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Abstract:

Proteins play a crucial role in various physiological functions of living organisms. Labelling 
of proteins in live cells and in vitro is commonly used to study the subcellular localization 
and the protein-protein interactions in biology and medicine. An often-used approach for 
this is the expression of target proteins fused to a fluorescent protein. In recent years, the 
development of methods for selective site-specific modification of proteins has become an area 
of intense research. Particularly, enzymatic protein labeling methods have been developed 
which take advantage of the high specificity and efficiency of enzymes and the mild reaction 
conditions. In enzyme-based protein-labeling methods, the “tags” are genetically incorporated 
in the target proteins, and the fluorescent probes are then incorporated post-translationally 
by enzymatic reactions, allowing site-specific modification of proteins. In this chapter, we 
focus on the development and applications of protein-labeling methods, with an emphasis on 
enzyme-based methodologies.



9

General introduction and scope of the thesis

I. Protein labeling methods

Labeling protein with a probe is a powerful approach for tagging and studying protein 
function, (sub)cellular localization and protein interactions with cellular components, in 
vivo and in vitro.1–8 Over the years, fluorescent protein-based labeling techniques have been 
commonly used for investigating the localization and function of proteins. A popular approach 
involves the use of fluorescent proteins that are derived from the green fluorescent protein 
(GFP). Shimomura et al discovered and expressed the GFP from the jellyfish Aequorea 
victoria in 1962.9 GFP is a relatively small protein (27 kDa) and is highly fluorescent. In 
1994, GFP was successfully applied as a reporter gene for protein expression in vivo and 
cell imaging due to its fluorescence properties.10 Since then, huge progress has been made 
in GFP-based protein labeling. Nowadays, GFP and its variants with improved properties 
(such as tuned emission wavelengths and high expression levels) are widely used for protein 
labeling and cell imaging studies.11,12 The engineering and characterization of various GFP-
derived fluorescent proteins, such as red fluorescent protein (RFP), yellow fluorescent protein 
(YFP) and blue fluorescent protein (BFP), have accelerated and expanded possibilities in 
protein labeling studies.13–15 However, labeling a target protein with a GPF-derived protein 
is not always possible.16 The expression, localization and function of such modified proteins 
can be affected. Also, the post-translational formation of the fluorophore in GFP-related 
proteins is not always efficient, limiting certain applications. Therefore, alternative strategies 
to equip target proteins with a probe have been developed.3,6,17–20 Particularly, enzymatic 
post-translational modification approaches allow the incorporation of synthetic fluorescent 
probes with desired photochemical properties using genetically encoded peptide tags.20–25

In this review, commonly used GFP-based fluorescent proteins will be discussed, together 
with some of their applications in research as fusion proteins. Next, a class of alternative 
fluorescent proteins is discussed in which fluorescence is due to the presence of a tightly bound 
fluorescent flavin cofactor. Finally, recently developed enzyme-catalyzed protein labeling 
methods will be presented. These selective protein labeling methods allow incorporation of 
a wide variety of (fluorescent) probes.

II. Fluorescent proteins for in vivo  imaging

GFP from A. victoria is a protein of 238 amino acids and exhibits bright green fluorescence 
when exposed to light in the blue to ultraviolet range. Its highest absorbance peak is at 395 nm 
with a minor peak at 470 nm. Excitation at 395 nm leads an emission maximum of 508 nm. 
Moreover, the high fluorescence quantum yield (0.72-0.85) of GFP makes it very attractive 
for various cell biology studies.26 GFPs are biologically compatible and can be expressed as 
fusion proteins. Hence, the use of GFP in living cells enabled visualizing and subcellular 
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tracking the dynamics of proteins.27 Many GFP homolog with a large diversity of fluorescent 
properties were developed for in vivo imaging. With this collection of GFP alternatives, 
protein labelling enables a wide variety of studies that reveal cellular processes at molecular 
level, such as gene expression, protein-protein interactions, protein localization, and cell 
cycle events. Here, we describe the development of fluorescent proteins and their numerous 
applications for in vivo imaging.27–30

