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Abstract 

Sulfur-containing molecules are abundant in nature and in pharmaceutical and agrochemical 

industries. Many chemical and enzymatic strategies for C-S bond formation have been 

identified and used to create novel compounds. Recently, there has been a considerable 

amount of interest in direct C-H bond functionalization, especially in reactions which have 

been developed to directly transform C-H to C-S bonds. Such transformations have also been 

observed in nature, for example, in ergothioneine biosynthesis. In Chapter 1, a brief overview 

on sulfur-containing molecules and synthetic/biosynthetic strategies to synthesise these is 

given. 

 

Ergothioneine is a sulfur-containing derivative of histidine with antioxidant properties. In the 

following sections of this thesis, a novel biosynthetic enzyme for direct C-H to C-S bond 

transformation is described; the anaerobic ergothioneine biosynthetic enzyme, EanB.  

The enzymes for oxygen-dependent ergothioneine biosynthesis (EgtA-E) were described a 

few years ago. In Chapter 3, the identification of an oxygen-independent ergothioneine 

biosynthetic pathway is described. The pathway involves only two enzymes - the methyl 

transferase EanA and the sulfurtransferase EanB. In addition to the in vitro reconstitution of 

oxygen-independent ergothioneine biosynthesis, we could show that the extremely halophilic 

bacterium, Salinibacter ruber, an organism carrying genetic information only for anaerobic 

ergothioneine biosynthesis, could produce ergothioneine in similar concentrations as has 

been described for those carrying the genetic information for aerobic ergothioneine 

biosynthesis. 

This study was followed up by a structural and mechanistic investigation of the EanB-

catalyzed C-S bond formation, described in Chapter 4. Based on structural and kinetic data, a 

mechanistic model for the direct C-H to C-S bond transformation catalyzed by EanB was 

elucidated. EanB is suggested to follow a ping-pong mechanism where, in a first step, a 

persulfide is formed on an active site cysteine residue of EanB and, in a second step, a sulfane 

sulfur is transferred to the unactivated carbon 2 of the imidazole ring of N-α-

trimethylhistidine. The use of a single turnover assay allowed us to investigate the sulfur 

transfer from the enzyme to the substrate isolated from the formation of the active site 

persulfide. 

In Chapter 5, the focus is set on the non-heme iron-dependent ergothioneine biosynthetic 

enzyme, EgtB. EgtB catalyzes the oxygen-dependent C-S bond formation in aerobic 

ergothioneine biosynthesis. We designed substrate analogs to probe the binding interactions 

between the two substrates, N-α-trimethyl histidine and cysteine/γ-glutamyl cysteine. The 
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result of this study led to the development of bisubstrates which revealed the importance of 

substrate alignment for efficient C-S bond formation. 

Additionally, we analyzed substrate binding and regulation of the SAM-dependent methyl 

transferase EgtD, the only enzyme common to all known ergothioneine biosynthetic pathways. 

This study, described in Chapter 6, provides a good basis for further inhibitor design. 

 

This thesis gives an insight into two different strategies of C-S bond formation in ergothioneine 

biosynthesis. Our findings contribute to a further understanding of the role of ergothioneine 

in vivo and its molecular mechanism of action. 
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1 Oxidative Carbon-Sulfur Bond Forming Reactions 

Making up 0.2% of the human body mass, sulfur is ranked as the 7th most abundant element 

found in body tissues.1 What are the chemical properties of sulfur that make it so important 

for living organisms?  

Sulfur belongs to the group of elements called the chalcogens and neighbors other essential 

elements of life in the periodic table, such as oxygen and phosphorous. In its elementary form, 

sulfur occurs as cyclooctasulfur (S8) and is relevant to only a few microorganisms. The sulfur 

atom has a larger diameter than oxygen and therefore is more polarizable.2 Sulfur is highly 

reactive and reacts with almost all elements with exception for the noble gases and some inert 

metals. In comparison to oxygen, which occurs mainly in its oxidative state 0 as dioxygen or 

 -1 and -2 in most organic compounds, sulfur can adopt oxidation states from -2 to +6.3 

 

Most of the biologically available inorganic sulfur occurs as stable sulfate. Through activation 

of sulfate (OS(S) = +6), reduced sulfur species are generated and incorporated into organic 

molecules, such as cysteine and methionine (OS(S) = -2). Animals lack the ability to 

incorporate inorganic sulfate into cysteine, which makes cysteine and methionine to essential 

amino acids, whereby sulfur assimilation is mainly done by plants.1 

 

The standard bond length of a C-S bond is 1.82 Å, which is longer than a C-C bond (1.52 Å) or 

a C-O bond (1.43 Å). With an electronegativity almost identical to carbon, the sulfenyl C-S bond 

is usually only slightly polarized. Thus, while replacing a methylene group with a sulfur atom 

does not change the polarity of the molecule, the geometry and size is changed.4 The sulfhydryl 

group is chemically the most important form of sulfur to living organisms. The sulfhydryl 

groups are excellent nucleophiles and often scavenge toxic electrophiles or serve as activating 

groups in thioester chemistry in living organisms. Furthermore, thiolates are excellent 

chelators – they have the ability to remove toxic metals from organisms and prevent the 

formation of reactive oxygen species.5 

 

One feature that makes sulfur indispensable for living organisms is the ability to form stable 

disulfide bonds (RS-SR). The relative stability of RS-SR bonds compared to RO-OR bonds is 

mainly due to the increased length of disulfide bonds (S-S approx. 2.04 Å) compared to 

peroxides (O-O 1.47 Å) leading to a decreased repulsion of the lone pairs. Additionally, the 

disulfide bond is stabilized by π-bonding interactions. Disulfide bonds are hydrolytically stable 

and keep protein structures together, however they can be easily reduced to free thiols by 

enzymes or intracellular reductants, such as glutathione. 



 

2 
 

Additionally, positively-charged sulfur species, such as sulfonium ions are relatively stable 

even under physiological conditions. Again, they are stable enough that their half-life is long 

enough to be a valuable metabolite, but also reactive enough that the bond can be broken if 

needed. This property makes the sulfonium ion S-adenosyl-L-methionine (SAM) to natures 

analog of methyl iodide.6 

Organisms have developed many systems to exploit these unique features of sulfur, some of 

which will be discussed in the following chapter.  
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1.1 Sulfur containing molecules 

Sulfur-containing molecules have important roles as primary and secondary metabolites in all 

living organisms.7 They are represented in all major classes of biomolecules, such as in 

proteins, nucleic acids, sugars, vitamin cofactors and metabolites. The sulfur-containing amino 

acids, methionine and cysteine, are essential for catalysis, structure and stability of proteins. 

Thiol-containing molecules are responsible for maintaining the cellular redox potential, 

protein thiol disulfide ratios, and to neutralize intracellular reactive oxygen species (ROS) 

formation.8 Most prominent examples are glutathione (1, figure 1), mycothiol (2, figure 1), 

and ergothioneine (3, figure 1). Other sulfur-containing molecules are important for chemical 

defense (penicillin, 4, figure 1), are cosubstrates for the biosynthesis of other biomolecules 

(SAM, 5, figure 1) or contribute to other central biochemical processes, such as transcription 

(s2C and s4U in tRNA, 6, figure 1), fatty acid metabolism (coenzyme A, 7, figure 1) or 

carbohydrate and amino acid catabolism (thiamine, 8, figure 1).9–11 Due to the importance of 

sulfur-containing molecules to all living organisms, understanding their biosynthetic 

pathways could lead to potential targets for novel antibiotics.12 

However, it is not only nature that has made use of the versatile properties of sulfur - chemists 

have also discovered various methods of compound synthesis, exploiting the special chemical 

character of sulfur in its various forms. Sulfur-containing molecules are important in 

pharmaceutical and agricultural industries, as well as in material science.13,14 Nine of the top 

ten selling drugs from 2000-2011 were sulfur-containing molecules.15 Sulfur is found in the 

form of disulfides in antibodies, as thioethers, thiophenes, sulfoxides and as sulfate ester and 

amides. Hence, the development of new methods to form carbon-sulfur bonds is an exciting 

and vivid field nowadays.  

There are many strategies to form C-S bonds, both in nature and developed by synthetic 

chemists, from simple transformations, such as nucleophilic substitution and addition, to more 

sophisticated metal-catalyzed reactions.16–20 The aim of this chapter is to give an overview on 

the strategies developed by chemists and nature to transform C-H bonds to C-S bonds. 
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Figure 1. A selection of sulfur-containing small molecules. Compounds 1- 8 are biomolecules; Compounds 9-11 
pharmaceuticals and Compounds 12-14 are agrochemicals. 
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1.2 Chemical strategies for C-S bond formation 

Many reactions have been developed for the construction of new C-S bonds (figure 2).16 The 

most common methods involve nucleophilic substitution or addition reactions of sulfur 

nucleophiles ((1) and (2), figure 2). Alternatively, a sulfur electrophile, such as a disulfide or 

S8 ((3), figure 2) can be used for the construction of C-S bonds in the presence of an 

appropriate electrophile. Other common reaction types include the sulfenylation of C-H bonds 

((4), figure 2), cross coupling reactions and photo-catalyzed reactions.17–20 Reactions with 

sulfur electrophiles, sulfenylation reactions and metal-catalyzed reactions via C-H bond 

activation are most prominent and will be discussed in more detail. 

Sulfenylation reactions are defined as reactions where a sulfenyl group (RS-, R ≠ H) is 

incorporated into a molecule.  Such reactions have been known for a long time and have often 

involved the use of sulfur electrophiles, such as disulfides or sulfenyl halides in combination 

with carbon nucleophiles. Radical reactions have also been used for C-S bond construction by 

addition to alkenes ((6), figure 2), however, methods have been developed for direct C-H 

functionalization using radical chemistry.21,22 More recently, methods have been developed for 

sulfenylation through selective C-H bond activation using transition metal catalysis.22 

 

  

Figure 2. Different strategies used to form C-S bonds. 
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Figure 3. Top: Pd catalyzed cyclization reaction developed by Inamoto et al. Bottom: Some examples for Pd catalyzed C-
S bond forming reactions via C-H bond activation. 

1.2.1 Metal catalyzed C-S bond formation via C-H bond activation 

Transition metal catalysis is a powerful tool for carbon-heteroatom bond formation through 

C-H bond activation. The catalytic power of transition metals lies in their ability to adopt 

various oxidative states and, hence, serve as electron sinks or donors. For example, Migita et 

al. reported transition metal catalyzed C-S bond formation in the late 1970’s and early 

1980’s.23,24 This reaction has been used to couple aryl iodides/bromides with thiols using Pd 

catalysts. Throughout the years, the reaction has been optimized to increase catalyst turnover 

number, scope and generality.25 The Migita coupling has also been used in industrial set ups 

for large scale productions.25 However, until recently, not much was known about transition 

metal catalyzed C-S bond formation via C-H bond activation.22 

Then, in 2008, Inamoto et al.26 reported the intramolecular C-S bond formation with PdCl2 and 

PdCl2(cod) catalysts (a, figure 3). These reactions became especially useful for the synthesis 

of benzothiazoles. The group of Inamoto developed Pd-catalyzed reactions to synthesize 



 

7 
 

benzothioazoles in water.27 Other groups have developed other Pd-based catalyst systems to 

synthesize 2-aminoglycosylbenzothiazoles or  2-trifluoromethylbenzothiazoles.28,29 This type 

of reaction is generally a two-electron oxidation of the substrate. The palladium catalyst is 

reduced and must be reoxidized to close the catalytic cycle. Most of these reactions are run 

under aerobic conditions, using oxygen as oxidant (top, figure 3). 

More recently, protocols for intermolecular C-S bond formation have been developed. The first 

report was a C-H sulfonylation with arylsulfonylchlorides by Zhao et al. (c, figure 3).30  They 

managed to synthesize sulfones by C-H activation/cross-coupling. Phenyl pyridine was used 

as substrate due to the well-known coordinating ability of pyridine moieties and the 

prevalence of pyridine moieties in medicinal chemistry. Interestingly, depending on the 

conditions the C-H bond could also be oxidized to a C-C bond or C-Cl bond. 

Pd-based catalysts have also been used to introduce trifluoromethylthiol groups via C-H 

activation (d, Figure 3).31 The trifluoromethylthio group is mainly interesting due to the high 

lipophilicity, facilitating the crossing of lipid membranes for pharmaceuticals and 

agrochemicals. N-trifluoromethylthio succinimide was used in combination with aryl 

pyrimidines. The reaction was proposed to have a Pd(III) or Pd(IV) intermediate.  

Iwasaki et al. recently reported a Pd and Cu co-catalysis system for the direct sulfenylation of 

arenes bearing a directing group using phenyl disulfides as substrates.32 Since both sulfenyl 

moieties could be incorporated, they suggested that the reaction proceeds via a Pd(II)/Pd(IV) 

mechanism. DMSO serves as the terminal oxidant (e, figure 3). 

The most prominent metal catalyst used for direct C-S functionalization of C-H bonds is copper. 

The first Cu catalyzed C-S bond forming reactions via C-H activation were reported in 2006 by 

Chen et al.33 They achieved C-H bond sulfenylation with both, thiophenol and dimethyl 

disulfide. This reaction was proposed to proceed through a single electron transfer (SET) from 

Cu(II) to the coordinated phenyl ring (A, figure 4). 

Another interesting example employs disulfides as substrates for cyclization of 

benzothiazoles. The reaction was originally performed under an argon atmosphere and gave 

a 1:1 mixture of the benzothiazole and 2,3-dihydro-2-benzothiazole (B, figure 4).33 Because 

there was no oxidant present in reaction, the disulfide served as the oxidant. After 0.5 

turnovers, all disulfides were reduced to the respective thiol and the reaction stopped. When 

the reaction was run in the presence of oxygen, quantitative formation of the benzothiazole 

product was observed (B, figure 4).34,37 With similar methods, a variety of compounds have 

been sulfenylated, such as thiazoles, oxazoles, pyroles, thiophenes and arenes.22 Another 

interesting example of Cu-catalyzed C-S bond formation was reported in 2014 by Chen et al.35 

where a C-S and C-N bond were constructed in one step using elemental sulfur (C, figure 4). 

Finally, a procedure for copper-catalyzed sulfonylations of C-H bonds had been developed 
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using sulfonyl chlorides or sodium sulfinates as starting materials (D, figure 4).36,38 These 

examples show the strength of Cu catalyzed C-S bond formation. Substrate used for these 

transformations are generally more versatile in comparison with Pd catalyzed 

transformations. 

 

Figure 4. Some representative reactions for Cu-catalyzed C-S bond formation via C-H activation. A: The first Cu catalyzed 
C-S bond forming reactions via C-H activation reported by Chen et al.33 B: Proposed mechanism for the Cu-catalyzed 
formation of benzothiazoles developed by Srogl et al.34 C: The synthesis of benzoisothiazolone via C-S and C-N bond 
formation.35 D: The α-sulfonylation of arylketones.36 
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Figure 5. Top: Possible mechanism for the radical sulfenylation of amides.40 Bottom: Suggested mechanism for the 
oxysulfonylation of alkenes.42 

As a thiophilic metal, copper is especially useful when disulfides are used as substrates. These 

reactions generally use oxygen as an oxidant, or a stoichiometric amount of copper can also 

used.22 Copper-catalyzed reactions have several advantages over their palladium-catalyzed 

equivalents; for example, the catalysts are generally cheaper and, for example, if S8 or sulfides 

are used as the source of sulfur, palladium catalysts are more often affected by uncontrolled 

poisoning or deactivation of the metal center. 

Further examples of transition metal-catalyzed C-S bond forming reactions use Rh or Ru 

catalysts. The substrate scope is very similar to Pd and Cu catalyzed reactions. In general, the 

methods for C-S bond formation through C-H bond activation are still quite limited. 

1.2.2 Metal-free reactions – radical 

An early example for C-S bond formation following a radical mechanism includes the 

sulfenylation of orthoesters with trichloromethyl sulfenyl chloride and AIBN as radical 

initiator, whereby a thiyl radical was proposed as the intermediate.39 Recently, such 

transformations have gained the attention of researchers, and several conditions have been 

developed to directly transform C-H bonds to C-S bonds with radical initiators. Generally, 

these reactions use disulfides as substrates. The processes are oxidative and hence require an  
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oxidant. This often is the same molecule as the radical initiator, such as with tert-butyl 

hydroperoxide (TBHP) (top, figure 5).40,41 The reduced thiolate can react with the TBHP to 

form sulfenic acid and tert-butanol. The sulfenic acid reacts with another thiolate forming a 

disulfide and water. Other examples of radical-based C-S bond formation use aryl 

alkenes/alkynes and sulfinate salts to synthesize β-keto sulfones under aerobic conditions 

(bottom, figure 5).42,43 

1.2.3 Metal free reactions – ionic 

The sulfenylation of nucleophilic carbon atoms with electrophilic sulfenyl species has been 

well established. These methods have been extensively used to functionalize electrophilic 

carbon atoms α to a carbonyl group or heterocyclic compounds, such as indoles.16 A common 

variant of this reaction is performed with iodine as a catalyst to form sulfenyl iodides as 

sulfenyl electrophiles (A, figure 6). Different sulfur substrates can be used to generate sulfenyl 

iodides such as thiols, disulfides, sulfonylchlorides, sulfinic acids and others.20 Depending on 

the oxidative state of the sulfur atom, the oxidant must be replaced with a reducing agent, such 

as triphenylphosphine, to reduce the sulfur to the disulfide-state, however the mechanism of 

C-S bond formation is in principal the same for most of these reactions. The nucleophilic 

carbon attacks the electrophilic sulfur atom with concomitant loss of iodide, followed by 

deprotonation. The iodide anion must then be reoxidized to iodine to close the catalytic cycle 

(A, figure 6). 

