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The emergence of bio-orthogonal chemistry has greatly enhanced the knowledge of biological 
processes.[1] Site-selective modification of a biomolecule enables specific (fluorescent) labelling 
for studying the biomolecule in its native state and environment.  Furthermore, late-stage site-
selective chemical modification of biological products has become a promising strategy to obtain 
new therapeutics.[2-5] Being able to tweak peptides and natural products makes it possible to alter 
stability, solubility, introduce new functionalities, optimise performance, or overcome resistance. 
Therefore, different chemical methods (e.g. bio-orthogonal reactions) have been developed as 
tools for selective modification of biomolecules like proteins, peptides, glycans, lipids and DNA, 
without interference of functional groups and native biochemical processes (see figure 1.1).[6, 7] 

1.1 - Bio-orthogonal reactions

To create selectivity in bioconjugation reactions, Carolyn Bertozzi introduced the ‘bio-orthogonal 
chemical reporter’.[1] A bio-orthogonal chemical reporter is a functional group with a unique 
reactivity compared to the reactivities naturally present in the biomolecule. This chemical 
handle, or bio-orthogonal handle, can be modified with an exogenously delivered probe. The 
unique reactivity prevents the bio-orthogonal handle from interfering with natural processes and 
functionalities, and is responsible for the site-selectivity of the reaction. The conjugation reaction 
only takes place at the site of the bio-orthogonal handle, and only with its complementary 
reaction partner. 

The most famous bio-orthogonal handle is the azide moiety. This small organic functional 
group found its first application in bioconjugation via the modified Staudinger ligation.[8] Herein 
the azide reacts with a triarylphosphine, resulting in an amide bond (see figure 1.2). Azides are 
excellent bio-orthogonal handle as they are small, which causes little perturbation of the biological 
environment. Furthermore, they are stable under aqueous conditions, have a highly specific 
reactivity, and are inert to most natural functionalities. Introduction of azides in sugars, and in 
amino acids, is relatively straightforward due to the nucleophilicity of the azide anion. Azido-
amino acids can then be installed in proteins via the expanded genetic code technique.[9] The 
azide remains unreactive up until addition of its complementary partner, the triarylphosphine. 
Only then a new covalent bond is formed at the position of the azide residue. The method has 
been used extensively for biomolecule crosslinking, and fluorophore labelling of proteins, sugars 
and lipids.[10]

Figure 1.1: Schematic representation of bioorthogonal ligation reaction
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Another orthogonal reactivity of the azide functionality is the Huisgen 1,3-dipolar cycloaddition 
with alkynes.[11] As alkynes also are bio-orthogonal handles, the cycloaddition was quickly 
recognised as useful bioconjugation technique.[12-14] The reaction is catalysed by a Cu(I) catalyst. 
Copper(I) is cytotoxic, which makes it debatable whether this reaction meets all the requirements 
of a bio-orthogonal reaction. However, its cytotoxicity is reduced by ligating the metal ion with 
a  polytriazole   ligand   (see   figure   1.3).   Moreover,   these   ligands   increase   the   rate   of   the  
reaction.[15] Despite the development of a copper-free variant of the ‘click reaction’,[16] Copper 
assisted Alkyne Azide Cycloaddition (CuAAC) has found many applications in chemical biology 
for the modification of proteins, glycans, lipids on cell surfaces and in living systems.[17] The 
reaction has become text book chemistry, and the polytriazole ligands are now even commercially 
available from common chemical manufacturers and suppliers (e.g. Sigma-Aldrich®).

