………………………………………………………………………8 

2.2. Reaction mechanism…………………………………………………………………………………………………….11 

2.3. Bacterial luciferase – the enzyme that catalyzes the light production…………………………..13 

2.3.1. Analysis of the Vibrio luciferase structure…………………………………………………….14 

2.3.2. Comparative analysis of different luciferases (based on the data from this 

thesis) …………………………………………………………………………………………………………….18 

3. Supplementary data……………………………………………………………………………………………………..19 

4. References……………………………………………………………………………………………………………………21 

5. Aim of the thesis…………………………………………………………………………………………………………..24 

6. Thesis briefing………………………………………………………………………………………………………………24 

7. Presentations……………………………………………………………………………………………………………….26 

Chapter 1…………………………………………………………………………………………………………………………….27 

Structural and biochemical properties of LuxF from Photobacterial leiognathi……………………28 

Chapter 2…………………………………………………………………………………………………………………………….38 

Synthesis of α, β-unsaturated aldehydes as potential substrates for bacterial luciferases…..39 

2.1 Abstract………………………………………………………………………………………………………………………..40 

2.2 Introduction…………………………………………………………………………………………………………………40 

2.3 Materials and methods…………………………………………………………………………………………………43 

2.3.1 General experimental information……………………………………………………………………43 

2.3.2 General procedure GP-1 (Synthesis of α, β-unsaturated ethyl esters)……………….44 

2.3.3 General procedure GP-2 (Synthesis of allyl alcohols)…………………………………………45 



XI 
 

2.3.4 General procedure GP-3 (Synthesis of α, β-unsaturated aldehydes)………………….45 

2.3.5 Ethyl (E)-oct-2-enoate (3d)………………………………………………………………………………..45 

2.3.6 Ethyl (E)-dec-2-enoate (3c)……………………………………………………………………………….46 

2.3.7 Ethyl (E)-dodec-2-enoate (3b) ………………………………………………………………………….46 

2.3.8 Ethyl (E)-tetradec-2-enoate (3a) ……………………………………………………………………….47 

2.3.9 (E)-Oct-2-en-1-ol (4d) ……………………………………………………………………………………….47 

2.3.10 (E)-Dec-2-en-1-ol (4c) ……………………………………………………………………………………….48 

2.3.11 (E)-Dodec-2-en-1-ol (4b) …………………………………………………………………………………..48 

2.3.12 (E)-Tetradec-2-en-1-ol (4a) ……………………………………………………………………………….48 

2.3.13 (E)-Oct-2-enal (5d) ……………………………………………………………………………………………49 

2.3.14 (E)-Dec-2-enal (5c) ……………………………………………………………………………………………49 

2.3.15 (E)-Dodec-2-enal (5b) ……………………………………………………………………………………….50 

2.3.16 (E)-tetradec-2-enal (5a) ……………………………………………………………………………………50 

2.3.17 Instrumentation………………………………………………………………………………………………..51 

2.3.18 Design, expression and purification of recombinant His-tagged proteins………….51 

2.3.19 In vitro assay……………………………………………………………………………………………………..52 

2.3.20 Molecular docking…………………………………………………………………………………………….53 

2.4 Results………………………………………………………………………………………………………………………….54 

2.5 Discussion…………………………………………………………………………………………………………………….58 

2.6 Conclusion……………………………………………………………………………………………………………………61 

2.7 Acknowledgements………………………………………………………………………………………………………61 

2.8 References……………………………………………………………………………………………………………………62 

2.9 Highlights……………………………………………………………………………………………………………………..63 

2.10 Supplementary data…………………………………………………………………………………………………64 

2.11 Graphical abstract……………………………………………………………………………………………………80 

Chapter 3…………………………………………………………………………………………………………………………….81 

Generation of myristylated FMN by luciferase supports a radical mechanism for bacterial 

bioluminescence…………………………………………………………………………………………………………………82 

3.1 Abstract……………………………………………………………………………………………………………………….83 

3.2 Introduction…………………………………………………………………………………………………………………83 

3.3 Experimental procedures……………………………………………………………………………………………..85 

3.3.1 Chemicals………………………………………………………………………………………………………….85 

3.3.2 Instrumentation………………………………………………………………………………………………..85 

3.3.3 Bioluminescent bacterial strains……………………………………………………………………….87 

3.3.4 Cloning, expression and purification of various proteins…………………………………..87 

3.3.5 Analysis of bacterial strains for light emission vs myrFMN content……………………88 

3.3.6 Inhibition assay…………………………………………………………………………………………………88 

3.3.7 In vitro multiple turnover reaction…………………………………………………………………….89 

3.4 Results………………………………………………………………………………………………………………………….91 

3.4.1 Analysis of bacterial strains for light emission and myrFMN content…………………91 



XII 
 

3.4.2 Inhibition of luciferase by myrFMN……………………………………………………………………92 

3.4.3 In vitro multiple turnover reaction……………………………………………………………………92 

3.5 Discussion…………………………………………………………………………………………………………………….94 

3.5.1 Proposed mechanism for myrFMN formation……………………………………………………95 

3.6 References……………………………………………………………………………………………………………………97 

3.7 Acknowledgements………………………………………………………………………………………………………99 

3.8 Author contributions…………………………………………………………………………………………………….99 

3.9 Figure legends…………………………………………………………………………………………………………….100 

3.10 Scheme legends……………………………………………………………………………………………………..101 

3.11 Figures……………………………………………………………………………………………………………………103 

3.12 Schemes…………………………………………………………………………………………………………………107 

3.13 Supplementary data………………………………………………………………………………………………109 

3.14 Graphical abstract………………………………………………………………………………………………….115 

Chapter 4………………………………………………………………………………………………………………………….116 

Mutagenic study of cysteine residues on the structural stability and enzymatic behavior of 

bacterial luciferase…………………………………………………………………………………………………………….117 

4.1 Abstract……………………………………………………………………………………………………………………….118 

4.2 Introduction…………………………………………………………………………………………………………………119 

4.2.1 Homology model…………………………………………………………………………………………….120 

4.3 Materials and methods……………………………………………………………………………………………….121 

4.3.1 Cloning and expression of luciferase variants………………………………………………….121 

4.3.2 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) …………………………………………………………………………………………….122 

4.3.3 Thermofluor stability check…………………………………………………………………………….122 

4.3.4 Enzyme activity assay………………………………………………………………………………………123 

4.4 Results and discussion…………………………………………………………………………………………………123 

4.4.1 Cloning and expression of luciferase variants………………………………………………….123 

4.4.2 Verification of the luciferases with MALDI-TOF MS…………………………………………125 

4.4.3 Determination of the Tm of LuxAB WT and variant LuxAB with Thermofluor 

experiments……………………………………………………………………………………………………125 

4.4.4 Determining the activity of LuxAB WT and variants by measuring the 

bioluminescence……………………………………………………………………………………………..129 

4.5 Conclusions………………………………………………………………………………………………………………….130 

4.6 Supplementary data…………………………………………………………………………………………………….131 

4.7 References…………………………………………………………………………………………………………………..135 

Chapter 5………………………………………………………………………………………………………………………….136 

Generation of luxAB, luxF and luxABF knockouts in photobacterial strains………………………..137 

5.1 Introduction…………………………………………………………………………………………………………………138 

5.1.1 Type IV secretion system (T4SSs) ……………………………………………………………………139 



XIII 
 

5.2 Aim of the study………………………………………………………………………………………………………….140 

5.3 Experiments and setups………………………………………………………………………………………………141 

5.3.1 Preparation of constructs in conjugative plasmids………………………………………….141 

5.3.2 Plasmids and strains used……………………………………………………………………………….142 

5.3.3 Principle underlying usage of these plasmid/strains………………………………………..142 

5.4 Results…………………………………………………………………………………………………………………………144 

5.4.1 Different conditions tested……………………………………………………………………………..144 

5.5 Conclusion…………………………………………………………………………………………………………………..145 

5.5.1 Possible reasons for DNA not being taken up by Photobacteria………………………145 

5.5.2 Alternative experimental approaches to investigate production of myrFMN….145 

5.6 References…………………………………………………………………………………………………………………..154 

5.7 Supplementary figures…………………………………………………………………………………………………155 

Appendix…………………………………………………………………………………………………………………………..157 

Curriculum Vitae……………………………………………………………………………………………………………….160 

 



1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 
  



2 
 

1. Bioluminescence 

 

1.1 History 

It has been 100 years since “Bioluminescence” was described in the scientific literature for the 

first time; it was then called “The mechanism of light production by animals” by E N Harvey in 

1916 (Harvey, 1916). In this paper, Harvey points out that an organic catalyst, “an enzyme”, is 

involved in the light production when supplied with water containing oxygen. He gave the 

credit of discovering the luciferase/luciferin system to Professor Raphael Dubois at the 

University of Lyon in France, for a work conducted as early as 1884, whom he called the author 

of the “luciferin-luciferase theory”. The exact chemical nature of the luciferin was still 

unknown, however, a concept on how to tackle the problem had been outlined. At that time 

it was unclear whether the luciferin and luciferase of all forms of bioluminescence found in 

nature are identical or different. In order to analyse the chemical nature of these components, 

methods to extract a sufficient quantity of the luminescent material were required. Harvey 

believed that the problem of bioluminescence was solved in a broader scenario, however the 

minute details would take some time to be resolved satisfactorily. As anticipated by Harvey, 

scientists across the globe are still trying to understand the system and its mechanism. The 

fact that “bioluminescence” is the production of “cold-light” by living organisms without the 

requirement of any external energy stimuli, makes this natural process a very interesting 

chemical reaction from a scientific perspective.  

 

1.2 Evolution and Distribution 

Bioluminescence has evolved several times in many distinct species, ranging from terrestrial 

to aquatic systems, but the major of light producing organisms live in a marine environment. 

Examples of bioluminescent organisms in a terrestrial environment comprise insect larvae, 

limpets, fireflies, beetles, insects, fungi, centipedes, millipedes, snails and earthworms; and a 

large range of marine organisms from bacteria (+ symbionts), protists, squids to fishes. 

Interestingly, one species in a genus may be luminous but another closely related one is not, 

suggesting that apparently there is no easy explanation for the distribution of luminescence. 

It is also noteworthy to observe that bioluminescence has not evolved or spread to higher 

eukaryotic systems like plants, birds, amphibians and mammals The occurrence of 
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bioluminescent species in marine environment can be rationalized in part by the permanent 

darkness in the deep sea (below ca. 500 m) in the resulting utility of light production for a 

plethora of ecological functions, such as communication and predation (Haddock et al., 2010; 

Lee, 1989).  

 

1.3 Function 

The functions of bioluminescence range from communication to predator-prey interactions 

and reproduction (Figure 1). In some cases like fungi, research is ongoing to deduce the role 

of bioluminescence. The concept of “quorum sensing” is an excellent example for bacterial 

communication via chemical auto-induction. Bioluminescence is also exploited by a wide 

range of higher order animals like fish and squid in a symbiotic manner. The light production 

is either controlled by the host nervous system (produced on stimulation as flashes, typically 

of 0.1-1 second duration) or could be continuously emitted (like in bacteria), depending on 

the requirement of the organism to perform the specific function (Haddock et al., 2010). 

Therefore, bioluminescence adapted to acquire and evolve to functions in ways advantageous 

to the species that possesses it. 

 

1.4 Application 

The property of production of “cold-light” during bioluminescence has been exploited by 

researchers for analytical tools in various scientific applications. For example, the firefly 

luciferase requires adenosine-5’-triphosphate (ATP) for bioluminescence and thus this 

reaction is used for the detection of ATP in various systems (Thore et al., 1983). Similarly, 

luminescent dinoflagellates are sensitive to toxins and thus are used as biosensors (Lapota 

et al., 2007). Finally the fluorescence of photoproteins, such as the ‘aequorins’ are used to 

track the localization and behaviour of any partner protein (Shimomura et al., 1962). The 

outstanding stability and fluorescent properties of the green fluorescent protein (GFP) makes 

it a popular tool for studying cell and sub-cellular processes without any requirement of 

external substrate feeding (Zimmer, 2002). 
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        *Figure and legend adapted from: Haddock, et al., 2010. 
Figure 1: Schematic diagram showing the functions of bioluminescence. Marine luminescence 
can be used for defence (blue), offense (magenta), and intraspecific communication (grey). The 
organisms thought to benefit from these functions are listed to the right. Some animals are 
known to use their luminescence in two, three, or even four different roles. 
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1.5 Basic chemical reaction 

Bioluminescence is being studied since over a century and many aspects were determined on 

the molecular level of the reaction mechanism and the intermediates involved in different 

bioluminescent systems were characterised. One thing common to all bioluminescent 

reactions is the requirement of a substrate or cofactor that acts as the so called “luciferin” 

(Latin Lucifer means "light-bearer"), which typically contains an organic aromatic compound. 

This luciferin undergoes an enzyme-catalysed oxidation leading to the population of an excited 

state intermediate, which then emits light in order to relax to its ground state. Accordingly, 

the enzyme that catalyses this reaction is called the “luciferase”. Bacterial bioluminescence is 

one of the well-studied examples (Bergner et al., 2015).  

 

1.6 The luciferin 

Luciferin can be described as an organic molecule that is present in all luminous organisms. A 

variety of molecules can serve as luciferin.  Thus far, nine luciferins (for different luciferases) 

have been characterised as shown in Figure 2 (Kaskova, et al., 2016). The luciferins may also 

be produced by nonluminous organisms maybe as a part of their regular metabolic pathways. 

Thus luciferins are relatively easy to obtain exogenously (Haddock et al., 2010).                                                                     
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                     *figure and legend adapted and modified from Kaskova, et al., 2016 

Figure 2: Diversity, discovery and chemical structures of nine known natural luciferins. 
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1.7 Flavin reactivity 

The latin word flavus means yellow, and thus the name flavin. Vitamin B2 or riboflavin 

synthesized by bacteria and plants, acts as the main precursor for the production of two 

cofactor units, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). The basic 

structure contains the 7,8-dimethylisoalloxazine ring as shown in Figure 3. In flavin catalyzed 

reactions, FAD is utilised 75% of times and FMN the rest 25%, riboflavin as such has never 

been reported acting directly in catalysis (Macheroux et al., 2011). 

 
                  

The tricyclic heteronuclear organic ring acts as the main functional moiety when catalysing the 

redox reactions. The N5-C4a locus of the isoalloxazine ring, not only acts as the hot spot 

position for the electron exchange but also plays a role in covalent adduct formation. This 

property is crucial for the unique reactivity and versatile redox chemistry of the flavin cofactor. 

Under anoxic conditions (in the absence of oxygen), flavins can be reduced to either the 

semiquinone (one electron reduced) or hydroquinone (two electron reduced) redox state 

(Teufel et al., 2016). These redox states also exist in different protonation forms depending 

on the existing pH environment.  

                                                        *figure and legend adapted from: Macheroux, et al., 2011. 

Figure 3: Structure of riboflavin and it’s derivatives FMN and FAD. The numbering of the 
redox-active isoalloxazine ring and the corresponding oxidized and fully reduced form of 
the ring system is shown. 
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2. Bacterial Bioluminescence 

The luminous bacteria are not so different from non-luminescent bacteria, except for their 

capacity to produce light. Bacterial bioluminescence has been known as early as 1875, when 

Pflüger and Boyle realised that bacteria are responsible for the light emission by certain 

marine fish. Equally, they concluded that this process requires oxygen (air) (Dunlap, 2014). All 

known luminous bacterial species studied so far use the same “luciferase-luciferin” enzymatic 

pathway for light production. Bioluminescent bacteria, which carry the genes for 

luminescence (the lux genes), are all known to be gram-negative and belong to the group of 

Gammaproteobacteria. The most studied genera of luminous bacteria are Aliivibrio, Vibrio, 

Photobacterium and Shewanella, all of them being marine bacteria. The species of these 

bacteria are distributed from free-floating to surface associated or symbionts (Dunlap, 2014).  

 

2.1 Genetic organization 

The genetic loci, regulation and involvement of various proteins responsible in this reaction 

have been studied since 1991 (Meighen, 1991). The proteins involved in bacterial 

bioluminescence are encoded by the so called ‘lux’ genes. Different bacterial strains have 

between 5 – 8 genes, organised as a single operon called the ‘lux operon’. The core lux genes 

are encoded in the operon in the order luxCDABEG. Figure 4 provides an overview of the 

different organization of lux operons in various bacterial strains.  

The luxI gene encodes an autoinducer protein. This protein produces a basal level of an 

inducer molecule, 3-oxohexanoyl-L-homoserine lactone. With increasing cell density, the 

inducer molecule accumulates until a certain threshold is reached. Once the threshold 

concentration is reached, this inducer molecule binds to LuxR (encoded by luxR as a 

transcriptional regulator protein). This complex directly induces high levels of transcription for 

the lux operon (downstream to luxR/luxI) (Dunlap, 1999). 

The lux operon typically consists of 6 genes, luxCDABEG, except for Photobacterial species, 

where an extra gene (luxF) is added to the lux operon exhibiting the gene organization, 

luxCDABFEG (Meighen, 1991; Lee et al., 1991; Dunlap, 2009; Bergner et al., 2015). The luxAB 

encodes the luciferase (detailed description will follow below). The genes luxCDE encode for 

a multi enzyme complex (~500 kDa with the stoichiometry r4s4t2-4, where ‘r’ represents 
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reductase, ‘s’ represents synthetase and ‘t’ represents transferase subunits), which is 

responsible for the synthesis of the aldehyde substrate for the bioluminescence reaction. The 

LuxC (NADPH-dependent acyl reductase) and LuxE (ATP-dependent acyl protein synthetase) 

are essential for the reduction of the fatty acid to aldehyde and LuxD (acyl transferase) is 

supposedly involved in its delivery to the luciferase (Boylan et al., 1985). LuxG (encoded by 

luxG) is not directly essential for luminescence but catalyses the reduction of FMN, which is 

then supplied to the luciferase as the co-substrate (Nijvipakul et al., 2008). The exact role of 

LuxF was unknown until recently, where, in our group we have shown that LuxF binds myrFMN 

(myristylated FMN - an inhibitor of luciferase) very tightly and scavenges it from inhibiting the 

luciferase (Bergner et al., 2015; Tabib et al., manuscript in preparation). The study of ‘LuxF, 

luciferase and myrFMN’ is a part of this thesis and will be described in detail in the next 

chapters. 
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 *figure and legend adapted from Dunlap, 2014. 

Figure 4: Bacterial luminescence (lux) genes. Shown are the gene content and gene order of lux 

operons for those bacteria for which complete lux operon sequence data are available. Contiguous 

genes of the lux operons are aligned to highlight similarities and differences. Four distinct types of 

lux operons are evident based on commonalities of gene content, organization, and sequence 

similarity: (1) Aliivibrio/Shewanella type, with luxI/luxR regulatory genes; (2) Photobacterium type, 

with ribEBHA genes forming a lux-rib operon; (3) Vibrio/Candidatus Photodesmus type, without 

linked regulatory genes; and (4) Photorhabdus type, composed of just five core lux genes, luxCDABE. 
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2.2 Reaction mechanism 

Generally, the bioluminescent reaction in bacteria is catalyzed by the luciferase, an enzyme 

employing FMN as a redox cofactor to drive the mono-oxygenation of an aldehyde substrate 

to its corresponding acid product. The free energy released during the oxidation of the 

aldehyde gives rise to an excited state FMN-4a-hydroxide, which in turn serves as the light 

emitting molecule luciferin, as shown in the reaction below: 

 

The above scheme can be broken down into two steps: 

a) The reaction of O2 to the luciferase FMNH2 complex: 

According to previous reports, FMNH- is the first substrate that binds to the luciferase. 

Then the O2 molecule approaches the FMNH-, triggering a charge transfer to the O2 and 

giving rise to a radical pair on the neutral FMNH and a superoxide (O2
-) molecule forming 

FMN-4a-hydroperoxide (FMNHOO-). (Hou et al., 2014).  

b) The reaction of the aldehyde with the FMN-4a-hydroperoxide intermediate: 

The FMN-4a-peroxyhemiacetal adduct is supposedly formed by a nucleophilic attack of 

the C4a-peroxyflavin on the aldehyde substrate (Eberhard et al., 1972). The 

decomposition of this intermediate is the most critical step because it eventually leads to 

the population of the excited state of the FMN-4a-hydroxide intermediate (Scheme 2). 

Two possible mechanisms were predicted for the further conversion of the FMN-4a-

peroxyhemiacetal viz. the CIEEL mechanism (chemically initiated electron exchange 

luminescence, Eckstein et al., 1993) and the “dioxirane” mechanism (Raushel et al., 1989). 

The CIEEL mechanism suggests an one-electron rearrangement from the N5 position of 

the flavin to the distal oxygen of the peroxide moiety, triggering the cleavage of the O-O 

bond and leading to the formation of a radical intermediate, which after hydrogen 

abstraction forms a carboxyl anion radical. Internal rearrangement of this radical triggers 

the back-transfer of the electron to the flavin moiety resulting in an excited state species 

and in the process the acid product is formed that is then released from the luciferase. 

On the contrary the “dioxirane” mechanism states that the reaction continues from the 

Luciferase       FMNH
2
 + O

2
 + RCHO      FMN + H

2
O + RCOOH + light (~490nm) 

Scheme 1: General reaction of bacterial bioluminescence, where RCHO can be any aldehyde with 

chain length C8-C14. 
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peroxyflavin with the attack of the carbonyl oxygen on the distal oxygen of the peroxide 

leading to the cleavage of the O-O bond and to the formation of a dioxirane state. This 

then takes up an electron from the flavin hydroxide donor to form a dioxirane radical. 

Rearrangement of this dioxirane radical leads to the formation of a carboxyl radical, which 

then donates one electron back to the flavin moiety thus resulting in an excited state 

flavin. The current preferred model is however based on the radical mechanism, such as 

the CIEEL process discussed above.  

 

 

 
 
 
 
 
 
  

*Figure adapted from Tinikul et al., 2016 

Scheme 2: Overall catalytic mechanism and intermediates of the bacterial luciferase reaction. 
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2.3 Bacterial luciferase – the enzyme that catalyzes the light production 

Bacterial luciferase is a flavin-dependent heterodimeric enzyme (as shown in Figure 5), of 

molecular mass ~78-80 kDa (α-subunit is ~40-42 kDa and β-subunit is ~36-38 kDa) that 

catalyses the monooxygenation of a long chain aldehyde to its corresponding acid and in this 

process FMNH2 is oxidised and visible luminescence is emitted (λmax = 490 nm). The catalytic 

function and the reaction mechanism of the luciferase have been extensively studied for more 

than half a century. The crystal structures for the αβ heterodimer and β homodimer of 

luciferase from Vibrio harveyi were solved and it was evidently shown that only the 

heterodimeric enzyme harbours one binding site each for FMNH2 as well as the aldehyde 

substrate (Meighen et al., 1971; Becvar et al., 1975; Lei et al., 1994; Fisher et al., 1996; Tanner 

et al., 1997; Thoden et al., 1997).  

