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1. Introduction 

One of the greatest challenges in studying biomolecules is their visualization in their natural 

environment by means of fluorescent labeling of the biomatter of interest. Selective labeling of 

proteins by fused fluorescent proteins (FPs)  is highly selective and provides specific signal, 

however, the large size of FPs can influence the native properties of the protein of interest.1 

Genetic code expansion by stop-codon suppression allows site specific incorporation of one 

single non-canonical amino acid.2 In certain specific instances selective fluorescent labeling 

can also be achieved by simple chemical transformations. In such cases selectivity is ensured 

by the unique reactivity of rare amino acids (e. g. cysteine, tyrosine).3,4 

Bioorthogonal fluorescent labeling schemes of biomolecules follow a two-step process. In 

the first step a bifunctional linker is installed onto the protein of interest, for example. The 

bifunctional linker, also called as chemical reporter tag, bears an amino acid specific warhead 

on the one hand5 and a bioorthogonal moiety, responsible for the selective reaction with a 

fluorescent marker on the other. This two-step labeling allows the installation of so-called 

fluorogenic labels, which are not or slightly fluorescent in their unreacted form but become 

intensively fluorescent upon selective conjugation to their target. Consequently, only those dyes 

will emit light, which reacted specifically with target proteins, thus the background fluorescence 

on non-specifically adsorbed species is eliminated.6 

The use of bioorthogonalized bifunctional linkers can be rationalized in the construction of 

energy transfer systems (FRET, Förster Resonance Energy Transfer) for the elaboration of e.g. 

protein-protein interactions. FRET is a highly distance-dependent phenomenon, where an 

excited state donor fluorophore transfers excitation energy to a ground-state acceptor by non-

radiative Coulomb-interactions.7,8 The most basic requirement for any FRET system is the 

appreciable overlap between the donor fluorophore’s emission and the acceptor’s excitation 

spectra. The method provides a dynamic (reversible) and sensitive tool for the investigation of 

protein-protein interactions, and furthermore, it is greatly applicable both in spectroscopic and 

imaging techniques.9 
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2. Objectives 

The aims of my PhD research were to design and synthesize bifunctional linkers, which on 

the one hand can react with rare amino acids, and on the other hand contain a bioorthogonal 

function, where selective labeling can be accomplished via fluorogenic dyes. Not only were the 

compounds prepared during the work, but biological experiments were also performed. 

My work consists of three main sections: 

 Synthesis of vinyl sulfone and cyclooctyne bearing, cysteine-specific bifunctional 

linkers; optimization of the conditions of the labeling on native proteins; quantification 

of the reaction speed and efficiency. 

 Synthesis of oxadiazole-methylsulfone and cyclooctyne / tetrazine bearing, cysteine-

selective bifunctional linkers; identification of efficient FRET pairs; protein conjugation 

and the study of the interaction between the labeled biomolecules via energy transfer 

system. 

 Efforts on the synthesis of triazoline-dione and cyclooctyne / tetrazine bearing, tyrosine-

specific linkers. 

 

3. Results 

3.1. Vinyl sulfone-based cysteine labeling 

The synthesis of the linker started from Boc-protected methylaminoethanol (10) that was 

subjected to a Michael-type addition reaction with divinyl sulfone in the presence of catalytic 

amount of tBuOK to afford 11 in medium yield. Removal of the Boc protecting group was 

effected by treatment with in situ generated methanolic HCl solution, to furnish analytically 

pure hydrochloride salt of the free amine (12) in quantitative yield. Bifunctional chemical 

reporters (1 and 2) were prepared using COMBO-COOH10 (7) or CyO-COOH (8)11 under 

standard peptide coupling conditions (DIPEA, HOBt, HBTU). 

Using the synthesized thiol-specific reagent, a labeling scheme was developed, which is 

useful for the selective, quick and effective labeling of surface accessible cysteines of native 

proteins. The compounds were used for the sequential labeling scheme of p38 protein, which is 

favorable compared to the direct labeling manner (via linker-dye conjugates) considering the 

elimination of the background fluorescence caused by the unreacted dyes. 
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Scheme 1: Syntheses of the vinyl sulfone bearing linkers. Reaction conditions: a) Boc2O, CH2Cl2, 25°C, 
14 h, 67%; b) cat. tBuOK, divinyl sulfone, THF, N2, 25°C, 45 min, 52%; c) CH3COCl, MeOH, 0-25°C, 4 h, 
98%; d) HBTU, HOBt × H2O, DIPEA, DMF, 25°C, 3 h, 20% and 47%. 