Over the past decade many natural and non-natural bio-orthogonal handles have been utilised 
for bio-orthogonal bioconjugation reactions. Among these are thiols, amines, carboxylic acids, 
aldehydes, ketones, hydroxylamines, alkynes, azides, alkenes and tetrazines.[18] Most of the 
methods are stoichiometric. Activation with a metal catalyst would expand the potential of some 
functional groups and create new bio-orthogonal handles. Catalysts could speed up the rate of 
a reaction, allow a reaction to proceed at a lower temperature, or can activate functional groups 
that would remain inactive otherwise. The 1,3-dipolar cycloadditions with terminal alkynes 
would have had little impact in the field of chemical biology if no catalyst had been found, as the 
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Figure 1.2: Schematic representation of Staudinger ligation for bioconjugation
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uncatalysed reaction requires elevated temperatures and gives a mixture of regiomeric products.
Other transition metals and organometallic catalysts have been explored for their potential as 
bio-orthogonal catalyst for activation of bio-orthogonal handles. Platinumgroup metals like 
palladium, rhodium, iridium and ruthenium, used extensively in organic synthesis, have proven 
to provide highly active catalysts in aqueous media for site specific activation of various natural 
and non-natural functionalities in proteins and peptides. In the first part of this introduction the 
applications of these transition metals as bioconjugation catalysts are highlighted and discussed.

1.1.1 - Bio-orthogonal catalysis with palladium catalysts

Palladium-mediated cross coupling reactions for the formation of carbon-
carbon bonds have been used extensively in organic synthesis since their 

discovery halfway the 20th century.[19] The excellent redox properties, 
good functional group tolerance, and high stability against air and elevated 

temperatures, makes complexes of palladium versatile catalysts for both heterogeneous as well 
as homogeneous catalysis.[20]

Fairly recently, the excellent catalytic activity and highly specific reactivity of palladium 
has also found applications for biological purposes. Francis et al. were the first to report 
tyrosine modification in native proteins by means of catalysis by a palladium TPPTS 
(=3,3’,3”-phosphanetriyltris(benzenesulfonic acid) trisodium salt) complex with allylic acetates, 
carbonates and carbamates.[21] The in situ generated water soluble π-allyl-palladium species reacts 
specifically with the otherwise unreactive phenolic group of tyrosine. Little interference of the 
other functional groups present in the protein was observed, showing the potential of palladium 
for selectively activating an unused natural occurring functional group. 

With the advent of the expanded genetic code technique, non-natural functional groups are 
relatively easily incorporated in a protein or peptide. Amino acids with arylhalogen side chains 
became available this way, and can function as bio-orthogonal handle in palladium cross coupling 
reactions. Yokoyama et al. showed 4-iodo-phenylalanine can be activated by palladium to conduct 
Mizoroki-Heck reactions,[22] and Sonogashira couplings.[23] Both reactions were facilitated by the 
water soluble palladium(II)acetate-TPPTS-complex. Conversions in the Mizoroki-Heck reaction 
with alkene-conjugated-biotin were low (2%), but full conversion was obtained in the case of the 
Sonagoshira coupling with alkyne-conjugated-biotin, and copper(I)triflate as additive. A series 
of experiments revealed that the stability of the protein was much higher under the conditions 
required for the Sonagoshira coupling, as the Mizoroki-Heck reaction required indispensable 
additives like magnesium(II)chloride and DMSO. These additives are necessary to prevent 
aggregation of the protein due to occurrence of an unwanted addition of cysteine to the alkene-
conjugated-biotin. Nevertheless, in both cross coupling reactions site-specific biotinylation was 
obtained as was confirmed by Western blots. 

Copper-free Sonagoshira coupling was later reported by Lin et al. who reversed the placement of 
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the functional groups. They installed an alkyne moiety in the protein and coupled it to a 4-iodo-
phenyl-conjugated-fluorophore. The reaction was mediated by a water soluble aminopyrimidine-
palladium-complex.[24] The reaction proved to be fast and specific. So fast, that the method was 
later employed for phage-display,[25] and mammalian cell surface labelling.[26] In a later study Chen 
et al. showed the cross coupling reaction also takes place with a ‘neat’ water soluble palladium 
salt. No assistance of a ligand was required. They used palladium(II)nitrate as catalyst, which is 
much smaller than an organometallic complex. The small catalyst could easily diffuse over the 
cell membrane of a gram negative bacterium and showed protein labelling inside gram-negative 
bacterial pathogens.[27] 