  

Figure 5: Structure of the bacterial luciferase with FMN bound (3FCG). The α-subunit is 

represented in green and the β-subunit in gold. The FMN is represented as a stick model. 
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2.3.1 Analysis of the Vibrio luciferase structure 

A closer look at the two subunits (α and β) of the Vibrio luciferases shows that they share 

around 30-32 % sequence identity with 95 of 350 amino acids conserved, clearly indicating 

that LuxB may have arisen by gene duplication from LuxA. Also, both subunits feature a 

structurally conserved TIM (αβ)8 barrel supporting the notion that they have a common 

ancestor. Compared to the luciferases of other genera like Photobacteria and Aliivibrio, a high 

degree of sequence identity (50-90 %) is observed. A detailed comparison of these luciferases 

is shown in Supplementary Figure S1 and sequence identities are summarized in Table 1 

(Baldwin et al., 1995; Fisher et al., 1996; Sparks et al., 2001).  

 

Table 1: Identity between luciferases from different bacterial strains (%) 

Bacterial strains VH_ATCC_14126 AF_ATCC_7744 PL_ATCC_27561 PL_TH1 PL_ATCC_25521 

VH_ATCC_14126 100% 58% 56% 51% 50% 

AF_ATCC_7744 - 100% 71% 63% 61% 

PL_ATCC_27561 - - 100% 74% 75% 

PL_TH1 - - - 100% 92% 

PL_ATCC 25521 - - - - 100% 
 

*VH – Vibrio harveyi; AF – Aliivibrio fischeri; PL – Photobacterium leiognathi 

 

The active site is known to reside on the α-subunit of the heterodimer, however it was also 

shown that the β-subunit is essential for the stabilization and activity of the enzyme (Campbell 

et al., 2009b). Homodimers of α2 or β2 showed very low or no activity compared to the αβ 

heterodimer (Choi et al., 1995). In 2009, a crystal structure of luciferase in complex with FMN 

was solved, which clearly showed that the flavin binding site is located on the α-subunit 

(Campbell et al., 2009b). The flavin binds in the active site pocket with the isoalloxazine ring 

having a planar conformation. Amino acids Cys106, Val173, Ile191 and the cis-peptide Ala74-

Ala75 are found on the re-face of the isoalloxazine ring whereas Trp194, Phe6 and Ser227 

form a hydrophobic patch on the si-face of the isoalloxazine ring (Figure 6). The cis-peptide 

was shown to play an important role in the luciferase reaction and the hydrophobic patch was 

proposed to be an aldehyde binding site. Furthermore, side chains of residues like Arg107, 

Arg125, Ser176 and Glu175 surround the 5’ phosphate group of the FMN, where Arg107 was 

shown to be crucial for flavin binding. Assembly of the two subunits is mediated by formation 

of hydrogen bonds between amino acids of the subunits. For example, Tyr151 of the β-subunit 
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was shown to interact with Phe272 residue located in the loop region of the α-subunit. Site-

directed mutagenesis experiments carried out with luciferase in order to deduce the catalytic 

function of the amino acids in and around the active site provided many insights of the 

possible role of these amino acids. For example, substitution of α-His44 to Ala resulted in an 

inactive protein and α-Cys106 to Val showed decreased aldehyde utilization and reduced 

intermediate stability. Furthermore, amino acid replacements such as β-Tyr151 to Lys or Trp 

resulted in a dramatic decrease of the quantum yield indicating the importance of the α-β 

subunit heterodimer formation (Campbell et al., 2009a; Baldwin et al., 1995; Fisher et al., 

1996).  

The exclusive difference between the two subunits is the presence of a protease-labile loop 

inserted between Lys259 and Asn289 of the α-subunit, which is highly conserved in various 

luciferases. It is believed that this loop region is important for intermediate stabilization 

involving a lid-gating mechanism. Deletion of the mobile loop between β strand 7 and α strand 

7 of the α-subunit resulted in a 10% smaller protein. The truncated protein still folded, 

however its total quantum yield decreased by two orders of magnitude. Binding of FMNH2 

should be able to fix the loop as this protein complex is not protease-labile anymore (Campbell 

et al., 2009a; Campbell et al., 2010; Sparks et al., 2001).  

A summary of the key amino acids in the active site is given in Table 2. The key amino acids 

in the active site are displayed in Figure 6.  
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  A 

B 

Figure 6: Active site composition of Vibrio harveyi luciferase (pdb: 3FGC). Blue: nucleophilic 

amino acids; Magenta: hydrophobic amino acids; Green: basic amino acids; Cyan: aromatic 

amino acids; Orange: acidic amino acids 
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Table 2: Comparison of the amino acids present at crucial positions in different luciferases 

Luciferases VH_ATCC_14126 AF_ATCC_7744 PL_ATCC_27561 PL_TH1 PL_ATCC_25521 

Position   
   

α-44 His His His His His 

α-74 Ala Met Met Met Met 

α-75 Ala Gly Gly Gly Gly 

α-106 Cys Val Val Val Val 

α-173 Val Thr Thr Thr Thr 

α-191 Ile Val Val Val Val 

 
     

α-194 Trp Trp Trp Trp Trp 

α-6 Phe Ile Ile Ile Ile 

α-227 Ser Thr Thr Thr Thr 

 
     

α-107 Arg Arg Arg Arg Arg 

α-125 Arg Arg Arg Arg Arg 

α-175 Glu Glu Glu Glu Glu 

α-176 Ser Ser Ser Ser Ser 

 
     

α-272 Phe Tyr Tyr Tyr Tyr 

β-151 Tyr Tyr Tyr Phe Phe 

 
     

Other amino acids in close vicinity to the active site 

α-250 Trp Trp Trp Trp Trp 

α-49 Phe Phe Phe Phe Phe 

α-42 Leu Leu Leu Leu Leu 

α-8 Leu Phe Phe Phe Phe 

α-110 Tyr Tyr Tyr Tyr Tyr 

α-109 Leu Leu Leu Leu Leu 

α-195 Ile Ile Ile Ile Ile 

α-179 Thr Thr Thr Thr Thr 

 
*VH – Vibrio harveyi; AF – Aliivibrio fischeri; PL – Photobacterium leiognathi 
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2.3.2 Comparative analysis of different luciferases (based on the data from this thesis): 

The activity of luciferases is typically analyzed by measuring the number of photons produced 

by the luciferase in a certain amount of time. A comparison of in vivo light production and 

in vitro activity suggests that the light emission maxima and the decay kinetics vary drastically 

between luciferases of different origins. For example, Photobacterium leiognathi, strain TH1 

emits more light compared to any other strains from different genera.  

When the luciferases from four different strains were compared to the structurally studied 

Vibrio luciferase, the results were quite interesting. Though the sequence identity between 

these luciferases is between 50-55 %, many key amino acids, which are responsible for the 

luciferase activity are highly conserved or replaced by a functionally similar amino acid (as 

shown in the Table 2). For example, His44, Arg107, Arg125, Glu175 and Ser176 are few amino 

acids, which are highly conserved among luciferases of all genera of bacteria.  

 

On the contrary, residues like Cys106, Val173 and Ser227, which play an important role in the 

Vibrio luciferase, are seen to be replaced by other amino acids in Aliivibrio and Photobacterial 

proteins. Interestingly, all these ‘variants’ show either equal or several orders of magnitude 

more activity than the Vibrio luciferase. Therefore, it would be interesting to make site-

directed mutations at these positions to pin down the role of these amino acids in these 

luciferases. For example, in the photobacterial strain TH1, with 51 % identity and Val at 

position 106, it would be quite an interesting to create variants and compare their effects on 

the activity.  
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3. Supplementary data 

 

VH_14126        MKFGNFLLTYQPPELSQTEVMKRLVNLGKASEGCGFDTVWLLEHHFTEFGLLGNPYVAAA    60 

AF_7744         MKFGNICFSYQPPGETHKQVMDRFVRLGIASEEVGFDTYWTLEHHFTEFGLTGNLFVAAA    60 

ATCC_27561      MKFGNICFSYQPPGESHKEVMDRFVRLGVASEELNFDTFWTLEHHFTEFGLTGNLYVACA    60 

TH1             MKISNICFSYQPPGESHQEVMERFVRLGVASEELNFDGFYTLEHHFTEFGITGNLYVACA    60 

ATCC_25521      MKISNICFSYQPPGESHQEVMERFIRLGVASEELNFDGFYTLEHHFTEFGITGNLYIACA    60 

                **:.*: ::****  :: :**.*::.** ***  .**  : *********: ** ::*.* 

 

VH_14126        HLLGATETLNVGTAAIVLPTAHPVRQAEDVNLLDQMSKGRFRFGICRGLYDKDFRVFGTD    120 

AF_7744         NLLGRTKTLNVGTMGVVIPTAHPVRQLEDVLLLDQMSKGRFNFGTVRGLYHKDFRVFGVD    120 

ATCC_27561      NILGRTKKLNVGTMGIVLPTAHPARQMEDLLLLDQMSKGRFNFGVVRGLYHKDFRVFGVT    120 

TH1             NILGRTKRIKVGTMGIVIPTEHPARHVESLLVLDQLSKGRFNYGTVRGLYHKDFRVFGTS    120 

ATCC_25521      NILGRTKRIQVGTMGIVLPTEHPARHVESLLVLDQLSKGRFNYGTVRGLYHKDFRVFGTS    120 

                ::** *: ::*** .:*:** **.*: *.: :***:*****.:*  ****.*******.  

 

VH_14126        MDNSRALMDCWYDLMKEGFNEGYIAADNEHIKFPKIQLNPSAYTQGGAPVYVVAESASTT    180 

AF_7744         MEESRAITQNFYQMIMESLQTGTVSSDSDYIQFPNVDVYPKVYSK-NVPTCMTAESASTT    179 

ATCC_27561      MEDSRSITEDFHKMIMDGSKSGVLHTDGKNIEFPDVNVYPEAYLD-KIPTCMTAESAATT    179 

TH1             QEDSRAIAENFYDMIMDASKTGILHTDGEQVDFPDVSVYPEAYSK-KVPTCMTAESSETI    179 

ATCC_25521      QEDSRKTAENFYSMILDASKTGVLHTDGEVVEFPDVNVYPEAYSK-KQPTCMTAESSETI    179 

                 ::**   : ::.:: :. : * : :*.. :.**.:.: *..* .   *. :.***: *  

 

VH_14126        EWAAERGLPMILSWIINTHEKKAQLDLYNEVATEHGYDVTKIDHCLSYITSVDHDSNRAK    240 

AF_7744         EWLAIQGLPMVLSWIIGTNEKKAQMELYNEIATEYGHDISKIDHCMTYICSVDDDAQKAQ    239 

ATCC_27561      TWLAERGLPMVLSWIITTSEKKAQMELYNEIAAEHGHDIHNIDHSMTFICSVNEDPEKAE    239 

TH1             IYLAKRGYPMVLSWIVPISEKVAQIELYNEVAAEHGHDINNIEHILTFICSVNEDAEKAD    239 

ATCC_25521      TYLAERGLPMVLSWIIPVSEKVSQMELYNEVAAEHGHDINNIEHILTFICSVNEDGEKAD    239 

                 : * :* **:****:   ** :*::****:*:*:*:*: :*:* :::* **:.* ::*. 

 

     MOBILE LOOP 
VH_14126        DICRNFLGHWYDSYVNATKIFDDSDQTKGYDFNKGQWRDFVLKGHKDTNRRIDYSYEINP    300 

AF_7744         DVCREFLKNWYDSYVNATNIFNDSNQTRGYDYHKGQWRDFVLQGHTNTNRRVDYSNGINP    299 

ATCC_27561      SVCRDFLSNWYESYTNATNIFKDSNQTRGYDYHKGQWRDFVLQGHTDTRRRLDYSNNLNP    299 

TH1             RVCRNFLENWYDSYKNATQIFNDSDQTRGYDYLKAQWREWVMKGLADPRRRLDYSNELNP    299 

ATCC_25521      SVCRNFLENWYDSYKNATNIFNDSNQTRGYDYLKAQWREWVMKGLADPRRRLDYSNELNP    299 

                 :**:** :**:** ***:**.**:**:***: *.***::*::*  : .**:***  :** 

 

VH_14126        VGTPEECIAIIQQDIDATGIDNICCGFEANGSEEEIIASMKLFQSDVMPYLKEKQ-MKFG    359 

AF_7744         VGTPEQCIEIIQRDIDATGITNITCGFEANGTEDEIIASMRRFMTQVAPFLKEPK-MKFG    358 

ATCC_27561      VGTPEKCIEIIQRDIDATGINNITLGFEANGSEQEIIASMERFMTQVAPYLKDPK-MNFG    358 

TH1             VGTPERCIEIIQNNIDATGIKHITVGFEANGSEHEIRESMELFMEKVAPHLKDPQ-MNFG    358 

ATCC_25521      VGTPERCIEIIQSNIDATGIKHITVGFEANGSEQEIRESMELFMEKVAPHLKDPQ-MNFG    358 

                *****.** *** :****** :*  ******:*.**  **. *  .* *.**: :**:** 

 

VH_14126        LFFLNFMNSKRSSDQVIEEMLDTAHYVDQL--KFDTLAVYENHFSNNGVVGAPLTVAGFL    417 

AF_7744         LFFLNFQKDGITSEETLDNMVKTVTLIDSTKYHFNTAFVNEHHFSKNGIVGAPITAAGFL    418 

ATCC_27561      LFFLNFQLKGMTSEAVLDNMIDTIALVDKDEYHFKTAFVNEHHFSKNGIVGAPMTAASFL    418 

TH1             LFFLNFQPEGMTSEMVLDNMVDTVALVDKDDYHYNRVLVSEHHFSKNGIIGEPLTAVSFL    418 

ATCC_25521      LFFLNFQPEGMTSEMVLDNMVDTVALVDKDDYHFKRVLVSEHHFSKNGIIGEPLTAISFL    418 

                ******  .  :*: .:::*:.*   :*.   ::.   * *:***:**::* *:*. .** 

 

VH_14126        LGMTKNAKVASLNHVITTHHPVRVAEEACLLDQMSEGRFAFGFSDCEKSADMRFFNRPTD    477 

AF_7744         LGLTNKLHIGSLNQVITTHHPVRVAEEASLLDQMSEGRFILGFSDCESDFEMEFFKRHIP    478 

ATCC_27561      LGLTERLHIGSLNQVITTHHPVRIAEEASLLDQMSDGRFILGLSDCVSDFEMDFFKRQRD    478 

TH1             LGLTKRLKIGSLNQVITTHHPVRIGEQTGLLDQMSYGRFILGLSDCVNDFEMDFFKRQRS    478 

ATCC_25521      LGLTKRIEIGSLNQVITTHHPVRIGEQTGLLDQMSYGRFVLGLSDCVNDFEMDFFKRKRS    478 

                **:*:. .:.***:*********:.*:: ****** *** :*:*** .. :* **:*    

 

VH_14126        SQFQLFSECHKIINDAFTTGYCHPNNDFYSFPKISVNPHAFTEGGPAQFVNATSKEVVEW    537 

AF_7744         SRQQQFEACYEIINDALTTGYCHPQNDFYDFPKVSINPHCYSDNGPKQYVSATSKEVVMW    538 

ATCC_27561      SQQQQFEACYEILNDGITTNYCYANNDFYNFPKISINPHCISKENLKQYILATSMGVVEW    538 

TH1             SQQKQFEACYEILNEALTTHYCHADDDFFNFPRISVNPHCIN--EIKQYILASSMEVVEW    536 

ATCC_25521      SQQQQFEACYEILNEALTTNYCQADDDFFNFPRISVNPHCIS--EVKQYILASSMGVVEW    536 

                *: : *. *::*:*:.:** **  ::**:.**::*:***. .     *:: *:*  ** * 
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VH_14126        AAKLGLPLVFRWDDSNAQRKEYAGLYHEVAQAHGVDVSQVRHKLTLLVNQNVDGEAARAE    597 

AF_7744         AAKKALPLTFKWEDNLETKERYAILYNKTAQQYGVDISDVDHQLTVIANLNSDRSTAQEE    598 

ATCC_27561      AAKKGLPLTYRWSDTLAEKENYYQRYLTVAAENNVDITHVDHQFPLLVNINPDRDIAKQE    598 

TH1             AAKKGLPLTYRWSDKLAEKEKYYQRYLAVAKENNVDVSNVDHQFPLLVNINENRRVARDE    596 

ATCC_25521      AARKGLPLTYRWSDSLAEKEKYYQRYLAVAKENNIDVSNIDHQFPLLVNINENRRIARDE    596 

                **: .***.::*.*.   ::.*   *  .*   .:*::.: *:: ::.* * :   *: * 

 

VH_14126        ARVYLEEFVRESYSNTD-FEQKMGELLSENAIGTYEESTQAARVAIECCGAADLLMSFES    656 

AF_7744         VREYLKDYITETYPQMD-RDEKINCIIEENAVGSHDDYYESIKLAVEKTGSKNILLSFES    657 

ATCC_27561      MRDYIRGYIAEAYPNTD-QEEKIEELIKQHAVGTEDEYYESSKYALEKTGSKNVLLSFES    657 

TH1             VRKYIESYVAEAYPTDPNIELRIEELLEQHAVGKMDEYYDPTMHAVKVTGSKNVLLSFES    656 

ATCC_25521      VREYIQSYVSEAYPTDPNIELRVEELIEQHAVGKVDEYYDSTMHAVKVTGSKNLLLSFES    656 

                 * *:. :: *:*      : ::  ::.::*:*. ::  :    *::  *: ::*:**** 

 

VH_14126        MEDKAQQRAVIDVVNANIVKYHSRPENLYFQG 688 

AF_7744         MADFKGVKEIIDMLNQKIEKNLPRPENLYFQG 689 

ATCC_27561      MKNKAAVIDLINMVNEKIKKNL---------- 671 

TH1             MKNKDDVTKLINMFNQKIKDNLIK-------- 672 

ATCC_25521      MKNKDDVTKLINMFNQKIKDNLIK-------- 672 

                * :      :*::.* :* .                     

 

Figure S1: Multiple sequence alignment. Sequence alignment of luciferase sequences from three 
different genera. (VH_14126 - Vibrio harveyi ATCC 14126; AF_7744 - Aliivibrio fischeri ATCC 7744; 
ATCC_27561 - Photobacterium leiognathi ATCC 27561; TH1 - Photobacterium leiognathi TH1; 
ATCC_25521 - Photobacterium leiognathi ATCC 25521) 
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5. Aim of the thesis 

Since the first observation of bacterial bioluminescence, the visible light phenomena has been 

studied extensively and more organisms have been added to this class of luminescence. The 

natural production of light, catalyzed by enzymes, exhibits a highly sophisticated energy 

efficiency system for a bacterial cell, thus a better understanding of these systems can be 

advantageous. Although the enzymes responsible for the light production and intermediates 

of bacterial bioluminescence system have been discovered, an extensive study of the protein 

involvement and the quantified data on luminescence is still missing.  

 

 The main aim of this work lies on investigating the role of LuxF and 

luciferase in the formation of myrFMN. It also emphasizes on a detailed 

study of Photobacterial luminescence system in comparison to Vibrio and 

Aliivibrio systems. 

 

6. Thesis briefing  

This thesis includes 5 chapters: 

Chapter 1: Investigation of the structural and biochemical properties of LuxF from 

Photobacterium leiognathi.  

In this chapter, I have investigated for the presence of luxF in different bacterial strains, and 

examined its role in the production of myrFMN (6-(3′-(R)-myristyl)-FMN). I have also studied 

the binding affinities of LuxF and luciferase to purified myrFMN using isothermal titration 

calorimetry (ITC).  

I was successful to establish a method to isolate myrFMN from bacterial cells. I also showed 

that binding to apo-LuxF (Kd = 80 nM) to pure myrFMN was fifty times tighter than to luciferase 

(Kd = 4.0 µM). In addition, I exploited this tight binding of myrFMN to recombinant apo-LuxF, 

to reveal that myrFMN is present in all photobacterial strains tested suggesting that myrFMN 

production is independent of the occurrence of luxF. 

This chapter was published as:  

Bergner T*, Tabib CR*, Winkler A, Stipsits S, Kayer H, Lee J, Malthouse JP, Mayhew S, Müller 

F, Gruber K, Macheroux P (2015): Structural and biochemical properties of LuxF from 

Photobacterium leiognathi; Biochim-Biophys Acta, 1854, 1466-1475. 
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Chapter 2: Investigation of different substrates and their efficiencies for the bacterial 

luciferase.  

In this chapter, we (Myself, Eveline Brodl and Jakov Ivkovic) have synthesized and tested 

different chain lengths of aldehydes (C8-C14) as substrates for luciferase. In addition we also 

synthesized and tested their analogs having a double bond at α, β-position.  

We could successfully synthesize all the seven aldehydes (C8-C12 saturated and C8-C12 

unsaturated) to test them as luciferase substrates. C14 saturated was commercially 

purchased. We also showed that, for both saturated and unsaturated aldehydes, the longer 

chain lengths had higher activity in terms of bioluminescence. A difference in the 

luminescence kinetics was also observed. 

This chapter is currently under preparation for submission. 

 

Chapter 3: This chapter exclusively deals with the study of myrFMN generation and the 

possible mechanism.  

In this chapter, I have tested seven different bacterial strains for a correlation between the 

bioluminescence and the myrFMN production. I have also tested for the inhibition effect of 

myrFMN on the luciferase and the scavenging effect of LuxF. With strong indications of a direct 

link light production and myrFMN production, we (Myself and Eveline Brodl) tested in vitro 

multi-enzyme cascade with cofactor turnover system.  

I could successfully show a correlation between light production and myrFMN content in 

bacterial strains. The inhibition assay also was quite evident with loss of 90 % of activity with 

excess of myrFMN and scavenging effect of LuxF rescuing the activity back. Finally, we were 

successful to collect enough material with the in vitro assay to confirm myrFMN via HPLC and 

HPLC-MS.  

This chapter is currently under preparation for submission. 

 

Chapter 4: Mutagenic study of cysteine residues on the structural stability and enzymatic 

behavior of bacterial luciferase.  

This chapter was performed as a thesis by a bachelor student, Andrea Marianne Friedrich 

under my supervision. Here we mutated six cysteines to test for its possible effect on the 

protein, with an aim to stabilize the enzyme.  
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We were successful in creating all the six variants of the luciferase. We further purified the 

proteins, estimated their yields, confirmed the proteins using MALDI and performed 

Thermofluor experiments to test their melting temperatures. None of the variants were more 

stable than the wildtype protein. On the contrary, the variants lost upto 95 % activity with a 

single mutation.  

 

Chapter 5: The aim of this chapter was to create bacterial knock-outs to study the role of 

different enzymes from the lux operon.  

Several methods; like type IV secretion system, electroporation and chemical transformation; 

were tried to insert DNA into the photobacterial strains to allow it to recombine and form 

genetic knockouts.  

None of the system worked to transfer DNA into the photobacterial cells, possibly due to the 

presence of R plasmids or other unknown factors.  

This chapter is a documentation of all the tested conditions and methodologies. 