The diversity and applications of GFP-based f luorescent proteins

GFP and GFP mutants
The use of GFP as molecular reporter in prokaryotic and eukaryotic cells led to a revolutionary 
breakthrough in cell biology research.10 The subsequent creation of wavelength-shifted and 
enhanced GFP variants such as the enhanced GFP (EGFP), the blue fluorescent protein (BFP), 
the cyan fluorescent protein (CFP) and the yellow fluorescent protein (YFP), displaying 
improved brightness, pH stability, photostability, reduced oligomerization, and faster 
maturation rates, stimulated GFP’s widespread use as a fluorescent protein tag in biological 
research (Table 1).15 Since the first GFP was discovered, improved variants of GFP have been 
developed through a combination of structure-based mutagenesis and directed evolution 
approaches to overcome drawbacks and improve their utility.31 The first EGFP was the S65T 
GFP variant, which has higher brightness, faster fluorophore maturation, and longer excitation 
wavelength than the native GFP.26 Furthermore, by codon optimization, expression of GFP 
could be enhanced, leading to higher brightness in cells of higher eukaryotes.32 In addition, 
the F64L mutation was found to increase thermostability.33,34 Proteins tagged with this GFP 
variant show increased stability and brightness and can be studied under low intensity light 
over many hours with little photobleaching. This allowed localization and trafficking within 
organelles and cytoskeletal systems of cells.35 Other efforts have focused on developing 
GFP variants with altered absorbance and emission spectra, allowing the simultaneous 
visualization of target proteins in cells using different GFP variants. These were generated 
based on the knowledge of the crystal structure and the nature of its fluorophore (Table 1). 
The Y66H GFP mutant resulted in the so-called blue fluorescent protein (BFP).36 BFP and 
enhanced BFP (EBFP), with higher fluorescence and more stable fluorophore, are very useful 
for multicolor imaging and fluorescence resonance energy transfer (FRET) studies.11,37–39 
However the fluorescence intensity of BFP was found to vary widely along different organisms 
leading to its limited utilization. Two other known GFP variants are the cyan fluorescent 
protein (CFP) and the red-shifted yellow fluorescent protein (YFP), which have been employed 
for dual-color imaging and FRET applications to study protein-protein interactions.42,43
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Red and far-red fluorescent proteins (RFPs)
Red fluorescent proteins (RFPs) show reduced light reflection, low light scattering, and 
minimal absorbance as their emission maxima wavelengths are >570 nm (Table 1). 
Hence, RFPs are often more attractive as fluorescent marker compared with GFPs. The 
first red fluorescent protein was isolated from the coral Discosoma striata (DsRed) and 
is a distant homolog of GFP.42 Unfortunately, like GFP, the oligomerization and sluggish 
maturation limit the application of RFPs. Therefore, mutagenesis efforts concentrated on 
the development of brighter, monomeric RFPs to improve their applicability. The improved 
RFP variants with enhanced spectral and biochemical characteristics make multispectral 
imaging feasible and offer the possibility to perform FRET in combination with a GFP or 
YFP donor. The monomeric RFP derived from DsRed (mRFP1) with improved maturation 
properties and brightness was successfully applied in many cases requiring very high 
spatial and temporal resolution, such as the studies of actin cytoskeleton dynamics and 
mammalian live-cell imaging.43–46

The development of far-red fluorescent proteins (Far-red FPs, fluorescence emission maximum 
of 650–700 nm) and near-infrared fluorescent proteins (NIR-FPs, fluorescence emission 
maximum of 700–750 nm) has been tackled to better suit FRET experiments, multicolor 
labeling and noninvasive imaging in vivo techniques, as the longer excitation wavelengths 
can penetrate deeper into biological tissues with less autofluorescence and light scattering 
in biological tissues. The first near-infrared fluorescent protein (IFP1.4) was generated from 
the phytochrome photoreceptor from Deinococcus radiodurans.47 Further research is still 
ongoing to develop red-shifted fluorescent proteins that are monomeric, excited at >610 nm, 
and bright for in vivo imaging. Currently, the oligomeric state and dim fluorescence of Far-red 
FPs remains the main restriction.48

1
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Table 1. Properties of fluorescent proteins

color fluorescent 
protein

λex
[nm]

λem
[nm] comments

Green wtGFP 
(avGFP)

395 460 Successful functional expression in prokaryotic (Escherichia 
coli) and eukaryotic (Caenorhabditis elegans) cells greatly 
accelerated live-cell imaging.10

EGFP 484-488 510 EGFP (S65T) is more brighte and stable than wtGFP.26

Superfolder 
GFP

488 510 Correct folding even when fused with poorly folded 
polypeptides.49

Cyan CFP 434 476 GFP with the key mutation Y66W formed CFP. CFP is a good 
dual-color imaging and FRET partner with YFP variants.41

ECFP 
(Cerulean)

433 475 Cerulean is the brightest CFP variant and folds most efficiently 
at 37 °C but has relatively poor expression at 37 °C.50

Yellow YFP 514 528 Fluorescence of YFP is very pH-sensitive.51

EYFP 514 527 Brightest version of YFP, employed in FRET together with 
ECFP.41,52

Citrine 516 529 Q69M mutation decreases sensitivity to pH, halides, and 
photobleaching.41,53

Venus 515 528 Enhanced YFP variant with faster folding and less chemically 
sensitive properties.54

Blue BFP 382 448 Key mutation for the spectral shift is Y66H. BFPs are 
dim relative to other fluorescent proteins and easily get 
photobleached.36

EBFP 383 448 EBFP is brighter, has better photostability, and has high folding 
and chromophore maturation efficiency.11,55

Red DsRed 
(drFP583)