Some examples have been reported of direct attack of a nucleophilic carbon on a disulfide, 

without the addition of any catalyst. In these reactions, the disulfide directly serves as 

oxidant.44,45 Other catalyst-free variants use sulfenyl succinimides/phthalimides/imidazoles 

or similar derivatives as sulfur electrophiles (B, figure 6).16,46  

Reports of reactions for direct sulfinylation of nucleophilic carbon atoms are rather rare. A 

recent example was reported by Miao et al.,47 where an aryl sulfinyl cation generated from aryl 

sulfinyl salts serves as the sulfur electrophile. N-Alkyl pyrroles and indoles were used as 

carbon nucleophiles. The reaction conditions are generally very mild and could be run in water 

at room temperature without the addition of a catalyst (C, figure 6). 

Friedel-Crafts-type sulfonylation reactions with sulfonyl halides and anhydrides, using AlCl3 

as the catalyst, have been known since over a century ago.48 Since then, conditions have been 

optimized and to achieve efficient transformations under milder conditions. Recently, milder 

reactions have been developed using CeCl3 as a catalyst in presence of iodine (D, figure 6).49 

Another useful reaction to form C-S bonds is the thioesterification of aldehydes. This is 

achieved through N-heterocyclic carbene (NHC) catalysis. When disulfides serve as sulfur 

electrophiles, an oxidant such as DEAD must be used to obtain good yields. First, the disulfide 

can serve as oxidant, but after 50% conversion only the thiol is remaining. The reaction 



 

11 
 

involves the formation of a carbonyl umpolung to obtain a nucleophilic carbonyl carbon (E, 

figure 6).50,51 

 

Figure 6. A: Basic steps in iodine-catalyzed sulfenylation of α-carbonyl carbons or heterocyclic compounds. (I) Formation 
of the reactive sulfenyl iodide from a disulfide. (II) C-S bond formation by attack of the carbon nucleophile on the sulfur 
atom. (III) Oxidation of iodide to iodine. B: Electrophilic sulfenyl compounds used for sulfenylation of nucleophilic carbons 
α to carbonyl groups and electron rich arenes. C: Sulfinylation of indole reported by Miao et al.47 D: Friedel-Crafts 
sulfonylation of benzene.48 E: NHC catalysis for thioester formation from aldehydes. 
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1.3 Enzymatic strategies for C-S bond formation 

The pool of sulfur compounds which nature can use as substrates is relatively small even 

though sulfur is a versatile element occurring in various oxidation states. Moreover, some 

species, such as hydrogen sulfide or sulfur dioxide, are highly reactive and thus toxic for 

organisms. Concentrations of these sulfur species are usually kept at a low cellular 

concentrations, or are directly generated at the site where needed.  Other species are rather 

unreactive, and their activation requires specialized enzymes, such as in sulfate activation in 

the cysteine biosynthesis.52 Many different strategies have been evolved to keep balance 

between highly reactive and stable sulfur species. The central sulfur-containing biomolecules 

are the two amino acids, cysteine and methioneine. The latter itself is de novo synthesized from 

cysteine and can be further transformed to its S-adenosyl derivative (SAM). Besides their 

important structural and catalytic roles in proteins, they are crucial in natural product 

biosynthesis. SAM is nature’s most abundant methyl donor and more recently has been 

assigned to many other transformations such as C-S bond forming reactions.11,53 Cysteine, 

which is synthesized from sulfate and serine through multiple steps, is involved in the 

biosynthesis of almost all sulfur-containing biomolecules (figure 7 and 8).10,54–57 There are 

several metabolites where cysteine is a part of the core structure (e.g. glutathione). For other 

molecules, partial incorporation of the cysteine skeleton is involved (e.g. penicillin), but in 

many structures, the sulfur atom is the only remaining part of cysteine in the compound (e.g. 

ergothioneine). C-S bond cleavage to remove the amino acid moiety is generally catalyzed by 

PLP-dependent β-lyases.10 

 

Figure 7. Cysteine biosynthesis starts with activation of sulfate to adenosine 5′-phosphosulfate (APS) by the ATP 
sulfurylase. Phosphorylation of APS by the APS kinase gives 3′-phosphoadenylsulfate (PAPS). PAPS is reduced to sulfite by 
PAPS sulfotransferase, which is a thioredoxin enzyme.  Sulfite is reduced by the FAD and FMN dependent NADPH-sulfite 
reductase. The sulfide is transferred to O-acetylserine to yield cysteine. 
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The synthesis of sulfur-containing biomolecules has been divided into two groups. The first 

group contains biosynthetic pathways where cysteine or a derivative thereof is the direct 

sulfur donor for the product. The other group contains biosynthetic pathways where the sulfur 

is introduced from a persulfidic sulfur. In the latter case, the sulfur often originates from 

cysteine. Sulfurtransferases can obtain a persulfidic sulfur from thiosulfate, mercaptopyruvate 

or from a cysteine β-lyase.56,58,59  

Cysteine desulfurases (CSD) are PLP-dependent enzymes which can abstract the sulfur from 

cysteine and generate a persulfidic sulfur on an active site cysteine.58,60 The sulfane sulfur is 

then shuttled either directly or via carrier proteins to the final acceptor. The biosynthesis of 

thiolated tRNA, iron sulfur clusters, molybdenum cofactor, and thiamine rely on this pathway.  

Another source for sulfane sulfur is cystine. Cystine β-lyases are PLP-dependent enzymes 

generating cysteine persulfide and pyruvate from cystine. Cysteine persulfide is then a 

substrate for C-S bond forming enzymes. Tropodithietic acid biosynthesis relies on this 

pathway.61 

 
Figure 8. The central role of cysteine in sulfur metabolism. 
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1.4 Ionic Mechanism for C-H functionalization with sulfur functional groups 

In ionic mechanisms, a carbon electrophile is attacked by a nucleophilic sulfur atom. The 

polarities are inverted in a few cases, i.e. a nucleophilic carbon attacks an electrophilic sulfur 

atom such as persulfidic sulfur or disulfides. In this section some examples of ionic C-S bond 

formation are discussed in more detail. 

1.4.1 Sulfur as a nucleophile 

Oxidative ionic carbon-sulfur bond formation often occurs in two steps. First, the substrate is 

oxidized by a cytochrome P450 monooxygenase (CYP) to generate a reactive electrophilic 

center. This activation of the substrate is the followed by the attack of a thiolate nucleophile, 

either via addition or nucleophilic substitution. Such a reactions are often catalyzed by S-

transferases, such as glutathione S-transferase. Some examples are found in the glucosinolate, 

thiolactomycin or gliotoxin (figure 9).10,62 In some cases, the attack by the S-nucleophile may 

be enzyme-independent because of the high reactivity of the generated intermediate. 

 

Figure 9. Glyotoxin biosynthesis. Oxidation of the Phe-Ser cyclic dipeptide by the CYP450 monooxygenase GliC and 
subsequent C-S bond formation catalyzed by the glutathione S-transferase GliG.63,64 
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Figure 10. The uncatalyzed C-S bond formation in the biosynthesis of grixazone A. 

A good example for uncatalyzed C-S bond formation has been observed in the biosynthesis of 

grixazone.65 The precursor 3-amino-4-hydroxybenzaldehyde (3,4-AHBAL) is oxidized to the 

ortho-quinone by the tyrosinase homolog, GriF. The ortho-quinone is a good Michael acceptor 

and readily reacts with N-acetyl cysteine. In vitro studies have shown that this addition with 

subsequent aromatization occurs without any additional enzyme. The product can be re-

oxidized and dimerize with another 3,4-AHBAL to form grixazone (figure 10).  

 

Figure 11. Proposed C-S bond formation in tropodithiethic acid. Blue arrows represent the mechanism proposed by Brock 
et al.66 The red arrows indicate an alternative pathway.  

Cases where a direct oxidative ionic mechanism is occurring are rare. An example with a sulfur 

nucleophile is in the biosynthesis of tropodithietic acid. The oxidation of a C-H bond is coupled 

to the reduction of FMN. Tropodithietic acid biosynthesis is not fully understood yet. In 2014, 

Brock et al.66 proposed a possible biosynthetic pathway which involves the Michael addition 

of cysteine persulfide onto an α,β unsaturated ketone catalyzed by the glutathione-S-
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transferase homolog, TdaB forming the disulfide intermediate. Dickschat et al.61 identified 

PatB as the cystine lyase producing the cysteine persulfide required for the synthesis (figure 

11). The role of TdaF is still very hypothetical and since the product of the Michael addition is 

expected to readily oxidize, a simple base-catalyzed pathway with elimination of cysteine 

should be considered too. 

1.4.2 Sulfur as an electrophile 

An example with a carbon nucleophile is the detoxification of cyanide by rhodanese enzymes 

(sulfurtransferases, figure 12). Since the discovery of these enzymes in the 1930s, researchers 

have been interested in their function but until recently, not much has been reported about 

their functions.59 Nowadays, only a few sulfurtransferases could be assigned with functions 

other than cyanide detoxification, such as those in the biosynthesis of thiamin and 

molybdopterin. The presence of an active site persulfide could be verified by X-ray in 1978.67 

These enzymes follow a double displacement mechanism (Ping-Pong mechanism). Firstly, the 

active site cysteine is persulfidated by thiosulfate or β-mercapto pyruvate to bring the enzyme 

into its active form. Once cyanide binds to the active site, the nucleophilic carbon of cyanide 

attacks the active site persulfide forming thiocyanate and the enzyme returns to its resting 

state.68,69 

In chapter 3 of this thesis, the discovery of a sulfurtransferase from the anaerobic 

ergothioneine biosynthetic pathway (EanB), which catalyzes sulfur insertion into the C2-H 

bond of the imidazoyl moiety of N-α-trimethylhistidine will be described. Structural and 

kinetic data revealed that an active site persulfide serves as nucleophile and is then reductively 

cleaved. For more details see Chapter 4. 

 

Figure 12. Mechanism of rhodanese-catalyzed detoxification of cyanide. 
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1.5 Radical Mechanism 

For a long time, it was believed that most biologic reactions occurred through ionic 

mechanisms. While this still holds true for simple transformations, radical reactions are 

mostly involved in  functionalization of unreactive C-H bonds.70,71 Often intermediates with a 

high oxidative power are generated to abstract hydrogen atoms from the substrate. Reactions 

following a radical mechanism for C-S bond formation are often catalyzed by aerobic enzymes 

dependent on an iron cofactor using dioxygen as the oxidant or anaerobic enzymes using iron-

sulfur ([4Fe-4S]2+) clusters. The latter are generally referred to as radical SAM enzymes. Due 

to the oxidative power of these reactions, most of the direct C-H to C-S bond oxidations are 

performed via radical reactions. 

1.5.1 CYP catalyzed C-S bond formation 

The main role of CYP enzymes in C-S bond formation has been discussed in the chapter about 

ionic reactions. There are only few examples of CYP enzymes which can catalyze direct C-S 

bond formation. A CYP-catalyzed reaction with a proposed radical mechanism for C-S bond 

formation has been reported in the biosynthesis of griseoviridin, a natural product with 

antimicrobial properties containing a unique thio-ene functional group.72,73 The formation of 

such a group is also challenging for chemists and therefore the total synthesis of griseoviridin 

took more than 20 years. Synthetic strategies involved sulfenylation of carbons bearing an 

acidic proton with sulfur electrophiles.74,75 

 

Figure 13. Two suggested mechanisms for CYP mediated C-S bond formation in the biosynthesis of griseoviridin.  
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Figure 14. Formation of the different radicals from SAM and a [4Fe-4S]2+ cluster. The formation of a methyl radical is not 
yet described. 

A few years after successful total syntheses reports, the biosynthetic machinery for 

griseoviridin was discovered and the CYP enzyme, SgvP, was identified to catalyze C-S bond 

formation.72,73 Two mechanistic models have been proposed. A radical mechanism, where two 

electrons and two protons are abstracted from the cyclic substrate. The C-S bond is formed 

through recombination of the vinyl and thiyl radicals (top, figure 13). An alternative 

mechanism suggests the epoxidation of the double bond, with subsequent ring opening and 

dehydration (bottom, figure 13).72 Either way, the reaction is a two-electron oxidation and 

hence reduces ½ O2 to H2O. So far, no detailed study has been reported to understand the 

precise catalytic mechanism of SgvP and therefore it remains uncertain if direct C-S bond 

formation catalyzed by CYP enzymes occurs. 

1.5.2 Radical SAM enzyme catalyzed C-S bond formation 

Nature has found a very impressive solution to overcome the problem of direct C-H activation 

in the use of radical SAM enzymes. Reactions catalyzed by radical SAM enzymes are generally 

energetically very costly, and therefore only found for extremely challenging reactions. The 

first universal step in rSAM catalysis is the one-electron reduction of the [4Fe-4S]2+ cluster by 

single electron donors or flavodoxin. Upon activation of the cluster, C-S bond cleavage is 

initiated by a single electron transfer from the [4Fe-4S]+ cluster to the sulfur atom of SAM 

generating a sulfur-centered radical. Three different pathways from here are possible, 

whereby each of the C-S bonds can be cleaved homolytic to generate three different reaction 

intermediates. The classical and most common pathway for C-S bond forming reactions is the 

homolytic cleavage of the S-C(5’) bond, generating a 5’-adenosyl radical and methionine 

(figure 14). These adenosyl radicals abstract a hydrogen atom from the substrate to generate 

a substrate-centered radical and 5’-deoxyadenosyl. In C-S bond forming reactions, these highly 

reactive radicals react then with a sulfur atom which is usually part of an auxiliary [4Fe-4S]2+ 
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cluster or in the case of biotin, a [2Fe-2S] cluster. Methionine and 5’-deoxyadenosine are 

formed as by-products and the FeS-cluster is disintegrated.11  

The homolytic cleavage of the S-C(γ) bond is rarer and has, to date, not been observed in any 

C-S bond forming reaction. However, an example for C-C bond formation via this pathway has 

been described for diphtamide synthesis.76  On the other hand, a pathway which includes the 

formation of a methyl radical has not been described for any transformation. Pathway 

independent, one molecule of SAM performs a two-electron oxidation.  

An interesting variation of C-S bond formation by rSAM enzymes is the methylthiolation of 

ribosomal S12 protein catalyzed by RimO (top, figure 15). In a first step of the reaction, a 

sulfur atom coordinated to a specific Fe atom of the [Fe-S] cluster is methylated, via 

nucleophilic substation, to form thiomethane, and consuming one equivalent of SAM. In a 

subsequent radical step, the C-S bond between thiomethane and the C3 position of aspartyl 89 

is formed, consuming a second equivalent of SAM.10 

Two early reactions employing rSAM chemistry to catalyze sulfur insertion into C-H bonds 

were found in biotin and lipoic acid biosynthesis (middle and bottom, figure 15).71,77 BioB and 

LipA are two well-studied examples of rSAM enzymes and the amount of research invested 

into the elucidation of their mechanisms displays the complexity of these reactions.77–79 

Both reactions use the pathway described above for 5’-adenosyl radical generation through 

the reductive cleavage of SAM and subsequent hydrogen atom abstraction from the substrate. 

These substrate radicals undergo C-S bond formation with a sulfur atom from an Fe-S cluster. 

In the case of lipoic acid synthesis, it is an auxiliary [4Fe-4S] cluster, and for biotin, it is a [2Fe-

2S] cluster. Methionine and 5’-dA are released from the enzyme and a second molecule of SAM 

binds to initiate the second cycle of C-S bond formation. During this transformation, the FeS 

clusters serving as sulfur donors are degraded and must be regenerated prior to the next 

catalytic cycle. For lipoyl cofactor synthesis, catalyzed by LipA, it could be shown that the 

reconstitution of the auxiliary [4Fe-4S] cluster is not rate limiting.79 

These examples reflect the high cost at which such transformations are run. Two equivalents 

of SAM and (in some cases) a FeS cluster is used up during the reaction. However, the 

transformation of highly unreactive alkyl C-H bonds directly to C-S bonds occurs. The lack of 

alternatives might be the main reason for the choice of these enzymes. 
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Figure 15. Top: Reactions catalyzed by rSAM enzymes. Middle: Proposed mechanism for the C-S bond forming step in 
biotin biosynthesis catalyzed by BioB. Bottom: Proposed mechanism for S insertion into a C-H bond catalyzed by LipA. 
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Figure 16. Suggested mechanism for the synthesis of sulfadixiamycins. Box: The flavin nucleotide serves as electron 
acceptor, a semiquinone radical is generated. 