 

 

7. Presentations 

The work in this thesis was presented in part as oral contributions (2) or poster presentations 

(10) at conferences, congresses and meetings.  
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2.1  Abstract 

Bacterial luciferase catalyzes the monooxygenation of long-chain aldehydes such as 

tetradecanal to the corresponding acid accompanied by light emission with a maximum at 

490 nm. In this study even numbered aldehydes with eight, ten, twelve and fourteen carbon 

atoms were compared with analogs having a double bond at the α, β-position. These α, β-

unsaturated aldehydes were synthesized in three steps and were examined as potential 

substrates in vitro. The luciferase of Photobacterium leiognathi was found to convert these 

analogs and showed a reduced but significant bioluminescence activity compared to 

tetradecanal. This study showed the trend that aldehydes, both saturated and unsaturated, 

with longer chain lengths had higher activity in terms of bioluminescence than shorter chain 

lengths. The maximal light intensity of (E)-tetradec-2-enal was approximately half with 

luciferase of P. leiognathi, compared to tetradecanal. Luciferases of Vibrio harveyi and 

Aliivibrio fischeri accepted these newly synthesized substrates but light emission dropped 

drastically compared to saturated aldehydes. The onset and the decay rate of 

bioluminescence were much slower, when using unsaturated substrates, indicating a kinetic 

effect. As a result the duration of the light emission is doubled. These results suggest that the 

substrate scope of bacterial luciferases is broader than previously reported.  

2.2  Introduction 

The “cold-light” phenomenon - the enzymatic production of light commonly known as 

bioluminescence - can be found in prokaryotes and eukaryotes.1 The involvement of long-

chain aliphatic aldehydes as substrates in bacterial bioluminescence has been known since 

1953 when various chain lengths of the substrates were investigated by Strehler and 

Cormier.2, 3 In the 1960s, the role of these potential substrates was analyzed concerning the 

reaction velocity, the initial maximal intensity and the decay of luminescence.4, 5 In 1963 

Spudich and Hastings tested the first unsaturated aldehyde, 2-decenal, and postulated 

complete inactivity with this substrate.6 Despite these experiments, it was not clear if the 

aldehyde substrates have a catalytic function or are consumed in the reaction. Cormier et al. 

were the first to prove that long-chain aldehydes were definitely required for light 

production.7 It took another nine years to identify tetradecanal as the “natural” substrate for 

bacterial bioluminescence in 1978 by Ulitzur and Hastings.8 By now it is known, that the 
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luciferase catalyzes the monooxygenation of long-chain aliphatic aldehydes to the 

corresponding acids employing reduced flavin mononucleotide (FMNH2) as redox cofactor 

(Scheme 1).1  

 

Scheme 1: General reaction of bacterial bioluminescence. 

The initial step of the reaction is the binding of reduced FMN to luciferase. The enzyme-FMNH2 

complex reacts with molecular oxygen to form flavin-4a-hydroperoxide. This enzyme-

FMNHOOH complex subsequently reacts with a long chain aliphatic aldehyde to form a highly 

stable intermediate. Its slow decay results in the oxidation of the aldehyde to the 

corresponding acid and the free energy released during this reaction populates an excited 

state flavin-4a-hydroxide, which in turn serves as the light emitting molecule.9  

Bacterial luciferases are heterodimeric enzymes consisting of an α-subunit and a β-subunit. 

The two subunits have a sequence identity of approximately 32 % and have evolved from a 

common ancestor.10 The active site of the enzyme is exclusively on the α-subunit and also 

distant from the subunit interface. The exact role of the β-subunit is not clear, but deletion or 

mutation of this subunit reveals less or complete loss of activity. A mutation of βTyr151, for 

instance, has a negative effect on FMNH2 binding. It seems that the β-subunit is responsible 

for high quantum yield and protein stability.10, 11  

Only two crystal structures of bacterial luciferases have been reported, where one of them 

elucidates the structure of the apo-LuxAB of Vibrio harveyi 10, 12 and the other one reveals the 

luciferase/flavin complex.11 In the latter crystal structure, the product FMN is bound to the 

luciferase of V. harveyi. The isoalloxazine ring of the flavin shows a planar conformation and 

is held in place by mainly backbone contacts. The amino acids involved in the binding of the 5’ 

phosphate are Arg107, Arg125, Glu175, Ser176 and Thr179 (Figure 1).11, 13 Both structures 

designate a TIM barrel fold (βα)8 for the enzyme. Both subunits have a loop between the β-

strand 7 and α-helix 7. The α-subunit, in contrast to the β-subunit, has 29 additional amino 

acids and a stretch of disordered residues from Lys283 to Arg290. This loop region is the most 

conserved region of the luciferase sequence. It is highly protease-labile, but binding of FMN 
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or polyvalent anions can prevent proteolytic inactivation.10, 11 Complete deletion of the loop 

results in reduction of total quantum yield by two orders of magnitude. It was hypothesized 

that the mobile loop has a lid-gating mechanism similar to other TIM-barrel enzymes.14 This 

loop is in close proximity to the active center and seems to undergo conformational changes 

from an open or semi open state to a closed state after flavin binding and before reaction with 

oxygen.10, 11, 14  

 

Figure 1: Graphical representation of FMN bound to luciferase of V. harveyi. Based on the crystal 

structure11, FMN and a few key residues discussed in the text are depicted in stick confirmation with 

according labelling. General color code is used for the atoms. Residues Arg107, Arg125, Glu175, Ser176 

and Thr179 are responsible for binding of the 5’ phosphate group of FMN. His44, Ser227 and Trp250 

might have a role in substrate binding and interaction.  

Currently, structural information on the spatial arrangement of FMN and the aldehyde 

substrate in the active site is lacking, however various mutagenesis and modelling studies 

were performed in the last years. It was assumed that the flavin binding pocket is large enough 

to accommodate FMNH2, O2 and long chain aldehydes.15 In particular, two amino acids, 

Cys106 and Ser227, have attracted interest, because their exchange substantially affected 

enzymatic activity. The former amino acid apparently plays an important catalytic role as 

alkylation of its reactive thiol led to inactivation of the luciferase (Figure 1).10, 11 In addition it 

was found that the Cys106Val variant exhibits decreased aldehyde utilization and reduced 

stability of the flavin-4a-hydroperoxide intermediate.13 On the other hand, replacement of 

Ser227 to phenylalanine in the α-subunit led to a steric effect in the well-characterized mutant 
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AK-20 (Figure 1). Generally, replacement of Ser227 by large aromatic amino acids led to a 10-

fold decreased binding affinity for aldehyde, smaller amino acids, e.g. alanine had no 

influence.10, 16 Modelling studies suggest that the bioluminescent reaction occurs on the si-

face of the isoalloxazine ring facing the amino acid His44 (Figure 1). The distance of the C4a 

atom of flavin and Nδ atom of His44 is approximately 7 Å. This leaves enough space for 

functional groups of the intermediates (peroxide, hydroxide) and aldehyde binding. 

Additionally a spacious cavity is formed at this position, which is surrounded by hydrophobic 

residues. Among those residues is Trp250, which was suggested to interact with the aldehyde 

substrate (Figure 1).13, 17 Despite this analysis the exact structure of bacterial luciferases in 

complex with FMNH2 and aldehyde substrate is still unknown and prompts speculations about 

the reaction mechanism as well as the substrate scope.  

In this study, α, β-unsaturated aldehydes with chain lengths of eight, ten, twelve and fourteen 

carbon atoms were synthesized. To investigate the mechanism of bacterial bioluminescence, 

the luciferases of Photobacterium leiognathi, Vibrio harveyi and Aliivibrio fischeri were chosen 

as model systems to test these potential substrates and analyze the substrate specificity of 

bacterial luciferases.  

 

2.3  Materials and Methods 

2.3.1 General experimental information 

All commercially available reagents and solvents were purchased from Sigma-Aldrich, Alfa 

Aesar, Fisher Scientific, Acros Organics, Roth or VWR, and were used without further 

purification if not stated otherwise. When it was required, non-dry solvents were distilled 

before use. If reactions were performed under inert conditions, e.g. exclusion of water, oxygen 

or both, all experiments were carried out using established Schlenk techniques. Herein 

solvents were dried and/or degassed with common methods and afterwards stored under 

inert gas atmosphere (argon or N2) over molecular sieves. In some cases, when explicitly 

mentioned, dry solvents were received from the listed suppliers. DCM (EtOH stabilized) was 

distilled first over P4O10 to remove the stabilizer and then over CaH2 under argon atmosphere 

and stored over 4 Å molecular sieves in an amber-colored 1000 mL Schlenk bottle. 
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All reactions were stirred with Teflon-coated magnetic stirring bars. Molecular sieves (Sigma 

Aldrich, beads with 8-12 mesh) were activated in a round-bottom flask with a gas-inlet adapter 

by heating them carefully in a heating mantle for approximately 12 h under high vacuum until 

complete dryness was obtained. These activated molecular sieves were stored at room 

temperature under argon atmosphere.  

Temperatures were measured externally if not otherwise stated. Reactions that were carried 

out at -78 °C were cooled by keeping the reaction vessel immersed in a properly sized Dewar 

vessel containing acetone/dry ice.  

Analytical thin layer chromatography (TLC) was carried out on Merck TLC silica gel 60 F254 

aluminum sheets and spots were visualized by UV light (λ = 254 and/or 366 nm) or by staining 

with iodide, cerium ammonium molybdate (2.0 g Ce(SO4)2, 50.0 g (NH4)6Mo7O24 and 50 mL 

conc. H2SO4 in 400 mL water) (CAM) or potassium permanganate (0.3 g KMnO4, 20 g K2CO3, 

5 mL 5 % aqueous NaOH in 300 mL H2O) followed by the development of the stains in the heat. 

Flash column chromatography was performed on silica gel 0.035-0.070 mm, 60 Å (Acros 

Organics). A 30 to 100 fold excess of silica gel was used with respect to the amount of dry 

crude product, depending on the separation problem. The dimensions of the column were 

selected in such a way that the required amount of silica gel formed a pad between 10 cm and 

25 cm. The column was equilibrated first with the solvent or solvent mixture, and the crude 

product diluted with the eluent was applied onto the top of the silica pad. In case when the 

crude product was insoluble in the eluent, the sample was dissolved in an appropriate solvent 

(EtOAc or DCM), and the equal amount of diatomaceous earth was added, followed by 

removal of the solvent under reduced pressure and drying the sample in vacuum, which was 

then directly loaded onto the top of the silica pad. The mobile phase was forced through the 

column using a rubber bulb pump. 

2.3.2 General procedure GP-1 (Synthesis of α, β-unsaturated ethyl esters) 

In a 100 mL single neck round-bottom flask equipped with a magnetic stir bar, 4-

(dimethylamino)pyridine (122 mg, 1.00 mmol, 0.10 eq), mono-ethyl malonate (2.36 mL, 

20.0 mmol, 2.0 eq) and saturated alkyl aldehyde (10.0 mmol, 1.0 eq) were dissolved in DMF 

(50 mL). The reaction mixture was stirred at room temperature for 42 h. Subsequently, the 

mixture was diluted with diethyl ether (50 mL), washed with saturated aqueous NH4Cl (50 mL), 

saturated aqueous NaHCO3 (50 mL), water (50 mL), and concentrated under reduced 
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pressure. Flash chromatography (SiO2, 5 % EtOAc in cyclohexane) afforded the desired 

unsaturated ethyl ester as a colorless liquid. 

2.3.3 General procedure GP-2 (Synthesis of allyl alcohols) 

In a nitrogen-purged 100 mL Schlenk tube equipped with a magnetic stir bar, unsaturated 

ethyl ester (4.5 mmol, 1.0 eq) was dissolved in dry dichloromethane (18 mL), the vessel was 

sealed with a glass stopper and cooled to -78 °C in an acetone/dry ice bath. 1.0 M solution of 

diisobutylaluminum hydride in hexanes (10.8 mL, 10.8 mmol, 2.4 eq) was added dropwise via 

a syringe and a septum throughout 10 min. The reaction was stirred at -78 °C until TLC 

indicated quantitative conversion (3 h). The reaction mixture was quenched by the dropwise 

addition of MeOH (1 mL). Subsequently, the cooling bath was removed, saturated aqueous 

potassium sodium tartrate solution (18 mL) was added, and the mixture was stirred vigorously 

for 2 h. After phase separation the aqueous layer was extracted with dichloromethane 

(10 mL). The combined organic layers were dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. Flash chromatography (SiO2, 20 % EtOAc in cyclohexane) afforded 

the desired allyl alcohol as a colorless liquid. 

2.3.4 General procedure GP-3 (Synthesis of α, β-unsaturated aldehydes) 

In a nitrogen-purged 10 mL Schlenk tube equipped with a magnetic stir bar, manganese(IV) 

oxide (494 mg, 5.0 mmol, 5.0 eq) and activated 4 Å molecular sieves were suspended in dry 

dichloromethane (4 mL). Allyl alcohol (1.0 mmol, 1.0 eq) was dissolved in dry 

dichloromethane (3.3 mL), added to the mixture in the Schlenk tube, which was sealed with a 

glass stopper. After stirring the mixture overnight at room temperature the dark brown 

reaction mixture was filtered through a compressed pad of diatomaceous earth. The pad was 

washed with dichloromethane (2 mL), and the filtrate was concentrated under reduced 

pressure. Flash chromatography (SiO2, 10 % EtOAc in cyclohexane) afforded the desired 

unsaturated aldehyde as a pale yellow liquid. 

2.3.5 Ethyl (E)-oct-2-enoate (3d) 
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Unsaturated ester 3d was synthesized and isolated according to the general procedure GP-1 

and its stated stoichiometry. 

Yield: 940 mg (5.52 mmol, 55 %), colorless liquid. 

Rf = 0.35 (cyclohexane/EtOAc 40:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 6.97 (dt, 3J = 15.6 Hz, 3J = 7.0 Hz, 1H), 5.81 (d, 3J = 15.6 Hz, 1H), 

4.18 (q, 3J = 7.1 Hz, 2H), 2.25–2.14 (m, 2H), 1.52–1.40 (m, 2H), 1.36–1-25 (m, 7H), 0.82 (t, 3J = 

6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 166.9 (s, 1C), 149.6 (s, 1C), 121.4 (s, 1C), 60.2 (s, 1C), 32.3 (s, 1C), 

31.4 (s, 1C), 27.8 (s, 1C), 22.6 (s, 1C), 14.4 (s, 1C), 14.1 (s, 1C) ppm. 

2.3.6 Ethyl (E)-dec-2-enoate (3c) 

 

Unsaturated ester 3c was synthesized and isolated according to the general procedure GP-1 

and its stated stoichiometry. 

Yield: 1.480 g (7.46 mmol, 75 %), colorless liquid. 

Rf = 0.35 (cyclohexane/EtOAc 40:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 6.96 (dt, 3J = 15.6 Hz, 3J = 7.0 Hz, 1H), 5.80 (d, 3J = 15.6 Hz, 1H), 

4.18 (q, 3J = 7.1 Hz, 2H), 2.26–2.12 (m, 2H), 1.51–1.39 (m, 2H), 1.35–1-21 (m, 11H), 0.88 (t, 3J 

= 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 166.9 (s, 1C), 149.6 (s, 1C), 121.4 (s, 1C), 60.3 (s, 1C), 32.3 (s, 1C), 

31.9 (s, 1C), 29.3 (s, 1C), 29.2 (s, 1C), 28.2 (s, 1C), 22.8 (s, 1C), 14.4 (s, 1C), 14.2 (s, 1C) ppm. 

2.3.7 Ethyl (E)-dodec-2-enoate (3b) 

 

Unsaturated ester 3b was synthesized and isolated according to the general procedure GP-1 

and its stated stoichiometry. 

Yield: 1.235 g (5.46 mmol, 55 %), colorless liquid. 
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Rf = 0.36 (cyclohexane/EtOAc 40:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 6.96 (dt, 3J = 15.6 Hz, 3J = 7.0 Hz, 1H), 5.80 (d, 3J = 15.6 Hz, 1H), 

4.18 (q, 3J = 7.1 Hz, 2H), 2.25–2.13 (m, 2H), 1.51–1.39 (m, 2H), 1.35–1-21 (m, 15H), 0.88 (t, 3J 

= 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 166.9 (s, 1C), 149.6 (s, 1C), 121.3 (s, 1C), 60.2 (s, 1C), 32.3 (s, 1C), 

32.0 (s, 1C), 29.6 (s, 1C), 29.5 (s, 1C), 29.4 (s, 1C), 29.3 (s, 1C), 28.2 (s, 1C), 22.8 (s, 1C), 14.4 (s, 

1C), 14.2 (s, 1C) ppm. 

2.3.8 Ethyl (E)-tetradec-2-enoate (3a) 

 

Unsaturated ester 3a was synthesized and isolated according to the general procedure GP-1 

and its stated stoichiometry. 

Yield: 1.733 g (6.81 mmol, 68 %), colorless liquid. 

Rf = 0.38 (cyclohexane/EtOAc 40:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 6.96 (dt, 3J = 15.6 Hz, 3J = 7.0 Hz, 1H), 5.80 (d, 3J = 15.6 Hz, 1H), 

4.17 (q, 3J = 7.1 Hz, 2H), 2.25–2.12 (m, 2H), 1.51–1.38 (m, 2H), 1.35–1-21 (m, 19H), 0.87 (t, 3J 

= 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 166.9 (s, 1C), 149.6 (s, 1C), 121.3 (s, 1C), 60.2 (s, 1C), 32.3 (s, 1C), 

32.0 (s, 1C), 29.8 (m, 2C), 29.7 (s, 1C), 29.5 (s, 1C), 29.4 (s, 1C), 29.3 (s, 1C), 28.2 (s, 1C), 22.8 

(s, 1C), 14.4 (s, 1C), 14.2 (s, 1C) ppm. 

2.3.9 (E)-Oct-2-en-1-ol (4d) 

 

Allyl alcohol 4d was synthesized and isolated according to the general procedure GP-2 and its 

stated stoichiometry. 

Yield: 449 mg (3.50 mmol, 78 %), colorless liquid. 

Rf = 0.57 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 
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1H NMR (300 MHz, CDCl3) δ = 5.77–5.54 (m, 2H), 4.08 (br s, 2H), 2.03 (dt, 3J = 6.9 Hz, 3J = 6.6 

Hz, 2H), 1.45–1.19 (m, 7H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 133.8 (s, 1C), 129.0 (s, 1C), 64.0 (s, 1C), 32.3 (s, 1C), 31.5 (s, 1C), 

29.0 (s, 1C), 22.7 (s, 1C), 14.2 (s, 1C) ppm. 

2.3.10 (E)-Dec-2-en-1-ol (4c) 

 

Allyl alcohol 4c was synthesized and isolated according to the general procedure GP-2 and its 

stated stoichiometry. 

Yield: 605 mg (3.87 mmol, 86 %), colorless liquid. 

Rf = 0.57 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 5.77–5.55 (m, 2H), 4.07 (br s, 2H), 2.03 (dt, 3J = 6.9 Hz, 3J = 6.5 

Hz, 2H), 1.46–1.17 (m, 11H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 133.7 (s, 1C), 129.0 (s, 1C), 64.0 (s, 1C), 32.3 (s, 1C), 32.0 (s, 1C), 

29.3 (s, 3C), 22.8 (s, 1C), 14.2 (s, 1C) ppm. 

2.3.11 (E)-Dodec-2-en-1-ol (4b) 

 

Allyl alcohol 4b was synthesized and isolated according to the general procedure GP-2 and its 

stated stoichiometry. 

Yield: 617 mg (3.35 mmol, 74 %), colorless liquid. 

Rf = 0.57 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 5.77–5.56 (m, 2H), 4.08 (br s, 2H), 2.03 (dt, 3J = 6.9 Hz, 3J = 6.6 

Hz, 2H), 1.41–1.18 (m, 15H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 133.8 (s, 1C), 129.0 (s, 1C), 64.0 (s, 1C), 32.4 (s, 1C), 32.1 (s, 1C), 

29.8–29.6 (m, 2C), 29.5 (s, 1C), 29.4–29.2 (m, 2C), 22.8 (s, 1C), 14.3 (s, 1C) ppm. 
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2.3.12 (E)-Tetradec-2-en-1-ol (4a) 

 

Allyl alcohol 4a was synthesized and isolated according to the general procedure GP-2 and its 

stated stoichiometry. 

Yield: 641 mg (3.02 mmol, 67 %), colorless liquid. 

Rf = 0.57 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 5.77–5.56 (m, 2H), 4.08 (br s, 2H), 2.03 (dt, 3J = 6.9 Hz, 3J = 6.6 

Hz, 2H), 1.36–1.17 (m, 19H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 133.8 (s, 1C), 129.0 (s, 1C), 64.0 (s, 1C), 32.4 (s, 1C), 32.1 (s, 1C), 

29.9–29.7 (m, 3C), 29.7 (s, 1C), 29.5 (s, 1C), 29.4–29.2 (m, 2C), 22.8 (s, 1C), 14.3 (s, 1C) ppm. 

2.3.13 (E)-Oct-2-enal (5d) 

 

Unsaturated aldehyde 5d was synthesized and isolated according to the general procedure 

GP-3 and its stated stoichiometry. 

Yield: 103 mg (0.816 mmol, 82 %), pale yellow liquid. 

Rf = 0.37 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 9.50 (d, 3J = 7.9 Hz, 1H), 6.86 (dt, 3J = 15.6 Hz, 3J = 6.9 Hz, 1H), 

6.11 (dd, 3J = 15.6 Hz, 3J = 7.9 Hz, 1H), 2.33 (dt, 3J = 7.2 Hz, 3J = 7.2 Hz, 2H), 1.58–1.42 (m, 2H), 

1.37–1.26 (m, 4H), 0.98–0.85 (m, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 194.3 (s, 1C), 159.2 (s, 1C), 133.1 (s, 1C), 32.8 (s, 1C), 31.4 (s, 1C), 

27.7 (s, 1C), 22.5 (s, 1C), 14.1 (s, 1C) ppm. 

2.3.14 (E)-Dec-2-enal (5c) 
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Unsaturated aldehyde 5c was synthesized and isolated according to the general procedure 

GP-3 and its stated stoichiometry. 

Yield: 122 mg (0.791 mmol, 79 %), pale yellow liquid. 

Rf = 0.37 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 9.51 (d, 3J = 7.9 Hz, 1H), 6.85 (dt, 3J = 15.6 Hz, 3J = 6.9 Hz, 1H), 

6.11 (dd, 3J = 15.6 Hz, 3J = 7.9 Hz, 1H), 2.33 (dt, 3J = 7.2 Hz, 3J = 7.2 Hz, 2H), 1.57–1.44 (m, 2H), 

1.40–1.19 (m, 8H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 194.2 (s, 1C), 159.2 (s, 1C), 133.1 (s, 1C), 32.9 (s, 1C), 31.8 (s, 1C), 

29.2 (s, 1C), 29.1 (s, 1C), 28.0 (s, 1C), 22.8 (s, 1C), 14.2 (s, 1C) ppm. 

2.3.15 (E)-Dodec-2-enal (5b) 

 

Unsaturated aldehyde 5b was synthesized and isolated according to the general procedure 

GP-3 and its stated stoichiometry. 

Yield: 136 mg (0.746 mmol, 75 %), pale yellow liquid. 