 

Proteins previously tagged by the cyclooctyne bearing bifunctional linker were conjugated 

with various azide-bearing fluorogenic dyes via azide-alkyne cycloaddition reaction (Fig. 1). 

Thiol-selectivity was confirmed by mass spectrometry, furthermore the same analytical method 

was used to assign the labeling sites and percentages. Despite the promising results, we have 

found the reaction time too slow thus considered the design of other bifunctional linkers bearing 

more reactive thiol-specific warhead. 

 

 

 
Figure 1: Fluorescent tagging of p38 (lane 1–4), p38C162 (lane 5–8) and ERK2 (lane 9–12) with 13 5, with 
linker 1 and dyes 14 12 or 18 13 monitored by CN-PAGE. The upper gel photo refers to fluorescence 
emission (λex = 365 nm) and the lower to the Coomassie staining. Samples: 1 – native, untreated p38; 2 
– (p38 + 13); 3 – (p38 + 1 + 14); 4 – (p38 + 1 + 18); 5 – native, untreated p38C162S; 6 – (p38C162S + 13); 7 
– (p38C162S + 1 + 14); 8 – (p38C162S + 1 + 18); 9 – native, untreated ERK2; 10 – (ERK2 + 13); 11 – (ERK2 + 
1 + 14); 12 – (ERK2 + 1 + 18). 
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3.2. Oxadiazole-methylsulfone based linkers 

Besides the development of more reactive thiol-specific linkers in this case we also aimed 

at establishing a labeling scheme, which enables the studying of protein-protein interactions via 

energy transfer systems (FRET). Further aim was to extend the functionalities using tetrazine 

motifs as biorthogonal unit. The synthesis (Scheme 2) started with Boc-protection of 

aminoethoxyethanol, followed by treatment with tosyl-chloride to provide 22. The product was 

reacted with ethyl-hydroxybenzoate under basic conditions to obtain 23 in excellent yields. 

Hydrazide 24 was accessed upon treatment of 23 with hydrazine monohydrate. Oxadiazole 25 

was then formed in good yields in a reaction of hydrazide 24 with carbon disulfide. Methylation 

of the sulfhydryl moiety was accomplished by treatment of 25 with methyl iodide to furnish 26. 

Oxidation of 26 with m-chloroperoxybenzoic acid gave 27. Acidic removal of the Boc-

protecting group quantitatively afforded amine 28. Compound 28 was functionalized with 

commercially available BCN–NHS or 3-methyl-6-(nicotinic acid)-tetrazine14 to result cysteine 

specific heterobifunctional linkers 3 and 32. 

Linker 3 creates a platform for bioorthogonal modification with azide- or tetrazine-bearing 

fluorescent or fluorogenic dyes. The fluorescently labeled protein constructs were used in the 

exploration of the most appropriate donor-acceptor dye-pair for an efficient FRET system. 

Following identification of efficient FRET pairs from our existing dye pool, p38C162S and its 

interaction partner, MK2 or its docking motif (pepMK2) were modified with the donor (Cy1-

azide15) and acceptor (Cy3-tetrazine16) dyes. Development of the FRET signal upon mixing the 

two labeled proteins proved the specific interaction of the two biomolecules and the 

applicability of the method. 
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Scheme 2: Syntheses of linkers furnished with oxadiazole-methylsulfone17 moiety. Reaction conditions: 
a) Boc2O, CH2Cl2, 0-25°C, 14 h, 96%; b) TsCl, Et3N, CH2Cl2, 25°C, 14 h, quant.; c) ethyl 4-hydroxybenzoate, 
K2CO3, DMF, 60°C, 14 h, 99%; d) N2H4 × H2O, EtOH, Δ, 6 h, 99%; e) CS2, KOH, EtOH, 85°C, 14 h, 87%; f) 
CH3I, Et3N, THF, 25°C, 2 h, quant.; g) mCPBA, CH2Cl2, 0-25°C, 14 h, 84%; h) TFA, H2O, CH2Cl2, 25°C, 1 h, 
99%; i) BCN–NHS, DIPEA, CH2Cl2, 0–25 °C, 90 min, 25%; j) 6-(6-methyl-1,2,4,5-tetrazine-3-yl)nicotinic 
acid, HBTU, HOBt, DIPEA, CH2Cl2, 25°C, 3 h; 40%. 
 