1.5.3 Flavin-dependent enzyme catalyzed C-S bond formation 

Flavin nucleotides are used to catalyze a broad range of redox reactions. Flavin can undergo  

one-electron or two-electron redox reactions and is therefore the optimal link between 

cofactors restricted to either two-electron (NADPH) or one-electron transfers (FeII/FeIII). This 

feature is used, for example, by the CYP reductase enzymes. Flavins are generally tightly bound 

by the enzyme and are not released from the active site. Hence, flavin enzymes must undergo 

the reduction and oxidation half reaction to close a catalytic cycle. Single-electron transfer 

reactions of flavin-dependent enzymes are known for the activation of dioxygen. A superoxide 

radical anion and the semiquinone radical FADH· are formed by a single-electron transfer from 
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FADH2 to dioxygen. The two radicals recombine to yield flavin hydroperoxide. The single 

electron oxidation of a substrate by FAD/FMN is not common but has been proposed for the 

monoamine oxidase (MOA).80 

Catalysis by the FAD-dependent enzyme, XiaH, was suggested in the biosynthesis of 

sulfadixiamycins (figure 16). It was proposed that an electron and a proton are abstracted 

from the substrate by FAD to generate a resonance-stabilized substrate radical. This radical 

then captures a molecule of sulfur dioxide to form either a C-S or a N-S bond. Recombination 

of the sulfur-centered radical with another substrate radical and subsequent deprotonation 

leads to the formation of sulfadixiamycins.81 Sulfonyl-bridged aromatic compounds are very 

rare and sulfadixiamycins were the first example where the biosynthetic enzymes of these 

compounds have been discovered. However, no detailed mechanistic studies have been 

published yet. Hence, as for the CYP-catalyzed direct C-S bond formation, the mechanism 

rather speculative than solid. 

1.5.4 Non-heme iron-dependent enzyme catalyzed C-S bond formation 

One of the important roles of non-heme iron-dependent (NHI) enzymes involves radical C-S 

bond. These are oxygen-dependent enzymes, which use an iron cofactor to activate the 

unreactive dioxygen. These reactions are four-electron oxidations. Natural products 

synthesized by NHI-enzymes are penicillin, ovothiol and ergothioneine. 

 

Figure 17. Mechanistic model for the formation of the β-lactam core of penicillins catalyzed by the NHI enzyme IPNS. 
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Isopenicillin-N-synthase, IPNS 

Isopenicillin-N-synthase (IPNS), which catalyzes the formation of the core β-lactam moiety of 

penicillin from δ-(L-α-Aminoadipoyl)-L-cysteinyl-D-valine (ACV), has been studied extensively 

and a good mechanistic model has been elucidated (figure 17).82,83 The active site of IPNS is 

hydrophobic, which protects the reactive intermediates from the solvent and prevent 

autooxidation of the enzyme. IPNS binds the central iron ion with a two histidine and one 

aspartate facial triad. The other three binding sites of the octahedral FeII are occupied by two 

water molecules and a glutamine residue. ACV binding replaces one water and the glutamine 

residue leading to a penta coordinated FeII with one vacancy for oxygen binding (1, figure 17). 

Oxygen binding leads to the formation of a superoxide radical anion and FeIII (2, figure 17). 

This species is in equilibrium with the ferryl-bound peroxide ion (3, figure 17). The peroxide 

can abstract a proton from the thiolate carbon, oxidizing it to a thione with concomitant 

reduction of the Fe (4, figure 17). In a next step, the C-N bond is formed. The peroxide 

abstracts a proton from the ACV amide and an oxoferryl species (Fe=OIV) is formed. 

Concomitantly, the amide attacks the thione, forming the β-lactam ring (5, figure 17). The 

highly oxidative oxoferryl species can abstract a hydrogen atom from the valine β-methylene 

group reducing the iron to its ferric state. The valine radical forms a bond with the thiolate 

forming the thiazolidine ring of the β-lactam core. The iron is concomitantly reduced to its 

ferrous state (6, figure 17). 

The ergothioneine biosynthetic enzyme, EgtB 

The mechanisms of the non-heme iron-dependent enzymes, OvoA from the ovothiol 

biosynthetic pathway, and EgtB from the ergothioneine biosynthetic pathway, have been 

investigated in structural, kinetic and computational detail.84–88 Both enzymes catalyze the 

formation of a C-S bond between the thiolate of a cysteinyl substrate and the imidazole ring of 

a histidinyl substrate and subsequent sulfoxidation. OvoA catalyzes the formation of the C-S 

bond at the imidazoyl C5, and EgtB at C2. Several mechanistic models have been proposed and 

the model based on the kinetic and structural data is depicted in figure 18.87 The close 

relationship between the two types of enzymes could be demonstrated in a study by Liao et 

al.89 An intrinsic EgtB activity can be observed in OvoA with only a few mutations OvoA fully 

adopts the EgtB activity. EgtB’s which are most likely evolved from OvoA are denoted as 

EgtB(ovo) and are found in cyanobacteria. Overall, five different types of EgtB’s have been 

distinguished so far.87 Most studies have been performed on type I and II. The difference 

between these two types lies in the primary structure, the cysteinyl substrate (type I uses γ-

glutamyl cysteine, type II uses cysteine) and active site architecture. Hereafter, the proposed 

mechanism of type II EgtB is discussed. 



 

24 
 

 

Figure 18. Mechanistic model for the C-S bond formation and sulfoxidation catalyzed by NHI enzyme EgtB (type II).  

EgtB binds Fe(II) with a three-histidine facial triad in an octahedral geometry, leaving three 

coordination sites for the substrates. First N-α-trimethyl histidine (TMH) binds to the active 

site, coordinating with N1 to the iron center. Then, the cysteinyl substrate binds to the 

EgtB:TMH complex, coordinating with the thiolate to the iron ion (1, figure 18). Once the 

EgtB:TMH:Cys complex is formed, dioxygen replaces the bound water molecule at the iron 

center and forming an Fe(III)-superoxide species (2, figure 18). Tyr93 and Tyr94 both play 

catalytic important roles. Tyr94 is believed to hydrogen bond to the proximal oxygen atom of 

the iron bound superoxide and thereby make it more oxidative. Protonation of the distal 

superoxide oxygen by Tyr93 and coupled electron transfer from the thiolate generate a thiyl 

radical and hydroperoxide bound to Fe(III) (3, figure 18). The thiyl radical can form a C-S 

bond with C2 of the TMH imidazole ring thereby generating a N1-centered radical (4, figure 

18). Proton abstraction and electron transfer from the imidazole ring to the Fe(III) results in 

the formation of the thioether intermediate (5, figure 18). The thioether then attacks the 



 

25 
 

distal oxygen of peroxide forming the sulfoxide and water. The iron is concomitantly reduced 

back to its ferrous state and the enzyme can go through a next catalytic cycle (6, figure 18). 

EgtB’s also face the challenge that the cysteinyl substrate can be oxidized to the dioxide instead 

of undergoing C-S bond formation. Studies of different types of EgtB showed that protonation 

of the superoxide species is essential to channel the reaction towards C-S bond formation.85,87 

In the absence of the proton donor, the dioxygenation reaction is accelerated and the 

sulfoxidation almost ceases.  

The examples of IPNS and EgtB show how nature can use the oxidative power of molecular 

oxygen to transform C-H bonds to C-S bonds. The activation of dioxygen generates a highly 

reactive species, which must be carefully controlled by the enzymes to prevent any undesired 

side reactions. How challenging this is can be seen in the case of EgtB. In chapter 5 of this 

thesis, the specific substrate-substrate interaction of type I and type II EgtBs and the role of 

precise substrate positioning are discussed in more detail. 
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1.6 Conclusion 

In this overview, chemical and enzymatic methods to transform C-H bonds to C-S have been 

briefly described. All the reactions are considered as oxidative processes regarding the 

transformed C-H bond. Hence, many of the transformations work only in presence of an 

additional oxidant, such as dioxygen. However, some of the reactions have been developed in 

a way that the sulfur reactant itself serves as the oxidant and therefore the addition of an 

additional oxidant becomes obsolete. Interestingly, sulfur electrophiles are used for most of 

the ionic transformations. 

 

Similar strategies to those found in chemical synthesis are also used in enzymatic catalysis. C-

S bonds to carbons bearing acidic protons or electrophilic carbons are often formed in an ionic 

reaction. Non-activated C-H bonds are often activated by transition metals, other redox-active 

cofactors, such as FAD or NADH, or adenosyl radicals.70 The high cost at which some of these 

reactions are run reflects the high difficulty of these transformations. Interestingly, even 

though the number of enzymes which can catalyze direct thio-functionalization of C-H bonds 

is quite limited, some transformations have been invented in different ways (see 

ergothioneine biosynthesis). The precise mechanisms are not understood for many of the 

above-mentioned transformations and it will be an important task for future research to gain 

a deeper understanding of these transformations. 

 

As demonstrated above, the number of chemical and enzymatic methods to directly 

functionalize C-H bonds with sulfur compounds is quite limited. It appears that the 

introduction of sulfur atoms via chemically simpler reactions, such as substitutions or 

additions are favored.  

 

There are common strategies applied by both chemists and nature, such as the radical 

pathways for C-S bond formation, and there are some methods restricted to either enzymatic 

or chemical transformations. Controlling the reactivity of persulfidic sulfur, for example, is 

difficult for chemists since they tend to react with each other, forming undefined mixtures of 

polysulfides and disulfides or they degrade by hydrolyse. Enzymes on the other hand can 

shield it off from water and other reactive sulfur species and specifically direct the persulfidic 

sulfur toward the substrate. On the other hand, transition metal-catalyzed C-S bond formation 

via C-H activation cannot be used by enzymes. The only transition metal involved in enzyme-

catalyzed C-S bond forming reactions is iron. These enzymes generate reactive oxygen species, 

such as superoxide anions to abstract electrons and protons from substrates. 
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2 Aim of the Thesis 

As this short overview on oxidative C-S bond forming reactions has shown, the field of direct 

C-H to C-S bond transformation is still growing. Many reactions are known, yet many are still 

to be discovered. Considering the importance of sulfur-containing molecules to nature and 

humankind, it is of high importance to find new ways to efficiently construct C-S bonds. In 

times of environmental concerns and an increasing interest in green alternatives to chemical 

transformations, biocatalysis becomes more and more important. Therefore, to discover new 

enzymes catalyzing unprecedented reactions and understand their catalytic mechanisms is 

still an important task. 

In this thesis, a new class of enzymes is described which catalyzes a unprecedent oxidative C-

S bond forming reaction between a cysteine persulfide and the non-activated imidazolyl C2 of 

histidine. It belongs to the class of oxidative ionic C-S bond forming reactions. 

Furthermore, we aimed to deepen our insight into the binding mode of the substrates to EgtB. 
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3 Anaerobic Origin of Ergothioneine 

Ergothioneine is a 2-thioimidazole and N-α-trimethylated derivative of histidine which is 

biosynthesized by various microorganisms.90 However, it can also be found in plants and 

animals which take the compound up either from the soil or dietary sources.91 The organic 

cation transporter OCTN1 is responsible for the uptake and distribution of dietary 

ergothioneine into animal tissues where it can accumulate to high concentrations.92 Since the 

discovery of ergothioneine more than a century ago, many studies have been undertaken to 

understand its physiological role and the molecular mechanism of function in microorganisms 

and in humans.90,91,93,94 

In vitro studies have revealed some interesting characteristics of ergothioneine and it has been 

suggested to play an antioxidant role in vivo.95 The standard redox potential for the thiol-

disulfide pair of ergothioneine is more electropositive (-60 mV) compared to the standard 

redox potential of other common thiols (between -200 mV and -320 mV).96 The higher redox 

potential, and the fact that ergothioneine occurs mainly in its thione and not the thiol form, 

prevents ergothioneine from autooxidation.90 Furthermore, it has been shown that 

ergothioneine readily scavenges hydroxyl radicals, hypochlorite, peroxynitrite and is superior 

to other thiols in deactivation of singlet oxygen.97 Due to these antioxidant properties, 

ergothioneine was suspected to act as an antioxidant in vivo. 

Studies on the role of ergothioneine in microorganisms have recently been reviewed by 

Cumming et al.90 Many of these studies indicate that ergothioneine is somehow involved in 

protection against oxidative stress. Other functions that could be attributed to ergothioneine 

is protection against metal stress and alkylating agents, and it has been shown to increase the 

virulence of Mycobacterium tuberculosis in mice. Similar roles were attributed to 

ergothioneine in fungi. However, the molecular mechanism of action of ergothioneine has not 

been understood yet. 

In 2010, Seebeck described the ergothioneine biosynthetic gene cluster (EgtA-E) and in vitro 

reconstitution of the ergothioneine biosynthesis was achieved.98 Ergothioneine biosynthesis 

starts with the N-α-trimethylation of histidine by the SAM-dependent methyltransferase EgtD 

to yield N-α-trimethylhistidine (TMH). This is followed by oxidative C-S bond formation 

between a cysteinyl substrate, either cysteine or γ-GC, and the C2 of the histidyl imidazole ring 

by the non-heme iron dependent sulfoxide synthase, EgtB. Subsequent C-S bond cleavage by 

the PLP-dependent lyase, EgtE, removes the cysteinyl amino acid moiety thereby yielding 

ergothioneine. If γ-GC is the sulfur donor, the glutamyl moiety of γ-GC must be cleaved by the 

N-terminal nucleophile (NTN) amidohydrolase EgtC prior to the C-S bond cleavage.  
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Genome analysis suggested that EgtD and EgtB are gene signatures for ergothioneine 

biosynthesis.90 The functions of the other ergothioneine biosynthetic enzymes can be covered 

by non-ergothioneine specific enzymes.  

In a study performed during this thesis, we were able to show that ergothioneine can be 

biosynthesized in an oxygen-independent way by anaerobic organisms. This work was 

published in the following paper: 

 

• Burn, R.; Misson, L.; Meury, M.; Seebeck, F. P. Angew. Chemie Int. Ed. 2017, 56 (41), 

12508. 

 

Genome mining revealed that EgtD sometimes occurs in the absence of any other 

ergothioneine biosynthetic genes, and also in the absence of EgtB. Most of these EgtDs 

neighbor a gene which encodes for a rhodanese-like sulfurtransferase. This gene cluster was 

found mainly in anaerobic organisms, such as the green sulfur bacterium Chlorobium limicola. 

Methyl transferase activity of recombinant Clim_1148, the EgtD homolog of C. limicola, was 

analyzed and shown to be specific for histidine with TMH as the main product. 

Clim_1149, a putative rhodanese-like sulfurtransferase, was also recombinantly produced in 

E. coli and tested for activity toward ergothioneine formation from TMH and a sulfur donor. 

Initial trials with sodium thiosulfate as sulfur donor resulted in very poor activity, but clearly 

showed ergothioneine formation. Therefore, the two enzymes were called ergothioneine 

anaerobic biosynthetic enzymes A and B (EanA and EanB). 

We could show that EanB can be isolated in a persulfidated form from E. coli. This gives the 

opportunity to measure single turnover kinetics. The measured turnover rate for the single 

turnover reaction was 0.5 s-1 and hence in a range with physiological relevance. 

The fact that EanB can be isolated in its persulfide form means that EanB must be persulfidated 

by an enzyme in E. coli. The most prominent enzyme responsible for sulfur activation in E. coli 

is the PLP-dependent cysteine desulfurase, IscS. Indeed, the use of IscS and cysteine as a sulfur 

delivery system allowed us to develop a steady state system with a kcat which matched the 

kturnover obtained from the single turnover reaction. The steady state reaction conditions were 

used to determine Michaelis-Menten parameters of EanB. 

To demonstrate that the reaction described in vitro is also relevant in vivo, Salinibacter ruber 

was cultivated and the ergothioneine concentration in the pellet was determined. S. ruber is 

an aerobic bacterium which contains the genes for EanA and EanB, but not for oxygen-

dependent ergothioneine biosynthesis. 

In this study, we could demonstrate that ergothioneine can be synthesized in an oxygen-

independent way. The fact that ergothioneine can be produced by anaerobic organisms raises 
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the question of the role of ergothioneine under anaerobic conditions – i.e. whether the origin 

of ergothioneine lies back in times before antioxidants were required and that it was 

repurposed after the great oxygenation event. The mechanistic peculiarities of EanB are 

discussed in Chapter 4. 

 

 

Figure 19. Anaerobic biosynthesis of ergothioneine. 