558 583 Tetramer; poor cellular viability in mice42

DsRed1.T1 554 586 Tetramer; maturation time is <1 h56

tdRFP2 552 579 Bright, fast maturation, and self-associates into dimers46

mRFP1 584 607 First monomeric red FP46

Far-red HcRed 592 645 Far-red shifted spectra, form dimers.57

HcRed1 588 618 Dimeric
t-HcRed 590 637 Monomeric

FPs are used for fluorescence resonance energy transfer (FRET) measurements
Fluorescence resonance energy transfer (FRET) is a physical phenomenon that depends on 
the proximity and orientation of two fluorophores (need to be within 1–10 nm) and was 
first described by Theodor Förster in 1946.58 For a FRET pair, the donor fluorophore is 
excited at a specific wavelength and its excitation energy non-radiatively transfers to its 
acceptor fluorophore, thereby causing the acceptor to emit its characteristic fluorescence. 
The combination of FPs with FRET technology has significantly impacted the investigation 
of subcellular molecular processes in living cells. FRET is one of the most commonly used 
approaches in detecting protein-protein interactions, conformational changes, and enzyme 
activities.59–62 In general, for in vivo FRET measurement, two target proteins are fused to a 
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corresponding donor and acceptor FP, respectively (Figure 1). FRET is detected between 
the FP tags in case the two labeled proteins are in close proximity.

Figure 1. The principle of fluorescence resonance energy transfer. The CFP-YFP FRET pair is shown 
as example.

Initially, the first reported GFP-based FRET pair combined an enhanced BFP (EBFP) as donor 
with an enhanced GFP(EGFP) as acceptor. This EBFP-EGFP FRET pair was used to monitor 
Ca2+-dependent protein heterodimerization in individual living cells.63 However, the poor 
brightness and photophysical properties of EBFP made this pair ineffective. Subsequently, 
cyan FP-yellow FP (CFP-YFP) pairs were developed to address the limitations of BFP-GFP 
pairs and became the most popular GFP-based FRET pairs.52 To optimize the CFP-YFP 
FRET pair, further improvements included enhanced CPF (ECFP) and enhanced YFP 
(EYPF) which display higher brightness than EGFP and are less sensitivity to low pH and 
high halide concentrations. The optimized CFPs includes mCerulean and SCFP3A, while 
mCitrine, SYFP2 and mVenus represent the class of optimized YFPs. However, the significant 
overlap in the excitation and emission spectra of CFP and YFP pair limits its application. 
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Another very popular GFP-based FRET combination, the GFP-RFP FRET pair, has several 
advantages over CFP-YFP FRET pairs: less phototoxicity, good spectra separation, and less 
interference of autofluorescence due to native flavoproteins. Several optimized GFP-RFP 
pairs with bright and photostable green donors and red acceptors, such as EGFP/mCherry 
and EGFP/ mRuby3, have been described and successfully applied in living cells for the 
multiple signaling image.59,64

Except for the popular EBFP-EGFP, CFP-YFP, and GFP-RFP pairs, the FFP-IFP FRET pairs, 
LSS FP-Based FRET pairs, Dark FP-Based FRET pairs, multicolor FRET pairs, Optical 
Highlighter FP-Based FRET pairs, and Homo-FRET pairs are developed for different imaging 
applications in cells.65 Overall, the development of a variety of FPs has allowed to use FRET 
as valuable tool in cell imaging and investigating protein dynamics.

III. Flavin-based f luorescent proteins

Fluorescent proteins, such as GFPs and RFPs, have been widely used for protein labelling. 
However, the relatively large size and oxygen-dependent maturation associated with all 
members of the GFP family are two major limitations in their application as reporters in 
vivo for studying (anaerobic) biological systems.66 On the other hand, the chemical and 
chemoenzymatic protein labelling methods employ small fluorescent probes to modify 
proteins in vitro and in vivo. However, preparing organic dyes involves complex synthetic 
procedures, and they are often cytotoxic when used for labeling living cells. Besides, the 
background fluorescence arising from removing the excess unbound dye also limits the 
application in cell imaging. Lastly, the application of chemical and chemoenzymatic methods 
to living cells is mostly limited to the cellular surface. Considering these disadvantages, 
protein tagging methods with small tags that can be used for in vivo imaging need to be 
developed to complement the field.

In recent years, flavin-based fluorescent proteins (FbFPs) have been developed as a new class 
of fluorescent reporters with oxygen-independent fluorescence and small size characteristics. 
These properties allow in vivo fluorescence labeling and detection in aerobic and anaerobic 
biological systems.67,68

The discovery and property of LOV-domains
Light-Oxygen-Voltage (LOV), blue-light photoreceptors carrying a light-triggered control 
mechanism belong to the structurally conserved Per-ARNT-Sim (PAS) superfamily of sensor 
domains, which non-covalently bind flavin chromophores.69 FbFPs are photochemically 
inactive derivatives of LOV photoreceptor proteins which use flavin mononucleotide 
(FMN) as their chromophore for fluorescence.70 The FMN chromophore provides the 
FbFPs with a yellow color, as well as an intrinsic green fluorescence when excited with 
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UV/blue light.69 Members of FbFPs are currently mainly derived from: Bacillus subtilis 
YtvA (BsFbFP and EcFbFP)71, Pseudomonas putida SB1/SB2 (Pp1FbFP and Pp2FbFP),71 
and Arabidopsis thaliana phototropin 2 domain (iLOV2 ) (Figure 2A).72 Photochemical 
reactions of LOV domains involve the formation of a covalent bond between the C4a atom 
of FMN and the sulfur atom of the conserved Cys residue within the protein (Figure. 2B).73,74 