Rf = 0.38 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 9.50 (d, 3J = 7.9 Hz, 1H), 6.85 (dt, 3J = 15.6 Hz, 3J = 6.9 Hz, 1H), 

6.11 (dd, 3J = 15.6 Hz, 3J = 7.9 Hz, 1H), 2.33 (dt, 3J = 7.2 Hz, 3J = 7.2 Hz, 2H), 1.57–1.43 (m, 2H), 

1.39–1.18 (m, 12H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 194.3 (s, 1C), 159.2 (s, 1C), 133.1 (s, 1C), 32.9 (s, 1C), 32.0 (s, 1C), 

29.6 (s, 1C), 29.5 (s, 1C), 29.4 (s, 1C), 29.3 (s, 1C), 28.0 (s, 1C), 22.8 (s, 1C), 14.2 (s, 1C) ppm. 

2.3.16 (E)-tetradec-2-enal (5a) 

 

Unsaturated aldehyde 5a was synthesized and isolated according to the general procedure 

GP-3 and its stated stoichiometry. 

Yield: 159 mg (0.756 mmol, 76 %), pale yellow liquid. 
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Rf = 0.40 (cyclohexane/EtOAc 9:1 (v/v); staining: KMnO4). 

1H NMR (300 MHz, CDCl3) δ = 9.50 (d, 3J = 7.8 Hz, 1H), 6.85 (dt, 3J = 15.6 Hz, 3J = 6.9 Hz, 1H), 

6.11 (dd, 3J = 15.6 Hz, 3J = 7.9 Hz, 1H), 2.33 (dt, 3J = 7.2 Hz, 3J = 7.2 Hz, 2H), 1.57–1.44 (m, 2H), 

1.38–1.20 (m, 16H), 0.88 (t, 3J = 6.7 Hz, 3H) ppm. 

13C NMR (75 MHz, CDCl3) δ = 194.3 (s, 1C), 159.2 (s, 1C), 133.1 (s, 1C), 32.9 (s, 1C), 32.0 (s, 1C), 

29.8 (s, 2C), 29.6 (s, 1C), 29.5–29.4 (m, 2C), 29.3 (s, 1C), 28.0 (s, 1C), 22.8 (s, 1C), 14.2 (s, 1C) 

ppm. 

2.3.17 Instrumentation 

UV/Vis absorption spectra were recorded with a Specord 210 spectrophotometer (Analytic 

Jena, Jena, Germany). The light emission was measured by a Berthold Technologies Centro LB 

960 microplate Luminometer with Mikro Win version 4.16. Gel filtration was performed using 

a Superdex-200 column (prep grade XK 16/100; GE Healthcare) with an Äktaexplorer 100 

Pharmacia Biotech (GE Healthcare).  

1H-, 13C-NMR spectra were recorded on a Bruker AVANCE III 300 spectrometer (1H: 

300.36 MHz; 13C: 75.53 MHz). Chemical shifts were referenced to the residual proton and 

carbon signal of the deuterated solvent, respectively (CDCl3: δ = 7.26 ppm (1H), 77.16 ppm 

(13C)). Signal multiplicities are abbreviated as s (singlet), bs (broad singlet), d (doublet), dd 

(doublet of doublet), t (triplet), q (quadruplet), p (pentet) and m (multiplet). Deuterated 

solvents for nuclear resonance spectroscopy were purchased from Euriso-top®. 

 

2.3.18 Design, expression and purification of recombinant His-tagged proteins 

LuxAB from Photobacterium leiognathi (ATCC 27561; PL_LuxAB) and YcnD from Bacillus 

subtilis were cloned into pET21a vector and transformed into E. coli BL21 (DE3) strain for 

expression as described previously.18, 19 LuxAB from Vibrio harveyi (ATCC 14126; VH_LuxAB) 

and Aliivibrio fischeri (ATCC 7744; AF_LuxAB) were cloned similarly. The genes for VH_LuxAB 

and AF_LuxAB were integrated into pET24b vector and transformed into E. coli Rosetta strain. 

Both constructs had an additional C-terminal octa-histidine tag. Heterologous expression 

cultures were grown at 37 °C in LB media containing kanamycin (50 µg/mL) and 

chloramphenicol (20 µg/mL) as selection markers until an OD (600 nm) of 0.6 was reached. 



52 
 

The expression was induced with 0.1 mM IPTG and cells were further grown at 20 °C for 16 h. 

Cells were harvested by centrifugation (4400 g, 10 min, 4 °C) and the wet cell pellets were 

stored at -20 °C. The cell pellets were suspended in lysis buffer (50 mM NaH2PO4, 300 mM 

NaCl, 10 mM imidazole, pH 8), lysed by addition of lysozyme and sonication and after 

centrifugation the clear supernatant was loaded on 5 mL HisTrap FF/HP columns (GE 

Healthcare) for purification via Ni-NTA affinity chromatography. The columns were washed 

with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8) and the purified 

protein fractions were gained with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 300 mM 

imidazole, pH 8). After concentrating and buffer exchange to 45 mM Tris-buffer containing 

40 mM MES and 20 mM L-malic acid pH 8, a subsequent gel filtration using a Superdex-200 

column was performed. The concentration of the various proteins was determined 

spectrophotometrically at 280 nm or at 450 nm using the extinction coefficients 82,335 M-

1 cm-1 (PL_LuxAB), 84,230 M-1 cm-1 (VH_LuxAB), 83,200 M-1 cm-1 (AF_LuxAB) and 12,190 M-

1 cm-1 (YcnD).  

2.3.19 In vitro assay  

The in vitro assay was performed in 96 well white assay plates. For the assay all enzymes and 

substrates were prepared and/or diluted in 100 mM potassium phosphate buffer pH 7. The 

reaction mixture contained the enzyme luciferase with either 50 nM for P. leiognathi or 

200 nM for V. harveyi or A. fischeri, respectively. YcnD and FMN were adjusted to 1.5 fold of 

the luciferase concentration, respectively. Additionally 500 nM NADPH and the substrate-

buffer suspension were added to make up the final volume of 250 µL. The tested substrates 

include even chain length (8 to 14 carbon atoms) saturated and unsaturated aldehydes, 

respectively. Due to the relatively low solubility of aldehydes in water, concentrated aldehyde 

suspensions were obtained by adding 5 µL of the substrate to 10 mL of the reaction buffer, 

respectively (Supplementary Data).4 The reaction was started by injecting NADPH to the 

reaction mixture (after a delay of 5 seconds) and the readings were subsequently taken every 

0.01th of a second for a total of 90 seconds. The light was measured using the luminometer. 

The light emission was recorded as emission counts. The area under the curve was taken for 

calculation of the percentage and the total light emission of luciferase with tetradecanal (6a) 

as substrate was considered as 100 %. The data was calculated to 100 nM of luciferase 

concentration to compare the results with each other. The values for the conversion of 
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luciferase of P. leiognathi are shown by means ± SD of seven individual measurements for the 

saturated aldehydes and four individual measurements for the unsaturated aldehydes, 

respectively. The values for the conversion of luciferase of V. harveyi and A. fischeri are shown 

by means ± SD of four individual measurements, respectively.  

2.3.20 Molecular docking 

In silico molecular docking studies were performed using Yasara Structure 13.9.8.20 The crystal 

structure of the luciferase/flavin complex of Vibrio harveyi was retrieved from the Protein 

Data Bank (PDB entry: 3FGC). Structure preparation and all following experiments were 

performed within Yasara Structure 13.9.8. All the crystallographic water molecules and the β-

subunit of the luciferase were removed before molecular docking. Missing hydrogens were 

added to the molecules by using the clean mode of Yasara.  

For the docking experiments the oxidized flavin structure was modified to the flavin-4a-

hydroperoxide intermediate. Therefore the additional hydrogens and the two oxygens were 

attached to the molecule and refined by energy minimization using AMBER99 force field, while 

fixing Lys283 and Arg290 which connect the luciferase backbone with an unstructured and 

therefore missing loop.11 The resulting crystal structure was utilized for docking the substrate 

molecules (5a-d, 6a-d) in flexible mode into the rigid receptor using the plugin Autodock Vina 

in Yasara Structure 13.9.8.21,22 The docking simulation cell was set to 15 Å around the flavin-

4a-hydroperoxide intermediate and 500 docking runs with an RMSD cutoff of 2 Å were 

performed. The docked conformations for each substrate (5a-d, 6a-d) were ranked according 

to the distance between the C1 atom of the substrate molecule and the terminal oxygen atom 

of the hydroperoxide functional group. The best-ranked docking pose for each substrate (5a-

d, 6a-d) was analyzed in Yasara Structure 13.9.8. 
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2.4  Results 

To obtain new insights into the activity and selectivity of luciferases, unsaturated aldehydes 

with various chain lengths were synthesized and analyzed. The substrate synthesis was carried 

out in three steps (Scheme 2). The α, β-unsaturated aldehydes were synthesized starting from 

commercially available saturated aldehydes with two carbons less in chain length. The starting 

aldehydes 1a-d were subjected to a DMAP-catalyzed Knoevenagel condensation with mono-

ethyl malonate (2) to obtain the corresponding unsaturated esters 3a-d.23 3a-d were reduced 

to the corresponding allyl alcohols 4a-d using 1.2 equivalents diisobutylaluminum hydride 

(DIBALH) in DCM at -78 °C and were subsequently oxidized with manganese(IV) oxide (MnO2) 

to afford the desired α, β-unsaturated aldehydes 5a-d.  

 

Scheme 2: Synthesis route for aliphatic, unsaturated aldehydes with different chain lengths (C8-

C14). Using DMAP-catalyzed Knoevenagel condensation the starting aldehydes 1a-d were converted 

to the unsaturated ethyl esters 3a-d, which were reduced to the corresponding allyl alcohols 4a-d and 

were finally oxidized to the α, β-unsaturated aldehydes 5a-d. The exact equivalents, solvents and 

temperature conditions are given and the yield for each step is given as percentage.  

To test the newly synthesized substrates, an in vitro assay was developed (Scheme 3). Briefly, 

50 nM recombinant luciferase of P. leiognathi (LuxAB) was used in a reaction mixture with 

100 mM potassium phosphate buffer pH 7, 75 nM FMN, 75 nM YcnD, 500 nM NADPH and 

substrate-buffer suspensions of 5a-d and 6a-d (see Materials and Methods). YcnD, an NADPH-

dependent oxidoreductase from Bacillus subtilis, reduces FMN to provide the cosubstrate 

FMNH2.19 The luciferase then oxidizes the various substrates to their corresponding acids 

using the enzyme-bound flavin-4a-hydroperoxide with concomitant emission of light. The 
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photons, emitted during this reaction, were collected by a luminometer for 90 seconds and 

the areas under the light emission curve were compared to tetradecanal (6a).  

 

Scheme 3: Schematic representation of the in vitro assay. The synthesized unsaturated aldehydes 

5a-d, as well as the four saturated aldehydes 6a-d, were investigated in an in vitro assay. The oxidation 

reaction catalyzed by 50 nM luciferase (LuxAB), employing molecular oxygen (O2) and reduced FMN 

(FMNH2), results in long-chain aliphatic acids 7a-d and 8a-d and the emission of light (hν). For the 

reduced FMN a recycling system was established using the NADPH-dependent oxidoreductase YcnD 

from Bacillus subtilis. The light emission is measured by a luminometer and subsequently converted to 

total light emission in per cent for comparison and analysis.  

As expected, tetradecanal (6a) showed the highest light emission and was set to 100 %. The 

other aldehydes showed lower activity with the luciferase (Figure 1). In the case of dodecanal 

(6b), decanal (6c) and (E)-tetradec-2-enal (5a), light emission was greater than 50 % in 

comparison to tetradecanal (6a). Octanal (6d) exhibited the lowest yield of the saturated 

aldehydes. The unsaturated aldehyde substrates 5b-d, however, resulted in yields below 10 %. 

Comparing saturated aldehydes with each other, substrates with longer chain length emit 

more light than those with shorter chain length and therefore are apparently better substrates 

for luciferase. This tendency was already observed earlier5,24, however a clear comparison and 

definite values were not reported. The same tendency was found for the unsaturated 

aldehydes, where total light emission decreases with shorter chain length. Thus saturated and 

unsaturated aldehydes exhibit a similar chain length dependency but are clearly accepted as 

substrates for bacterial luciferase.  
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Figure 2: Comparison of saturated and unsaturated aldehydes as potential substrates for the 

luciferase of P. leiognathi. The conversion of unsaturated aldehydes 5a-d (light grey) and saturated 

aldehydes 6a-d (dark grey) by the luciferase during the in vitro assay (Scheme 3) can be determined by 

the total light emission of the reaction measured by the luminometer. The counts of the light emission 

were converted to percent. The total light emission (as percentage) was plotted against the substrates 

(here differentiated by their chain lengths). The production of light by the conversion of tetradecanal 

(6a) was set to 100 %. The values are shown by means ± SD of seven individual measurements for the 

saturated aldehydes and four individual measurements for the unsaturated aldehydes, respectively. 

Next, we analyzed the time course of light emission for unsaturated and saturated aldehydes. 

As an example, the kinetics of light emission with tetradecanal (6a) and (E)-tetradec-2-enal 

(5a) as substrates are shown in Figure 2. Generally, the onset as well as the decay of the light 

emission is faster with saturated aldehydes. In the case of 6a a maximum light emission is 

reached after ca. 7 s whereas light emission with 5a peaks at ca. 10 s. On the other hand, light 

emission lasted much longer for the unsaturated aldehyde 5a than for the saturated aldehyde 

6a. A similar kinetic behavior was observed for all other saturated/unsaturated aldehyde pairs. 

This result indicates that the rate-limiting step leading to the population of the excited state 

luciferin (presumably the flavin-4a-hydroxide25) is slowed down when unsaturated aldehydes 

are used as substrates. 
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Figure 3: Time course of the total light emission of tetradecanal (6a) and (E)-tetradec-2-enal (5a). 

The light emission during the conversion of the substrates tetradecanal (6a, solid line) and (E)-tetradec-

2-enal (5a, dashed line) was measured as a function of time by the luminometer. The counts of light 

emission were plotted against the time (in seconds). This is a representative figure of a single 

measurement.  

Tetradecanal (6a) and (E)-tetradec-2-enal (5a) were chosen as substrates for the in vitro assay 

with luciferases from different genera (P. leiognathi, V. harveyi, A. fischeri) as depicted in 

Figure 3. The assay conditions were adopted for V. harveyi and A. fischeri. For the latter, a 

luciferase concentration of 200 nM was used and the concentrations for FMN and YcnD were 

set to 300 nM, respectively. Because light emission was highest with the luciferase from P. 

leiognathi it was used as a reference point, i.e. set to 100 %. V. harveyi and A. fischeri accepted 

both substrates but showed a much lower activity than P. leiognathi. This was expected as in 

vivo analysis of the light emission of various strains showed already this tendency (to be 

reported elsewhere). Comparison of these two substrates with various luciferases confirms 

the previous results by depicting a decline of light emission with unsaturated aldehydes. 

Nevertheless, (E)-tetradec-2-enal (5a) is a substrate for various bacterial luciferases.  
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Figure 4: Conversion of tetradecanal (6a) and (E)-tetradec-2-enal (5a) by luciferases from P. 

leiognathi, V. harveyi and A. fischeri. Three luciferases of different genera were compared with each 

other by analyzing the total light emission (as percentage) during conversion of the two potential 

substrates tetradecanal (6a, dark grey) and (E)-tetradec-2-enal (5a, light grey) in in vitro assays. The 

values are shown by means ± SD of four individual measurements, respectively.  

 

2.5  Discussion 

Four different compounds, namely (E)-tetradec-2-enal (5a), (E)-dodec-2-enal (5b), (E)-dec-2-

enal (5c) and (E)-oct-2-enal (5d), were successfully synthesized and analyzed as potential 

substrates for recombinant luciferases from three different genera. Spudich and Hastings 

postulated in 1963 that 2-decenal (referring to (E)-dec-2-enal (5c)) is completely inactive in 

the production of light with the luciferase of Achromobacter fischeri. On the contrary, this 

compound was found to be a potent competitive inhibitor in the bioluminescent reaction. 

Strangely enough, they have reported similar quantum yields for the reaction with saturated 

and unsaturated substrate.6 Thus it was assumed that all α, β-unsaturated aldehydes exert an 

inhibitory effect and were therefore not considered as possible substrates. In contrast to that, 

we show here that unsaturated aldehydes are accepted as substrates by various recombinant 

luciferases from the genera Photobacterium, Vibrio and Aliivibrio, although the light emission 

yield was lower with the unsaturated aldehydes. 

In light of our observations, the previously observed inhibitory effect6 seems to be a kinetic 

one. The reaction velocity is strongly influenced by the various substrates, which was clearly 
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shown by the time course of the light emission (Figure 2). Unfortunately, substrate-buffer 

suspensions had to be used for the assays; therefore it was not possible to conduct more 

detailed kinetic measurements. Studies with organic co-solvents were attempted, but led to 

denaturation of the luciferases (data not shown). The solubility of the aldehydes corresponds 

to the aldehyde chain length according to molar solubility values (Supplementary Data). 

Octanal (6d), for instance, should presumably give better results than tetradecanal (6a), as its 

solubility in aqueous buffer is higher. However, the reverse dependency was observed, as 

aldehydes with longer chain length are more efficient in light emission in our in vitro assay 

system.  

As mentioned in the introduction, structural information on the active site of luciferase is still 

scarce in particular in regard of the positioning of the aldehyde substrate. Current mechanistic 

considerations are based on the crystal structure of luciferase of V. harveyi with bound FMN.11 

Modelling studies suggested several amino acids that may play an important role for binding 

or interacting with the aldehyde substrate, as for example His44 and Trp250. Additionally, a 

spacious hydrophobic cavity was postulated as potential substrate binding position.13 

Nevertheless, a structure of the ternary complex of luciferase, FMNH2 and aldehyde is still 

lacking leading to speculations concerning substrate binding and the reaction mechanism.  

To evaluate whether the binding of the substrate within the active site might influence the 

enzyme activity and maximal light intensity, a preliminary docking study was performed. 

Based on the crystal structure with bound FMN11, the intermediate state of flavin-4a-

hydroperoxide was predicted and the various substrates were docked into the active site. 

After energy minimization, the structure with the flavin-4a-hydroperoxide in the active site 

was used for further docking studies with the substrates used in this study, i. e. 5a-d and 6a-

d. The docking results obtained with the saturated and unsaturated aldehydes indicate similar 

distances of the C1 atom of the respective aldehyde and the distal oxygen atom of the flavin-

4a-hydroperoxide (Supplementary Data).  

In Figure 4, an overlay of the two docking results with the substrates tetradecanal (6a) and 

(E)-tetradec-2-enal (5a) is depicted. It appears that the two substrates 5a and 6a adopt similar 

conformations and orientations, except for the position of the oxygen atom of the aldehyde 
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that points in opposite directions. The distance between the C1 of the aldehyde and the distal 

oxygen of the flavin intermediate is around 3.6-3.7 Å (Supplementary Data).  

 

Figure 4: Docking of tetradecanal (6a) and (E)-tetradec-2-enal (5a) into the active site of the 

luciferase of V. harveyi with bound flavin-4a-hydroperoxide intermediate. A: Crystal structure of the 

α-subunit of the luciferase of V. harveyi with modelled flavin-4a-hydroperoxide intermediate is 

depicted in yellow. The unstructured loop is displayed as pink dots. The two substrates tetradecanal 

(6a, cyan) and (E)-tetradec-2-enal (5a, blue) are docked into the active site of the luciferase. B: Zoom 

into the active site and overlay of tetradecanal (6a, cyan) and (E)-tetradec-2-enal (5a, blue). The flavin-

4a-hydroperoxide intermediate (yellow) is in close proximity to the substrates 6a and 5a, having a 

distance between the distal oxygen of flavin-4a-hydroperoxide to C1 of 3,637 Å and 3,740 Å, 

respectively.  

Thus our docking results support our experimental findings that unsaturated aldehydes are 

accepted substrates and indicate that luciferases have a broader substrate range as previously 

assumed. The different orientation observed for the aldehyde function may be a first hint why 

unsaturated aldehydes show a substantial difference in kinetics as compared to their 

saturated counterparts. The hydrophobic pocket, lined for example by Trp250 (Figure 4) 

within the active site does not allow binding of bulkier or larger substrates, however, 

replacement of amino acids in the active site of luciferase may help to engineer the putative 

substrate binding pocket for other aldehyde substrates. Clearly, further structural and 

computational methods need to be applied to enhance our understanding of the mechanism 

and substrate scope of bacterial luciferases. 
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2.6  Conclusion 

Bacterial bioluminescence is a fascinating phenomenon and the structure-function 

relationships responsible for the population of an excited state remains a scientific challenge 

even after decades of research. Here, we have demonstrated that the scope of substrates 

utilized by bacterial luciferases is not as limited as previously thought. In this study, the α, β-

unsaturated aldehydes with chain length of 8, 10, 12 and 14 carbon atoms were synthesized 

in a three step synthesis approach. To elucidate the conversion of these potential substrates, 

an in vitro assay was developed. The four synthesized, unsaturated aldehydes 5a-d, as well as 

their saturated analogs 6a-d were analyzed with luciferases from three different genera (P. 

leiognathi, V. harveyi, A. fischeri). The results indicate, that all of them are accepted by the 

enzymes and show reasonable to low light emission. Comparing the different potential 

substrates, tetradecanal (6a) exhibits the highest light emission yield, while three other 

substrates (5a, 6b, 6c) reached only about 54-75 % of the best performing tetradecanal (6a). 

This study comprises the first comparison of these eight aldehydes (5a-d, 6a-d) as substrates 

for bacterial luciferases. Having a closer look at the time course of light emission, the different 

kinetics in the onset as well as decay of light emission for tetradecanal (6a) and (E)-tetradec-

2-enal (5a) were evident. Also, we have shown that luciferases from other bioluminescent 

bacteria show a similar pattern with regard to yield and kinetics of light emission. In summary, 

all eight substrates 5a-d and 6a-d were accepted by the luciferase leading to the conclusion 

that further investigations on substrate specificity and compatibility will lead to new insights 

in to bacterial bioluminescence.  
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2.9 Highlights 

 α, β-unsaturated aldehydes were synthesized in a three-step approach 

 (un-)saturated aldehydes were investigated as potential substrates for luciferases 

 saturated aldehydes showed higher light emission than unsaturated aldehydes 

 light emission increases with longer aldehyde chain length, i.e. C14>C12>C10>C8 

 unsaturated aldehydes display slower kinetics of light emission 
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2.10 Supplementary Data 

 

Table S.1: List of used substrates for the in vitro assay. Substrate names, numbers, molecular formula, molecular weight and density are listed together 
with the calculated µmols used in the substrate-buffer suspension and their molar solubility.  

Substrate 
Molecular  

formula 
Molecular weight  

(g/mol) 

Density  
(g/cm3) 

(20°C, 760 Torr) 

Moles  
(µmol) 

Molar solubility  
[mol/L] 

(pH 7, 25°C) 

tetradecanal (6a) C14H28O 212.37 0.826 19.4 3.7E-5  

(E)-tetradec-2-enal (5a) C14H26O 210.36 0.839 19.9 1.0E-4  

dodecanal (6b) C12H24O 184.32 0.823 22.3 1.8E-4  

(E)-dodec-2-enal (5b) C12H22O 182.30 0.837 23.0 5.2E-4  

decanal (6c) C10H20O 156.27 0.818 26.2 9.8E-4  

(E)-dec-2-enal (5c) C10H18O 154.25 0.835 27.1 2.8E-3  

octanal (6d) C8H16O 128.21 0.811 31.6 5.4E-3 

(E)-oct-2-enal (5d) C8H14O 126.20 0.832 33.0 0.015  
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Table S.2: Results of the total light emission of the eight substrates investigated in vitro. List of eight 
aldehydes with structure, name and number that were analyzed with the luciferase of P. leiognathi in an 
in vitro assay. Their total light emission was measured and calculated in per cent, thereby setting the 
result of tetradecanal (6a) to 100 %.  