 

Author Contribution: 

• R. B. developed protocols for and performed the kinetic characterization of EanB and 

the isolation of ergothioneine from S. ruber. 
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4 Structural and mechanistic basis for anaerobic 

ergothioneine biosynthesis.  

As described in Chapter 1, direct enzymatic C-H bond to C-S bond functionalizations are 

rather rare. In Chapter 3, the discovery of the ergothioneine anaerobic biosynthetic enzyme, 

EanB, was described. EanB does perform such a direct C-H to C-S bond functionalization in an 

unprecedented way. In a study performed during this thesis, the mechanistic proposal of the 

C-S bond forming reaction catalyzed by EanB has been elucidated based on kinetic and 

structural data. The study was described in the following publication: 

 

• Leisinger, F.; Burn, R.; Meury, M.; Lukat, P.; Seebeck, F. P. J. Am. Chem. Soc. 2019, 141 

(17), 6906. 

 

During this study, three different structures of EanB were solved. The first structure was the 

apo form of EanB, the second, EanB with TMH bound in the active site, and the third structure 

was EanB with a persulfide on the active site cysteine. These structures revealed ten residues 

that make up the active site surface. Three of them form an aromatic box for the binding of the 

trimethyl ammonium cation. Two tyrosines form hydrogen bonds to the carboxylate of TMH. 

Four of the others are involved in a hydrogen bonding network, which connects to the 

substrate through a water molecule. The active site cysteine and the proposed catalytic acid 

and base tyrosine are also part of this network. 

All the kinetic characterizations were done with persulfidated EanB in a single turnover 

kinetic assay to assure that the observed perturbations result from the sulfur transfer reaction 

from EanB to TMH and from the EanB persulfidation reaction. 

To study the hydrogen bonding interactions in the active site, kinetic characterization of four 

mutants, each lacking a hydroxyl group, was performed. This confirmed the role of the two 

tyrosines in substrate binding and revealed a threonine and a tyrosine residue important for 

catalysis.  

To determine whether EanB binds the protonated or deprotonated form of TMH, a pH profile 

of the reaction was constructed. This revealed that EanB selectively binds the deprotonated 

form of TMH and hence protonation of TMH must be the first step during catalysis. 

Substrate and solvent kinetic isotope effects were measured to determine the rate-limiting 

step of the reaction. The absence of a kinetic isotope effect, with 2-D-TMH as a substrate, ruled 

out that the C-H bond cleavage is rate-limiting. The presence of a significant inverse solvent 

kinetic isotope effect is a strong indication that no exchangeable proton is transferred during 

the rate-limiting step and therefore protonation of the imidazole Nπ and attack of the 
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persulfide on the imidazole C2 are not coupled. Based on the structural and kinetic data, a 

mechanistic model was elucidated (figure 1). 

Additionally, a structural comparison with YnjE, the homolog of EanB found in E. coli, revealed 

that most active site residues involved in substrate binding and catalysis are conserved and 

that the active site architecture is mostly identical. The major difference between the two 

structures is the presence of an extra active site loop in EanB. This loop folds over the TMH 

binding site thereby closing the active site of EanB tightly. Due to the lack of this extra loop, 

the active site of YnjE is more open, and therefore could accommodate larger substrates. We 

are confident that our findings will assist in the assignment of functions to other 

sulfurtransferases homologous to EanB. 

 

Figure 20. Mechanism for the EanB catalyzed C-S bond formation. 

Author Contribution: 

• R. B. designed kinetic experiments, developed protocols for and performed the kinetic 

characterization of EanB, data analysis 
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Reprinted with permission from Leisinger, F.; Burn, R.; Meury, M.; Lukat, P.; Seebeck, F. P. J. 

Am. Chem. Soc. 2019, 141 (17), 6906. Copyright 2019 American Chemical Society. 
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5 Probing the Substrate-Substrate Interaction in Type I and 

Type II EgtB Catalysis 

5.1 Introduction 

The ergothioneine biosynthetic enzyme EgtB catalyzes oxidative carbon-sulfur bond 

formation between N-α-trimethyl histidine (TMH) and a cysteinyl substrate in aerobic 

ergothioneine biosynthesis (figure 21).84,87,98 Ergothioneine (1) is a 2-thioimidazole and N-α-

trimethylated derivative of histidine with antioxidant properties synthesized by a myriad of 

microorganisms.90,99 Although Ergothioneine’s antioxidant properties have been 

demonstrated in vitro, the precise mechanism of action in vivo is still not fully understood.99 

However, various studies indicate that ergothioneine has a cytoprotective role, while 

disruption of the ergothioneine biosynthetic pathway leads to an increased vulnerability 

toward oxidative stress.90,91 

 

 

   

Figure 21. Top: Aerobic biosynthesis of ergothioneine. Trimethylation of histidine by EgtD is the first step and common 
for all pathways. Type I EgtBs catalyze the C-S bond formation between TMH (2) and γGC and the subsequent 
sulfoxidation to form sulfoxide 3. The glutamyl moiety is cleaved by the NTN-hydrolase EgtC to form sulfoxide 4. Type 
II EgtBs catalyze the C-S bond formation between TMH (2) and cysteine and the subsequent sulfoxidation to produce 
sulfoxide 4. The amino acid moiety is eliminated in the final step by the PLP dependent lyase EgtE to form ergothioneine 
(1). Bottom left: Crystal structure of MthEgtB with bound DMH, γ-GC and manganese (4X8D). (Adapted from Stampfli 
et al.87). Bottom right: Crystal structure of CthEgtB with bound TMH (4QKJ). Cysteine is model into the structure based 
on the structure of MthEgtB with bound γ-GC and DMH (Adapted from Stampfli et al.87).  
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EgtB is a member of a new class of nonheme iron-dependent enzymes. Considering that 

catalyzed C-S bond formation and simultaneous sulfoxidation was unprecedented and that 

direct C-H to C-S bond transformations are not common, a special interest arose to understand 

the catalytic mechanism of EgtB. Different studies investigated the mechanistic peculiarity 

through the use of kinetic, structural and computational methods.84–86,100,101 Recent efforts by 

Stampfli et al.87 in understanding the catalytic mechanism of EgtB and its evolutionary origin 

resulted into the classification of EgtBs into five types. All types are expected to use TMH as 

the histidyl substrate. The main differences between the different types of EgtB are the 

primary structure, the cysteinyl substrate and the cysteinyl substrate binding mode. Type I 

EgtBs use γ-glutamyl cysteine (γGC) as a sulfur donor, type II-IV use cysteine and type V EgtBs 

use a currently unknown sulfur donor. The variability in substrates and their binding mode is 

interesting as enzymes with the same catalytic activity often share similar active site 

architectures and substrate binding modes.102 As suggested by Stampfli et al.87, the diversity 

indicates that the ancestral enzyme (type 0 EgtB) used a different sulfur donor. Perhaps when 

this substrate became scarce, enzymes had to adapt to use other available sulfur donors.  

Crystal structures of a type I EgtB from Mycobacterium thermoresistibile (MthEgtB) could be 

solved in the presence of N-α-dimethyl histidine (DMH) and γGC (bottom left, figure 21). The 

protein was crystallized with manganese in absence of iron to obtain an unreactive 

EgtB:Mn:DMH:γ-GC complex. In combination with kinetic experiments, this structure gave 

insight into the catalytic mechanism and binding mode of the substrates of MthEgtB.84 The 

structure suggested various important interactions between γ-GC and the EgtB:Mn:DMH 

complex. The cysteinyl moiety of γ-GC makes three interactions: (i) ion pairing of the 

carboxylate to R87 and R90, (ii) coordination of the thiolate to the active site Mn(Fe)-ion, and 

(iii) a hydrogen bond of the α-amino group to the carboxylate of DMH. In addition to that, there 

are two interactions from the glutamyl moiety: (i) a salt bridge of the α-aminogroup to D416 

and (ii) a salt bridge of the carboxylate to R420. The importance of the interaction of the 

glutamyl α-amino group to D416 has been demonstrated in a previous publication by 

Goncharenko et al.84 Both, the use of a substrate analog missing the glutamyl amino group, N-

glutaryl cysteine (NGC), and the use of a MthEgtBD416N mutant lead to a more than 100-fold 

increase of cysteinyl KM. NGC, on the other hand, had the higher affinity to the mutant than 

γGC. 

Recently, a structure of a type II EgtB from Chloracidobacterium thermophilium (CthEgtB) 

could be solved in presence of TMH (bottom right, figure 21).87 Unfortunately, no structure 

with cysteine bound could be solved. Cysteine was modeled into the CthEgtB:TMH complex 

based on the structure of MthEgtB:DMH:γ-GC. According to this model, cysteine is expected to 

make three interactions with the EgtB:TMH complex: (i) ion bonding of the carboxylate to 
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R106 and R103, (ii) coordination of the thiolate to the active site Fe-ion, and (iii) a salt bridge 

of the α-amino group to the carboxylate of TMH (bottom right, figure 21). However, no 

experimental data has been obtained to support this binding model yet.  

In this study we designed a series of substrate analogs to probe the role of the substrate-

substrate interaction for binding of the cysteinyl substrates to type I and type II EgtBs. 

Furthermore, we designed bisubstrates to demonstrate the central role of this interaction for 

binding and catalysis. These substrate analogs revealed that precise substrate positioning is 

essential for the sulfoxide synthase activity but less for the dioxygenase activity. 

5.2 Results  

5.2.1 Probing the Substrate-Substrate Interaction for Binding and Catalysis 

An analog of each substrate was designed to probe the substrate-substrate interaction (top,  

figure 22). An amide derivative of TMH (TMHA, figure 22), an α-hydroxy derivative of 

cysteine (CysOH, figure 22) and an ester derivative of γ-GC (γ-GC-ester, figure 22) were 

synthesized. Turning the carboxylate of TMH into an amide turns a good hydrogen bond 

acceptor into a good hydrogen bond donor and acceptor. Since the negative charge carboxylate 

is removed, TMHA cannot form a salt bridge with cysteinyl carboxylate. Replacing the amino 

group of cysteine with a hydroxy group basically leads to the same result. The hydroxy group 

is a hydrogen bond donor and acceptor but cannot form a salt bridge. On the other hand, 

replacing the amide of γ-GC with an ester turns a good hydrogen bond donor into a poor 

hydrogen bond acceptor.103  

 

 

  

   

Figure 22. Top: Substrates analogs used for probing the substrate-substrate interactions of MthEgtB and CthEgtB. 
Bottom left: Substrate pairs for MthEgtB. Bottom right: Substrate pairs for CthEgtB. 
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Table 1. Michaelis-Menten parameters for CthEgtB and MthEgtB with natural substrates and analogues. 

Complex Enzyme Donor Acceptor KM, donor  
[x 10-6 M] 

kcat, sulfoxide  
[s-1] 

kcat/KM 

[s-1M-1] 
1A MthEgtB γGC TMH 32 ± 2 0.63 ± 0.014 19000 ± 

1500 
1B MthEgtB γGOC TMH 2400 ± 300 0.34 ± 0.024 140 ± 30 
1C MthEgtB γGC TMHA 5400 ± 1300 0.1 ± 0.01 19 ±  5 
1D MthEgtB γGOC TMHA - - 29 ± 1 
2A CthEgtB Cysteine TMH 40 ± 3 0.057 ± 0.001 1400 ± 110 
2B CthEgtB CysOH TMH 680 ± 70 0.0099 ± 0.0003 15 ± 2 
2C CthEgtB Cysteine TMHA 1200 ± 200 0.0056 ± 0.0004 4.7 ± 0.9 
2D CthEgtB CysOH TMHA 79 ± 34 0.024 ± 0.04 310 ± 140 

The different substrate combinations result in the formation of different types of substrate-

substrate interactions. The substrate pairs for MthEgtB are depicted in figure 22, bottom left. 

1A (MthEgtB:TMH:γ-GC) is the native substrate pair with an expected strong inter-substrate 

hydrogen bond. No hydrogen bonding is possible in 1B (MthEgtB:TMH:γ-GC-ester) as there is 

no hydrogen bond donor for this substrate combination. In contrast, a hydrogen bond between 

the two substrates is possible in 1C (MthEgtB:TMHA:γ-GC) and 1D (MthEgtB:TMHA:γ-GC-

ester). In 1C a strong hydrogen bond could be formed, while only a very weak hydrogen bond 

a is expected for 1D, as the single bonded oxygen of γ-GC-ester is a poor hydrogen bond 

acceptor. 

The substrate pairs for CthEgtB are depicted in figure 22, bottom right. Again, 2A (CthEgtB: 

TMH:Cysteine) is the native substrate pair with an expected strong salt bridge. In all other 

cases (2B-2D), the salt bridge is turned into a hydrogen bond. 

The catalytic activity of all the different substrate pairs was characterized using the 

established HPLC-based kinetic assay described in previous publications (table 1).84,87,104 

Reaction products were analyzed by IE-HPLC, NMR and HRMS. The kcat for sulfoxide 

production and the KM for the cysteinyl substrate were determined at saturating concentration 

of the histidyl substrate and varying concentrations of the cysteinyl substrate.  

Michaelis-Menten kinetics were measured to probe the role of the substrate-substrate 

hydrogen bond in MthEgtB (table 1). The kinetic parameters for the native substrate pair (1A) 

were measured first and are in agreement with previously measured data.84 The KM for the 

thiol substrates increases 100-fold when the γ-GC-ester was used in combination with TMH 

(1B). This effect was expected as the substrate pair is missing a hydrogen bond donor. When 

TMHA was used in combination with γ-GC (1C) a similar change in KM (200-fold) was 

observed. In fact, a hydrogen bond between these two substrates is possible and the 200-fold 

increase in KM is higher than expected. A hydrogen bond between the amide of TMHA and the 

oxygen of the ester can be formed when the two substrate analogs are paired (1D). This 

hydrogen bond is expected to be weaker than the original amide to carboxylate hydrogen 
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bond, as the lone pairs of the ester oxygen are delocalized into the carbonyl oxygen. No full 

catalytic characterization could be obtained for this substrate pair as inhibition by the γ-GC-

ester was observed at high concentrations. Nevertheless, the catalytic efficiency (kcat/KM) was 

determined to be in the same range as the catalytic efficiency for the other two non-native 

substrate pairs. 

Michaelis-Menten parameters were also determined for the different substrate pairs of 

CthEgtB (table 1). As for MthEgtB, the native substrate pair was measured first (2A) and the 

obtained data is in good agreement with previously measured data.87 A more than tenfold 

increase in KM was observed when CysOH was used in combination with TMH (2B). An even 

larger increase of KM (30-fold) was observed when TMHA was used in combination with 

cysteine (2C). The combination of the two substrate analogs (2D) resulted in a two-fold 

increase of KM for CysOH compared to cysteine in the natural substrate pair.  

For CthEgtB, an effect on kcat could be observed in a similar range as the effect on KM, indicating 

that the strength of the bond between the two substrates has an influence on catalysis. A 

possible explanation is that salt bridges are generally shorter than hydrogen bonds and 

therefore the ternary complex might be perturbed.105 A decrease of kcat was observed to a 

smaller extent for MthEgtB. The glutamyl moiety of the γ-GC substrates could lock the 

substrate tighter into the active site. Even if the substrate-substrate interaction is weakened, 

the position of the thiolate might not change.  

EgtBs produce cysteine dioxide as a side product. The dioxygenation reaction is assumed to be 

more facile than the sulfoxide synthase reaction and only a specific active site configuration 

can channel the reaction towards the sulfoxide formation.87 Perturbing the active site can 

result in derailing the reaction towards dioxide formation.85,87 Hence, the ratio between the 

two products is an important parameter to judge if Michaelis-Menten complex is impaired. 

Therefore, the product distributions were assessed by 1H NMR for the native substrate pair 

(2A, figure 22) and the two substrate analog pair of CthEgtB (2D, figure 22). Indeed, the 

product distribution is unaffected in the CthEgtB:TMHA:CysOH complex (2D). 

 

Figure 23. Reaction scheme with the linked substrates. The imidazole moiety and the thiolate were separated by 
different length alkyl chains (2-4 carbons). For the shortest substrate (2 carbons, 7) no reaction was observed for either 
enzyme. 
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Table 2. Michaelis-Menten parameters for CthEgtB and MthEgtB with the linked substrates. 

Enzyme Substrate KM 
[x 10-6 M] 

kcat, sulfoxide 
[s-1] 

kcat, sulfinic acid 
[s-1] 

kcat/KM 

[s-1M-1] 
Sulfoxide/ 
Producttotal 

CthEgtB 5 75 ± 3 0.13 ± 0.002 0.03a 1700 ± 100 0.8 
CthEgtB 6 12 0.0021 ± 0.0001 0.01a 670 ± 200 0.2 
CthEgtB 7 no reaction observed  
MthEgtB 5 240 ± 20 0.0005b 0.020 ± 0.001 83 ± 12 0.03 
MthEgtB 6 180 ± 10 0.019 ± 0.002 0.08a 100 ± 3 0.2 
MthEgtB 7 no reaction observed 

a Values were estimated from the measured rate of sulfoxide production and the observed product distribution. b 
Value was estimated from the measured rate of sulfinic acid production and the observed product distribution. 

