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Site-specific protein labeling plays a core role in investigating protein function at molecular 
level. A multitude of protein labelling techniques has been developed which are based on 
chemical and/or enzymatic methods. Enzyme-based labeling of proteins typically relies on 
a specific peptide sequence (a “tag”) that can be recognized and modified by a specific 
protein-modifying enzymes.1 In nature, some bacteria possess a flavin-transferase (called 
ApbE) which covalently incorporates an FMN cofactor in the so-called FMN-binding motif 
of some specific redox enzymes and proteins of which the role still has to be established.2 
Based on this flavin transferase and its conserved recognition motif, we developed an 
enzymatic site-specific protein labelling method: the Flavin-tag method. This thesis involves 
the establishment (Chapter 2), optimization (Chapter 3), and application (Chapter 4) of the 
Flavin-tag method. We also expressed and characterized a multi-FMN-binding protein from 
Streptomyces azureus (SaFMN3) that is predicted to carry three covalently attached FMNs. 
This has unveiled some of the biochemical properties of such an extracellular multi-FMN-
binding protein (Chapter 5).

In this thesis, except for the discovery, optimization, and application of the Flavin-tag 
enzymatic protein labelling method, we also characterized a flavin-dependent hydroxylase 
from the luminescent fungus Mycena chlorophos (McH3H), which catalyzes the conversion of 
hispidin to 3-hydroxyhispidin (Chapter 6). This flavoenzyme is part of the recently identified 
fungal luciferase system which may develop as new bioluminescent tool that can be used in 
biotechnology.

Establishment of the Flavin-tag method
To develop a new enzymatic protein labelling method, we explored the ApbE-based post-
translational modification system. ApbE recognizes a specific FMN-binding protein sequence 
motif and, at the expense of FAD, incorporates FMN to a threonine/serine residue. The 
recognition motif is relatively short: (DxxxxA[T/S]).3 In Chapter 2, we present a new protein 
labeling method that allows covalent attachment of a chromo- and fluorogenic flavin (FMN) 
to any targeted protein in vitro and in vivo, using a so-called Flavin-tag.4 We show that this 
peptide can be as short as 7 residues (encompassing the minimal sequence motif) and can be 
located at the N-terminus, C-terminus, or in internal regions of the target protein. The Flavin-
tag system is merely dependent on the presence of (1) ApbE, (2) the bioavailable non-toxic 
flavin cofactor, FAD, and (3) the target protein that with a Flavin-tag.

Optimization of the Flavin-tag method
Initially, the Flavin-tag method resulted in partial flavin incorporation when performing 
the flavinylation in vivo, in E. coli cells. To improve the efficiency, the conditions for in 
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vivo flavinylation were varied in order to boost the flavinylation process. It was found that 
coexpression of FAD synthase from Corynebacterium ammoniagenes (CaFADS) improved 
flavin incorporation significantly.5 In Chapter 3, we demonstrate that coexpression of CaFADS 
and ApbE allows complete flavin-labelling of a target protein in E. coli cells. Furthermore, we 
used the FAD synthetase for the synthesis of five FAD derivatives (5-deaza-FAD, roseo-FAD, 
7,8-dichloro-FAD, 7-methyl-8-ethyl-FAD, and 7-ethyl-8-methyl-FAD) which were found to 
be accepted by the flavin transferase for covalent incorporation. Thus, proteins can be labeled 
with various flavins, with different colors, redox potentials and fluorescent properties. Also, 
even NADH was found to be a substrate of ApbE and the phospho-nicotinamide moiety 
could be covalently attached to a target protein using a Flavin-tag. These results show that 
the Flavin-tag method can be used for different kinds of selective decoration of proteins.

Application of the Flavin-tag system
In Chapter 4, we report on a new method for installing a covalent bond between a flavin 
cofactor and its hosting flavoprotein based on the Flavin-tagging system. Approximately 
10% of all flavoproteins harbor a covalently attached flavin.6 Such covalent cofactor-protein 
linkage has been shown to be beneficial for stability and activity of selected flavoenzymes. 
Therefore, it would be attractive to be able to turn a flavoprotein, that contains a dissociable 
flavin cofactor, into a covalent flavoprotein. Inspired by our previous work on the Flavin-
tag protein labelling method, that revealed that the Flavin-tag can also be introduced in 
loop regions of a target protein, we set out to introduce the flavinylation sequence motif 
into an FMN-containing protein which normally has no flavin-protein linkage. A bacterial 
flavoprotein with known structure was selected, in which the phosphate group of FMN is 
bound close to the surface of the protein: the light-oxygen-voltage (LOV) domain protein 
from Pseudomonas putida (PpSB1-LOV). Through computational modeling, two variants of 
PpSB1-LOV were designed in which a flavinylation motif is present. In both cases, the protein 
differs by 6 residues from the wild type protein and each variant has a different location for 
the threonine to covalently couple the flavin cofactor. The designed PpSB1-LOV variants were 
coexpressed with the flavin transferase and were found to be flavinylated. Furthermore, they 
both were fully functional light responsive proteins. Interestingly, switching the FMN binding 
from non-covalent to covalent, provides PpSB1-LOV with improved properties, such as an 
improved thermostability (Tm increase of 10.5 ºC), improved fluorescence quantum yield, and 
a relatively fast dark recovery. This chapter highlights the potential of the Flavin-tag method 
for use in protein engineering.