Arylhalogens can also be utilised as bio-orthogonal handle for Suzuki-Miyaura cross coupling 
reactions with boronic acids. This cross coupling reaction proceeds at mild conditions, which 
makes it highly attractive as bio-orthogonal reaction. Many different palladium catalysts have 
been reported to catalyse this bioconjugation reaction. Hamachi et al. were the first to show 
uncomplexed water soluble palladium salt Na2PdCl2 mediates Suzuki-Miyaura couplings between 

OH

I

HS

Pd(OAc)2
BIAN or EDTA

(HO)2B

R

Dekker 2014 

Francis 2005 

R OAc4

Pd(OAc)2 / TPPTS

O
R

R

PrOi
OiPr

Pd Ar

PCy2

Buchwald 2015 

N

N
N

NaO

NaO

Pd(OAc)2

I

R

Davis 2016

S

S

Yokayoma 2006  

Yokayoma 2006 

Davis 2009-2013 

N
H

R

O

Pd(OAc)2 / TPPTS

N
H

R

O

Pd(OAc)2 / TPPTS
CuOTf

N

N
N

NaO

NaO

Pd(OAc) 2

(HO)2B

R

(HO)2B

R

N N
N+

Pd(OAc)2

Chen 2014 

N
H

R

O

N
H

O

R

R

R

N

N
NH2

NaO

NaO

Pd(OAc)2

I

R

Lin 2014 

H
N

O
Pd

R

X
2

Lin 2013 

R

HN

O

R

Figure 1.4: Schematic representation of bioconjugation reactions catalysed by palladium complexes



1

Chapter 1

14

4-iodo-phenylalanine and a boronic acid conjugated dye.[28] With this system, conversions up to 
50% were obtained. The conversion could be increased by the addition of glycerol to the reaction 
medium, losing the secondary structure of the protein as a trade-off. A few years later the group 
of Davis published a series of articles where they used 2-amino-4,6-dihydroxypyrimidine as water 
soluble ligand for the Suzuki-Miyaura coupling for protein modification.[29, 30] After performing 
an extensive study of aryl halogen handles that can be incorporated in proteins genetically (e.g. 
4-iodo-phenylalanine) or chemically (e.g. p-iodobenzyl cysteine), optimal conditions were found 
to perform the Suzuki-Miyaura cross coupling to give full conversion. They reported their 
method facilitates PEGylation,[31] glycosylation,[32] 18F-labelling,[33] and cell surface labelling.[34] 
Shortly thereafter Chen et al. reported also that water soluble N-heterocyclic carbene-palladium-
complexes can perform the Suzuki-Miyaura coupling reactions.[35] 

The oxidative Heck reaction was reported for efficient protein labelling of an alkene modified 
protein by Dekker et al. This milder variation of the Mizoroki-Heck reaction was mediated by 
a palladium complex of N,N’-bis-2,6-xylyl-acenaphthenequinonediimine (BIAN).[36] Removal 
of unspecific coordination of palladium to the protein for purification purposes was done by 
the addition of ethylene-diamine-tetraacetic acid (EDTA), a commonly used metal chelater. 
Surprisingly, the conversion of the reaction was increased after the addition of EDTA. Subsequent 
studies showed that the palladium-EDTA complex also functions as catalyst for the oxidative Heck 
reaction on terminal alkenes.[37] Since this complex is more water soluble than the palladium-BIAN 
complex, higher conversions were obtained, and the catalyst could be employed for metabolic 
labelling studies in cell lysates to detect histone alkylation.