5.2.2 Bisubstrate analogs as substrates for EgtB 

Bisubstrates are conjugated fragments making interactions between two binding sites of a 

multisubstrate enzyme.106 Bisubstrate compounds are often used as enzyme inhbitors, having 

the advantage to make more interactions than a single site inhibitor. Additionally, the entropic 

penalty for binding a single substrate is smaller than the penalty for binding two substrates. 

Motivated by the finding that good binding and proper catalysis can be achieved with different 

types of substrate-substrate interactions we hypothesized that the non-covalent substrate 

interaction could be converted to a covalent bond, creating a bisubstrate analog, without 

perturbing binding and catalysis. The simplest bisubstrates are aminoalkylthiols linked 

through an amide bond to the carboxylate of TMH. The crystal structure of MthEgtB with 

bound substrates reveals a distance between the carbonyl carbon of TMH and the thiolate of 

cysteine which corresponds to the length which can be spanned by four methylene groups 

(5, figure 23). Additionally, two shorter bisubstrates were synthesized, one linked through 

three methylene groups (6) and one linked through two methylene groups (7). The shorter 

linker should increase the strain on the bicyclic system formed during catalysis, thereby 

perturbing the reaction. Kinetic parameters for the bisubstrates were determined for both 

EgtB variants by the same HPLC-kinetic assay previously described. Product distributions 

were determined by 1H NMR (table 2). 

The four-carbon linked substrate (5) is a good substrate for CthEgtB with a kcat (0.13 s-1) 

similar to the genuine substrates. The KM increases only two-fold (to 75 µM) compared to the 

KM of cysteine and TMH. Furthermore, the product distribution is identical, judging by NMR 

and HPLC. The reaction becomes strongly perturbed when the linker is one methylene group 

shorter (three-carbon linked substrate, 6). Both, the kcat, sulfoxide (0.003 s-1) and the product 

distribution (20% sulfoxide) are affected. In contrast the KM is decreased six-fold (12 µM). No 

reaction could be observed when the two-carbon linked substrate (7) was used. 
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Figure 24. Top left: Pre steady state kinetics with1 µM CthEgtB and 1 mM bisubstrate 5. Addition of 1 eq. of CthEgtB after 
41 min. Top right: control, water added after 41 min. Bottom: Pre steady state kinetics with different concentrations of 
CthEgtB and 1 mM bisubstrate 5, [CthEgtB] = 0.5 µM, 1 µM or 2 µM. 

The same reactions were performed with MthEgtB. The four-carbon (5) and the three-carbon 

linked (6) analogs are substrates. The KM’s are five-fold larger than for the genuine substrates, 

which is reasonable as the whole glutamyl moiety is missing, which makes several important 

interactions to the enzyme for γ-GC.84 Furthermore, the kcat, sulfoxide for both substrates are 30-

1000-fold lower than observed for the MthEgtB:TMH:γ-GC complex and the product 

distribution is shifted towards the sulfinic acid for both substrates (3% sulfoxide for 5, 20% 

sulfoxide for 6). Again, no reaction was observed for the two-carbon linked analog (7). 

As described above, the four-methylene group linked substrate (5) is a good substrate for 

CthEgtB. However, a burst phase was observed at the beginning of the reaction, during which 

approximately 15 equivalents of sulfoxide, relative to the enzyme concentration, are formed. 

The reaction rate is reduced by ten-fold after this burst phase. To test whether the inactivation 

is due to product inhibition, fresh enzyme was added to the reaction after 40 minutes. A second 

burst could be observed with almost identical parameters as the initial burst (top, figure 24). 

Hence, product inhibition can be ruled out. Additionally, the reaction was run with different 

enzyme concentrations to see if inactivation is dependent on the enzyme concentration 

(bottom, figure 24). The inactivation rate is independent of the enzyme concentration. One 
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reason for the inactivation could be that the enzyme gets modified during catalysis. To test this 

hypothesis the enzyme was incubated with and without substrate 5 and analyzed by HRMS in 

attempts to detect any covalent modifications on the protein. However, no modifications could 

be observed, ruling out an irreversible modification of the enzyme. 

5.3 Discussion 

5.3.1 Substrate-substrate interaction 

The kinetic data for MthEgtB with the substrate analogs revealed some important points. As 

expected, the γ-GC-ester has a low affinity for both the EgtB:TMH and EgtB:TMHA complexes. 

This strongly supports the idea that the intersubstrate hydrogen bond is important for the 

binding of γ-GC. The absence of a hydrogen bond donor or acceptor cannot be compensated 

by the other interactions between the substrate and the enzyme. More surprising was the low 

affinity of γ-GC for the EgtB:TMHA complex as amides are in general excellent hydrogen bond 

acceptors. Amide-amide hydrogen bonds are common and essential for defining protein 

secondary and tertiary structure.107 An explanation for the low affinity of γ-GC to the 

EgtB:TMHA complex could be that TMHA tries to align the dipole of the amide functional group 

with the trimethyl ammonium group thereby forming a polar interaction between the 

polarized methyl group of the trimethylammonium and the amide carbonyl (A, figure 25). 

This would lead to a EgtB:TMHA complex in which the amide NH2 would point toward the 

cysteinyl binding sight so that the two hydrogen bond donors would face each other. 

In contrast, kinetic data for CthEgtB is more surprising. As previously mentioned, all the 

different substrate pairs can form intersubstrate hydrogen bonds. Generally, it is not trivial to 

predict hydrogen bond strength, but it is expected that a salt bridge is strong.105 The fact that 

a similar binding affinity has been observed for a normal hydrogen bond between an alcohol 

and an amide as for the native salt bridge and a lower affinity was observed for the two pairs 

where a charged to polar residue hydrogen bond can be formed could be explained in two 

ways. A similar explanation as for MthEgtB could be used. The TMHA might prefer a 

conformation in which the negatively polarized carbonyl interacts with the polarized 

hydrogen of the trimethyl ammonium group and the hydrogen bond donor would point 

toward the cysteine binding site. Hence, no interaction with the cysteine ammonium group 

would be possible (B, figure 25). In the CthEgtB:TMH:CysOH complex, CysOH should be the 

hydrogen bond donor. The hydrogen of the alcohol is expected to interact with the carboxylate 

forming a five membered ring (C, figure 25). The intramoleculare hydrogen bond should 

become stronger when CysOH enters the active site and thereby is desolvated. This leaves no 

hydrogen bond donor for the substrate-substrate hydrogen bond and therefore the increase  
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Figure 25. Possible interactions of TMHA and CysOH substrate analogs that could explain the lower affinities. 

of KM could be explained. The EgtB:TMHA:CysOH complex could still form a substrate-

substrate interaction (D, figure 26), with the hydrogen bond donor and acceptor swapped. 

Another possible explanation for higher affinity of the cysteinyl substrate in the 

EgtB:TMHA:CysOH complex comparing to the affinity in the EgtB:TMH:CysOH and 

EgtB:TMHA:Cys complexes is that the penalty for burying a charge in the hydrophobic 

environment of a protein is usually large and hence the pairing of two opposite charges is 

advantageous and results in strong interactions. Removing the charge completely removes the 

energetic penalty and a stronger bonding is achieved (D, figure 25).107,108 

The data indicates that the interaction between the two substrates contributes an important 

part to the binding of the cysteinyl substrate for both enzymes. Perturbing this interaction 

increases the Km of the cysteinyl substrate to physiologically irrelevant concentrations and 

thereby contributes to prevent binding of the cysteinyl substrate prior to TMH binding, which 

would lead to substrate inhibition. 

The fact that replacement of the salt bridge by a covalent bond can almost compensate for the 

lack of the other interactions underlines the importance of this bond. CthEgtB does not require 

any additional ion pairing of the cysteine carboxylate to R103 and R106 to form a productive 

complex. On the other hand, the covalent bond cannot fully compensate for the loss of the 

whole glutamyl moiety. Both, the kcat, sulfoxide and the KM are worse than for the native substrates. 

Considering that the addition of these interaction could increase the affinity of the bisubstrates 

by an order of magnitude or more, the bisubstrates are a good template for the design of potent 

inhibitors of EgtB. Such inhibitors could be used for co-crystallization with CthEgtB. 

5.3.2 Precise substrate positioning is essential for sulfoxide synthase activity 

The mutation of the catalytic tyrosine (Y377) of MthEgtB to a phenylalanine lead to 

inactivation of the sulfoxide synthase activity with concomitant acceleration of the 

dioxygenase activity.85 The same was observed when catalytic tyrosine (Y93) of CthEgtB was 

mutated to a phenylalanine. This effect is attributed to the changed polarity around the oxygen 

binding site and the absence of the catalytic acid which is responsible for protonation of the 

superoxide.87,104 Another study investigated the cysteine dioxygenase activity with histidyl 

substrates which are blocked at the 2-position (2-amino or 2-methylhistidine).109 This study 

shows that the shutdown of the sulfoxide synthase pathway does not lead to an increase of the 
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dioxygenase activity. The linked substrates provide another system which perturbs the 

sulfoxide synthase activity more than the dioxygenase activity. The system is especially 

interesting since the enzyme and the reactive moieties (thiol and imidazole) are unchanged. 

The formation of an initial reactive enzyme/substrate complex (EgtB:Fe:TMH:cysteinyl 

substrate:O2) and the formation of a superoxide radical is the basis of all current mechanistic 

proposals. In the catalytic model proposed for CthEgtB by Stampfli et al.87, a preequilibrium 

between the superoxide radical (1, figure 26) and the hydroperoxyl anion/thiyl radical (2, 

figure 26) exists. The subsequent C-S bond formation to produce a thioether intermediate (3, 

figure 26) is assumed to be irreversible. A proton transfer (PT) from the imidazole C2 to the 

tyrosine (4, figure 26) and subsequent oxygen atom transfer (OAT) lead to the product 

sulfoxide (5, figure 26). Direct oxygen atom transfer (6, figure 26) from the superoxide 

radical complex (1, figure 26) leads to dioxygenation via the CDO pathway.86 

A change in the bisubstrate linker length perturbed the sulfoxidation reaction much stronger 

than the dioxygenation reaction. This indicates that the decrease of kcat, sulfoxide does not result 

from a perturbation of the formation reactive complex and oxygen activation, otherwise both 

reactions should be affected identical. Furthermore, the ratio between the two products is 

defined by the equilibria before the first irreversible steps after bifurcation of the pathway and 

the rates of these first irreversible steps. Everything which happens after these first 

irreversible steps cannot influence the product ratio and therefore must influence both 

pathway identically.109 Assuming that C-S bond formation is the first irreversible step after 

bifurcation of the pathways, a decreased rate of the steps which follow later should decrease 

the rate of both reactions, the sulfoxidation and the dioxygenation. Hence, the only way to 

observe a much stronger decrease in the sulfoxidation rate compared to the dioxygenation 

rate is to perturb the first irreversible step after bifurcation, which is assumed to be the C-S 

bond formation. The perturbation of this step could result from the unprecise positioning of 

the thiyl radical and the imidazoyl ring. The C-S bond can only be formed when the sulfur and 

the imidazoyl C2 are proper aligned. Changing the linker length would lead to different binding 

angles which could result in less efficient C-S bond formation. 

In MthEgtB C-S bond formation is more efficient if the linker is shorter. This might be due to 

the loss of flexibility. The lack of the glutamyl moiety introduced more flexibility to the 

substrate which might lead to difficulties for precise substrate positioning. The shorter the 

linker, the more strained is the system and the lower the flexibility. The initial hypothesis was 

that increasing strain in the formed bicyclic intermediate increases the energy for the proton 

abstraction, since proton abstraction leads to aromatization and should increase the ring 

strain even further. This is rather unlikely, as an increase of kcat, sulfoxide was observed for 

MthEgtB when the linker length was decreased. 
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Figure 26. Suggested model for the bifurcation of the reactions catalyzed by EgtB. A small effect on the rate of dioxide 
formation was observed compared to the effect on the rate of the sulfoxide formation. This indicates that the pre-
equilibrium is hardly changed, however the irreversible C-S bond formation is slowed down. A possible explanation for 
this is that even though the thiyl radical is formed, the C-S bond cannot be formed due to unprecise positioning sulfur 
atom relative to the C2 of the imidazole ring. 

5.3.3 Inactivation of CthEgtB by the linked substrate 

The observed inactivation of the enzyme is an interesting aspect and reflects the complexity 

of EgtB catalysis. The simplest explanation for a burst phase is slow product release. This is 

visualized on the kinetic mechanism of an enzyme with one substrate and two products 

(figure 27). The product ratio P/Q is determined by the microscopic rate constants k3-k8. The 

microscopic rate constants k9-k12 influence the overall rate of both reactions. A burst phase for 

P can be observed if k10-k12 are rate limiting. If k10 is rate limiting, a lag phase for Q is observed 

while the burst phase of P has the magnitude of P/Q*Etot. If k12 is rate limiting, there is a burst 

phase for both products. During the burst phase Q accumulates to the concentration Etot and P 

to P/Q*Etot. There is also a burst phase for both products if k11 is rate limiting, however, the 
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magnitude of P formed during the burst phase would only be equal to the concentration Etot 

and the magnitude of Q formed during the burst phase would be Q/P*Etot.110 Hence, the release 

of the sulfoxide and sulfinic acid cannot be rate limiting. If the release of the sulfoxide is rate 

limiting, only one equivalent of sulfoxide regarding the concentration of EgtB can be formed 

during the burst phase. If the release of the sulfinic acid is rate limiting, the formation of 

approximately four equivalents of sulfoxide product regarding the enzyme concentration is 

expected during the burst phase. The observed amount exceeds this by a factor of three.  

Another possibility could be, that another side reaction occurs, which we have not been able 

to observe. This could be a reversible off pathway or irreversible modification of the enzyme 

(hydroxylation of one of the active site tyrosines). Irreversible protein modification could not 

be observed and therefore a reversible modification is the most likely. 

 

Figure 27. Kinetic mechanism of an enzyme with one substrate and two products. 

5.4 Conclusion 

Using numerous substrate analogs, we were able to highlight the importance of the substrate-

substrate interaction in MthEgtB and to provide evidence to support the model for cysteine 

binding to the CthEgtB:TMH complex. Furthermore, the use of bisubstrates consolidated the 

importance of this intersubstrate bonding. Additionally, these bisubstrates gave an insight into 

the importance of substrate alignment to get maximal sulfoxide synthase activity. 

Furthermore, the four-carbon linked substrate is an interesting tool which could replace the 

two mono-substrates as a bi-substrate and can serve as a template for the design of even better 

binding substrates or inhibitors. Such compounds could be useful to inhibit ergothioneine 

biosynthesis in vivo or as potential substrates for co-crystallization with EgtB types of which 

no cysteinyl structure with bound substrates yet exist. 
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5.5 Experimental Part 

Synthesis 

General. All reagents used were purchased from commercial sources and used without 

further purification. All solvents used in reactions were purchased in HPLC-grade quality and 

used as such. Dry solvents were purchased in HPLC-grade quality and used as such. 

Chromatographic purifications (flash) were performed with SiliaFlash P60 from Silicycle (40-

63 um; (230-400) mesh). NMR spectra were acquired on a Bruker 400 MHz or a Bruker 500 

MHz instrument. 1H and 13C chemical shifts are quoted relative to solvent signals unless for 

13C NMRs in D2O t-butanol was added as internal standard. ESI-MS spectra were obtained were 

obtained on a Bruker Esquire3000plus spectrometer by direct injection in positive polarity of 

the ion trap detector. 

 

Figure 28. Synthesis of γGC-ester, CysOH, TMH and TMHA.  

 

(R)-3-chloro-2-hydroxypropanoic acid (13). The procedure was adopted from the one 

published by Gerfaud et al.111 A two necked round bottom flask equipped with a magnetic 

stirring bar, a reflux condenser, and an addition funnel was charged with 3-chloro-1,2-
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propanediol (5.00 g, 45.2 mmol, 1.0 eq.). The top of the condenser was fitted with a vacuum 

adapter which was connected to two washing bottles, the first empty to prevent the washing 

solution from being sucked into the reaction mixture, second with 100 ml 3 M NaOH aqueous 

solution cooled to 0°C to quench the acidic vapors. The addition funnel was charged with nitric 

acid (15.0 ml, 70% aqueous solution) and sealed with a septum. The flask and its content was 

heated to 80°C and some drops of nitric acid were added to initiate the reaction. After a few 

minutes dark orange-brown vapor arose. The remaining nitric acid was added over 10 min. 