Number Substrate total light  
emission [%] 

6a tetradecanal 

 

100 

5a (E)-tetradec-2-enal 

 

54 

6b dodecanal 

 

75 

5b (E)-dodec-2-enal 

 

4 

6c decanal 

 

64 

5c (E)-dec-2-enal 

 

0,22 

6d octanal 

 

19 

5d (E)-oct-2-enal 

 

0,02 
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Figure S.1: 1H and 13C NMR spectra of ethyl (E)-oct-2-enoate (3d) 
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Figure S.2: 1H and 13C NMR spectra of ethyl (E)-dec-2-enoate (3c) 
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Figure S.3: 1H and 13C NMR spectra of ethyl (E)-dodec-2-enoate (3b) 
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Figure S.4: 1H and 13C NMR spectra of ethyl (E)-tetradec-2-enoate (3a)
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Figure S.5: 1H and 13C NMR spectra of ethyl (E)-oct-2-en-1-ol (4d) 
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Figure S.6: 1H and 13C NMR spectra of ethyl (E)-dec-2-en-1-ol (4c) 
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Figure S.7: 1H and 13C NMR spectra of ethyl (E)-dodec-2-en-1-ol (4b) 
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Figure S.8: 1H and 13C NMR spectra of ethyl (E)-tetradec-2-en-1-ol (4a) 

 



74 
 

Figure S.9: 1H and 13C NMR spectra of (E)-oct-2-enal (5d)
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Figure S.10: 1H and 13C NMR spectra of (E)-dec-2-enal (5c)
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Figure S.11: 1H and 13C NMR spectra of (E)-dodec-2-enal (5b)
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Figure S.12: 1H and 13C NMR spectra of (E)-tetradec-2-enal (5a)
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Figure S.13: Overlay of the molecular docking of octanal (6d, shown in cyan) and (E)-oct-2-enal (5d, 
shown in blue) into the active site of the luciferase of Vibrio harveyi with the flavin-4a-hydroperoxide 
intermediate (depicted in yellow). Additionally Trp250 is represented in the graph. The usual color code 
was applied, where oxygen is red, nitrogen is blue and phosphate is orange.  

                                   

Figure S.14: Overlay of the molecular docking of decanal (6c, shown in cyan) and (E)-dec-2-enal (5c, 
shown in blue) into the active site of the luciferase of Vibrio harveyi with the flavin-4a-hydroperoxide 
intermediate (depicted in yellow). Additionally Trp250 is represented in the graph. The usual color code 
was applied, where oxygen is red, nitrogen is blue and phosphate is orange.  
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Figure S.15: Overlay of the molecular docking of dodecanal (6b, shown in cyan) and (E)-dodec-2-enal 
(5b, shown in blue) into the active site of the luciferase of Vibrio harveyi with the flavin-4a-
hydroperoxide intermediate (depicted in yellow). Additionally Trp250 is represented in the graph. The 
usual color code was applied, where oxygen is red, nitrogen is blue and phosphate is orange.  

                                       

 

Table S.3: Evaluated distances of the C1 atom of the respective aldehyde substrate 5a-d and 6a-d to 
the distal oxygen atom of the flavin-4a-hydroperoxide intermediate given in angstrom.  

 

 

Substrate distance O-C1 [Å] 

6a tetradecanal 3,637 

5a (E)-tetradec-2-enal 3,740 

6b dodecanal 4,696 

5b (E)-dodec-2-enal 3,751 

6c decanal 3,711 

5c (E)-dec-2-enal 3,708 

6d octanal 3,572 

5d (E)-oct-2-enal 3,577 
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2.11 Graphical abstract 
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3.1 Abstract 

The genes responsible for the light production in bioluminescent bacteria, are present as an 

operon, luxCDABEG. Many strains of Photobacteria also carry an extra gene, termed luxF. X-

ray crystallographic analysis of LuxF revealed the presence of four flavin derivatives, i.e. 6-(3’-

(R)-myristyl) FMN non-covalently bound to the homodimer. In the present study, we exploited 

the binding of myrFMN to recombinant apo-LuxF to explore the occurrence of myrFMN in 

various bioluminescent bacteria. MyrFMN was detected in all bacterial strains tested including 

Vibrio and Aliivibrio indicating that it is more widely occurring in bioluminescent bacteria than 

previously assumed. We also show that the apo-LuxF captures myrFMN and thereby relieves 

the inhibitory effect on luciferase activity. Thus our results provide further support for the 

hypothesis that LuxF serves as a scavenger of myrFMN in bioluminescent bacteria. However, 

the source of myrFMN remained obscure. In order to address this issue we have established 

a cofactor regeneration enzyme-catalyzed cascade reaction that supports luciferase activity in 

vitro for up to three days. This approach enabled to unambiguously demonstrate by UV-Vis 

absorption spectroscopy and mass spectrometry that myrFMN is generated in the bacterial 

bioluminescent reaction. Based on this finding we postulate a reaction mechanism for 

myrFMN generation that is compatible with the proposed radical mechanism for the luciferase 

reaction. 

 

3.2 Introduction  

Riboflavin, also known as vitamin B2, serves as a precursor for the synthesis of FAD and FMN, 

which share the same structural backbone, the isoalloxazine ring (Macheroux et al., 2011). 

Flavoenzymes use either FMN or FAD to carry out a plethora of redox reactions that mostly 

revolve around the activation of dioxygen and the handling of one-electron or two-electron 

transfer reactions (Massey, 1994; Teufel et al., 2016; Joosten et al., 2007). A prominent 

example for the utilization of dioxygen is the bacterial luciferase, which catalyzes the oxidation 

of long-chain fatty aldehydes to their corresponding fatty acids, e.g. tetradecanal to myristic 

acid (Scheme 1).  

In the course of the reaction, reduced FMN reacts with dioxygen to the FMN-4a-

hydroperoxide, which subsequently reacts with the aldehyde to the FMN-4a-

peroxyhemiacetal. The collapse of this intermediate generates the FMN-4a-hydroxide in an 
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excited state, which relaxes to the ground state by emission of light centered at 490 nm. 

(Ulitzur et al., 1979; Kurfurst et al., 1984). Detailed studies on the reaction mechanism led to 

the suggestion that a radical mechanism, such as the chemically-induced electron exchange 

luminescence (“CIEEL”) mechanism, is responsible for the population of the excited state 

(Eckstein et al., 1993). For details see “Discussion”. 

The enzymes involved in bacterial bioluminescence are arranged in the form of an operon, 

with the typical gene organization being luxCDABEG as in Photobacterium leiognathi ATCC 

25521 (Meighen, 1991). The luxAB genes encode for the heterodimeric protein luciferase 

consisting of a 40 kDa α-subunit and a 37 kDa β-subunit. The aldehyde required for the 

reaction is formed by a multi-enzyme complex consisting of a reductase (luxC), a transferase 

(luxD) and a synthetase (luxE). In addition, a NADH-dependent FMN reductase is encoded by 

luxG providing reduced FMN to the luciferase (Hastings et al., 1969; Boylan et al., 1985; 

Nijvipakul et al., 2008). In many photobacterial strains (like TH1, S1 and ATCC 27561) an extra 

gene ‘luxF’ was found in the operon inserted between luxB and luxE resulting in the new order, 

luxCDABFEG (Lee et al., 1991; Dunlap, 2009; Bergner et al., 2015). Interestingly, large 

quantities of LuxF were found in these bacteria. LuxF exists as a homodimer and shows an α/β 

barrel fold, similar to the β-subunit of the bacterial luciferase, and therefore has presumably 

arisen by gene duplication of luxB (Moore et al., 1994). The exact role of LuxF is not yet known, 

however it was hypothesized that the main function of LuxF is the binding of myristylated FMN 

(myrFMN), which is presumably a side product of the luciferase reaction. MyrFMN is thought 

to bind sufficiently tight in the active site of luciferase to inhibit the bioluminescent reaction 

(Moore et al., 1995). In fact, Wei and coworkers could demonstrate the inhibiting effect of 

myrFMN on the luciferase from Vibrio harveyi (Wei et al., 2001). 

The generation of myrFMN in the marine bacterial strains is a largely unexplored 

phenomenon. In our previous report, we have reported a method to isolate myrFMN from 

Photobacterium leiognathi S1 (Bergner et al., 2015). Using isolated and purified myrFMN we 

showed that it binds to recombinant apo-LuxF (Kd = 80 nM) fifty times more tightly than to 

luciferase from Photobacterium leiognathi (Kd = 4 µM) by using isothermal titration 

calorimetry. This tight binding to LuxF is clearly due to the large hydrophobic surface area of 

the myristyl group, which is deeply buried in each binding site. As a consequence, it is 

extremely difficult to remove the bound flavin derivative from LuxF and therefore harsh 
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denaturing conditions are required to extract myrFMN from LuxF, as described previously 

(Bergner et al., 2015). Therefore, this tight binding of myrFMN to recombinant apo-LuxF was 

exploited to explore its occurrence in various bioluminescent bacterial strains (luxF+ and luxF-

) of Photobacteria. This analysis showed that myrFMN is present in all photobacterial strains 

tested, suggesting that its production is independent of the occurrence of luxF. 

To better understand the occurrence and generation of myrFMN, we were interested in the 

relationship of bioluminescence intensity and the production of myrFMN in different 

bioluminescent bacterial genera, i.e. Aliivibrio, Vibrio and Photobacteria. These experiments 

suggested that total light production in bacteria correlates to myrFMN production and thus 

indicated that myrFMN is directly generated in the luciferase reaction. This insight prompted 

us to establish an enzyme driven cofactor regeneration system that sustains in vitro light 

emission for up to three days. We then utilized the apo-LuxF scavenging method to enrich and 

isolate any myrFMN produced in the experiment. This approach enabled us finally to 

unambiguously demonstrate that myrFMN is formed in the luciferase reaction.  

3.3 Experimental procedures 

3.3.1 Chemicals 

Tetradecanal, IPTG, FMN, NADPH, glucose and all buffer components were from Chemos 

GmbH, Sigma-Aldrich, Peqlab and Roth. All these chemicals were used directly without further 

purifications. GDH (glucose dehydrogenase) was a gift from Dr. Wolfgang Kroutil, University 

of Graz. 

3.3.2 Instrumentation 

UV-Vis absorption spectra were recorded using a Specord 205/210 spectrophotometer 

(Analytic Jena, Jena, Germany). Both, in vivo (bacterial bioluminescence) and in vitro light 

emission (single and multiple turnover reactions), were measured using a Centro LB960 

microplate luminometer (Berthold Technologies, Bad Wildbach, Germany). All protein 

purifications were primarily performed using a 5 mL HisTrap FF affinity column (GE Healthcare, 

UK) and later applied to a HiLoad 16/600 Superdex 200 prep grade gel filtration column on an 

ÄKTAexplorer 100 Pharmacia Biotech (GE Healthcare life sciences, UK). 
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HPLC analysis was performed with a semi-preparative Dionex UltiMate 3000 equipped with a 

Dionex UltiMate Diode Array Detector. Separation over an Atlantis dC18 (4.6 x 250 mm, 5 µm) 

column (Waters) was achieved using a gradient of 0.1 % TFA in water and acetonitrile at 25 °C 

and 1 mL/min flow rate starting from 0 % acetonitrile to 95 % within 20 min, holding 95 % for 

5 min and going down to 0 % within 5 min and holding 0 % for another 10 min. For 

determination of the peaks the wavelengths at 280, 370 and 450 nm were used, respectively. 

For evaluation of the results, up to four references were measured having the following 

retention times and wavelength maxima: FAD: tR = 9.1 min; Maxima: 372/447 nm; FMN: tR = 

9.8 min; Maxima: 371/446 nm; Riboflavin: tR = 10.4 min; Maxima: 370/445 nm; myrFMN: tR = 

18.7 min; Maxima: 386/442 nm. Fractions were collected by time from 18.0 to 24.0 min and 

fraction tubes were changed every 15 seconds. Those fractions containing myrFMN, according 

to the analysis at 370 nm, were combined and dried under reduced pressure. This sample was 

dissolved in MeOH for HPLC-MS analysis.  

HPLC-MS analysis was performed on an Agilent Technologies 1200 Series system equipped 

with a MWD SL multiple wavelength detector (deuterium lamp, 190-400 nm) and with a single 

quadrupole LCMS detector using electrospray ionization source (ESI). The samples were 

separated over an Agilent Poroshell 120 SB-C18 (3 x 100 mm, 2.7 µm) column using the same 

gradient as mentioned above but with 0.01 % FA in water and acetonitrile at 25 °C and 

0.5 mL/min flow rate. Determination of the peaks was achieved by analyzing the 

chromatograms at 210, 280, 370 and 450 nm, respectively and by using the mass 

spectrometer.  

A negative ESI-Scan mode from m/z 100 to 800 was used to evaluate all the peaks and 

corresponding masses. The application “extracted ion chromatogram” of the HPLC-MS 

software ChemStation was utilized for linking the peaks with the m/z values 601 

(dephosphorylated 6’-(3’-(R)-myristyl FMN; C31H45N4O8
-; exact mass 601.31)) and 681 

(phosphorylated 6’-(3’-(R)-myristyl FMN; C31H46N4O11P-; exact mass 681.29)). By using this 

function one defined m/z value (in this case 601 or 681) is searched within the negative ESI-

Scan mode from m/z 100 to 800 and drawn as separate chromatogram by the program.  
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3.3.3 Bioluminescent bacterial strains 

The following bacterial strains were selected for our study: TH1, S1, ATCC 27561, ATCC 25521 

and ATCC 25587 from genus Photobacterium leiognathi; ATCC 14126 from genus Vibrio 

harveyi and ATCC 7744 from genus Aliivibrio fischeri. Only TH1, S1 and ATCC 27561 contained 

luxF as reported previously (Bergner et al., 2015). The bacteria were cultivated in 1 L flasks 

with 200 mL of 246-SWC media (246-Sea water culture). The cells were grown at 25 °C with 

130 rpm shaking for optimal aeration.  

 

3.3.4 Cloning, expression and purification of various proteins 

Expression and purification of LuxAB and LuxF from P. leiognathi ATCC 27561 and of YcnD from 

B. subtilis was performed as described previously (Bergner et al., 2015; Morokutti et al., 2005). 

The protein concentrations were calculated using the molar extinction coefficients 82335 M-

1cm-1 (P. leiognathi LuxAB) and 26025 M-1cm-1 (LuxF) at 280 nm and 12190 M-1cm-1 (YcnD) at 

450 nm, respectively. 

Based on the DNA sequence available, a synthetic gene for LuxAB (from V. harveyi ATCC 14126 

and A. fischeri ATCC 7744) was designed with a C-terminal octa-histidine tag and optimised 

for E. coli codon usage. The gene was then sub-cloned into a pET24b vector (KanR) and 

transformed into E. coli Rosetta strain (CmpR) for heterologous expression. The cells 

containing the construct were grown in LB media with kanamycin (50 μg mL-1) and 

chloramphenicol (20 μg mL-1) at 37 °C to an OD600 of ~0.6. The protein expression was then 

induced by addition of 0.1 mM IPTG and the cells were further grown for 16 hours at 20°C. 

The cells were then harvested by centrifugation (7000 g, 10 min, at 4 °C) and the wet cell 

pellets were stored at -20 °C until further use. The proteins were purified similar to the 

photobacterial luciferase as reported previously (Bergner et al., 2015). The protein 

concentrations were calculated using the molar extinction coefficients 84230 M-1 cm-1 

(V. harveyi LuxAB) and 83200 M-1 cm-1 (A. fischeri LuxAB) at 280 nm. 
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3.3.5 Analysis of bacterial strains for light emission vs myrFMN content 

Assays were performed using the 96 well white assay plates. Light emission was measured 

using the luminometer. The OD of the cells was obtained by absorption measurements using 

an UV-Vis spectrophotometer at 660 nm (instead of 600 nm) to exclude the interference of 

artefacts due to bioluminescence. 

To measure the light emission, 100 µl of cells were pipetted into each well of the assay plate 

and after an initial delay of 1 second and rapid mixing of the plate for 0.1 second, the reading 

was taken for 1 second total time. The readings were taken for 24 hours with time intervals 

30/60 minutes. The light intensity (counts) at each time point was plotted. For comparison, 

the following bioluminescent bacterial strains were taken into consideration: P. leiognathi 

TH1, S1, ATCC 27561, ATCC 25587 and ATCC 25521; V. harveyi ATCC 14126; A. fischeri ATCC 

7744.  

For the quantification of myrFMN content, 10 g of wet cell pellet was taken for each strain 

mentioned above. The extraction of myrFMN in vivo, using recombinant apo-LuxF was 

performed precisely as described previously (Bergner et al., 2015). The isolated product was 

analyzed with HPLC. 

 

3.3.6 Inhibition assay 

In this assay, the light emitted by the enzyme luciferase was measured using the luminometer. 

The assay was performed in 96 well black assay plates using 100 mM potassium phosphate 

buffer with 300 mM NaCl, pH 7 as reaction buffer. 

The reaction mixture contained 200 nM luciferase, 300 nM YcnD, 300 nM FMN, 500 nM 

NADPH and the substrate-buffer suspension in the reaction buffer to make up the final volume 

to 250 µL [due to the low solubility of aldehyde in the buffer, concentrated aldehyde 

suspensions were obtained by mixing 5 µL of aldehyde with 10 mL of buffer using ultra-

sonication]. Apo-LuxF was used in excess concentrations (up to 100 µM) as a scavenger for 

myrFMN. The reactions were started by injecting NADPH to the master mix (after a delay of 

5 seconds) and the readings were subsequently taken every second for 90 seconds total time. 
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Pure myrFMN sample in a concentration gradient from 0 to 50 µM was used as the inhibitor 

in this assay (extracted and purified as reported previously in Bergner et al., 2015; the 

concentration of myrFMN was calculated using the extinction coefficient (ε) at 396 nm = 

11350 M-1 cm-1. Three different sub-assay conditions were used to observe the inhibitory 

effect on the luciferase activity: First, in the absence of LuxF; second, in the presence of LuxF 

from the beginning of the reaction; and lastly when LuxF is added at a later stage of the 

reaction (after 90 seconds). All three conditions were tested for increasing myrFMN 

concentrations. Light emission was plotted against myrFMN concentration. The control 

reactions without myrFMN in each condition were considered as 100 %. 

 

3.3.7 In vitro multiple turnover reaction 

All enzymes and cofactors were diluted and prepared in 100 mM potassium phosphate buffer 

pH 7. For the multiple turnover reactions the following components and concentrations were 

used: 100 µM LuxAB, 150 µM FMN, 150 µM YcnD, 2 mM NADPH, 200 mg GDH (lyophilized 

powder), 1 M glucose and 100 µl substrate-buffer solution. Due to low solubility of aldehydes 

in water, a substrate-buffer solution was obtained by adding 40 µL of tetradecanal to a 

mixture of 1900 µL reaction buffer and 100 µL Triton X. This led to complete solubility of the 

substrate. All components were mixed to a final volume of 25 mL in a 50 mL enzyme reactor. 

The reaction was started by the addition of LuxAB and stirred at 4 °C for a maximum of 

72 hours. After six hours reaction time, 200 µM BSA was added to stabilize the enzymes.  

For the workup, three main steps were performed analog to the extraction of myrFMN in vivo 

(Bergner et al., 2015). The reactions were stopped by adding 2.5 g guanidine-HCl and dropwise 

concentrated HCl to lower the pH to ~2. Three consecutive extractions were made with 15 mL 

each of an organic mixture of ethyl acetate:butanol (1:1). The organic phase was separated by 

centrifugation (4566 g at 4 °C for 30 min) and the collected, unified organic layers were dried 

in a vacuum evaporator at 56 °C under reduced pressure. The residual powder was dissolved 

in 20 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8) and incubated 

with excess of recombinant histidine-tagged apo-LuxF for 30 minutes in the dark. The apo-

LuxF with bound myrFMN was loaded on a 1 mL HisTrap FF/HP column (GE Healthcare) for 

purification. The column was washed with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 

20 mM imidazole, pH 8) and the fractions were eluted with elution buffer (50 mM NaH2PO4, 
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300 mM NaCl, 300 mM imidazole, pH 8). The eluent fractions were pooled and concentrated 

to 500 µL. As a final purification step organic extraction was repeated again in small scale as 

described above. The dried samples were analyzed by HPLC.  
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3.4 Results 

3.4.1 Analysis of bacterial strains for light emission and myrFMN content 

In a previous study we have shown that 6-(3’-(R)-myristyl)-FMN (myrFMN) is generated by 

various bacteria in the genera Photobacterium and does not correlate with the presence of 

luxF, a gene encoding a protein that specifically binds myrFMN (Bergner et al., 2015). 

However, it remained unclear how myrFMN is generated and whether it affects the capability 

of bacteria to produce light. In order to address these issues we have monitored the total light 

emission of various bioluminescent species and finally isolated myrFMN from the same 

bacterial cultures exploiting the high affinity of recombinant apo-LuxF as previously 

demonstrated (Bergner et al., 2015). The extraction protocol as described in materials and 

methods was designed to ensure that protein-bound myrFMN is released and thus becomes 

available for re-binding to the added recombinant apo-LuxF. The scavenged myrFMN was then 

co-purified with the histidine-tagged LuxF by means of affinity chromatography and eventually 

released from the purified protein for quantification via HPLC. The results of the total light 

emission and myrFMN determination in seven different bioluminescent marine bacteria are 

summarized in Figure 1. The highest total light emission and myrFMN content were found in 

P. leiognathi TH1 (this was set to 100 % for further comparison) followed by strains S1 and 

27561, respectively. However, only trace amounts of myrFMN were detected in strains 25521 

and 25587. It was also tested if myrFMN production is confined to the genus Photobacteria or 

also occurs in other genera, i.e. Aliivibrio and Vibrio. As is evident from Figure 1, the presence 

of myrFMN was demonstrated for A. fischeri and V. harveyi albeit in very small amounts in the 

case of the former species. These strains also produce less than 2 % of light compared to the 

best light-emitting strain TH1. Thus our results clearly indicate that generation of myrFMN 

occurs ubiquitously in bioluminescent bacteria and is not confined to Photobacteria. The 

presence of myrFMN extracted from the strains TH1 and S1 were further confirmed by HPLC-

MS (supplementary data). The amounts of myrFMN isolated from the other strains were 

below the detection limit for MS and therefore were not analysed in further detail. 

Furthermore, our findings show that myrFMN production and total light emission correlate 

suggesting that myrFMN is generated in the chemical processes leading to light emission, i.e. 

the oxidation of tetradecanal by bacterial luciferase. Interestingly, the best light emitters, i.e. 

P. leiognathi strains TH1, S1 and 27561 possess the luxF gene and thus produce LuxF, which 
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may protect bacterial luciferase by scavenging myrFMN. In fact, we could recently 

demonstrate binding of myrFMN to photobacterial luciferase (Bergner et al., 2015), however, 

it remained to be shown whether binding of myrFMN affects the activity of the enzyme. 