Lin et al. expanded the bio-orthogonal utility of terminal alkynes further by activating and 
conjugating them with bench-top-stable palladacycles via a Heck-type mechanism.[38] The 
palladacycles are easily prepared, stable in aqueous media, and were able to modify alkyne-
equipped ubiquitin with >90% conversion. However, although palladium mediates this reaction, 
the palladacycle is used as stoichiometric reagent in this reaction. Buchwald et al. also reported a 
storable palladium reagent for stoichiometric modification of cysteine in proteins.[39] They showed 
that use of the metallic reagent can expand the utility of the already versatile application of thiols 
as bio-orthogonal handles with direct arylation of the sulfur in an excessively fast reaction. 
Later, Davis et al. showed similar transformations could be done with their palladium amino-
dihydropyrimidine catalyst and aryl-iodides.[40] Clever use of a metal binding site in a protein even 
resulted in selective modification of a single cysteine moiety among multiple cysteine residues. 

So far, palladium catalysis has dramatically increased the number of possible bio-orthogonal 
reactions, and has found even more applications in chemical biology with site selective bond 
cleavage reactions.[41] However, this is beyond the scope of this introduction.
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1.1.2 - Bio-orthogonal catalysis with rhodium catalysts

Rhodium is one of the rarest elements on earth, and therefore is one of 
the most expensive platinum group elements. Yet, historically rhodium 
is used extensively in organic chemistry for catalysis of hydrogenations, 

hydroformylations, and C-H activation  reactions via carbenoid chemistry.[42]

Rhodium carbenoids have proven to be valuable for activation of organic molecules for 
bioconjugation. Francis et al. showed that carbenoids, generated from rhodium(II)acetate and a 
diazocompound, selectively modify tryptophan residues, although only at low pH.[43] Addition 
of tert-butyl-hydroxylamine instead of hydroxylamine made it possible to efficiently promote 
carbenoid formation over a a much wider pH range (pH 2-7).[44] As tryptophan is not very 
abundant, and is easily genetically encoded at a site of interest, the reaction is a useful method 
for highly specific conjugation of aromatic residues. However, the tryptophan residue of interest 
needs to be solvent exposed to obtain high conversions. 

Studies by Ball et al. showed proximity-driven site-specificity of rhodium-carbenoids via protein-
protein interactions. Alfa-helices equipped with the rhodium-carbenoid complex via the side 
chains of two glutamic acid residues give highly specific modification of the nearby alfa-helix 
via a coiled coil interaction.[45] No alkylation is observed when the alfa-helix is omitted from 
the rhodium complex, except when cysteine is present.[46] The proximity-driven selectivity and 
careful design of the metal bearing peptide scaffold, results in very high selectivity towards 
specific residues in proteins and antibodies.[47-49] 
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In addition to carbenoid chemistry, rhodium catalysts are also often used in 1,4-conjugated 
addition reactions. Recently, Miller et al. reported that rhodium phosphine complexes can 
activate boronic acids for conjugate addition to dehydroalanine, a residue in naturally occurring 
antimicrobial peptides.[50] When using a chiral phosphine ligand, the reaction proceeds in an 
asymmetric fashion, yielding the product with an enantiomeric excess. So far, the reaction has 
only been reported for a single hydrophobic peptide (i.e. thiostrepton) in a solvent mixtures with 
high amounts of organic co-solvent, which reduces the applicability of the approach.

  

1.1.3 - Bio-orthogonal catalysis with ruthenium catalysts

Ruthenium is the cheapest of the platinum group elements, yet has a 
much smaller role in chemical biology. In organic chemistry ruthenium 
complexes are best known for their applications in olefin metathesis 

reactions,[51]   transfer   hydrogenation   reactions,[52]   and   photoredox  
catalysis.[53] Application of ruthenium complexes in chemical biology is found 

for the same reactions. 