Then the temperature of the oil bath was increased to 105 °C and the mixture was stirred for 

additional 3 hours at reflux. During this time, nitrogen was flushed through the apparatus via 

a needle through the septum of the addition funnel to ensure that all acidic vapors are bubbled 

through the NaOH solution. Then the oil bath was removed and when the mixture reached 

room temperature sodium bicarbonate (3.15 g) dissolved in water (18.0 ml) was added slowly 

to partially neutralize the nitric acid. The aqueous layer was saturated with NaCl and extracted 

with ethyl acetate (7 x 30 ml). The combined organic layers were dried over sodium sulfate. 

The solvent was evaporated by rotary evaporation (60 °C water bath temperature) and under 

high vacuum. The crude was recrystallized from boiling chloroform (70 ml). Crystals were 

collected by filtration to obtain the title compound as white, bright solid (2.57 g, 20.6 mmol, 

46%). 1H NMR (400 MHz, methanol-d4, δ/ppm) 4.43 (t, J = 4.2 Hz, 1H), 3.82 (dd, J = 4.2, 0.6 

Hz, 2H). 

 

(R)-2-hydroxy-3-(tritylthio)propanoic acid (14). The procedure was adopted from the one 

published by Wisniewski et al.112 To a stirred solution of 13 (500 mg, 4.02 mmol, 1 eq.) 

dissolved in dry tetrahydrofuran (15 ml) sodium hydride (338 mg, 8.44 mmol, 2.1 eq.) was 

added portion wise at 0 °C. The mixture was stirred 5 minutes and then triphenylmethanethiol 

(1220 mg, 4.42 mmol, 1.1 eq.) was added portion wise. The cooling bath was removed, and the 

mixture was stirred overnight at room temperature. Then the solvent was removed in vacuco 

and the residue was 62ichlorom between water (25 ml) and ether (25 ml). The aqueous phase 

was washed with ether (2 x 25 ml), acidified with 1 M HCl and extracted with ethyl acetate (3 

x 75 ml). The combined organic layers were dried over sodium sulfate. The solvent was 

evaporated in vacuo to yield the title compound as a white solid (1.38 g, 3.77 mmol, 93%). 1H 

NMR (400 MHz, CDCl3, δ/ppm) 7.70 – 6.94 (m, 15H), 3.83 (dd, J = 7.3, 4.2 Hz, 1H), 2.77 (dd, J 

= 13.2, 4.2 Hz, 1H), 2.68 (dd, J = 13.2, 7.4 Hz, 1H). ESI MS: expected mass: [M-H]-=363.1, found: 

[M-H]-=363.0 

 

tert-butyl (R)-2-hydroxy-3-(tritylthio)propanoate (15). To a stirred solution of 14 (1.30 g, 

3.57 mmol, 1.0 eq.) in ethyl acetate (18 ml) was added tert-butyl 2,2,2-trichloroacetimidate 
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(1.30 ml, 7.14 mmol, 2.0 eq) in cyclohexane (7.0 ml). The mixture was stirred overnight then 

the mixture was diluted with ethyl acetate and washed with sat. sodium bicarbonate (aq.), 

water and brine. The organic layer was dried over sodium sulfate and the solvent was removed 

in vacuo. The crude was purified by column chromatography (cyclohexane/ethyl acetate 9:1) 

to yield the title compound as white solid (590 mg, 1.40 mmol, 39%). 1H NMR (400 MHz, 

DMSO-d6, δ/ppm) 7.46 – 7.14 (m, 16H), 5.57 (d, J = 6.0 Hz, 1H), 3.84 – 3.61 (m, 1H), 2.37 – 

2.23 (m, 2H), 1.33 (s, 9H). 13C NMR (126 MHz, MeOD, δ/ppm) 173.4, 146.1, 130.8, 128.9, 

127.8, 82.8, 71.4, 67.7, 37.5, 28.2. ESI MS: [M+Na]+ calculated: 443.17, found: 443.11. 

 

Synthesis of compound 16.113 To a stirred solution of 15 (50 mg, 0.119 mmol, 1.3 eq.) and 

Boc-Glu-t-Bu (28 mg, 0.092 mmol, 1.0 eq.) in dry dichloromethane (0.55 ml) was added DCC 

(20 mg, 0.096 mmol, 1.05 eq.) and DMAP (a tip of a spatula). After 3 hours the precipitate was 

filtered off and the filtrate was diluted with dichloromethane (10 ml), washed with sodium 

hydrogen sulfate (1 M, aq.) and dried over sodium sulfate. The solvent was removed in vacuo. 

The crude was purified by column chromatography (cyclohexane/ethyl acetate 9:1) to yield 

the product as a colorless oil (32.0 mg, 0.045 mmol, 50%). 1H NMR (400 MHz, CDCl3, δ/ppm) 

7.53 – 6.95 (m, 15H), 5.09 (d, J = 8.5 Hz, 1H), 4.61 (dd, J = 8.7, 3.9 Hz, 1H), 4.25 – 4.16 (m, 1H), 

2.69 (dd, J = 13.1, 8.7 Hz, 1H), 2.57 – 2.37 (m, 3H), 2.24 – 2.09 (m, 1H), 1.91 (dddd, J = 14.1, 9.8, 

8.4, 5.8 Hz, 1H), 1.45 (s, 9H), 1.43 (s, 9H), 1.37 (s, 9H). 13C NMR (126 MHz, MeOD, δ/ppm) 

173.3, 173.0, 169.1, 158.0, 145.7, 130.7, 129.1, 128.0, 83.8, 82.8, 80.5, 73.1, 68.2, 54.9, 34.1, 

31.0, 28.8, 28.2, 27.8. ESI MS: [M+Na]+ calculated: 728.32, found: 728.26 

 

Synthesis of γ-glutamyl cysteine ester derivative (γ-GC ester).114 A round bottom flask was 

charged with 16 (649 mg, 0.919 mmol, 1.0 eq.) under nitrogen atmosphere. To this solution 

was added propanethiol (2.0 ml), triethylsilane (0.3 ml) and trifluoroacetic acid (2.0 ml). The 

mixture was stirred overnight at room temperature. The solvent was removed under reduced 

pressure and co-evaporated with toluene (3 x 2.0 ml). The residual was suspended in water 

(5.0 ml) and washed with dichloromethane (3 x 5.0 ml). Then the aqueous phase was 

lyophilized. The product was isolated as white solid (332 mg, 0.91 mmol, 99%). 1H NMR (400 

MHz, D2O, δ/ppm) 5.01 (dd, J = 5.9, 4.3 Hz, 1H), 3.82 (dd, J = 6.9, 5.9 Hz, 1H), 2.99 – 2.87 (m, 

2H), 2.72 – 2.51 (m, 2H), 2.33 – 1.97 (m, 2H). 13C NMR (101 MHz, D2O, tert-BuOH as internal 

standard, δ/ppm) 175.6, 174.6, 174.4, 76.82, 54.5, 30.6, 26.1, 26.0. ESI MS: [M+H]+ calculated: 

252.05, found: 251.92 

 

Synthesis of α-hydroxycysteine.114 A round bottom flask was charged with 15 (300 mg, 

0.713 mmol, 1.0 eq.) under nitrogen atmosphere. Thereto was added propanethiol (1.0 ml), 
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triethylsilane (0.1 ml) and TFA (1.0 ml). The mixture was stirred overnight at room 

temperature. The solvent was removed under reduced pressure and co-evaporated with 

toluene (3 x 2.0 ml). The residual was washed with dichloromethane. Then the aqueous phase 

was removed in vacuo. The product was isolated as white solid (16 mg, 0.07 mmol, 10%). 1H 

NMR (400 MHz, D2O, δ/ppm) 4.47 (dd, J = 5.4, 4.2 Hz, 1H), 3.00 – 2.82 (m, 2H). 13C NMR (126 

MHz, MeOD, δ/ppm) 175.6, 72.6, 29.3. ESI MS: [M-H]- calculated: 121.00, found: 121.03 

 

Synthesis of N-α-dimethylhistidine (17): To a stirred solution of histidine (1000 mg, 

6.44 mmol, 1.0 eq.) dissolved in 500 mM acetate buffer pH 5 (40 ml) was added formaldehyde 

(37%, 2.42 ml,32.2 mmol, 5.0 eq.). The mixture was cooled to 4°C. Then sodium 

cyanoborohydride (1210 mg, 19.3 mmol, 3.0 eq.) was added portion wise. The mixture was 

stirred for 1 hour at room temperature then the mixture was acidified to pH 1 by addition of 

2 M HCl. The mixture was loaded on an ion exchange resin (DowX50RW50-100), washed with 

water and eluted with 100-1000 mM NH4OH. The water was evaporated under reduced 

pressure to yield 17 as white solid (1180 mg, 6.44 mmol, 100%). 1H NMR (400 MHz, 

Deuterium Oxide, δ/ppm) 7.69 (d, J = 1.2 Hz, 1H), 7.00 (s, 1H), 3.79 (t, J = 6.5 Hz, 1H), 3.20 

(dd, J = 6.5, 0.8 Hz, 2H), 2.83 (s, 6H). 

 

Synthesis of TMH: 17 (710 mg, 3.88 mmol, 1.0 eq.) was dissolved in methanol (16 ml). The 

pH was adjusted to 9 by addition of ammonium hydroxide. Then iodomethane (0.34 ml, 

5.43 mmol, 1.4 eq.) was added. The reaction was stirred over night at room temperature. Then 

the solvent was evaporated. The crude was dissolved in water and run through an anion 

exchange column to remove the iodine. The solid residue was recrystallized from ethanol after 

evaporation of the solvent to yield TMH as a white solid (220 mg, 3.88 mmol, 29%).1H NMR 

(400 MHz, Deuterium Oxide, δ/ppm) 7.87 (d, J = 1.3 Hz, 1H), 7.04 (d, J = 1.0 Hz, 1H), 3.90 

(dd, J = 11.1, 4.4 Hz, 1H), 3.41 – 3.19 (m, 11H). 

 

Synthesis of N-α-dimethyl histidine amide (18): To a stirred solution of histidine amide 

dihydrochloride (5.00 g, 22.5 mmol, 1.0 eq.) dissolved in 500 mmol acetate buffer pH 5 

(100 ml) was added formaldehyde (37%, 8.45 ml, 112 mmol, 5.0 eq.). The mixture was cooled 

to 0 °C and sodium cyanoborohydride (4.24 g, 67.5 mmol, 3.0 eq.) was added portionwise. The 

mixture was stirred for 2 hours at room temperature then the mixture was acidified to pH 1 

by addition of 2 M HCl. The mixture was then loaded on an cation exchange resin 

(DowX50RW50-100), washed with water and eluted with 100 mM NH4OH. The water was 

evaporated under reduced pressure to yield 18 as white solid (3.30 g, 18.1 mmol, 80%).1H 

NMR (400 MHz, Deuterium Oxide, δ/ppm) 7.64 (d, J = 1.2 Hz, 1H), 6.89 (s, 1H), 3.35 (dd, J = 
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10.0, 5.6 Hz, 1H), 2.96 (dd, J = 15.0, 10.0 Hz, 1H), 2.90 (ddd, J = 15.0, 5.6, 0.9 Hz, 1H), 2.32 (s, 

6H). ESI MS: [M+H]+ calculated: 183.12, found: 183.0 

 

Synthesis of Nτ-tosyl-N-α-dimethyl histidine amide (19): To a stirred suspension of 18 

(3300 mg, 18.1 mmol, 1.0 eq.) in chloroform (100 ml) was added triethylamine (10.2 ml, 

72.4 mmol, 4.0 eq.) and TsCl (6900 mg, 36.2 mmol, 2.0 eq.). The mixture was stirred until clear 

(0.5 h) and then the solvent was evaporated under reduced pressure. The solid residue was 

suspended in water and acidified with 2 M HCl. The aqueous phase was washed with 

dichloromethane, then basified with sodium hydrogen carbonate and extracted with 

dichloromethane. The solvent was removed under reduced pressure. Pure 19 was obtained 

without further purification (5000 mg, 18.1 mmol, 82%). 1H NMR (400 MHz, Chloroform-d, 

δ/ppm) δ 7.90 (d, J = 1.4 Hz, 1H), 7.82 – 7.77 (m, 2H), 7.38 – 7.31 (m, 2H), 7.12 (q, J = 1.0 Hz, 

1H), 6.74 (s, 1H), 5.26 (s, 1H), 3.38 (dd, J = 7.5, 5.5 Hz, 1H), 3.03 (dd, J = 15.1, 7.5 Hz, 1H), 2.82 

(dd, J = 15.1, 5.5 Hz, 1H), 2.43 (s, 3H), 2.30 (s, 6H). 13C NMR (126 MHz, DMSO, δ/ppm) 175.3, 

148.0, 142.5, 138.0, 136.3, 131.6, 128.6, 116.3, 68.6, 42.3, 28.0, 21.6. ESI MS: [M+H]+ 

calculated: 337.13, found: 336.98 

 

Synthesis of Nτ-tosyl-N-α-trimethyl histidine amide (20): To a stirred suspension of 19 

(5000 mg, 14.9 mmol, 1.0 eq.) in methanol (30 ml) was added methyliodide (1.21 ml, 

19.4 mmol, 1.3 eq.). The reaction was stirred at room temperature for 14 hours, then the 

solvent was evaporated to yield the 20 as yellowish solid (7127 mg, 14.9 mmol, 100%).1H 

NMR (400 MHz, Deuterium Oxide) δ 8.27 (d, J = 1.4 Hz, 1H), 7.93 – 7.85 (m, 2H), 7.52 – 7.42 

(m, 3H), 4.05 (dd, J = 11.3, 4.0 Hz, 1H), 3.31 (m, 11H), 2.41 (s, 3H). 13C NMR (126 MHz, MeOD, 

δ/ppm) 168.6, 148.3, 138.8, 138.3, 136.0, 131.7, 128.7, 117.8, 74.8, 53.3, 26.7, 21.7. ESI MS: 

[M+H]+ calculated: 351.15, found: 351.0 

Synthesis of TMHA: To a stirred solution of 20 (670 mg, 1.4 mmol, 1.0 eq.) in methanol (9 ml) 

was added HOBT (330 mg, 2.1 mmol, 1.5 eq.). The solvent was removed under reduced 

pressure after 45 minutes. The residue was suspended in 2 M HCl and filtered, the solid was 

washed with water. The solvent was removed under reduced pressure and the residue was 

suspended in acetone. The product was collected by filtration and washed with acetone to 

yield TMHA as white solid (245 mg, 0.91 mmol, 65%). 1H NMR (400 MHz, Deuterium Oxide, 

δ/ppm) 8.72 (d, J = 1.3 Hz, 1H), 7.45 (s, 1H), 4.25 (dd, J = 11.3, 4.4 Hz, 1H), 3.71 – 3.55 (m, 2H), 

3.39 (s, 9H). 13C NMR (101 MHz, D2O, δ/ppm) 167.8, 135.0, 125.9, 119.1, 73.1, 53.4, 22.7. ESI 

MS: [M+H]+ calculated: 197.14, found: 197.03 
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Figure 29. Overview for the bisubstrate synthesis. 

Synthesis of 2-(4-(tritylthio)butyl)isoindoline-1,3-dione (22): The procedure was 

adopted from the one published by Jagadish et al.115  Sodium hydride 60% mineral oil 

dispersion (0.745 g, 18.6 mmol, 1.03 eq.) was suspended in dimethylformamide (25 ml) under 

argon atmosphere and cooled to 0 °C. Then triphenylmethanethiol (4.95 g, 17.9 mmol, 1.0 eq.) 

was added portion wise to the mixture. The mixture was stirred for 5 min at 0°C and then 

allowed to reach room temperature. Then 2-(4-bromobutyl)isoindoline-1,3-dione (21) (5.2 g, 

18.4 mmol, 1.03 eq.) dissolved in dimethylformamide (20 ml) was added to the mixture and 

stirred at room temperature for 1 hour. The reaction was diluted with ethyl acetate (150 ml) 
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and washed with water (3 x 200 ml), and brine (2 x 50 ml) and dried over sodium sulfate. The 

solvent was removed under reduced pressure and the crude was purified by column 

chromatography (cyclohexane/ethyl acetate 96:4 to 7:3) to give the product as beige solid 

(6.79 g, 14.2 mmol, 79%). 1H NMR (400 MHz, Chloroform-d, δ/ppm) 7.87 – 7.78 (m, 2H), 

7.73 – 7.68 (m, 2H), 7.42 – 7.37 (m, 6H), 7.26 (s, 6H), 7.17 (tt, J = 7.3, 1.3 Hz, 3H), 3.56 (t, J = 7.1 

Hz, 2H), 2.17 (t, J = 7.3 Hz, 2H), 1.69 – 1.57 (m, 2H), 1.44 – 1.34 (m, 2H). 