 

3.4.2 Inhibition of luciferase by myrFMN 

Therefore we set up an inhibition assay to evaluate the effect of myrFMN on the luciferase-

catalyzed reaction. Briefly, purified myrFMN from P. leiognathi S1 was used in increasing 

concentrations (0 – 50 μM) in an assay with luciferase (200 nM) and other required 

components as mentioned in materials and methods. The light emission over a period of 

90 seconds was recorded. In Figure 2A, it was shown that as the concentration of myrFMN 

increased, the intensity of light emitted decreased (reaction 1 - black filled squares). A 

decrease in light emission indicates inhibition of luciferase activity as the active site is 

obstructed by myrFMN and prevents binding of FMNH2. However, addition of recombinant 

apo-LuxF to the same reaction (after a primary cycle of 90 seconds) scavenged myrFMN and 

thus allowed binding of FMNH2 to be used in the bioluminescent reaction (reaction 1 + LuxF - 

red filled circles). In an additional reaction that more closely mimicked the situation in vivo, 

LuxF was added prior to initiating the reaction (reaction 2 - blue filled triangles). Increased 

light emission is observed at each concentration compared to the other two experiments 

suggesting that LuxF scavenged myrFMN before it bound to the luciferase in agreement with 

the 10-fold higher affinity to LuxF. This is also reflected by the IC50 for the inhibition as shown 

in Figure 2B. The concentration of myrFMN required to reduce the light emission to 50 % is 

approximately 2 μM, very close to the reported dissociation constant of myrFMN of 4 μM 

(Bergner et al., 2015). However, to inhibit 50 % of the luciferase activity in the presence of 

LuxF, a 6-fold higher concentration (~11 μM) of myrFMN is required, thus demonstrating the 

protective effect of LuxF on the bioluminescent reaction.  

 

3.4.3 In vitro multiple turnover reaction 

These findings point toward a direct link between light emission and myrFMN generation and 

thus we endeavored to provide direct proof that myrFMN is produced during the luciferase-

catalyzed monooxygenation of long-chain fatty aldehydes. Toward this goal, we developed an 
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in vitro multiple turnover assay using the luciferase from P. leiognathi. This was achieved by 

coupling the bioluminescent reaction to YcnD, an oxidoreductase from Bacillus subtilis 

(Morokutti et al., 2005) and glucose dehydrogenase (GDH). YcnD reduces FMN at the expense 

of NADPH and thus provides FMNH2, which is stoichiometrically consumed in the luciferase-

catalyzed reaction. On the other hand, GDH regenerates NADPH from NADP by oxidizing D-

glucose, which is added at a concentration to ensure prolonged luciferase activity (Scheme 2). 

Detailed reaction conditions and reagent concentrations are described in materials and 

methods.  

The reactions were started by the addition of luciferase resulting in intense light emission, 

clearly visible in the darkroom. The light intensity decreased over time and the reactions were 

stopped when light emission ceased (typically after ca. 72 h). After quenching the reaction, 

recombinant apo-LuxF was employed as before to isolate any myrFMN produced during 

multiple luciferase turnovers. Recombinant histidine-tagged LuxF incubated with the reaction 

mixture was then extracted by affinity chromatography and bound ligands were released by 

acid treatment and analyzed by a semi-preparative HPLC. As shown in Figure 3, the main 

compound released from LuxF has a retention time identical to an authentic myrFMN sample 

isolated from P. leiognathi S1 (tR = 18.8 min). Moreover, the UV-Vis absorption spectrum is 

identical to the reference with absorption maxima at 386 and 441 nm (Figure 3, insert). 

MyrFMN samples were combined and dried under reduced pressure. The isolated and purified 

myrFMN was then subjected to HPLC-MS analysis using an Agilent Poroshell 120 SB-C18 

column. Due to the usage of that column, the retention time of the myrFMN peak shifted to 

14.2 minutes (Figure 4A). Phosphorylated and dephosphorylated myrFMN have exact 

molecular masses of 681.29 and 601.31, respectively, and therefore a negative ESI scan mode 

from 100-800 m/z was used. The extracted ion chromatogram (XIC) at m/z 681 showed a 

distinct peak at the same retention time as the chromatogram at 370 nm, verifying the result 

(Figure 4B). The mass spectrum confirms the formation of myrFMN (Figure 4B, insert) showing 

a distinct peak at m/z 681.3. Thus the retention time observed in the HPLC system, the UV-Vis 

absorption properties and the determined mass of the isolated compound clearly show that 

myrFMN is generated in a luciferase multiple turnover reaction system.  
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3.5 Discussion 

In our previous studies, we focussed on the binding of myrFMN to LuxF and luciferase from P. 

leiognathi S1 (Bergner et al., 2015). We have shown that myrFMN binds to LuxF and luciferase 

with a Kd of 80 nM and 4 μM, respectively. Using this strong affinity towards LuxF, we showed 

that myrFMN is present in all photobacterial strains tested, irrespective of the presence or 

absence of luxF. In an extension of this work, we have demonstrated here that myrFMN is also 

produced in Vibrio and Aliivibrio. Furthermore, a quantitative analysis of light emission and 

myrFMN production showed a positive correlation suggesting that myrFMN is indeed 

generated as a consequence of luciferase activity (Figure 1). Interestingly, the best emitting 

strains, i.e. TH1, S1 and ATCC 27561, were those featuring luxF prompting the question 

whether LuxF is prerequisite to high and sustained luciferase activity in vivo. To address this 

question, we have conducted a series of in vitro luciferase assays to probe the potential of 

LuxF to relieve the inhibitory effect of myrFMN on luciferase activity. As shown in Figure 2, the 

presence of LuxF, tested in different experimental set-ups, unequivocally rescues luciferase 

activity in the presence of myrFMN and shifts the inhibition constant of myrFMN, as expressed 

by the IC50, to higher concentrations. The IC50 of ~2 μM, as deduced in Figure 2, is similar to 

the Kd of myrFMN to luciferase reported earlier, i.e. Kd = 4 μM (Bergner et al., 2015), which in 

turn is similar to the binding constant of FMNH2 to luciferase, i.e. Kd = 0.8 μM (Meighen et al., 

1971). Therefore, our results are in accordance with the relative affinities of myrFMN to LuxF 

and luciferase, respectively (Bergner et al., 2015). The fact that preincubation with LuxF, 

mimicking the in vivo situation, leads to a substantially higher luciferase activity also suggests 

that dissociation of myrFMN from luciferase is a slow process compared to the binding to LuxF. 

The obtained results clearly indicate a direct link between the formation of myrFMN and the 

luciferase catalyzed reaction. To provide a direct proof for this hypothesis, we designed an 

in vitro multi-enzyme, cofactor recycling system that sustained the luciferase reaction for at 

least 48-72 hours. This allowed us to isolate sufficient material for chromatographic, 

spectroscopic and mass spectrometric analysis and clearly provided evidence that myrFMN is 

produced in the in vitro luciferase reaction. This is the first direct experimental proof that 

myrFMN is formed in the luciferase catalyzed reaction.  
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3.5.1 Proposed mechanism for myrFMN formation 

The demonstration that myrFMN is produced in the luciferase reaction invites the question 

how myrFMN generation can be rationalized based on the mechanism for the light-emitting 

process. It was shown that bacterial luciferase forms a stable FMN-4a-hydroperoxide 

intermediate, which subsequently reacts with the aldehyde substrate to form a FMN-4a-

peroxyhemiacetal (Macheroux et al., 1993; Kurfurst et al., 1984; Eberhard et al., 1972). The 

decomposition of this intermediate is the most critical step because it eventually leads to the 

population of the excited state of the FMN-4a-hydroxide intermediate (Scheme 3). The 

currently preferred models to explain the population of an excited-state FMN-4a-hydroxide 

are based on a radical mechanism, such as the chemically initiated electron exchange 

luminescence (CIEEL) process (Eckstein et al., 1993; Tu, 2013). In this mechanism the 

decomposition of the FMN-4a-peroxyhemiacetal is initiated by the transfer of an electron 

from the N5 position of the flavin to the distal oxygen atom of the peroxyhemiacetal (Scheme 

3). This triggers the cleavage of the O-O bond and the generation of an alkoxy radical. At this 

stage the proton from the C-1 carbon is abstracted and the resulting anionic radical transfers 

an electron back to the FMN-4a-hydroxy cation radical (Scheme 3, top line). This process is 

accompanied by the population of the excited state of the FMN-4a-hydroxide, which acts as 

the light-emitting luciferin.  

Based on this radical mechanism we propose that the alkoxy radical rearranges to the carbon 

radical, as shown in Scheme 3, which then recombines with the FMN-4a-hydroxide radical 

cation to form a covalent bond between the C-3 carbon of the aldehyde and the C-6 carbon 

of the isoalloxazine ring. Rearomatization and cleavage of water will then lead to the 

formation of the flavin adduct. It should be noted that this leads to the formation of the 

myristylaldehyde linked to the flavin rather than myristic acid. Because aldehydes are prone 

to oxidation, we assume that this may occur spontaneously after formation of the flavin 

adduct. It is important to emphasize that this model rationalizes how a rather unreactive 

saturated carbon atom is activated to form a covalent carbon-carbon bond. Because no other 

mechanism put forward for the luciferase catalysed reaction has the potential to explain the 

formation of myrFMN, its very occurrence supports a radical mechanism for the luciferase 

reaction. 
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Given the very low yield of myrFMN obtained after up to 3 days of turnover in vitro we assume 

that the bioluminescent reaction efficiently outruns the formation of the side product. 

Nevertheless our data show that bacterial strains that are capable of producing LuxF produce 

significantly more light apparently because LuxF scavenges myrFMN and thereby prevents the 

inhibition of the luciferase. Therefore, the creation of luxF, presumably by gene duplication of 

luxB, was an important evolutionary invention that provided an enormous advantage over 

other bioluminescent bacteria.  
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3.9 Figure legends 

Figure 1: Correlation between light emission and myrFMN content: different bacterial strains 

compared for their light emission and myrFMN content. Photobacterium leiognathi TH1 

exhibited maximum bioluminescence as well as produced maximum myrFMN (was set to 

100 % for further comparison). It was subsequently followed by the S1 strain which we used 

as a reference strain. Nevertheless, trace amounts were also detected in all other tested 

photobacterial strains (ATCC 27561, ATCC 25521 and ATCC 25587). Furthermore, the last 

columns evidently show detectable amounts of light emission and myrFMN content in V. 

harveyi ATCC 14126 and A. fischeri ATCC 7744.  

 

Figure 2: The Inhibition assays: Figure 2A demonstrates inhibition of luciferase activity with 

increasing concentration of myrFMN. It is seen that as myrFMN concentration increases, the 

light emission decreases (reaction 1 - filled square). However, addition of LuxF to the same 

reaction (after primary cycle of 90 seconds) scavenges myrFMN allowing FMNH2 to follow the 

normal reaction and produce light (reaction 1 + LuxF - filled round). A third condition, 

mimicking the in vivo situation, shows the inhibition effect of myrFMN in the presence of LuxF 

from the beginning of the reaction (reaction 2 - filled triangle). The peak maximum was plotted 

at each time point measured. Figure 2B clearly shows the concentration of myrFMN at which 

luciferase still emits 50 % of light (IC50), which is approximately 1.7 μM. However, to inhibit 

50 % of the luciferase activity in the presence of LuxF, 6 fold higher concentration of myrFMN 

is required (~11 μM), thus demonstrating the scavenging behavior of LuxF. 

 

Figure 3: HPLC chromatograms of the myrFMN reference and the sample of the in vitro assay 

with the corresponding absorption spectra. After workup the sample of the in vitro assay 

(black line) was measured by HPLC with UV-Vis detection and compared to the reference 

sample of myrFMN (red line). The retention time for both samples is 18.8 minutes. The insert 

shows the overlay of the absorption spectra of the reference (red line) and the sample (black 

line) with the maxima of 386 nm and 441 nm.  
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Figure 4: HPLC-MS measurement of the isolated myrFMN sample of the in vitro assay. A: 

HPLC chromatogram at 370 nm with a retention time of 14.2 minutes for the isolated and 

purified myrFMN sample. B: Extracted Ion Chromatogram (XIC) of m/z 681 in negative ESI 

mode. B, insert: MS-Spectrum at the retention time of 14.2 minutes corresponds to myrFMN 

with m/z 681 [M-H]-.  

 

3.10 Scheme legends 

Scheme 1: General reaction scheme for bacterial bioluminescence. Schematic representation 

of the luciferase catalyzed reaction, demonstrating the conversion of a long chain aldehyde 

(chain length from C8-C14) to the corresponding carboxylic acid where a FMNH2 and an O2 

molecule are consumed in the process. Visible luminescence is emitted with a maximum at 

490 nm. 

 

Scheme 2: Schematic representation of the multiple turnover in vitro assay. The luciferase 

employs molecular oxygen (O2) and reduced FMN (FMNH2) in order to oxidize, in this case, 

tetradecanal to tetradecanoic acid. For the reduced FMN a recycling system was established 

using the NADPH-dependent oxidoreductase YcnD from Bacillus subtilis. To recycle NADPH, 

glucose dehydrogenase (GDH) was applied. 

 

Scheme 3: Proposed mechanism for myrFMN formation: In the scheme above is shown the 

CIEEL (Chemically initiated electron exchange luminescence) mechanism for the luciferase 

catalyzed bioluminescence reaction. The reaction is initiated by the transfer of an electron 

from the N5 position of the flavin to the distal oxygen atom of the peroxide moiety. During 

the normal course of the reaction, the O-O bond cleavage leads to the formation of a radical 

anion, which transfers the electron back to the flavin generating an exited state of the flavin-

4a-hydroxide. This excited state intermediate further goes on to emit light with a maximum 

at 490 nm. The mechanism we propose, for the formation of myrFMN suggests that a 

hydrogen rearrangement of the alkoxy radical leads to a C-3-carbon radical moiety. This then 

combines with the flavin-4a-hydroxide radical cation to form the covalent bond between the 
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C-3 carbon of the aldehyde and the C-6 carbon of the isoalloxazine ring. After rearomatization 

and release of water, our stipulated product myrFMN is formed.   
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Figure 2 
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Figure 3 
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Figure 4 
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3.12 Schemes 
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Scheme 3 
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3.13 Supplementary data 

 

 

Figure 1_SuppInfo: HPLC-MS measurement of the isolated myrFMN sample of 

Photobacterium leiognathi S1. A: HPLC chromatogram at 370 nm with a retention time of 

15.0 and 15.8 minutes for the isolated and purified myrFMN sample. B: Extracted Ion 

Chromatogram (XIC) of m/z 681 in negative ESI mode. C: Extracted Ion Chromatogram (XIC) of 

m/z 601 in negative ESI mode.  
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Figure 2_SuppInfo: MS-Spectrum at the retention time of 15.0 minutes corresponds to the 

phosphorylated myrFMN with m/z 681.3 [M-H]-.  
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Figure 3_SuppInfo: MS-Spectrum at the retention time of 15.8 minutes corresponds to the 

dephosphorylated myrFMN with m/z 601.4 [M-H]-.  
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Figure 4_SuppInfo: HPLC-MS measurement of the isolated myrFMN sample of 

Photobacterium leiognathi TH1. A: HPLC chromatogram at 370 nm with a retention time of 

15.1 and 15.8 minutes for the isolated and purified myrFMN sample. B: Extracted Ion 

Chromatogram (XIC) of m/z 681 in negative ESI mode. C: Extracted Ion Chromatogram (XIC) of 

m/z 601 in negative ESI mode.  
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Figure 5_SuppInfo: MS-Spectrum at the retention time of 15.1 minutes corresponds to the 

phosphorylated myrFMN with m/z 681.3 [M-H]- and to one main fragment with m/z 635.3 [M-

HCCOH]-. 
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Figure 6_SuppInfo: MS-Spectrum at the retention time of 15.8 minutes corresponds to the 

dephosphorylated myrFMN with m/z 601.4 [M-H]-.  
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3.14 Graphical abstract 

 

Abbreviated summary 

Myristylated FMN, a flavin derivative with a unique structure, where the C3 atom of 

tetradecanoic acid is bound to the C6 atom of the isoalloxazine ring, is formed during the 

bacterial bioluminescence reaction. This formation catalyzed by the bacterial luciferase 

supports the radical formation theory via the CIEEL mechanism. 
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4.1 Abstract 

Bioluminescence is a natural phenomenon in living organisms, which involves enzymatic 

catalysis of a substrate to pass through a series of intermediates of different energies to finally 

form the product with light emission in visible range. This reaction is found in organisms 

ranging from bacteria to insects, fish and fungi and is utilized for vital functions from defense 

to reproduction. All luminous bacteria known today are assigned to γ-proteobacteria, namely 

to the genera Vibrio, Aliivibrio and Photobacterium. 

 

The genes required for light emission in luminescent bacteria are organized in the so called 

“lux-operon”. Two of these genes encode for the bacterial luciferase (luxAB), the enzyme that 

catalyzes the reaction. The heterodimeric flavin monooxygenase LuxAB mediates the 

oxidation of reduced flavin mononucleotide (FMNH2) and a long-chain aliphatic aldehyde 

(RCHO) by O2 to produce the respective acid (RCOOH) and the blue-green light (~490 nm). 

 

This enzyme is relatively unstable and commonly loses its activity at room temperature 

because of structural changes resulting in the loss its enzymatic applications. Improving the 

stability of proteins is a main goal in many biochemical and industrial applications. Different 

approaches are applied to increase the stability of the bacterial luciferase; the main topic of 

this study is to test the protein by replacing the reactive, easily oxidisable cysteines (C170, 

C242, C306, C465, C501, and C519) on the surface of the protein to serines using site-directed 

mutagenesis. 

 

After over-expression of the variants in E. coli BL21*, the proteins were purified via affinity 

chromatography and gel filtration. The mutants were verified by MALDI-TOF-MS. The proteins 

were further tested if the site-directed mutagenesis on LuxAB has an impact on the yield of 

emitted light (luminometer measurements), thus the enzymatic activity and how it affects the 

melting temperature of each protein variant (Thermofluor experiments). The immediate 

results showed that four out of six luciferases (C306S, C465S, C501S and C519S) were 

completely denatured from the beginning and were not able to catalyze the light emitting 

reaction with high yield. C170S and C242S had similar characteristics compared to the wild 

type that is still unsurpassed in both enzymatic activity and stability. 
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4.2 Introduction 

Bioluminescence is a natural phenomenon which was first scientifically discovered in the 

1880s1 and is found in several different major groups ranging from organisms like fungi, fish, 

insects, bacteria, etc. where visible light is emitted due to a chemical reaction. Algae, archaea 

and higher eukaryotes such as mammals, birds, amphibians, and plants are not known to be 

luminescent. The ability to produce light has evolved as a defense mechanism, alluring prey 

and hosts or for communication like attracting appropriate mates for successful 

reproduction.2 Today, bioluminescence reactions are an essential tool in many biomedical and 

industrial applications such as measuring ATP which indicates living cells or tracing biological 

intracellular processes by using Ca2+-sensitive photoproteins e.g. aequorin derived from a 

jellyfish.3 

The lux operon contains all genes in bacteria that encode for the proteins necessary for 

producing bioluminescence. The operon usually consists of luxCDABE but is differently 

organized in various species and strains.4 Bacterial luminescence requires at least the enzymes 

luciferase (LuxAB), NADPH-dependent acyl protein reductase (LuxC), acyl transferase (LuxD), 

ATP-dependent acyl protein-synthetase (LuxE)5 and a flavin reductase (LuxG).6 LuxAB binds 

FMNH2 and molecular oxygen to mediate the oxidation of the aldehyde (RCHO) leading in the 

production of light with a maxima at 490 nm (green-blue) and H2O (Figure 1).1  

The heterodimeric bacterial luciferase, a flavin monooxygenase, consists of a α-subunit LuxA 

(40 kDa) and a β-subunit LuxB (37 kDa).1 With regard to the domain structures it folds into an 

α/β domain which consists of eight central parallel β-sheets surrounded by the same number 

of α-helices. This structural form is called a TIM barrel ([β/α]8). The axis of the two barrels 

corresponding to LuxA and LuxB is arranged with a rotation of 80° and a translation of 34 Å, 

whereas the overall dimensions of the whole protein are ca. 75 Å x 45 Å x 40 Å. Alignment of 

the amino acid sequence of the α- with the β-subunit demonstrates that they share 32% 

sequence identity. LuxB lacks 31 amino acid residues which are present in the α-subunit. Due 

to the homology there should be at least one active site in each subunit, but it is assumed that 

only LuxA holds the catalytic center. Therefore the whole enzyme is able to bind just one 

reduced FMN at the time in the bioluminescence reaction.7 The subunits of LuxAB do not show 

a luminescent activity as monomers or homodimers.8, 9 
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Figure 1: Mechanism of the bacterial bioluminescence reaction catalyzed by LuxAB. 

 

4.2.1 Homology model 

Homology modelling is used if no three-dimensional structure of the target protein is 

available. For that purpose an experimental determined 3D-structure of a protein of a related 

family is used as a template together with the amino acid sequence of the target protein. 

Therefore a sequence identity of at least 30% is required.10 In this thesis the LuxAB amino acid 

sequence derived from Photobacterium leiognathi ATCC 27561 is used to build the model 

using the available luciferase structure from Vibrio harveyi (PDB: 1brl11) as template. 

According to the homology model the cysteines on the surface (green; C170S, C465S and 

C519S) and those which might be facing the surface (red; C242S, C306S and C501S) are 

replaced to serines for this study. All cysteines on the inside of the structure are not marked 

and stay non-mutated (C7, C59, C229 and C488). The subunit LuxA (dark-grey) consists of 354 

and LuxB (light-grey) of 326 amino acids (Figure 2). 
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Figure 2: Homology model of the bacterial luciferase. Cysteines on the surface of P. leiognathi LuxAB 

(green; C170S, C465S and C519S) and those which might be facing the surface (red; C242S, C306S and 

C501S) are marked. 

 

4.3 Materials and methods 

4.3.1 Cloning and expression of luciferase variants 

With PCR based site-directed mutagenesis, single mutations on the luxAB WT gene (from 

Photobacterium leiognathi ATCC 27561) were created. The clones were confirmed with 

sequencing and transformed into E. coli BL21* strain for expression. All the variants were 

expressed and purified similar to the procedure for the LuxAB WT protein as mentioned 

previously.12 All the buffers for the purification and assays were prepared as mentioned 

below. The concentration of the proteins were determined via UV/VIS-spectroscopy at 280 

nm using the extinction coefficient, ε = 82 335 l mol-1 cm-1; MGW = 79908 g mol-1). 

 

C170S 

C306S 

C242S 

C501S 

C519S 

C465S 
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4.3.2 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF MS) 

The sample preparation, all measurements and also the analysis of the results follow the 

standard protocols of MALDI-TOF MS. The protein samples have to be treated with 

Iodoacetamide for reducing as well as alkylating the cysteine residues. Due to proteolytic 

digestion with trypsin fragments with 500-6000 Da are generated. A calibration has to done 

by the use of the organic molecule PEG. In addition the shift of the mass-to-charge ratio has 

to be corrected by co-introducing the analyte with ACTH. 