Figure 2. Fluorescence properties of the LOV-based FbFPs. (A) Absorption and emission spectra of 
PpSB1-LOV from Pseudomonas putida KT2440. (B) The photocycle of the LOV domain. The FMN chro-
mophore of the LOV domain is responsible for emitting green fluorescence upon photoexcitation. Blue light 
(BL) irradiation induces the formation of a covalent bond between the C4a atom of FMN and a cysteine, 
rendering the LOV domain no longer fluorescent. The photoadduct product decays in darkness or near-UV 
irradiation restores the fluorescent state of LOV.

The light-induced formation of the FMN-cysteinyl adduct is accompanied by a loss of 
fluorescence, which is recovered as the photoadduct decays when the protein is incubated 
in the darkness.75 The use of FMN as a chromophore brings particular advantages to FbFPs. 
First, FMN provides FbFPs with a broad wavelength excitation range: ranging from 300 to 
500 nm (Figure 2A). Second, the abundant amount of FMN in bacterial, plant and mammalian 
cells facilitates the efficient maturation of FbFPs. Advantages of LOV proteins over FPs, 
such as the oxygen-independent function, high thermal stability (up to 60°C), fluorescence 
emission over a broad pH range (4–11), and rapid maturation of fluorescence (≈10 – 30 minutes 
in GFP vs. 1 minute in FbFPs) offers good potential as a real-time reporter for a variety of 
applications.67

1
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Engineering new FbFPs variants with improved properties
To expand the application of FbFPs, protein engineering has been carried out. Felipe et al 
found an iLOV2 variant (S394T, S409G, I452T, F470L, C426A and M475V) with a substantial 
increase in fluorescence intensity and emission quantum yield through a computational 
investigation.76 A split FbFP version was developed based on the LOV domain from the 
thermophilic bacterium Chloroflexus aggregans, CagFbFP. The new version CagFbFP 
with flexible inserts and reassembly ability enables probing protein-protein interactions 
in anaerobic conditions without using exogenous fluorophores.77 The variants of Pp2FbFP 
(F37T/S, Y112L, Q116V) with increased brightness over Pp2FbFP were discovered by site 
saturation mutagenesis. The Tm of EcFbFP was increased by 31 ºC employing rational design.78 
Through DNA shuffling, the phiLOV with increased photostability was obtained from iLOV.79 
It is expected that more efforts will be made to improve FbFPs to expand their application 
in biological systems.

Applications of FbFPs in biological imaging system
The fast folding and rapid incorporation of the FMN chromophore of FbFPs allow a rapid 
acquisition of the fluorescence-active conformation in vivo. These advantages over GPF have 
attracted the interest of researchers. For instance, Teng et al used an oxygen-independent 
flavin-based fluorescent protein derived from Pseudomonas putida as the quantitative reporter 
for the screening of promoters in the cellulolytic bacterium Clostridium cellulolyticum H10.80 
The monomeric LOV2 domain from Arabidopsis thaliana phototropin 2 (phot2) was used to 
tag the viral movement protein in tobacco mosaic virus to follow the infection spread.72 Shu 
et al designed a fluorescent flavoprotein engineered from LOV2, called miniSOG, whose 
illumination under specific conditions could generate sufficient singlet oxygen to locally 
catalyze the polymerization of diaminobenzidine into a precipitate that is stainable with 
osmium and therefore can be readily imaged at high resolution via electron microscopy.81 
MiniSOG can be used to induce cell ablation in Caenorhabditis elegans and light-induced 
cell death in Hela Kyoto cells.82,83

The novel FbFPs exhibiting fast folding, efficient fluorophore incorporation, better spectral 
and fluorescence properties, and catalytic properties, represent a new generation of fluorescent 
protein tools. They are a very valuable addition to the toolbox of fluorescent protein probes 
for analyzing cellular behavior, short-time regulatory events of proteins and developing new 
genetically encoded biosensors to facilitate development of new biotechnological processes.