 

Synthesis of 4-(tritylthio)butan-1-amine (23): The procedure was adopted from the one 

published by Jagadish et al.115  To a suspension of 22 (2.00 g, 4.19 mmol, 1.0 eq.) in ethanol 

(25 ml) was added hydrazine hydrate (1.00 ml, 21.0 mmol, 5.0 eq.) and the mixture was 

heated to reflux. After a few minutes, a white precipitate formed which covered the whole 

reaction. After 5 hours at reflux, the reaction was cooled to room temperature, the precipitate 

was filtered of and the solvent evaporated to yield the product (1.00 g, 4.19 mmol, 69%). The 

product was used without further purification. 1H NMR (400 MHz, Chloroform-d, δ/ppm) 

7.45 – 7.38 (m, 6H), 7.31 – 7.25 (m, 9H), 7.20 (tt, J = 7.1, 1.3 Hz, 3H), 2.58 – 2.53 (m, 2H), 2.19 

– 2.13 (m, 2H), 1.43 – 1.36 (m, 4H). 

 

Synthesis of Fmoc-His(1-Mtt)-Osu (25): Fmoc-His(1-Mtt)-OH (4.25 g, 6.71 mmol, 1.0 eq.) 

was dissolved in tetrahydrofuran(30 ml) and cooled to 0°C. N-hydroxysuccinimide (0.08 g, 

6.98 mmol, 1.04 eq.) was added followed by DCC (1.52 g, 7.38 mmol, 1.1 eq.). The mixture was 

then stirred for 18 hours at room temperature. The precipitate was filtered off and the solvent 

was removed under reduced pressure. The crude was suspended in dichloromethane (10 ml) 

and filtered. The solvent was removed in vacuo to yield the product (25) (4.74 g, 6.49 mmol, 

96%) as a white solid.1H NMR (400 MHz, Chloroform-d, δ/ppm) 7.75 (d, J = 7.5 Hz, 2H), 7.62 

(t, J = 7.5 Hz, 2H), 7.47 – 7.22 (m, 9H), 7.15 – 7.05 (m, 5H), 7.07 – 6.96 (m, 3H), 6.88 (s, 1H), 

5.01 – 4.86 (m, 1H), 4.45 – 4.11 (m, 3H), 3.24 (d, J = 5.0 Hz, 2H), 2.71 (s, 4H), 2.35 (s, 3H). 

 

Synthesis of Fmoc-His(1-Mtt)-N-(4-tritylthiobutyl) amide (26): Fmoc-His(1-Mtt)-Osu 

(4.50 g, 6.16 mmol, 1.0 eq., 25) and 23 (2.14 g, 6.16 mmol, 1.0 eq.) were dissolved in 

dichloromethane (60 ml). DIPEA (2.1 ml, 12.3 mmol, 2.0 eq.) was added. The solvent was 

evaporated after 28 hours. The crude was dissolved in dichloromethane (200 ml) and washed 

with sat. ammonium chloride (aq.) (3 x 75 ml), and brine (1 x 75 ml) and dried over sodium 

sulfate. The solvent was removed in vacuo to yield 25 as a white powder (5.05 g, 5.24 mmol, 

85%). 1H NMR (400 MHz, Chloroform-d, δ/ppm) 7.75 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.4 Hz, 

2H), 7.42 – 7.22 (m, 24H), 7.18 (tt, J = 7.2, 1.2 Hz, 3H), 7.08 (s, 6H), 6.96 (d, J = 8.0 Hz, 2H), 6.76 

– 6.66 (m, 1H), 6.64 (s, 1H), 4.41 (q, J = 6.1 Hz, 1H), 4.37 – 4.28 (m, 2), 4.21 (t, J = 8.0, 6.4 Hz, 
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1H), 3.11 – 3.01 (m, 3H), 2.91 (dd, J = 14.9, 6.6 Hz, 1H), 2.33 (s, 3H), 2.11 (t, J = 6.0, 4.0 Hz, 2H), 

1.43 – 1.30 (m, 4H). 

 

Synthesis of H-His(1-Mtt)-N-(4-tritylthiobutyl) amide (27): 26 (4.5 g, 4.67 mmol, 1.0 eq.) 

was dissolved in dichloromethane (7 ml). Piperidine (4.6 ml, 46.7 mmol, 10 eq.) was added. 

The mixture was stirred for 2 h, then dichloromethane (200 ml) was added and the mixture 

was washed with half concentrated NaCl (aq) (3 x 75 ml). The organic layer was dried over 

sodium sulfate and the solvent was removed in vacuo. The crude was purified by silica gel 

column chromatography (dichloromethane/methanol 97:3->90:10) to yield 11 as a white 

solid (2.10 g, 2.83 mmol, 60%). 1H NMR (400 MHz, Chloroform-d, δ/ppm) 7.50 – 6.78 (m, 

31H), 6.54 (d, J = 1.4 Hz, 1H), 3.48 (dd, J = 8.3, 4.1 Hz, 1H), 3.08 – 2.86 (m, 3H), 2.62 (dd, J = 

14.5, 8.2 Hz, 1H), 2.28 (s, 3H), 2.07 (t, J = 6.8 Hz, 2H), 1.40 – 1.17 (m, 4H). 

 

Synthesis Me2-His(1-Mtt)-N-(4-tritylthiobutyl) amide (28): 27 (2.10 g, 2.83 mmol, 1.0 eq.) 

was dissolved in methanol (30 ml) and 1 M acetate buffer pH 5 (10 ml, 1 M) was added. 

Additional methanol was added until everything was dissolved. The mixture was cooled to 0°C, 

then formaldehyde (37% aq. Solution, 1.30 ml, 14.2 mmol, 5.0 eq.) was added followed by 

sodium cyanoborohydride (535 mg, 8.49 mmol, 3.0 eq.). The mixture was stirred overnight at 

room temperature and then methanol was removed under reduced pressure. The obtained 

aqueous layer was diluted with water and extracted with dichloromethane. The combined 

organic layer was washed with water, and brine and dried over sodium sulfate. The solvent 

was removed under reduced pressure. The crude was purified by silica gel column 

chromatography (dichloromethane/methanol 98:2 -> 90:10). The product was obtained as a 

white solid (1.79 g, 2.26 mmol, 80%). 1H NMR (400 MHz, Chloroform-d, δ/ppm) 7.55 – 6.83 

(m, 31H), 6.59 (d, J = 1.4 Hz, 1H), 3.30 (t, J = 6.4 Hz, 1H), 3.08 – 2.96 (m, 3H), 2.85 (dd, J = 14.9, 

6.0 Hz, 1H), 2.34 (s, 3H), 2.30 (s, 6H), 2.12 (t, J = 8.9, 7.0 Hz, 2H), 1.41 – 1.24 (m, 4H). 

 

Synthesis of Me2-His-N-(4-mercaptobutyl) amide (5): 28 (1.548 g, 1.95 mmol, 1.0 eq.) was 

dissolved in dichloromethane (5.0 ml). Propanethiol (0.46 ml, 5.0 mmol, 2.5 eq.) and 

triethylsilane (0.80 ml, 5.0 mmol, 2.5 eq.) were added. The mixture was stirred for 2 min, then 

TFA (5.0 ml) was added slowly. The mixture turned yellow for 15 min, then colorless again. 

After 1 hour, the volatiles were removed under reduced pressure. The residue was three times 

co-evaporated with toluene to remove all TFA. Then the residue was suspended in water 

(200 ml) and washed with diethyl ether (3 x 75 ml). The water was removed under reduced 

pressure to yield the product as colorless oil. 1H NMR (400 MHz, DMSO-d6, δ/ppm) 9.00 (d, 

J = 1.3 Hz, 1H), 8.71 (t, J = 5.7 Hz, 1H), 7.45 (d, J = 1.3 Hz, 1H), 4.01 (dd, J = 10.1, 4.4 Hz, 1H), 
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3.38 (dd, J = 14.6, 4.3 Hz, 1H), 3.19 (dd, J = 14.7, 10.1 Hz, 1H), 3.13 – 2.93 (m, 2H), 2.83 (s, 7H), 

2.46 – 2.38 (m, 2H), 2.23 (t, J = 7.8 Hz, 1H), 1.41 – 1.30 (m, 4H). 13C NMR (126 MHz, D2O, 

δ/ppm) 166.4, 135.0, 126.4, 119.1, 68.0, 42.5, 39.7, 31.0, 27.3, 24.4, 23.8. ESI MS: [M+H]+ 

calculated: 271.16, found: 271.15. 

 

Synthesis of Fmoc-His (1-Trt)-Osu (30): Fmoc-His (1-Trt)-OH (25.0 g, 40.3 mmol, 1.0 eq, 28) 

was dissolved in tetrahydrofuran (150 ml) and cooled to 0°C. N-hydroxysuccinimide (4.86 g, 

42.3 mmol, 1.05 eq.) was added followed by DCC (9.10 g, 44.3 mmol, 1.1 eq.). The ice bath was 

removed, and the reaction was stirred for 18 hours at room temperature. The solid precipitate 

was filtered off and the solvent was removed under reduced pressure to yield activated ester 

30 as a white solid (28 0 g, 90% w/w (contains tetrahydrofuran even after extensive drying) 

35.1 mmol, 87%). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 8.08 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 

7.6 Hz, 2H), 7.65 (d, J = 7.5 Hz, 2H), 7.49 – 7.19 (m, 15H), 7.10 – 6.97 (m, 5H), 6.79 (s, 1H), 4.76 

– 4.66 (m, 1H), 4.38 – 4.21 (m, 2H), 4.18 (t, J = 7.0 Hz, 1H), 3.07 (dd, J = 14.6, 5.1 Hz, 1H), 2.96 

(dd, J = 14.4, 9.0 Hz, 1H), 2.80 (s, 4H). 

 

Synthesis of compound Fmoc-His (1-Trt)-N-(3-bromopropyl) amide (31): Activated ester 

30 (4.00 g, 5.58 mmol, 1.0 eq.) was dissolved in dichloromethane (50 ml). 3-

Bromopropanamine hydrobromide (1.31 g, 6.00 mmol, 1.1 eq.) was added followed by DIPEA 

(1.87 ml, 11.0 mmol, 2.0 eq.). The reaction mixture was diluted with dichloromethane (50 ml) 

after 1 h, washed with sat. ammonium chloride (aq.) and sat. sodium chloride solution. The 

organic layer was dried over sodium sulfate and the concentrated under reduced pressure. 

The crude product was purified by silica gel column chromatography 

(dichloromethane/methanol 97:3) to yield the product as white solid (3.42 g, 4.63 mmol, 

83%).1H NMR (400 MHz, DMSO-d6, δ/ppm) 8.00 (t, J = 5.7 Hz, 1H), 7.89 (d, J = 7.5 Hz, 2H), 

7.68 (t, J = 7.4 Hz, 2H), 7.48 (d, J = 8.3 Hz, 1H), 7.45 – 7.23 (m, 14H), 7.04 (dt, J = 7.2, 2.2 Hz, 

6H), 6.70 (s, 1H), 4.26 – 4.08 (m, 4H), 3.46 (t, J = 6.7 Hz, 2H), 3.12 (q, J = 6.2, 5.7 Hz, 2H), 2.85 

(dd, J = 14.5, 5.6 Hz, 1H), 2.73 (dd, J = 14.5, 8.5 Hz, 1H), 1.87 (p, J = 6.7 Hz, 2H). 13C NMR (126 

MHz, DMSO, δ/ppm) 171.0, 155.7, 143.7, 141.9, 140.7, 137.4, 135.8, 129.2, 128.2, 128.1, 

127.6, 127.0, 125.3, 120.1, 119.2, 74.9, 65.7, 54.9, 46.6, 46.6, 39.0, 37.2, 33.3, 32.3, 32.2. ESI 

MS: [M+H]+ calculated: 739.23, found: 739.30. 

 

Synthesis of Fmoc-His (1-Trt)-N-(3-tritylthiopropyl) amide (32): Tritylthiol (0.760 g, 

2.75 mmol, 1.0 eq.) was dissolved in tetrahydrofuran (27 ml) and cooled to 0°C. sodium 

hydride (60% dispersion in mineral oil, 110 mg, 2.75 mmol, 1.0 eq.) was added. The mixture 

was stirred at 0 °C for 30 min. The color turned red. 31 (2.00 g, 2.70 mmol, 1.0 eq.) was added. 
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The solvent was removed in vacuo after 16 h. The solid residue was dissolved in 

dichloromethane and washed with water. The organic layer was dried over sodium sulfate and 

concentrated under reduced pressure. The crude product was purified by silica gel column 

chromatography (dichloromethane/methanol 97:3). To yield the product as a white solid 

(1.52 g, 1.62 mmol, 60%). The product contains traces of methanol even after extensive drying 

(over night at the HV). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 7.89 (d, J = 7.6 Hz, 2H), 7.83 (t, 

J = 5.6 Hz, 1H), 7.67 (t, J = 6.9 Hz, 2H), 7.47 – 7.14 (m, 30H), 7.07 – 6.98 (m, 6H), 6.63 (d, J = 1.3 

Hz, 1H), 4.21 – 4.08 (m, 4H), 2.91 (p, J = 6.6 Hz, 2H), 2.79 – 2.70 (m, 1H), 2.64 (dd, J = 14.5, 8.6 

Hz, 1H), 2.03 (t, J = 7.4 Hz, 2H), 1.43 – 1.28 (m, 2H). 13C NMR (126 MHz, DMSO, δ/ppm) 171.1, 

155.7, 144.5, 143.7, 142.2, 140.7, 137.5, 136.9, 129.2, 129.0, 128.1, 127.9, 127.9, 127.6, 127.0, 

126.6, 125.3, 120.1, 118.8, 74.4, 65.9, 46.6, 37.9, 31.1, 30.0, 28.9, 28.0. ESI MS: [M+H]+ 

calculated: 935.40, found: 935.35. 

 

Synthesis of H-His (1-Trt)-N-(3-tritylthiopropyl) amide (33): To a stirred solution of 32 

(1.50 g, 1.60 mmol, 1.0 eq.) in 70ichloromethane (5.0 ml) was added piperidine (1.6 ml, 

16.0 mmol, 10 eq.) and stirred overnight. The reaction was diluted with dichloromethane 

(200 ml) and washed with half concentrated sodium bicarbonate solution (3 x 100 ml). The 

organic layer was dried over sodium sulfate and the solvent was concentrated under reduced 

pressure. The crude product was dried on the HV overnight to remove the piperidine. The 

crude was purified by silica gel column chromatography 

(dichloromethane/methanol/triethylamine 970:30:1). The product was obtained as a white 

solid (950 mg, 1.33 mmol, 83%). The product contains traces of methanol even after extensive 

drying (over night at the HV). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 7.75 (t, J = 5.8 Hz, 1H), 

7.49 – 7.17 (m, 25H), 7.14 – 7.00 (m, 6H), 6.57 (d, J = 1.4 Hz, 1H), 3.29 (dd, J = 7.8, 4.9 Hz, 1H), 

2.91 (q, J = 6.6 Hz, 2H), 2.65 (dd, J = 14.2, 4.8 Hz, 1H), 2.43 (dd, J = 14.2, 7.8 Hz, 1H), 2.02 (t, J = 

7.4 Hz, 2H), 1.88 (s, 2H), 1.47 – 1.30 (m, 2H). 13C NMR (126 MHz, MeOD, δ/ppm) 176.3, 146.3, 

143.6, 139.6, 138.0, 130.9, 130.7, 129.3, 129.3, 128.9, 127.7, 121.1, 76.8, 67.7, 56.2, 39.6, 34.8, 

30.4, 29.4. ESI MS: [M+Na]+ calculated: 735.31, found: 735.40. 

 

Synthesis of Me2-His (1-Trt)-N-(3-tritylthiopropyl) amide (34): To a stirred suspension of 

33 (900 mg, 1.26 mmol, 1.0 eq.) in a mixture of acetate buffer (1 M, pH 5) methanol and 

acetonitrile (1:4:4) was added formaldehyde (35 wt. %, 0.28 ml, 3.75 mmol, 3.0 eq.). The 

mixture was cooled to 0 °C. Sodium cyanoborohydride (392 mg, 6.25 mmol, 5.0 eq.) was 

added. The mixture was stirred for 15 min at 0 °C, then for 1 h at room temperature. The 

reaction was diluted with water and extracted with dichloromethane. The organic layer was 

washed with sodium bicarbonate and brine, then dried over sodium sulfate. The organic layer 
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was concentrated under reduced pressure. The crude product was purified by silica gel 

column chromatography (dichloromethane/methanol/triethylamine 950:50:1) to yield the 

product as white solid (674 mg, 0.969 mmol, 72%). The product contains traces of methanol 

even after extensive drying (over night at the HV). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 

7.69 (t, J = 5.7 Hz, 1H), 7.44 – 7.14 (m, 25H), 7.10 – 6.97 (m, 6H), 6.46 (d, J = 1.4 Hz, 1H), 3.11 

(dd, J = 9.4, 5.0 Hz, 1H), 2.95 (dq, J = 13.1, 6.6 Hz, 1H), 2.85 – 2.67 (m, 2H), 2.53 (dd, J = 14.2, 

4.8 Hz, 1H), 2.11 (s, 6H), 2.02 (t, J = 7.5 Hz, 2H), 1.36 (p, J = 7.0 Hz, 2H). 13C NMR (126 MHz, 

DMSO, δ/ppm) 169.9, 144.5, 142.3, 138.0, 137.2, 129.2, 129.0, 128.1, 128.0, 127.9, 126.6, 

118.4, 74.3, 67.5, 65.9, 41.7, 37.6, 29.0, 28.1, 27.9. ESI MS: [M+H]+ calculated: 741.36, found: 

741.45. 