Characterization of a multi-flavinylated protein
ApbE-flavinylated FMN-binding domains have been found in many (putative) extracytosolic 
electron transfer systems, widely distributed in many microorganisms. In Chapter 5, we 
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describe the biochemical and structural characterization of a multi-flavinylated protein from 
Streptomyces azureus (SaFMN3), containing three conserved FMN-binding motifs. Fully 
flavinylated SaFMN3 was obtained by coexpressing the protein with the flavin transferase 
in E. coli. For a better understanding of its properties, we determined the crystal structure of 
one of the domains of SaFMN3 as all three domains show high sequence similarities and the 
full protein could not be crystallized. The crystal structure of SaFMN3 domain2 confirmed 
that the flavin cofactor, FMN, is covalently attached to a threonine in the FMN-binding motif. 
Based on the crystal structure, we designed and analyzed several mutant proteins with the 
aim to improve the fluorescence quantum yield. This confirmed the fluorescence quenching 
effect of several residues that are located close to the flavin. Using full-length SaFMN3, its 
redox potential was determined and the oxygen reactivity of the reduced protein was studied 
using the stopped-flow technique. The results show that reduced SaFMN3 is able to react 
with molecular oxygen, recovering the fully oxidized state. This indicates that SaFMN3 may 
act as an oxidase with an hitherto unknown electron donor. The generated data provide leads 
for future research that should lead to a better understanding of the function of bacterial 
extracellular multi-FMN proteins, and may lead to novel biotechnological applications of 
these colorful and redox active proteins.

Characterization of hispidin 3-hydroxylase
Fungal bioluminescence was recently shown to be a unique oxygen-dependent system 
composed of several enzymes. The core bioluminescence reaction is a two-step process 
involving a NAD(P)H-dependent soluble flavoenzyme (hispidin 3-hydroxylase: H3H) and 
a membrane-bound luciferase (Luz).7 Both enzymes had never been studied in detail. In 
Chapter 6, we expressed, purified and characterized the hispidin 3-hydroxylase from the 
fungus Mycena chlorophos (McH3H). the enzyme contains a tightly bound FAD as prosthetic 
group and is efficient in converting hispidin to 3-hydroxyhispidin. Steady-state kinetic 
experiments indicated that McH3H accepts both nicotinamide cofactors, NADH and NADPH, 
with a preference for NADPH. Guided by the structural comparison of a McH3H model 
with the crystal structure of a bacterial NADPH-dependent p-hydroxybenzoate hydroxylase, 
we designed three mutants (F44E, K45E, and T46E) to change the nicotinamide cofactor 
specificity of McH3H. Two variants (F44E and K45E) successfully switched the cofactor 
specificity from NADPH to NADH. Our work elucidated the catalytic features of hispidin 
3-hydroxylase and provides a good basis for further studies into the molecular mechanism 
and application of fungal bioluminescence.

Future perspectives
The work presented in this thesis includes a new method for labeling proteins (Chapter 2 and 
3): Flavin-tagging. While we could show that the method is effective in bacterial and yeast 
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cells, the efficiency in other cell types needs to be established. This will mainly rely on the 
ability to functionally express the required flavin transferase. For this, it may be interesting to 
explore alternative flavin transferases that display attractive features such as a higher activity 
or stability. Such flavin transferase will also be useful for the approach in which a noncovalent 
flavoprotein is turned into a covalent flavoprotein (Chapter 4). Future research will reveal 
whether the latter approach can also be used for other flavoenzymes. The first trial involved 
a protein in which the FMN cofactor is bound close to the surface of the protein. More buried 
flavin cofactors may not be amenable for covalent attachment by using a flavin transferase, 
unless the flavin incorporation is at an early stage of protein folding. The redesigned PpSB1-
LOV variants, equipped with flavinylation sites, were found to be efficiently flavinylated when 
coexpressed with a flavin transferase. The PpSB1-LOV variants with covalent FMN displayed 
significant improvement in thermal stability, pH stability, dark recovery, and fluorescence 
quantum yield. In recent years, various LOV proteins have been developed for cell imaging 
applications.8 They often can (out)compete with the use of green fluorescent protein (GFP) 
variants. For example, their maturation (flavin incorporation) does not require oxygen, a 
feature that limits the use of GFP in anaerobic conditions. Future work will tell whether the 
engineered covalent PpSB1-LOV variants (with an improved fluorescence quantum yield) 
can be utilized as fluorescent reporter proteins for cell imaging.

In the flavin-tag coexpression system, although the target protein with the Flavin-tag is still 
overexpressed, the yield of Flavin-tagged protein was lower (10-15%) when compared with 
expressing only the target protein. Such effect may be due to the coexpression of several 
proteins, affecting cellular metabolism, resulting in slower growth and lower yields of the 
target protein. In future work, genomic integration of the required genes for Flavin-tagging 
could be considered. CRISPR-cas9 gene editing methods can be used to construct E. coli 
or yeast strains with constitutive expression of a flavin transferase and FAD synthetase to 
optimize the Flavin-tagging method.

The work in this thesis has revealed the potential of using the flavin transferase AbpE for 
protein engineering purposes. The flavin transferase could be used in vitro and in different 
hosts as intracellular protein modifier. It will be interesting to see for what other target 
proteins this post-translational machinery can be exploited.
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