IV. Enzymatic protein labell ing methods

The GFP-based protein labelling technology is a powerful tool for studying the in vivo function 
of target proteins. However, the relatively large size of GFP-based fluorescent proteins can 
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affect the molecular behavior and function of such labeled proteins. In addition, some of their 
properties, such as slow fluorophore maturation, high pH sensitivity, and promoter dependent 
expression limit the use of GFP variants as fluorescent markers for bioimaging studies. To 
overcome these limitations, various alternative enzyme-catalyzed protein labeling methods 
have been developed in the last decade. These new chemoenzymatic methods, which allow site-
specific post-translational modification of target proteins, have recently emerged as a major focus 
in chemical biology due to their high efficiency and robustness under mild reaction conditions. 
Enzyme-catalyzed protein labeling methods utilize the exquisite selectivity of enzymes to 
accomplish highly selective reactions while (often) being bio-orthogonal. Significant progress 
in the development of such labeling methods has been made over the past few years.1,7,21,84 These 
labeling methods mostly rely on a short recognition sequence, often added as peptide-tag to the 
target protein. Equipping target proteins with such peptide-tags is straightforward and similar 
to the use of GFP variants. Typically, the target proteins are fused to a short peptide, which is 
derived from a conserved sequence of some natural protein modification process. The protein 
modification reaction is carried out by a specific enzyme, which recognizes the peptide-tag 
and catalyzes formation of a covalently attached fluorescent probe to a specific amino acid 
within the tag, resulting in a fluorescently labeled protein (Figure 3). This section summarizes 
some enzyme-based protein labelling methods (Table 2) using sortase A (SorA), E2 small 
ubiquitin-like modifier (SUMO)-conjugating enzyme (Ubc9), biotin ligase (BirA), lipoic acid 
ligase (LplA), tubulin tyrosine ligase (TTL), phosphopantetheinyl transferases (Sfp and AcpS), 
transglutaminase (TGase), phosphocholine transferase (AnkX) and flavin transferase (ApbE).

Figure 3. Strategy for site-specific modification of proteins using a genetically encoded tag and a specific 
protein-modifying enzyme. The figure was based on a figure in reference 21.

1
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Table 2. Characteristics of enzymatic labelling techniques. In bold, the target amino acid for modification 
is indicated.

Peptide Tag Enzyme Tag position Reported 
application Substrate

Sortase and conjugation enzyme
Sor-tag
(LPXTG)

Sortase A C-terminal in vitro,
in vivo

oligoglycine 
probes, 
primary 
amines, 
hydrazides

LACE-tag
(IKXE)

Ubc9 N-terminal, 
C-terminal, 
internal

in vitro peptide 
thioesters with 
fluorescent 
probe

Ligase
AP-tag (GLNDIFEAQKIEWHE) Biotin ligase (BirA) N-terminal, 

C-terminal, 
internal

in vitro,
in vivo

biotin 
analogues

LAP-tag 
(DEVLVEIETDKAVLEVPGGEEE)

Lipoic acid ligase 
(LplA)

N-terminal, 
C-terminal, 
Internal

in vitro,
in vivo

lipoic acid 
derivatives

Tub-tag (VDSVEGEGEEEGEE) Tubulin tyrosine 
ligase (TTL)

C-terminal in vitro tyrosine 
analogues

Transferase
ACP/PCP/ybbR-tag (DSLEFIASKLA) Phosphopantetheinyl 

transferases (Sfp and 
Acps)

N-terminal, 
C-terminal, 
Internal

in vitro,
in vivo

CoA-
derivatives

Q-tag
(PKPQQFM)

Transglutaminase 
(TGase)

N-terminal, 
C-terminal, 
Internal

in vitro,
in vivo

cadaverine 
derivatives

AnkX-tag
(TITSSYYR)

Phosphocholine 
transferase (AnkX)

N-terminal, 
C-terminal, 
Internal

in vitro cytidine 
diphosphate 
choline probe 
derivatives

Flavin-tag
(DGLSGAT)

Flavin transferase 
(ApbE)

N-terminal, 
C-terminal, 
Internal

in vitro,
in vivo

FAD 
derivatives, 
NADH

Sortase A mediated protein labeling
Sortase A (SorA) from Staphylococcus aureus recognizes a conserved peptide motif (LPXTG) 
and can hydrolyze the amide bond between the threonine and glycine residues, resulting in a 
thioester-linked acyl enzyme intermediate (Figure 4A)85–87. Then, a transpeptidation reaction 
takes place in the presence of amino group containing nucleophiles, facilitating the ligation of 
the carboxyl group of the target threonine to the amino group of the employed nucleophile87. 
The first strategy for site-specific protein labeling using SorA was reported in 200488. 
After that, SorA has been extensively explored for site-specific labeling of various target 
proteins, synthetic peptides and the surface of cells89,90. Applications of SorA are extensively 
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described in specific reviews91–95. Protocols have been published elsewhere describing detailed 
procedures to label the N-terminus, C-terminus, and internal loops of proteins96,97.