 

Synthesis of Me2-His-N-(3-mercaptopropyl) amide (6): To a stirred solution of 34 (500 mg, 

0.67 mmol, 1.0 eq.) in dichloromethane (1.0 ml) was added propanethiol (0.16 ml, 1.69 mmol, 

2.5 eq.) and triethylsilane (0.27 ml, 1.69 mmol, 2.5 eq.). The mixture was cooled to 0 °C. TFA 

(1.0 ml) was added slowly. The mixture turned yellow and a precipitate formed. The volatiles 

were removed under reduced pressure, the residue was suspended in water and washed with 

ether. The aqueous phase was lyophilized to yield the product as a colorless solid (324 mg, 

0.67 mmol, 100%). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 9.05 – 8.95 (m, 1H), 8.71 (d, J = 4.6 

Hz, 1H), 7.45 (d, J = 1.2 Hz, 1H), 3.98 (dd, J = 9.7, 4.7 Hz, 1H), 3.45 – 3.32 (m, 1H), 3.26 – 3.04 

(m, 3H), 2.83 (s, 6H), 2.37 – 2.22 (m, 3H), 1.65 – 1.47 (m, 2H). 13C NMR (126 MHz, MeOD, 

δ/ppm) 166.8, 135.8, 128.2, 119.6, 68.1, 42.4, 39.0, 33.9, 25.0, 22.1. ESI MS: [M+H]+ calculated: 

257.14, found: 257.40. 

 

Synthesis of Fmoc-His (1-Trt)-N-(2-tritylthioethyl) amide (35): 30 (4.00 g, 5.58 mmol, 

1.0 eq.) was dissolved in dichloromethane (50 ml). 2-(tritylthio)ethanamine hydrochloride 

(2.18 g, 6.14 mmol, 1.1 eq.) was added followed by DIPEA (1.87 ml, 11.0 mmol, 2.0 eq.). The 

reaction mixture was diluted with dichloromethane (50 ml) after 1 hour, washed with sat. 

ammonium chloride (aq.) and sat. sodium chloride (aq.). The organic layer was dried over 

sodium sulfate and the concentrated under reduced pressure. The crude product was purified 

by silica gel column chromatography (dichloromethane/methanol 97:3) to yield the product 

as white solid (4.28 g, 4.65 mmol, 83%). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 8.06 – 7.96 

(m, 1H), 7.89 (d, J = 7.6 Hz, 2H), 7.65 (d, J = 7.6 Hz, 2H), 7.52 – 7.14 (m, 30H), 7.10 – 6.97 (m, 

6H), 6.68 (s, 1H), 4.23 – 4.03 (m, 4H), 3.01 – 2.88 (m, 2H), 2.83 (dd, J = 14.0, 4.6 Hz, 1H), 2.69 

(dd, J = 14.6, 8.7 Hz, 1H), 2.18 (t, J = 6.7 Hz, 2H). 13C NMR (126 MHz, DMSO, δ/ppm) 171.1, 

155.7, 144.4, 143.7, 142.2, 137.5, 136.9, 129.2, 129.0, 128.1, 128.0, 127.9, 127.6, 127.0, 126.7, 
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125.3, 120.1, 118.9, 74.5, 65.9, 65.7, 54.6, 46.6, 39.0, 37.6, 31.2, 31.0. ESI MS: [M+H]+ 

calculated: 921.38, found: 921.30. 

 

Synthesis of H-His (1-Trt)-N-(2-tritylthioethyl) amide (36): 35 (2.00 g, 2.17 mmol, 1.0 eq.) 

was dissolved in dichloromethane (5.0 ml). Piperidine (2.15 ml, 21.7 mmol, 10 eq.) was added. 

The mixture was stirred overnight then diluted with dichloromethane (200 ml) and washed 

with half concentrated sodium biocarbonate (aq.) (3 x 100 ml). The organic layer was dried 

over sodium sulfate and concentrated in vacuo. The crude was purified by silica gel column 

chromatography (dichloromethane/methanol/triethylamine 970:30:1). The product was 

obtained as a white solid (600 mg, 0.86 mmol, 40%). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 

7.92 (t, J = 5.8 Hz, 1H), 7.48 – 7.18 (m, 25H), 7.12 – 6.99 (m, 6H), 6.61 (d, J = 1.4 Hz, 1H), 3.31 

(dd, J = 8.0, 4.7 Hz, 1H), 2.93 (q, J = 7.0 Hz, 2H), 2.72 (dd, J = 14.2, 4.7 Hz, 1H), 2.47 (dd, J = 14.9, 

7.8 Hz, 1H), 2.19 (t, J = 7.1 Hz, 2H), 2.10 – 1.84 (m, 2H). 13C NMR (126 MHz, DMSO, δ/ppm) 

170.7, 144.4, 142.3, 137.7, 137.1, 129.2, 129.0, 128.2, 128.0, 127.9, 126.6, 118.5, 74.3, 66.0, 

54.3, 44.2, 33.3, 25.8. ESI MS: [M+H]+ calculated: 699.32, found: 699.40. 

 

Synthesis of Me2-His (1-Trt)-N-(2-tritylthioethyl) amide (37): To a stirred suspension of 

36 (600 mg, 0.86 mmol, 1.0 eq.) in a mixture of acetate buffer (1 M, pH 5) methanol and 

acetonitrile (2:1:1) was added formaldehyde (35 wt. %, 0.28 ml, 3.75 mmol, 3.0 eq.). The 

mixture was cooled to 0 °C. Sodium cyanoborohydride (265 mg, 4.29 mmol, 5.0 eq.) was 

added. The mixture was stirred for 15 min at 0 °C, then for 1 h at room temperature. The 

reaction was diluted with dichloromethane and washed with sat. solution of sodium 

bicarbonate (aq.) (3 x 100 ml) and brine (100 ml). The organic layer was dried over sodium 

sulfate and concentrated under reduced pressure. The crude product was purified by silica gel 

column chromatography (dichloromethane/methanol/triethylamine 970:30:1) to yield the 

product as white solid (586 mg, 0.81 mmol, 93%). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 

7.82 (t, J = 5.7 Hz, 1H), 7.47 – 7.19 (m, 24H), 7.17 (d, J = 1.4 Hz, 1H), 7.08 – 6.95 (m, 6H), 6.47 

(d, J = 1.5 Hz, 1H), 3.13 (dd, J = 9.2, 5.2 Hz, 1H), 3.02 – 2.92 (m, 1H), 2.83 – 2.70 (m, 2H), 2.55 

(dd, J = 14.1, 4.9 Hz, 1H), 2.14 (s, 8H). 13C NMR (126 MHz, MeOD, δ/ppm) 171.5, 144.8, 142.2, 

137.7, 137.0, 129.5, 129.4, 128.0, 127.9, 127.6, 126.5, 119.6, 75.4, 68.6, 66.5, 41.3, 38.0, 31.2, 

27.6. ESI MS: [M+H]+ calculated: 727.35, found: 727.45. 

 

Synthesis of Me2-His-N-(2-mercaptoethyl) amide 7: To a stirred solution of 4 (500 mg, 

0.69 mmol, 1.0 eq.) in dichloromethane (1.0 ml) was added triethylsilane (0.27 ml, 1.69 mmol, 

2.5 eq.). The mixture was cooled to 0 °C. TFA (1.0 ml) was added slowly. The mixture turned 

yellow and a precipitate formed. The volatiles were removed under reduced pressure and co-
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evaporated with toluene (3 x 2 ml). The residue was suspended in water and washed with 

ether. The aqueous phase was lyophilized to yield the product as a colorless oil (323 mg, 

0.69 mmol, 100%). 1H NMR (400 MHz, DMSO-d6, δ/ppm) 8.69 (s, 1H), 7.41 (s, 1H), 4.08 (dd, 

J = 11.1, 4.6 Hz, 1H), 3.58 (dd, J = 14.5, 4.7 Hz, 1H), 3.45 – 3.29 (m, 2H), 3.24 (ddd, J = 13.6, 7.3, 

5.4 Hz, 1H), 3.00 (s, 6H), 2.66 – 2.35 (m, 2H). 13C NMR (126 MHz, D2O, δ/ppm) 166.8, 135.1, 

126.2, 119.1, 67.9, 49.5, 43.0, 24.4, 23.5. ESI MS: [M+H]+ calculated: 243.13, found: 243.05. 
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Recombinant protein production 

Proteins for the enzymatic assays were produced and purified according to the protocols 

published by Goncharenko et al.84 and Stampfli et al.87 

 

Enzymatic Assay 

The same enzymatic assay as reported by Stampfli et al.87 was used to determine Michaelis-

Menten parameters. Sulfoxide synthase activities of CthEgtB/MthEgtB were measured in 

reactions containing 100 mM phosphate buffer, pH 8, 100 mM NaCl, 2 mM TCEP, 2 mM 

ascorbate, FeSO4 (4 equiv.to protein concentration), histidyl substrate and cysteinyl substrate 

or bisubstrate. Reactions were initiated by addition of enzyme and were incubated at 26°C. 

Aliquots of the reactions were quenched by addition of phosphoric acid. Reaction products 

were quantified by cation exchange HPLC using a Luna® 5 µm SCX 100 Å, LC Column (150 x 

4.6 mm, Phenomenex) and 20 mM phosphoric acid at pH 2 with a NaCl gradient as a mobile 

phase.116 Chromatograms were recorded at 265nm. Averages of at least two independently 

determined initial rates of sulfoxide production were fitted to the function v = Vmax[s]/(KM + 

[s])(Figures 1a –1l).The Michaelis-Menten parameters kcat and kcat/KM were determined in the 

presence of co-substrate at a concentration at least 3-fold higher than the corresponding KM 

and in air saturated buffers. 
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Figure 30. Sulfoxide formation-CthEgtB, [TMH] = 1 mM 
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Figure 31. Sulfoxide formation-CthEgtB, [TMHA] = 1 mM 
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Figure 32. Sulfoxide formation-CthEgtB, [TMH] = 1 mM 
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Figure 33. Sulfoxide formation-CthEgtB, [TMHA] = 1 mM 
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Figure 34. Sulfoxide formation-MthEgtB, [TMH] = 1 mM 
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Figure 35. Sulfoxide formation-MthEgtB, [TMH] = 1 mM 
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Figure 36. Sulfoxide formation-MthEgtB, [TMHA] = 1 mM 
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Figure 37. Sulfoxide formation-MthEgtB, [TMHA] = 1 mM 
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Figure 38. Sulfinic acid formation-MthEgtB, Bisubstrate 5 
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Figure 39. Sulfoxide formation-MthEgtB, Bisubstrate 6 
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Figure 40. Sulfoxide formation-CthEgtB, Bisubstrate 5 
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Figure 41. Sulfoxide formation-CthEgtB, Bisubstrate 6 
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Figure 42. Substrate consumption-CthEgtB, Bisubstrate 6 
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Burst kinetics for CthEgtB 

The same enzymatic assay as described above was used. Sulfoxide synthase activities of 

CthEgtB/MthEgtB were measured in reactions containing 100 mM phosphate buffer, pH 8, 100 

mM NaCl, 2 mM TCEP, 2 mM ascorbate, FeSO4 (4 equiv.to protein concentration), 1 mM 

bisubstrate 5. The data was fitted to the function [sulfoxide] = A0(1-exp(-kobst)) + vt where kobs 

is the first-order rate constant, A0 is the amplitude of the burst and v is the steady state 

velocity.117 

 

Characterization of reaction products by 1H NMR 

The same experimental set up as described by Stampfli et al. was used for the characterization 

of the reaction products by 1H NMR. CthEgtB or MthEgtB containing reaction mixtures were 

analyzed by 1H NMR to identify the formed products. The reactions contained 100 mM 

phosphate buffer-pH 8.0, 100 mM NaCl, 2 mM ascorbate, 2 mM TCEP, 4 μM FeSO4, 1.2 mM 

TMH/TMHA, 1 mM L-cysteine/CysOH/γGC/γGC-ester, or bisubstrate 5/6 and 5 μM of 

CthEgtB/MthEgtB to a final volume of 2ml. These solutions were incubated overnight at room 

temperature. After lyophilization the residue was dissolved in D2O. 1H NMR (500 MHz, D2O) 

was measured with 128 scans and analyzed by MestReNova software. Substrates and products 

of the mono substrate were identified based on β-protons of the cysteine moiety and the 

aromatic protons of TMH. The bisubstrate reactions were run to completion and products 

were identified based on the aromatic protons. 

 

Figure 43. Sulfoxide synthase mono substrates and products. C-H functions used for identification by 1H NMR are 
labeled in red. 
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Figure 44. Aromatic region of the CthEgtB catalyzed reactions in excess of TMH/TMHA 

 

Figure 45. β-protons of sulfinic acid in CthEgtB catalyzed reactions in excess of TMH/TMHA 
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Figure 46. Aromatic region of the MthEgtB catalyzed reactions in excess of TMH/TMHA 

 

Figure 47. β-protons of sulfinic acid in MthEgtB catalyzed reactions in excess of TMH/TMHA 
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Figure 48. Sulfoxide synthase bisubstrate products. C-H functions used for identification by 1H NMR are labeled in red. 

 

Figure 49. Aromatic region of the CthEgtB/MthEgtB catalyzed reactions with bisubstrate 5/6. 
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6 Inhibition and Regulation of the Ergothioneine Biosynthetic 

Methyltransferase EgtD 

As discussed in Chapter 3, ergothioneine is an important factor for redox homeostasis and 

other cytoprotective functions. Additionally, it may be important for the pathogenicity of some 

microorganisms. Hence, understanding the regulation of the ergothioneine biosynthetic 

pathway and investigating how the enzymes can be inhibited contributes to progress towards 

the development of novel antibiotics against ergothioneine-producing microorganisms. EgtD 

is the first enzyme in ergothioneine biosynthetic pathway and is assumed to be essential for 

both aerobic and anaerobic ergothioneine biosynthesis. Therefore, it is an ideal target for 

inhibition of ergothioneine biosynthesis. In a study performed during this thesis, the kinetic, 

thermodynamic and structural basis for substrate, product, and inhibitor binding to EgtD from 

Mycobacterium smegmatis was analyzed. The study is described in the following publication: 

 

• Misson, L.; Burn, R.; Vit, A.; Hildesheim, J.; Beliaeva, M. A.; Blankenfeldt, W.; Seebeck, F. 

P. ACS Chem. Biol. 2018, 13 (5), 1333. 

 
Based on structural and kinetic data, the binding order of the substrates to EgtD was 

elucidated. An ordered sequential substrate binding mechanism with histidine as the 

mandatory first substrate was observed. Furthermore, affinities for different methylation 

states of histidine to EgtD were determined. It was found that EgtD had the lowest affinity for 

unmethylated histidine and that the affinity for the substrate increases with the first two 

methylations whilst slightly decreasing with the final methylation. However, the relatively 

high affinity of the enzyme for the trimethylated product leads to product inhibition of EgtD 

and thereby to a feedback regulation of the pathway. 

Based on the crystal structure and the mechanistic understanding of EgtD catalysis, the first 

series of inhibitors were designed in a way that they form the same bonding interactions as 

dimethyl histidine in the active site but without the possibility of methylation. 

The second series of inhibitors were designed to compete with histidine for the active site. 

These compounds generally had low µM affinities to EgtD. 

In the final strategy for inhibitor design, bisubstrate analogs were examined. These 

bisubstrates analogues mimicked histidine and the methionyl moiety of SAM together to make 

interactions to each of the binding sites. These inhibitors had very low affinities to EgtD, either 

because the linker between the histidyl and the methionyl moiety of SAM was too short to span 

the full binding site or because the additional competition with SAM is unfavorable. 
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Overall, this study revealed the binding mechanism of the substrates to EgtD and regulation of 

the ergothioneine biosynthetic pathway whilst providing leads for the design of further EgtD 

inhibitors.  

 

Figure 50. Regulation and inhibition of ergothioneine biosynthesis.118 

 

Author Contributions: 

• R. B. helped with the inhibitor design, designed the synthetic route for and performed 

the synthesis of inhibitors 1-9 and supervised the synthesis of inhibitors 10-13 
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Reprinted with permission from Misson, L.; Burn, R.; Vit, A.; Hildesheim, J.; Beliaeva, M. A.; 

Blankenfeldt, W.; Seebeck, F. P. ACS Chem. Biol. 2018, 13 (5), 1333. Copyright 2018 American 

Chemical Society.  
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