 

4.3.3 Thermofluor stability check 

For detection of the Tm for all the proteins in this study (LuxAB WT and six variants), the 

protein concentration was normalized to approximately 10 mg ml-1 with assay buffer and the 

SYPRO Orange dye was 1:500 diluted with ddH2O. To 2.5 µl protein, 2.5 µl diluted dye and in 

total 20 µl of the different buffer conditions were added. Every reaction was performed in 

triplicates. 

Each measurement started at 20 °C, lasted 5 s and then the temperature was increased by 

0.5 °C step, up to 95 °C final temperature. 

 

Reagents/buffers used for testing in Thermofluor: 

 ddH2O 

 Storage buffer:   50 mM L-Malic acid, 25 mM MES, 25 mM Tris (pH 8.0) 

 KH2PO4 + K2HPO4:  100 mM (pH 7.0) 

 KH2PO4 + KOH:  200 mM (pH 5.0 / 6.0 / 7.0 / 8.0 / 9.0) 

 NaH2PO4 + NaOH: 200 mM (pH 5.0 / 6.0 / 7.0 / 8.0 / 9.0) 

 HEPES + KOH:  200 mM (pH 5.2 / 6.0 / 7.0 / 8.0 / 9.0) 

 Tris/HCl + NaOH: 200 mM (pH 5.0 / 6.0 / 7.0 / 8.0 / 9.0) 

 NaCl:   0.2 M / 0.5 M / 0.6 M / 1.2 M / 2 M / 2.5 M 

 KCl:   0.2 M / 0.5 M / 0.6 M / 1 M / 1.2 M / 2 M 

 KH2PO4 + KOH 200 mM (pH 7.0) + NaCl 0.2 M / 0.5 M / 0.6 M / 1.2 M / 2 M / 2.5 M 

 KH2PO4 + KOH 200 mM (pH 7.0) + KCl 0.2 M / 0.5 M / 0.6 M / 1 M / 1.2 M / 2 M 

 NaH2PO4 + NaOH 200 mM (pH 7.0) + NaCl 0.2 M / 0.5 M / 0.6 M / 1.2 M / 2 M / 2.5 M 

 NaH2PO4 + NaOH 200 mM (pH 7.0) + KCl 0.2 M / 0.5 M / 0.6 M / 1 M / 1.2 M / 2 M  
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4.3.4 Enzyme activity assay 

This method is applied for detection of bioluminescence by measuring the counts of photons 

produced per second. A master mix with 890 µl assay buffer, 50 µl saturated C14 aldehyde, 

300 nM FMN, 300 nM YcnD and 200 nM LuxAB was prepared. Everything had to be kept on ice 

except the saturated C14 aldehyde. A white assay 96 well plate was used for measurements. 

The master mix was divided by four and approximately 240 µl were pipetted in each well. Care 

had to be taken that the four filled wells were as far away of each other as possible so that 

the independent measurements could not interact. Each measurement was started after an 

initial delay of 5 s per plate and later 3 s before the NADPH (500 nM/10 µl) was injected. Light 

was recorded 0.01th of every second and the whole read time took 90 s. The assays were 

performed in triplicates.  

 

4.4 Results and discussion 

4.4.1 Cloning and expression of luciferase variants 

The mutant constructs were extracted and sequenced. By the use of sequence alignment 

tools, the sequences obtained were compared against the wild type luciferase, the 

mutagenesis were confirmed (as shown below). The cysteine-codons (TGT) at the amino acid 

positions 170, 306, 465, 501, and 519 were exchanged to serine-codons (TCT). Also at position 

242 the cysteine (TGC) was replaced by a serine (AGC). 

WT_LuxAB  5’-CCCTACTTGTATGACAG-3’   517 

C170S_2.T7prom 5’-CCCTACTTCTATGACAG-3’   540                  

      ******** ******** 

WT_LuxAB  5’-AAGTGTCTGCCGTGACTTCCTATCAAACTGGTA-3’ 749 

C242S_1.T7prom 5’-AAGTGTCAGCCGTGACTTCCTATCAAACTGGTA-3’ 780 

         ******* ************************* 

WT_LuxAB  5’-TGAAAAATGTATTGAAATTAT-3‘   929 

C306S_9.T7prom 5‘-TGAAAAATCTATTGAAATTAT-3‘   960 

         ******** ************ 

WT_LuxAB  5’-AAGTGATTGTGTTAGTG-3’   1450 

C465S_1.T7term 5’-AAGTGATTCTGTTAGTG-3’   351 

      ******** ******** 

WT_LuxAB             5’-CAACTACTGTTATGCGAAT-3’   1560 

C501S_6.T7term 5’-CAACTACTCTTATGCGAAT-3’   462 

      ******** ********** 

WT_LuxAB  5’-CCCACACTGTATTAGTAAAGAAAAC-3’  1620 

C519S_6.T7term 5’-CCCACACTCTATTAGTAAAGAAAAC-3’  534 

                       ******** **************** 
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After the successful sequencing results, expression of all mutated luciferases were checked in 

E. coli BL21*. All induced samples showed a much higher amount of protein at approximately 

40 kDa (Figure 3). These bands are presumably originated from the expression of the two 

subunits, LuxA and LuxB, compared to the uninduced protein extracts. 

 

 

 

 

The protein was purified using the His-affinity chromatography and size exclusion-gel filtration 

chromatography. The protein yields after each purification were calculated as shown in the 

table below (Table 1). 

 

  

 

         

 

 

Figure 3: Comparison between uninduced and induced expression of all mutated LuxABs. The 

uninduced variants are abbreviated with UIN and the induced ones with IN. All induced samples 

(lanes 2, 3, 6, 8, 11 and 14) showed a much higher protein yield at 40 kDa than each uninduced 

control (lanes 1, 5, 9, 10 and 13). A low molecular weight standard (LMW marker, lanes 4, 7 and 

12) was used. 

C170S UIN C170S IN C170S IN 
LMW marker 

C242S UIN C242S IN 
LMW marker 

C306S IN C306S UIN C501S UIN C501S IN 
LMW marker 

C519S UIN C519S IN 

1     2     3      4     5      6          7         8        9              10    11    12    13   14 

kDa 

 

97 
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45 

 

30 

 

20.1 

14.4 
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Table 1. Total yield of LuxAB WT and mutated luciferases after all purification steps. The 

expression of all luciferases could be performed. E. coli BL21* cells with protein expressed were 

harvested and the protein was purified via his-tag chromatography and in further step with gel 

filtration chromatography. The volume of media used, cell mass obtained, protein concentration 

and the yield of total protein (LuxAB) was calculated. 
 

Name Medium Cell pellet Concentration Total protein 

LuxAB WT 15 * 800 ml 75.4 g 1.2 µM 96.0 mg/ml 722.1 mg 

LuxAB C170S 5 * 800 ml 20.4 g 1.9 µM 151 mg/ml 378.8 mg 

LuxAB C242S 5 * 800 ml 25.2 g 1.3 µM 104 mg/ml 104.7 mg 

LuxAB C306S 5 * 800 ml 25.2 g 0.15 µM 11.9 mg/ml 17.79 mg 

LuxAB C465S 5 * 800 ml 28.5 g 0.39 µM 31.1 mg/ml 46.57 mg 

LuxAB C501S 5 * 800 ml 23.6 g 0.099 µM 7.91 mg/ml 10.28 mg 

LuxAB C519S 5 * 800 ml 23.5 g 0.13 µM 10.5 mg/ml 5.236 mg 

 

4.4.2 Verification of the luciferases with MALDI-TOF MS 

With MALDI-TOF MS it could be confirmed, on one hand that every purified protein sample 

was in fact a luciferase and on the other that each one contained the desired mutation. 

For this purpose nine significant mass-peaks of the wild type (3317.69 Da, 1922.07 Da, 

1766.91 Da, 1634.77 Da, 1316.64 Da, 1167.61 Da, 949.46 Da, 872.39 Da and 819.47 Da) were 

selected in order to check whether these were also present in the mutants. Here the maximum 

deviation to the wild type was not more than 0.2 Da. Furthermore, each LuxAB-variant had to 

represent a single different mass-peak due to the exchange of cysteine to serine compared to 

LuxAB WT. These were based on the proteolytic digestion with trypsin at 2036.99 Da (C170S), 

648.33 Da (C242S), 858.50 Da (C306S), 2096.99 Da (C465S), 4040.76 Da (C501S) and 

1095.62 Da (C519S). All peaks invariably existed without mass deviation. 

 

4.4.3 Determination of the Tm of LuxAB WT and variant LuxAB with Thermofluor experiments 

With Thermofluor measurements, it was possible to compare the behavior of the pure 

luciferase variants with the wild type for different conditions. These experiments showed 

whether any of the cysteine to serine mutation impacted positively on the stability of the 

protein.  

All Thermofluor results of the luciferases are represented just by their specific melting 

temperature under different conditions if existing. In order to interpret the data, the melting 

curves must be included in the considerations. 



126 
 

Table 2. Melting temperature of the luciferases under different conditions. Empty boxes are 

not tested. The results of treatment with Tris/HCl + NaOH 200 mM at various pH are not shown 

because LuxAB is not compatible with this buffer in general. 
 

Conditions 
Melting temperature [°C] 

WT C170S C242S C306S C465S C501S C519S 

ddH2O 40.5 39.5 39.0  -  - 

Storage buffer pH 8.0 40.0 38.5 39.0 - - - - 

KH2PO4 + K2HPO4 42.5 40.5   -  - 

KH2PO4 + KOH 

pH 5.0 -       

pH 6.0 -       

pH 7.0 45.5 44.0   -  - 

pH 8.0 42.0 37.5   -  - 

pH 9.0 35.5       

NaH2PO4 + 
NaOH 

pH 5.0 -       

pH 6.0 -       

pH 7.0 44.5 43.0   -  - 

pH 8.0 41.0 37.0   -  - 

pH 9.0 36.0       

HEPES + KOH 

pH 5.2 -       

pH 6.0 -       

pH 7.0 41.5       

pH 8.0 39.5       

pH 9.0 34.5       

NaCl 

0.2 M 41.0       

0.5 M 42.5       

0.6 M 42.0       

1.2 M 43.0       

2.0 M 44.5       

2.5 M 46.5       

Conditions 
Melting temperature [°C] 

WT C170S C242S C306S C501S C501S C519S 

KCl 

0.2 M 40.5       

0.5 M 42.0       
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0.6 M 42.0       

1.0 M 42.0       

1.2 M 42.0       

2.0 M 44.5       

KH2PO4 

+ KOH 

(pH 7.0) 

+ NaCl 

0.2 M 42.5       

0.5 M 43.0       

0.6 M 43.5       

1.2 M -       

2.0 M 48.0       

2.5 M -       

KH2PO4 

+ KOH 

(pH 7.0) 

+ KCl 

0.2 M 42.5       

0.5 M 42.5       

0.6 M 42.5       

1.0 M 44.0       

1.2 M 45.0       

2.0 M 44.5       

NaH2PO4 

+ NaOH 

(pH 7.0) 

+ NaCl 

0.2 M 42.5       

0.5 M 44.0 42.0 43.5 - - - - 

0.6 M 43.0       

1.2 M 45.5 43.0 44.5 - - - - 

2.0 M 47.5 44.5 45.0 - - - - 

2.5 M 47.5       

NaH2PO4 

+ NaOH 

(pH 7.0) 

+ KCl 

0.2 M 42.0       

0.5 M 44.0       

0.6 M 44.0       

1.0 M 44.5       

1.2 M 44.0       

2.0 M 46.5       

 

As seen in the above table, LuxAB WT was in general best compatible with all buffers at pH 7.0 

except Tris/HCl + NaOH 200 mM pH 5.0 – 9.0, where the protein was immediately structurally 

denatured. The greatest stability was achieved in the buffers NaH2PO4 + NaOH 200 mM pH 7.0 

(Tm = 44.5 °C) and KH2PO4 + KOH 200 mM pH 7.0 (Tm = 45.5 °C), followed by KH2PO4 + K2HPO4 

100 mM pH 7.0 (Tm = 42.5 °C) as well as HEPES + KOH 200 mM pH 7.0 (Tm = 41.5 °C) and water 
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(Tm = 40.5 °C). The lowest melting temperatures appeared surprisingly under conditions with 

the standard buffer which is used for LuxAB experiments (Tm = 40.0 °C). However this buffer 

system is best suitable for storage of the protein and hence used (Table 2). 

It also could be observed that the stability of the wild type luciferase increased with the 

concentration of salt (NaCl and KCl), although the protein showed continuously a better 

tolerance with NaCl than KCl. Based on these results, the two most appropriate buffers 

(NaH2PO4 + NaOH 200 mM pH 7.0 and KH2PO4 + KOH 200 mM pH 7.0) were mixed in each case 

with NaCl and KCl in increasing concentrations (Table 2). 

Therefore, the greatest stability could be observed in NaH2PO4 + NaOH 200 mM pH 7.0 + 2 M 

NaCl (Tm = 47.5 °C) although a higher melting temperature was observed in KH2PO4 + KOH 

200 mM pH 7.0 + 2 M NaCl (Tm = 48.0 °C). It seemed that LuxAB WT doesn’t like treatment 

with different kind of ions (KH2PO4 + KOH 200 mM pH 7.0 + 2 M NaCl (Tm = 48.0 °C), KH2PO4 

+ KOH 200 mM pH 7.0 + 0.2 M NaCl (Tm = 42.5 °C)). There was also no good stability seen in 

KH2PO4 + KOH 200 mM pH 7.0 + 0.2 M KCl (Tm = 42.5 °C), as well as in KH2PO4 + KOH 200 mM 

pH 7.0 + 2 M KCl (Tm = 44.5 °C), NaH2PO4 + NaOH 200 mM pH 7.0 + 0.2 M NaCl (Tm = 42.5 °C) 

and NaH2PO4 + NaOH 200 mM pH 7.0 + 0.2 M KCl (Tm = 42.0 °C). But by the use of NaH2PO4 + 

NaOH 200 mM pH 7.0 + 2 M KCl (Tm = 46.5 °C) a good stability was observed (Table 2). 

From all the Thermofluor experiments with the wild type, apparently the buffer which is most 

suitable is NaH2PO4 + NaOH 200 mM pH 7.0 + 2 M NaCl. However it is not suitable for freezing 

proteins under high salt concentrations, because due to the huge variation in temperature the 

pH changes and would denature the protein immediately, thus making it no longer useable 

for further tests. Therefore, although the storage buffer resulted a low Tm of LuxAB WT, it is 

suited for freezing the protein to stay under stable conditions (Table 2). 

Then the melting temperatures of all mutated luciferases were determined under the 

treatment with the storage buffer and NaH2PO4 + NaOH 200 mM pH 7.0 with different 

concentrations of NaCl. With LuxAB C170S a melting temperature of 38.5 °C and with C242S, 

39.0 °C was observed (LuxAB WT, Tm = 40.0 °C). In NaH2PO4 that contained 0.5 M NaCl, C170S 

and C242S showed also a lower Tm compared to the wild type (Tm = 44.0 °C) with Tm 42.0 °C 

and 43.5 °C respectively. The same behavior of these two mutants could be pointed out while 

increasing the NaCl concentration till 2 M - 2.5 M. Half of LuxAB C170S denatured at 44.5 °C 
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and of LuxAB C242S at 45.0 °C (dark-blue). The wild type also showed here a higher 

temperature stability (Tm = 47.5 °C) (Table 2). 

For LuxAB C306S, C465S, C501S and C519S, no melting temperatures could be determined 

suggesting that the mutants may have structurally denatured and do not form an active 

conformation of the protein. All the raw data graphs are shown in the supplementary section 

later (Supplementary figure S1-4). 

4.4.4 Determining the activity of LuxAB WT and variants by measuring the bioluminescence 

The light produced by the luciferase in an in vitro assay was measured to test its activity. For 

this purpose the luminometer counts all photons which impinge the connected detector. The 

resulting readings were plotted and the area under the curve integrated which represents the 

produced amount of bioluminescence. The produced bioluminescence of the wild type 

amounted to 4.06 * 106 ± 179159 counts and decreased approximately by half for LuxAB C170S 

(2.37 * 106 ± 256140 counts) followed by a 4-fold decrease for LuxAB C242S (1.80 * 106 ± 

212518 counts). Almost no bioluminescence was produced by LuxAB C306S (16180 ± 5550), 

C465S (34110 ± 2605), C519S (28792 ± 1033) and especially C501S (3370 ± 45) as shown below 

(Figure 4).  

Figure 4: The enzymatic activity measured by the amount of produced bioluminescence for 
LuxAB WT in comparison with the variant luciferases. 
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4.5 Conclusions  

Luciferase is relatively unstable and commonly loses its activity at room temperature because 

of structural changes resulting in the loss of its enzymatic functions. Improving the stability of 

proteins is a main goal in many biochemical and industrial applications. Different approaches 

are applied to increase the stability of the bacterial luciferase; the main topic of this study is 

to test the protein by replacing the reactive, easily oxidisable cysteines (C170, C242, C306, 

C465, C501, and C519) on the surface of the protein to serines using site-directed 

mutagenesis. 

After over-expression of the variants in E. coli BL21*, the protein was purified via affinity 

chromatography and gel filtration. The mutants were verified by MALDI-TOF-MS. The protein 

was further tested if the site-directed mutagenesis on LuxAB has an impact on the yield of 

emitted light (luminometer measurements), thus the enzymatic activity and how it affects the 

melting temperature of each protein variant (Thermofluor experiments). The immediate 

results showed that four out of six luciferases (C306S, C465S, C501S and C519S) were 

completely denatured from the beginning and were not able to catalyze the light emitting 

reaction with high yield. C170S and C242S had similar characteristics compared to the wild 

type that is still unsurpassed in both enzymatic activity and stability. 

In summary it could be shown that exchanging of cysteines to serine has neither improved the 

protein stability nor does it help in any folding changes that enhance the enzymatic activity. 

On the contrary the proteins exhibited rather premature denaturation or less functioning. 

Only mutations C170S and C242S impaired the enzyme compared to wild type not as strong 

as the other mutations (C306S, C465S, C501S and C519S) and the stability and the enzymatic 

behavior were relatively similar. 
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4.6 Supplementary data 

 

 

Figure S1: Melt curves of LuxAB WT under the influence of different buffer systems. The greatest 
stability was observed in the buffers NaH2PO4 + NaOH 200 mM pH 7.0 (red, Tm = 44.5 °C) and KH2PO4 
+ KOH 200 mM pH 7.0 (olive, Tm = 45.5 °C), followed by KH2PO4 + K2HPO4 100 mM pH 7.0 (orange, Tm 
= 42.5 °C) as well as HEPES + KOH 200 mM pH 7.0 (black, Tm = 41.5 °C) and ddH2O (blue, Tm = 40.5 °C). 
The storage buffer (purple, Tm = 40.0 °C) is the least suitable in this comparison. 
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Figure S2: Melt curves of LuxAB WT in presence of different concentrations of salts. The luciferase 
is present in NaH2PO4 + NaOH 200 mM pH 7.0 or KH2PO4 + KOH 200 mM pH 7.0 with increasing 
concentration of NaCl and KCl, respectively. LuxAB WT is most stable in NaH2PO4 + NaOH 200 mM pH 
7.0 + 2 M NaCl (red, Tm = 47.5 °C) but also stable in NaH2PO4 + NaOH 200 mM pH 7.0 + 2 M KCl (dark-
blue, Tm = 46.5 °C) as well as KH2PO4 + KOH 200 mM pH 7.0 + 2 M KCl (dark-green, Tm = 44.5 °C), 
NaH2PO4 + NaOH 200 mM pH 7.0 + 0.2 M NaCl (orange, Tm = 42.5 °C) and NaH2PO4 + NaOH 200 mM 
pH 7.0 + 0.2 M KCl (light-blue, Tm = 42.0 °C). LuxAB did not like the treatment with KH2PO4 + KOH 200 
mM pH 7.0 + 2 M NaCl (black, Tm = 48.0 °C), KH2PO4 + KOH 200 mM pH 7.0 + 0.2 M NaCl (grey, Tm = 
42.5 °C) and also with KH2PO4 + KOH 200 mM pH 7.0 + 0.2 M KCl (light-green, Tm = 42.5 °C).  
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Figure S3: Melt curves of LuxAB C170S, C242S and C306S compared to the wild type. LuxAB C306S 
(salmon, pink and purple) was completely denatured therefore no Tm could be detected. LuxAB C170S 
when tested with storage buffer, a melting temperature of 38.5 °C (orange) was observed and with 
the mutant C242S, 39.0 °C (turquoise) could be achieved (LuxAB WT, Tm = 40.0 °C, light-green). C170S 
and C242S showed also a lower Tm compared to the wild type (dark-green (Tm = 44.0 °C) and olive 
(Tm = 47.5 °C)) in NaH2PO4 + NaOH 200 mM pH 7.0 + 0.5 M (dark-green, red and light-blue) and 2 M 
NaCl (olive, brown and dark-blue). Half of LuxAB C170S denatured at 42.0 °C (red) and 44.5 °C (brown), 
respectively and of LuxAB C242S at 43.5 °C (light-blue) and 45.0 °C (dark-blue), respectively.  
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Figure S4: Melt curves of LuxAB C465S, C501S and C519S compared to the wild type. LuxAB C465S 
(orange, red and brown), C501S (turquoise, light- and dark-blue) and C519S (salmon, pink and purple) 
were all completely denatured right from the beginning of the measurement under all conditions. 
Orange, turquoise and salmon shows the protein dissolved in storage buffer; red, light-blue and pink 
represents NaH2PO4 + NaOH 200 mM pH 7.0 + 0.5 M NaCl; brown, dark-blue and purple NaH2PO4 + 
NaOH 200 mM pH 7.0 + 2 M NaCl. For comparison LuxAB WT is shown in light-green (storage buffer, 
Tm = 40.0 °C), dark-green (NaH2PO4 + NaOH 200 mM pH 7.0 + 0.5 M NaCl, Tm = 44.0 °C) and olive 
(NaH2PO4 + NaOH 200 mM pH 7.0 + 2 M NaCl, Tm = 47.5 °C). 
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5.1  Introduction 

The lux operon consists of the genes responsible for the enzymatic production of light in living 

cells, also known as Bioluminescence. The operon mainly consists of six genes, luxCDABEG, 

however, there are plenty of genes flanking this operon, which in some way play a role in 

bioluminescence.1 More details on the genes and their roles have been already discussed in 

the last few chapters. Here in this chapter, we will discuss the operon from Photobacterium 

leiognathi ATCC 27561, with a gene order luxCDABFEG. The gene luxAB encodes for the 

bacterial luciferase, luxCDE for the fatty acid synthetase complex and luxG for the flavin 

reductase.2, 3 During the reaction, the luciferase (LuxAB-heterodimeric protein) catalyses the 

oxidation of an aldehyde substrate to its corresponding acid product. In the course of the 

reaction a reduced flavin reacts with molecular oxygen (O2) and goes through a series of 

intermediate states, and before getting oxidised it goes to an excited energy state and relaxes 

back to ground state with the release of the energy in the form of light in blue-green range 

(λmax = 490 nm).4, 5  

Within this luminescence reaction is an interesting flavin adduct (myrFMN or 6-(3’-(R)-

myristyl) FMN), which is formed. Primary investigations showed myrFMN bound to LuxF in the 

crystal structure of this holoenzyme.6 Therefore, it was hypothesised that the presence of LuxF 

is required for the production of myrFMN. We, in our 1st publication, show a method we 

developed to extract this adduct from bacterial cells in pure form, to perform few binding 

experiments with luciferase and LuxF. Binding affinities indicated that myrFMN has 50 times 

higher affinity towards LuxF than to the luciferase (Kd = 80 nM for LuxF and Kd = 4 μM for 

luciferase). Exploiting this property of LuxF, we used this protein to screen for myrFMN in all 

bioluminescent bacterial strains we had. The results have clearly shown that myrFMN is 

present in all bioluminescent bacterial strains tested, independent of the presence or absence 

of LuxF.7  

Therefore, we wanted to investigate the mechanism for the production of myrFMN in vivo, in 

the presence and absence of LuxF and luciferase. If myrFMN is produced in the luciferase 

reaction and LuxF is scavenging it away, then knockout out these genes (one protein at a time 

– as shown in the cartoon below) would give significant information on myrFMN production.  
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Figure 1: Three scenarios that could have helped us understand the mechanism of myrFMN 

production. Scenario 1: luxAB knockout, thus no light should be produced and so in principle no 

myrFMN has to be produced. Scenario 2: luxF knockout, thus there should be a huge accumulation of 

myrFMN in the cells thus inhibiting the luciferase reaction and so the light production. Scenario 3: 

luxABF knockout, should have basically similar effects like the luxAB knockout, however if myrFMN was 

to be found in scenario 1, this scenario would have helped investigating the role of LuxF in myrFMN 

production. 