E2 small ubiquitin-like modifier-conjugating enzyme Ubc9
The SUMO-conjugating enzyme Ubc9 recognizes and modifies lysines embedded in a 
consensus SUMOylation motif, which contains four residues (ΙKXE).98 Based on these four 
conserved amino acids (LACE-tag) and Ubc9, Hofmann et al established a chemoenzymatic 
method, which was named lysine acylation using conjugating enzymes (LACE). It relies 
on the LACE-tag recognized by the Ubc9, and peptide or protein thioesters (Figure 4B).99 
The genetically encoded LACE-tag system has a broad substrate tolerance and can achieve 
site-specifically modify target proteins at N-termini, C-termini, and internal sites. Ubc9 can 
efficiently modify a particular site in any protein by introducing the acceptor lysine into a 
suitable position of the target protein. The site-specific mono-ubiquitination and ISG15ylation 
(Interferon-stimulated gene product ISG15, which is a key component of host responses to 
microbial infection) of proteins can also be achieved with a minimal internal LACE-tag. This 
suggests that LACE could also be used in full-length protein-protein modification. However, 
this method relies on using the ubiquitin peptide as the connector for the modification, which 
has relatively slow reaction rates.

Figure 4. Protein labelling using (A) the Sortase A, and (B) SUMO-conjugating enzyme Ubc9.

1
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Ligases
Ligases such as biotin ligase, lipoic acid ligase and tubulin tyrosine ligase can be used to 
transfer molecular probes to a particular amino acid within a recognition sequence.100-101

Biotin ligase (BirA)
The first reported example of using E. coli biotin ligase (BirA) for targeted protein modification 
is the modification of cell surface proteins. The E. coli biotin ligase (BirA) sequence-specifically 
recognizes a 15 amino acid acceptor peptide (GLNDIFEAQKIEWHE: AP-tag) and catalyzes the 
biotinylation of the lysine side chain within the AP tag in an ATP-dependent manner (Figure 
5A).102 Ernie et al found for the first time that BirA could be used for the specific biotinylation 
of the AP-tag when fused to recombinant proteins in vitro and in living cells.103 Ting et al 
further developed the utility of BirA to modify cell surface proteins with biotin derivatives 
(keto-biotin) that can be specifically conjugated to hydrazide- or hydroxylamine-functionalized 
molecules.100 Other enzymes, such as the biotin ligase from Pyrococcus horikoshii, can also 
accept biotin derivatives containing either an azide or alkyne group.104 These biotin analogues 
carrying bioorthogonal moieties make the biotin ligase a useful tool to functionalize target 
proteins. This strategy also enabled the study of protein-protein interactions in vitro and in 
cells by using an enzyme/substrate pair, in which one protein of interest is fused to BirA while 
the other is fused to the AP-tag.105 If these two tagged-proteins interact, BirA will catalyze site-
specific biotinylation of AP, and the biotinylated AP will be detected by streptavidin staining.

Lipoic acid ligase
The lipoic acid ligase form E. coli (LplA) catalyzes the attachment of the lipoic acid moiety 
to a specific lysine residue in the lipoyl domain of the lipoate acetyltransferase (E2p) subunit 
of the pyruvate dehydrogenase complex in an ATP-dependent manner (Figure 5B).106 The 
substrate of LplA, lipoic acid, can be replaced by analogues containing alkyne, azide, 
cyclooctene, aryl aldehyde or aryl hydrazine groups and incorporated into the LAP-tag 
(sequence of 22 amino acids), which is specifically recognized by LplA. Ting and coworkers 
used a two-step chemical process and succeeded to label proteins carrying a LAP-tag, with 
fluorescence probes, by employing strain-promoted alkyne-azide cycloaddition (SPAAC), 
hydrazone formation, or Diels – Alder cycloaddition as coupling reaction.107,108 They also 
discovered a shorter LAP-tag, named LplA Acceptor Peptide (GFEIDKVWYDLDA), with 
higher catalytic efficiency. This was identified by using the yeast surface display selection 
technique.109 Furthermore, through structure-guided mutagenesis, a LplA variant was 
discovered which can use 7-hydroxycoumarin as a substrate and catalyze the covalent binding 
of the substrate to the LplA Acceptor Peptide, allowing fluorophore tagging of intracellular 
proteins.110 Particularly, the LplA mutant LplAW37V provided higher ligation yields compared 
to the wild-type and it was applied for the site-specific labelling of proteins carrying the 
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LplA Acceptor Peptide through the bio-orthogonal inverse-electron-demand Diels–Alder 
cycloaddition (DAinv).111

Tubulin tyrosine ligase
The ATP-dependent tubulin-tyrosine ligase (TTL) can recognize a 14-residue peptide derived 
from α-tubulin (Tub-tag) and catalyzes the attachment of tyrosine to the carboxy-terminal of 
the Tub-tag (Figure 5C).101 The first unnatural substrate tested for TTL was the unnatural 
amino acid 3-formyltyrosine, which could be attached to the carboxy terminus of α-tubulin. 
Subsequently, the fluorescent probe can be attached to the carboxy terminus of the α-subunit 
by a chemical reaction.112 Leonhardt and coworkers first established a two-step TTL-catalyzed 
protein labelling method based on the Tub-tag. In this protein labelling method, first the tyrosine 
derivatives containing azide, formyl, amine or nitryl groups are incorporated into the carboxy 
terminus of the Tub-tag. Subsequently the functionalized probes chemically modify the tyrosine 
derivatives through strain-promoted azide-alkyne cycloaddition (SPAAC), Staudinger ligation, 
or hydrazone- and oxime-forming reactions (Figure 5C).113 Schumacher et al. discovered that 
TTL displays a broad substrate tolerance, which enables a one-step site-specific enzymatic 
protein labeling approach. Through this one-step enzymatic reaction, various azulenyl-, 
coumarin- and biotin-containing amino acids can be incorporated into target proteins.114