For the detection of the FRET interaction, solutions with different concentrations were prepared 

from the conjugates in PBS buffer. The FRET interaction was monitored upon excitation of the 

donor fluorophore (λexc = 420 nm), at constant concentration of the donor labeled p38 (p38-

linker-Cy1) with increasing concentration of the acceptor-labeled partner (pepMK2-linker-Cy3 

or MK2-linker-Cy3).  

Evolution of the FRET signal resulted in a gradual decrease of the donor fluorescence with a 

parallel increase of the acceptor’s fluorescence (Fig. 2 and 3). FRET efficiency was calculated 

using the below equation: 

𝐸𝐹𝑅𝐸𝑇 = 100 (1 − 𝐷 𝐷0⁄ ) , 

where D is the fluorescence intensity of the donor in the presence of the acceptor at 482 nm at 

different concentrations and D0 is the fluorescence intensity of the donor, in the absence of the 
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acceptor. As seen in Fig. 2 and 3 the curve reached excellent FRET efficiency in both cases. 

Using this result the dissociation constant of the interacting partners (Kd) was also estimated. 

 

Figure 2: a) Structure of p38C162S and peptide MK2 complex (accessible cysteines are highlighted in 
yellow). b) The graph shows the changes in fluorescence upon interaction between the Cy1-labeled 
p38C162S and Cy3-labeled peptide MK2 (inset shows the calculated FRET-efficiency). The estimated Kd = 
240 nM. 
 

 
Figure 3: a) The structure of the complex of protein p38C162S and protein MK2 (accessible cysteines are 
highlighted in green). b) The graph shows the changes in the fluorescence spectrum upon titration of 
Cy1-labeled p38C162S with Cy3-labeled protein MK2 (inset shows the calculated FRET-efficiency). The 
estimated Kd = 145 nM. 
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3.3. Tyrosine-labeling through triazoline-dione 

In order to expand the set of the targetable rare-amino acids and proteins, I also dealt with 

the development of a tyrosine-selective bifunctional linker. The tyrosine-specificity is ensured 

by the presence of a triazoline-dione motif.18 The first aim was the preparation of a universally 

modifiable triazoline-dione bearing an amino group. Upon successful synthesis of such a 

platform we aimed at installing biorthogonal motifs (cyclooctyne, tetrazine) creating 

bifunctional chemical reporters. Several routes were elaborated in order to achieve the amine-

functionalized urazole derivative 52 (Scheme 3). Hydrazine-monohydrate was protected using 

Boc2O, and then compound 55 was activated by p-nitrophenyl-chloroformate. For the formation 

of the other precursor, Boc-protected bromopropylamine, 58 was allowed to react with p-

nitrophenol under basic conditions. The NO2-group of the provided compound 59 was reduced 

by catalytic hydrogenation. To access triazoline-dione derivative, 61, precursor compounds 56 

and 60 were heated in pyridine. Removal of the Boc protecting groups was done by 

trifluoracetic acid, to furnish the 52. Efforts for the oxidation and bioorthogonal 

functionalization of this compound was explored in several ways. Sadly, as we later found out, 

the non-compatibility of the oxidative conditions with either the tetrazine or the cyclooctyne 

motif did not allow the access of the target compound. 
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Scheme 3: Efforts on the syntheses of the tyrosine-selective bifunctional linker. Reaction conditions: a) 
Boc2O, MeOH, -10–25°C, 18 h, quant.; b) p-nitrophenyl-chloroformate, Et3N, CH2Cl2, 0°C–Δ, 13 h, 70%; 
c) Boc2O, DIPEA, CH2Cl2, 25°C, 13 h, quant.; d) p-nitrophenol, K2CO3, DMF, 25°C, 13 h, 70%; e) Pd/C, 
EtOH, 25°C, 13 h, quant.; f) pyridine, 75°C, 4 h, 73%; g) TFA/CH2Cl2 (H2O); 25°C, 1 h, quant. 
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