A knockout strategy using ‘type IV secretion system’ was followed.  

5.1.1 Type IV secretion system (T4SSs) 

Bacteria are known to have several methods to secrete genetic material or proteins using 

macromolecular assemblies.8 The Type IV secretion system (T4SSs) is very versatile as it can 

exchange both DNA and proteins. Thus these systems have played a significant role in evolving 

prokaryotic genome. The process of transfer of DNA from one cell to another using T4SSs is 

called ‘conjugation’. Such conjugation systems are present in both Gram positive and Gram 

negative bacteria. Most T4SSs consist of three main substructures: one is the cell pili that helps 

to contact the neighbouring cell, the second is the transport channel that conducts the 

substrate transfer across the cell envelop and lastly the type IV coupling protein, which acts 

as a receptor at the cytoplasmic entrance.9 

To initiate a DNA transfer to the host cells, a donor cell and a conjugative plasmid are required. 

Generally, the conjugative plasmids encode for all the proteins, which are essential for their 

successful translocation to recipient cells. The genetic material required to be incorporated 

into the host cell should be cloned on the conjugative plasmid with correct translation frame 
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for incorporation. Delivery of necessary genetic material with complementary flanking regions 

into recipient cells leads to its integration into the host chromosome through recombination.  

 

5.2  Aim of this study 

The primary goal was to construct conjugative plasmids with an antibiotic cassette, flanked 

with the lux genes to generate specific knockouts. As explained in Figure 1, two different 

proteins were aimed to be knocked out from the bacterial genome. To achieve this, the 

flanking regions were to be pcr amplified from the bacterial genome. 

The final aim was to use the conjugative plasmids in the T4SSs to generate knockouts in 

Photobacteria leiognathi. 
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5.3  Experiments and setups: 

5.3.1 Preparation of constructs in conjugative plasmids 

The construction of these plasmids were planned as follows: 

Step 1: Primers were designed to amplify the overhangs from the bacterial genomic DNA. The 

overhangs were around 1kb long on each side of the antibiotic cassette. (Shown in 

Supplementary figure 2-5) 

Primer names Primer sequences 

LuxAB 25521 US Fwd 5'-GGCGCAGAATTCGTCTCGGTGAAAATCGAACAGACTCGTTATCTTGAGG-3' 

LuxAB 25521  US Rev 5'-GGTAGCGGATCCGGTAAGTACTATTTAGACACTAGCCAATACGCGATCAGC-3' 

LuxAB 25521 DS Fwd 5'-GCGGGCGGATCCGTGCAGATCCTTACACTGCCATTTATAAATTAAATAAGGG-3' 

LuxAB 25521 DS Rev 5'-GTACGGTCTAGAGAATTCGATTAAGCCCTGCTTTTATTTCAGGCTCGTGGCC-3' 

LuxAB 27561 US Fwd 5'-GGCGCAGAATTCATGAAAAATACTCAAACCTCTGCACCTATTGATCACATG-3' 

LuxAB 27561 US Rev 5'-GGCAGCGGATCCGCCAAATTTCATTATCTTTTCCTTTTGATGACTTGAATAGG-3' 

LuxAB 27561 DS Fwd 5'-GGCAGCGGATCCATGACAAAATGGAATTATGGCGTCTTCTTCC-3' 

LuxAB 27561 DS Rev 5'-GTACGGTCTAGAGAATTCGGCGCTGAAGCGATCTGGTCCCATATTCACC-3' 

LuxF 27561 US Fwd 5'-GGTGCAGAATTCGTGGCGCCATACCTAAAAGATCCGAAATAAACTGCCAC-3' 

LuxF 27561 US Rev 5'-GGCAGCGGATCCGGAAGAAGACGCCATAATTCCATTTTGTCAT-3' 

LuxABF 27561 DS Fwd 5'-GGTATCGGATCCCATTGTCATTATTAATGGCAGTGTGGCTTCTTACGCTGCC-3' 

Lux ABF 27561 DS Rev 5'-GTACGGTCTAGAGAATTCCAGTCCTGTTGCTTATTTCAAGCTGGTCGCCATCG-3' 
  

Primers for Chloramphenicol cassette from pACYC184 plasmid 

Chlo_Fwd:  5'-GGCAGCGGATCCATGGAGAAAAAAATCACTGGATATACCACCG-3' 

Chlo_Rev: 5'-GAATAAGGATCCTTACGCCCCGCCCTGCCACTC-3' 

 
[LuxAB 25521 US Fwd: means to say the primer is the forward direction for the Up Stream sequence 

of the LuxAB in ATCC 25521 strain. Similarly ‘DS’ stands for Down Stream and ‘Rev’ stands for Reverse 

direction primer] 

Step 2: The upstream and downstream regions were cloned in pMS119EH vector using 

EcoRI/BamHI for US and BamHI/XbaI for DS. Later, the chloramphenicol cassette was inserted 

between the upstream and the downstream regions using BamHI. (The resulting constructs 

are as shown in supplementary figure 1-5) 

Step 3: Cut the pRL27 vector with EcoRI to get rid of all the transposases. (Shown in 

Supplementary figure 6) 

Step 4: The construct “Upstream-Chloramphenicol-Downstream” was cut by EcoRI enzyme to 

sub clone it into the conjugation vector, pRL27. (The resulting constructs are as shown in 

supplementary figure 7) 
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Step 5: The pRL27_constructs were transformed in the donor cells (E. coli BW20767 strain) via 

chemical transformation (heat-shock method). 

Step 6: The conjugation procedure was implemented on the system. (The procedure is as 

shown in Scheme 1) 

5.3.2 Plasmids and strains used 

The plasmids used in this study were: 

 pRL27_Kan® (50µg/ml) 

Plasmid pRL27 is a transposon delivery vector that carries a mini--Tn5 cassette encoding 

kanamycin resistance, a transposase gene and the oriT of RP4. The transposase is hyperactive 

in many Gram-negative hosts. Therefore, the transposition events are several magnitudes 

higher than obtained with the mini-Tn5 series of de Lorenzo and co-workers. Plasmid pRL27 

was found to be perfectly suited for mutagenesis in many clinical isolates of E. coli. Donor cells 

can be counter-selected by plating of mating mixtures on minimal medium.10 

 BW20767_no antibiotic resistance 

This is the host strain for the conjugative plasmid pRL27. [RP4–2-Tc::Mu-1 kan::Tn7 integrant 

leu-63::IS10 recA1 zbf-5 creB510 hsdR17 endA1 thi uidA (∆MluI)::pir+]11 

 pMS119EH_Amp® (100µg/ml) 

This is a Ptac expression vector.12 

 Photobacterium leiognathi (ATCC 27561 – LuxF+; ATCC 25521 – LuxF- strain) 

5.3.3 Principle underlying usage of these plasmid/strains 

The pRL27 is a low-copy, transferable suicide plasmid. Suicide plasmids carry a R6K replicon 

that is pir-dependent for replication. Without the pir-gene encoded protein present in the 

host cell (which is not expressed by the pRL27 plasmid), this plasmid cannot replicate and will 

be eventually lost. Therefore, it is necessary to use a host strain (e.g. BW20767), where the pir 

gene is integrated in the chromosome to stably work with pRL27 and all its derivatives. The 

photobacterial strain has no pir gene and will not allow replication of pRL27. Thus it makes 

sure there is no free pRL27 derivative in the strain but only integrates are screened for. 
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There are two methods to introduce the pRL27 construct into the host strain: 

1.) Electroporation: Not a very efficient method. 

2.) T4SSs: The pRL27 derivatives are mobilized from your host to your strain of interest via a 

Type IV secretion system. This is achieved through the RP4 origin of transfer on the pRL27 

plasmid (a piece of DNA that gets recognized and cleaved by specific enzymes leading to the 

mobilization of the whole pRL27) and a Type IV secretion system that is encoded in the host 

strain. Mobilization is more efficient than electroporation. 

 

Scheme 1: Protocol for Transposon Mutagenesis (adapted and modified from Schneiditz et al., 
2014)13. The miniTn5 delivery vector pRL27 carrying the construct (27561 AB/F/ABF; 25521 AB 
knockout flanking sequences + Chloramphenicol cassette) was introduced to P. leiognathi via 
conjugation transfer from BW20767 λpir donor cells. 

 
The donor and the recipient strains were incubated overnight in 5ml LB medium under selective 

conditions (pRL27 knockout constructs with 50 mg/ml kanamycin in LB at 37 °C; Photobacteria in 246 
media with no antibiotic at 25 °C) 

 
 

1 ml of each ONC was used to inoculate 100 ml fresh medium (----same as above----) 
 
 

These cultures were incubated for 1 h at respective temperatures of growth 
 
 

Then the donor and recipient cells were mixed in a ratio 1:10, normalised to ~0.5 * 107 cfu of the 
donor strain 

 
 

The cell mixture was harvested via centrifugation at 4000rpm/10min/RT 
 
 

The pellet was suspended in 50-100 μl PBS and applied to a sterile cellulose acetate filter (0.45 μM 
pore size; Millipore) 

 
 

The filter was placed on a LB agar plate and incubated at 25 °C for 6 h (incubation time can be 
changed) 

 
 

Bacteria were removed from the filter and suspended in 1ml PBS 
 
 

Cells were plated on selective agar plate containing 35 mg/ml Chloramphenicol 
 
 

Screen for colonies by colony PCR or Bioluminescence 
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5.4  Results 

The knockout construct was successfully cloned into the conjugation vector pRL27. The donor 

cells with the correct construct were screened for kanamycin resistance. The right donor cells 

were chosen and stored as glycerol stocks for conjugation experiments.  

Donor cells carrying all four different constructs were tested with the specific bacterial host 

strains (ATCC 27561 & 25521) at different conditions as summarised below. Unfortunately, no 

colonies were seen on any of the plates with Chloramphenicol (1, 2, 5, 10, 20μg).  

5.4.1 Different conditions tested 

1. Literature survey and experimental check for antibiotic sensitivity of Photobacterium 

(photobacterial strains contain R – plasmids!!) 

2. Cloning principle checked for: 

 pRL27 vector 

 BW20767 E. coli strain 

 pMS119EH vector 

3. Tested the protocol from Schneditz’s PNAS paper. (Protocol as in Scheme 1) 

 Different time points for incubation (1 h, 2 h , 6 h, 18 h, 36 h) 

 Different dilutions 

 Colony PCR to screen for Chlo and Kan cassette in colonies plated on ‘no antibiotic’ 

plates 

4. Other alternative controls: 

 pRL27 in BW20767 (Kanamycin-40) 

 pRL27 in BM25142 (Kanamycin-40) (different donor strain) 

 pAR106 vector (Chloramphenicol-10, RP4 backbone, insertion cassette cat-P A1/04/03 

– gfpmut3b*-T0) (different conjugation plasmid) 

 pAR177 vector (Kanamycin-40, Replicon and OriT of RSF1010; pTET-GFP fusion broad 

host range) (different conjugated plasmid) 

5. Electroporation 

 Different protocols for preparation of electro-competent cells 

 Different concentrations of insert (1, 2, 5, 10, 20μg) 

 Double strand DNA transformed, circular pRL27 vector/pMS119EH vector & pACYC184 

as control 

 Different protocols for electric pulse (standard, EC1 and EC2) 

 O/N and 36 hrs incubation at 25`C 
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 E. coli taken as control 

6. Chemical transformation (heat shock method) 

 CaCl2 method of competent cells preparation 

 5μg DNA taken 

 Double strand insert, whole pRL27 vector, whole pMS119EH vector & pACYC184 as 

control 

 E. coli taken as control 

 O/N and 36 hrs incubation at 25`C 

 

5.5 Conclusion 

5.5.1 Possible reasons for DNA not being taken up by Photobacteria 

1. Photobacterial strains were found to contain R – plasmids, which are generally huge (100 – 

150 kb) plasmids that contain resistance markers for almost all antibiotics. These plasmids help 

the bacteria to survive antibiotic attacks. Also, the R – plasmids are RP4 type of plasmids (RP4 

plasmids are conjugative plasmids which transfer the genetic materials to other host cells). 

Therefore, it’s difficult to know if the donor cells (BW20767) and the photobacterial cells are 

even transferring any genetic material or not.  

2. The second problem could be that E. coli does not prefer 25 °C for conjugation. However, all 

the conjugations have to be performed at this temperature because Photobacterium doesn’t 

grow above 27 °C. Thus the temperature difference could be hindering the conjugation 

process. 

3. Lastly, It was also observed during the experiments that Photobacterium when incubated with 

E. coli doesn’t shine (instantly forms dark mutant for reasons unknown). This makes it difficult 

to screen these cells via colony PCR when grown without antibiotic. 

 

5.5.2 Alternative experimental approaches to investigate production of myrFMN 

1. In vitro multi-enzyme cascade reaction with cofactor recycling (described in chapter 3) 

2. Heterologous expression of the whole lux operon in E. coli (experiments ongoing) 

 
 

Table 1: Results for the conjugation experiments performed at different concentrations and 
different incubation time points.   
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18 hrs  Pure culture conjugated  
    

25521  100µl Light        

 LB Less lawn Yes         

 246 Lawn Yes        

 246 + AMP Less Lawn Yes        

 246 + KAN Lesser Lawn Yes        

 246 + CHLO None -        

           

BW20767  100µl         

 LB Lawn -        

 246 Lawn -        

 246 + AMP None -        

 246 + KAN None -        

 246 + CHLO None -        

           

pRL27  100µl         

 LB Lawn -        

 246 Lawn -        

 246 + AMP None -        

 246 + KAN Lawn -        

 246 + CHLO None -        

           

pRL27 + Const  100µl         

 LB Lawn -        

 246 Lawn -        

 246 + AMP None -        

 246 + KAN Lawn -        

 246 + CHLO None -        
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18 hrs  1:1 (1 OD:1 OD) E:P 
    

25521  100µl Light 10-1 Light 10-2 Light 10-3 Light  

 LB          

 246          

 246 + AMP          

 246 + KAN          

 246 + CHLO          

 246 + C + A          

BW20767 + 21           

 LB          

 246 Lawn Yes Lawn Yes 1000s Yes ~1000 Yes  

 246 + AMP 10000s Yes 1000s Yes 1000s Yes ~1000 Yes  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes 1000 Yes  

 246 + AMP Lawn Yes 1000s Yes No No No No  

 246 + KAN Lawn Yes Lawn Yes 1000s Yes ~400 Yes  

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + Const + 21           

 LB          

 246 Lawn Yes Lawn Yes 1000s Yes ~100 Yes  

 246 + AMP 10000s Yes No No No No No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A No No No No No No No No  
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18 hrs  1:10 (0.1 OD:1 OD) E:P 
    

25521  100µl Light 10-1 Light 10-2 Light 10-3 Light  

 LB          

 246          

 246 + AMP          

 246 + KAN          

 246 + CHLO          

 246 + C + A          

BW20767 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes 1000s Yes  

 246 + AMP Lawn Yes ~1000 Yes ~100 Yes No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes Lawn Yes  

 246 + AMP Lawn Yes 10000s Yes - - 1000s Yes  

 246 + KAN Lawn Yes Lawn Yes Lawn Yes 1000s Yes  

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + Const + 21           

 LB          

 246 Lawn Yes Lawn Yes 1000s Yes ~100 Yes  

 246 + AMP Lawn Yes 1000s Yes ~1000 Yes No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A No No No No No No No No  
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18 hrs  1:100 (0.01 OD:1 OD) E:P 
    

25521  100µl Light 10-1 Light 10-2 Light 10-3 Light  

 LB          

 246          

 246 + AMP          

 246 + KAN          

 246 + CHLO          

 246 + C + A          

BW20767 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn  Yes 1000s Yes  

 246 + AMP Lawn Yes 1000s Yes No No No No   

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes ~10000 Yes  

 246 + AMP Lawn Yes ~Lawn Yes 1000s Yes  ~1000 Yes   

 246 + KAN Lawn Yes ~Lawn Yes Lawn  Yes 1000s Yes  

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + Const + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes ~Lawn Yes  

 246 + AMP Lawn Yes ~10000 No No No No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A No No No No No No No No  
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36 hrs  Pure culture conjugated  
    

25521  100µl Light        

 LB Lawn Yes         

 246 Lawn Yes        

 246 + AMP Lawn No         

 246 + KAN Lawn No        

 246 + CHLO None -        

           

BW20767  100µl         

 LB Lawn -        

 246 Lawn -        

 246 + AMP None -        

 246 + KAN None -        

 246 + CHLO None -        

           

pRL27  100µl         

 LB Lawn -        

 246 Lawn -        

 246 + AMP None -        

 246 + KAN Lawn -        

 246 + CHLO None -        

           

pRL27 + Const  100µl         

 LB Lawn -        

 246 Lawn  -        

 246 + AMP None -        

 246 + KAN Lawn  -        

 246 + CHLO None -        
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36 hrs  1:1 E:P 
    

25521  100µl Light 10-1 Light 10-2 Light 10-3 Light  

 LB          

 246          

 246 + AMP          

 246 + KAN          

 246 + CHLO          

 246 + C + A          

BW20767 + 21           

 LB          

 246 Lawn No Lawn No ~Lawn Yes ~1000 Yes  

 246 + AMP 10000s Yes 1000s Yes 1000s Yes ~1000 No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes Lawn Yes  

 246 + AMP Lawn Yes 1000s Yes No No No No  

 246 + KAN Lawn No Lawn Yes 1000s Yes ~1000 Yes  

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + Const + 21           

 LB          

 246 Lawn Yes Lawn Yes 10000s Yes ~500 Yes  

 246 + AMP Lawn Yes ~1000 Yes No No No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A No No No No No No No No  
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36 hrs  1:10 E:P 
    

25521  100µl Light 10-1 Light 10-2 Light 10-3 Light  

 LB          

 246          

 246 + AMP          

 246 + KAN          

 246 + CHLO          

 246 + C + A          

BW20767 + 21           

 LB          

 246 Lawn Yes Lawn Yes Lawn Yes ~Lawn Yes  

 246 + AMP Lawn Yes ~10000 Yes ~1000 Yes No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + 21           

 LB          

 246 Lawn No Lawn No Lawn Yes Lawn Yes  

 246 + AMP Lawn Yes 10000s Yes 1000s Yes 1000s Yes  

 246 + KAN Lawn No Lawn Yes Lawn No 1000s Yes  

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + Const + 21           

 LB          

 246 Lawn No Lawn No Lawn No Lawn No  

 246 + AMP Lawn Yes Lawn Yes ~1000 Yes No No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A No No No No No No No No  
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36 hrs  1:100 E:P 
    

25521  100µl Light 10-1 Light 10-2 Light 10-3 Light  

 LB          

 246          

 246 + AMP          

 246 + KAN          

 246 + CHLO          

 246 + C + A          

BW20767 + 21           

 LB          

 246 Lawn No Lawn No Lawn  No Lawn No  

 246 + AMP Lawn No 10000s Yes 1000s Yes  ~1000 No   

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + 21           

 LB          

 246 Lawn No Lawn No Lawn No Lawn Yes  

 246 + AMP Lawn No Lawn Yes 10000s Yes  10000s Yes   

 246 + KAN Lawn Yes Lawn Yes Lawn  Yes 10000s Yes  

 246 + CHLO No No No No No No No No  

 246 + C + A          

pRL27 + Const + 21           

 LB          

 246 Lawn No Lawn No Lawn No ~Lawn Yes  

 246 + AMP Lawn Yes Lawn Yes  1000s Yes  100s No  

 246 + KAN          

 246 + CHLO No No No No No No No No  

 246 + C + A No No No No No No No No  
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5.6 Supplementary figures: 

1. pMS119EH vector map: Used to clone the constructs 

 

2. ATCC 25521 LuxAB US + Chlo + DS knockout construct 

 

3. ATCC 27561 LuxAB US + Chlo + DS knockout construct 

 

4. ATCC 27561 LuxF US + Chlo + DS knockout construct 
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5. ATCC 27561 LuxABF US + Chlo + DS knockout construct 

 

6. pRL27 vector before and after cutting with EcoRI 

 

7. pRL27_ LuxAB/F/ABF US + Chlo + DS knockout construct (after cloning each of these 

constructs into pRL27) 
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Abbreviations 

A. fischeri or AF   Aliivibrio fischeri 

Abs    Absorbance 

Amp®    Ampicillin resistance 

ATP    Adenosine triphosphate 

CIEEL    Chemically initiated electron exchange luminescence 

Chlo®    Chloramphenicol resistance 

DNA    Deoxyribonucleic acid 

ddH2O    Double distilled sterile water 

E. coli    Escherichia coli 

FMN    Flavin mononucleotide 

FMNH2    Reduced flavin mononucleotide 

FAD    Flavin adenine dinucleotide 

GDH    Glucose dehydrogenase 

GFP    Green fluorescence protein 

6xHis-tag   Hexa histidine-tag 

HCl    Hydrochloric acid 

HPLC    High Performance Liquid Chromatography 

IC50    Inhibition constant 

IPTG    isopropyl β-D-1-thiogalactopyranoside 

ITC    Isothermal titration calorimetry 

Kan®    Kanamycin resistance 

Kd    Dissociation constant 

LB medium   Luria-bertani broth 

LMW    Low molecular weight standard 

MALDI     Matrix-assisted laser desorption/ionization mass spectrometry 

MyrFMN   6-(3’-(R)-myristyl) FMN 

NADPH    Nicotinamide adenine dinucleotide phosphate 

O2    Molecular oxygen 

P. leiognathi or PL  Photobacterium leiognathi 

rpm    revolutions per minute 
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Tm    melting temperature 

V. harveyi or VH  Vibrio harveyi 

WT    Wildtype 
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