Transferases
Various transferases, such as phosphopantetheinyl transferases (Sfp and AcpS), transglutaminase 
(TGase), phosphocholine transferase (AnkX) and flavin transferase (ApbE), can transfer 
functional groups from the substrate to a specific amino acid within a peptide sequence.

Phosphopantetheinyl transferases (Sfp and AcpS)
Phosphopantetheinyl transferases (PPTase) such as holo-ACP synthase (AcpS) and surfactin 
phosphopantetheinyl transferase (Sfp) incorporate the phosphopantetheinyl (Ppant) group 
derived from coenzyme A (CoA) onto a serine residue within a specific recognition sequence 
in peptidyl (PCP) or acyl carrier protein (ACP) domains of several synthetases (Figure 6A).115 
Modified CoA derivatives with various chemical moieties, including biotin, sugars, peptides, 
porphyrin, and fluorophores can be substrates of Sfp and AcpS due to their broad substrate 
scope.116,117 The ACP and PCP domains, composed of 75-80 amino acids, are larger than other 
tags employed in enzymatic labelling approaches, limiting their application. The size limitation 
of the ACP/PCP tag was solved by discovering three specific minimized tags: the so-called 
S6-tag (12 amino acids), the ybbR-tag (11 amino acids), and the A1-tag.118,119 The S6- and ybbR-
tags serve as target peptides for Sfp, and the A1-tag is preferentially recognized by AcpS. These 
engineered tags can be fused to the N- or C-terminus of target proteins or inserted in a flexible 
loop in the middle of a target protein for PPTase catalyzed site-specific protein labelling.

1
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Transglutaminase (TGase)
Transglutaminases (TGase) can cross-link proteins through an ε-(γ-glutamyl)lysine isopeptide 
linkage which is formed by the acyl-transfer reaction between the γ-carboxamide group of a 
glutamine residue in a protein to the ε-amino group of a lysine residue in another protein.120 
Ting et al explored a cell-surface protein labelling method via a well-studied guinea pig 
liver transglutaminase (gpTGase), exhibiting high specificity for glutamine-containing 
peptides, but broad tolerance for the lysine-containing substrates. Recombinant proteins 
fused with short peptide tags (Q-tag, 6-7 aa) could be labelled with cadaverine-functionalized 
probes, such as biotin, Alexa568 or a benzophenone photoaffinity probe (Figure 6B).121 
Additionally, the combination of TGase and Gln-containing peptides is widely used in site-
specific PEGylation of therapeutic proteins,122 site-specific and stoichiometric modification 
of antibodies,123 as well as protein lipidation.124

Phosphocholine transferase (AnkX)
Hedberg et al established a reversible protein labelling method based on the host-cell 
phosphocholination machinery of Legionella pneumophila. The Legionella effector protein 
AnkX, with phosphocholine transferase activity, mediates the covalent tethering of a 
phosphocholine moiety from cytidine diphosphate choline (CDP-choline) to a conserved 
serine residue in the switch II region of Rab1.125 The AnkX-mediated modification of Rab1 
can be dephosphorylated by a dephosphorylcholinase Lem3, reversing the modification.126 
Hedberg et al found that modified CDP-choline could also act as the substrate of AnkX, which 
is able to recognize an eight amino acid peptide (TITSSYYR) (Figure 6C). In this reversible-
covalent protein labelling method, AnkX transfers a phosphocholine moiety from a CDP-
choline derivative carrying PEG-fluorescein and containing different functional groups to the 
second serine residue within the AnkX-tag. Lem3 can remove the attached phosphocholine 
modification via a hydrolytic cleavage of the transferred phosphocholine from the serine side 
chain. The AnkX-tag can be introduced to the N- or C-terminus of a target protein, as well 
as into internal loops for site-specific protein labelling.127

Flavin transferase (ApbE)
The bacterial flavin transferase from Vibrio cholerae (ApbE) recognizes a conserved 
DxxxxA[T/S] motif and catalyzes the attachment of FMN to the membrane-bound, Na+-
translocating NADH:quinone oxidoreductase subunit C (NqrC).128,129 This unique post-
translational modification of NqrC by ApbE was first exploited for the subcellular localization 
of protein-NqrC fusions in mammalian cells.130 Recently, we developed an ApbE-based 
post-translational modification system for site-specific flavinylation of target proteins, 
coined Flavin-tag.131 This one-step protein labelling system only requires flavin adenine 
dinucleotide (FAD), which is a natural and abundant cofactor in cells, as the substrate. The 
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flavin mononucleotide (FMN) is covalently attached to a serine or threonine within the 
Flavin-tag through a phosphate ester bond by the action of ApbE (Figure 6D). The minimum 
requirement of the Flavin-tag is a 7 amino acids long sequence with a conserved aspartate and 
a threonine or serine (Dxxxxx[T/S]). This convenient site-specific labeling system could be 
used in E. coli, yeast and in vitro. The substrate scope of ApbE has been explored to expand 
the utility of this labeling system.132 Flavin-tagged target protein could be labelled with FAD 
derivatives and also with nicotinamide adenine dinucleotide (NADH) using the wild-type 
ApbE enzyme without any mutations in the active site of ApbE. Low levels of FAD in E. 
coli cells limit the flavinylation of recombinant Flavin-tagged proteins. Hence, the FAD 
synthase from Corynebacterium ammoniagenes (CaFADS), which has been shown to increase 
the productivity of FAD from riboflavin in C. ammoniagenes cells, was introduced to the 
Flavin-tagging system and increased the FAD level in E. coli.133 ApbE could take advantage 
of the overproduced FAD and boost the flavinylation of Flavin-tagged recombinant protein 
in E. coli.132

V. Outl ine of the thesis

Protein modification is important for creating a variety of recombinant proteins and for 
elucidating the function and dynamics of proteins in living cells. Protein labeling methods 
based on the specific recognition between genetically encoded tags and enzymes have been 
intensively developed since the substrates of enzymes can be replaced by their derivatives 
with synthetic fluorescent probes. Specifically, the bacterial flavin transferase can recognize a 
conserved binding motif in FMN-binding protein family and catalyze the attachment of flavin 
mononucleotide (FMN) to them. The work described in this thesis aimed to take advantage 
of the specific reaction between the flavin transferase and its recognition motif to establish a 
site-specific protein labelling method that could use the biocompatible redox-active fluorescent 
chromophore as fluorophore.

In Chapter 1, protein labelling technologies are described for generating proteins labeled 
with fluorescent probes. This includes protein labelling with (GFP- or LOV-based) fluorescent 
fusion proteins and enzyme-mediated protein labeling methods.

In Chapter 2, a novel, generic and convenient method for the site-specific labeling of proteins 
that can be easily implemented in vivo and in vitro is developed and described. The Flavin-tag 
protein labelling method is based on the covalent enzymatic tethering of FMN to a threonine 
residue of a conserved FMN binding motif using the bacterial flavin transferase ApbE. The 
potential of this post-translational modification system for selective flavinylation of target 
proteins, using AbpE and its recognition FMN binding motif was explored.

1
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In Chapter 3, a further improvement of the Flavin-tag method is described. This work consisted 
of coexpression of FAD synthetase that could boosts flavin incorporation efficiency. It enables 
complete flavin-labelling of a target protein in E. coli cells. The flavin transferase was also 
shown to accept various flavin and nicotinamide derivatives to modify the target protein.

In Chapter 4, a fluorescent LOV domain protein from Pseudomonas putida (PpSB1-LOV) 
is described. The PpSB1-LOV protein was engineered to install a flavin-binding recognition 
motif, to covalently bind FMN. The flavin-tag sequence was introduced in loop regions of 
PpSB1-LOV by a computational design strategy. In presence of ApbE, the engineered PpSB1-
LOV protein was indeed covalently flavinylated. The engineered variants displayed light-
dependent fluorescence properties, similar to the native LOV domain protein. Such engineered 
‘covalent’ LOV domain protein shows great promise for future applications.

Chapter 5 presents the biochemical identification and characterization of a predicted FMN-
binding protein with unknown function. The studied protein was confirmed to be a multi-
flavinylated protein containing covalently bound FMN. Incorporation of the FMN moieties 
was achieved by action of the flavin transferase ApbE, confirming that all predicted flavin-
binding motifs are recognized by ApbE. The developed expression system and elucidated 
features provide a good basis for further studies on multi-flavinylated proteins.

In Chapter 6, the characterization of the penultimate enzyme in the luminescent pathway 
from the luminescent fungus Mycena chlorophos is described: hispidin 3-hydroxylase 
(McH3H). This flavoprotein hydroxylase catalyzes the conversion of hispidin to 
3-hydroxyhispidin. 3-hydroxyhispidin serves as luciferin substrate for the fungal luciferase. 
Fungal bioluminescence was recently shown to depend on a unique oxygen-dependent 
enzyme system. All genes encoding the enzymes that are responsible for the light-emitting 
process were identified. This study provides the first detailed insights into the biochemical 
properties of a fungal luciferin-producing enzyme. Three McH3H variants were engineered 
displaying different nicotinamide cofactor specificities. The developed expression system 
and elucidated catalytic features provide a good basis for further studies into the molecular 
mechanisms of fungal bioluminescence.
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