The high functional group tolerance of the Grubbs type olefin metathesis catalyst makes it an 
excellent catalyst for cross metathesis of alkene-equipped proteins with small alkenes as was 
reported by Davis et al.[54] Allyl sulfides gave higher rates compared to other positions of the 
alkene. The same rate accelerating effect was found for allyl selenides, introduced in a protein via 
conjugate addition of allyl selenolate to dehydroalanine. Cope-type elimination of the selenoxide 
after additon of hydrogen peroxide regenerated the dehydroalanine residue. The fast cross 
metathesis reaction, combined with mild removal of the formed product makes it possible to 
‘write’ and ‘erase’ information to protein side chains.[55] 

Ruthenium complexes can also form metallo-carbenoids with diazocompounds. Che et al. 
positioned the metal in a water soluble glycosylated porphyrin which could perform an N-H 
insertion selectively at the N-terminus of a protein.[56] The catalyst proved to be more versatile 
than that. When the N-terminus was pre-equipped with an alkene functionality, the same 
ruthenium-porphyrin with the same diazo-compound performed a C-H insertion to give a 
cycloaddition reaction. 

Photoredox catalysis has recently emerged as a powerful tool in organic synthesis. Activation of 
small molecules by the influence of visible light only, makes it a very mild technique. Moreover, 
typical catalysts for these activations are robust and kinetically inert, so they have very little 
interference with functional groups present in proteins and peptides. Ru(bpy)3 is a commonly 
used photoredox catalyst based on ruthenium. The polypyridyl complex is water soluble, which 
makes it a promising candidate for photocatalysis on biomolecules. Noël et al. showed the 
catalyst can activate methyl iodide under the influence of visible light and a tertiary amine to 
react with cysteine in a peptide.[57] The tertiary amine is necessary to close the catalytic cycle, so 

Ru
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stoichiometric amounts of trimethylethylenediamine are needed. Activation of diazonium salts 
does not require addition of this base. Arylation of cysteine with Ru(bpy)3 and other water soluble 
dyes was later reported by the same group.[58] High yields were obtained when the process was 
conducted in a flow reactor, rather than reaction in a batch process. 

1.1.4 - Bio-orthogonal catalysis with iridium complexes

Historically, iridium complexes have found less applications in catalysis 
in organic synthesis, as its catalytic efficiency is lower compared to 
rhodium analogues. However, the use of iridium catalysts for organic 

chemistry has recently been increased, due to extraordinary electronic 
properties for photoredox chemistry. The cyclometallated iridium complex 

Ir(dF(CF3)ppy)2(dtbbpy)PF6 forms radicals from various unreactive precursors by oxidative or 
reductive quenching of its excited state. MacMillan et al. showed single-electron transfer  (SET) 
decarboxylation of the C-terminus of a peptide to form carbon-centered radicals.[59] These radicals 
can subsequently add to Michael acceptors via radical addition. When the Michael acceptor is 
placed on the N-terminus of the same peptide, peptidic macrocycles are formed. Cycles up to 
23 amino acids, or 47 atoms, were generated in this way. As Ir(dF(CF3)ppy)2(dtbbpy)PF6 is very 
hydrophobic, and therefor insoluble in aqueous mixtures, no application of protein modification 
with this catalyst is reported. However, a patent from MacMillan shows efforts in overcoming 
the water solubility problems by placing hydrophilic moieties on one of the ligands.[60] Recently, 
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MacMillan showed site specific SET decarboxylation of the C-terminus of proteins with a flavin 
photocatalyst.[61]

In organic synthesis, most use of iridium complexes is found in asymmetric transfer hydrogenation 
of imines. Francis et al. showed water soluble iridium-bipyridine-complexes also hydrogenate 
imines in a protein.[62] Addition of an aldehyde to lysozyme facilitates imine formation of several 
lysine residues in the protein. Subsequent reduction via transfer hydrogenation using the iridium 
catalyst afforded the alkylated protein. Multiple modifications were observed as multiple lysine 
residues are present in the protein. 

1.2 - Dehydroalanine

Transition metal catalysts have proven to be broadly applicable for the modification of 
biomolecules. High selectivity is obtained for the activation of unreactive substrates amidst many 
functional groups. In proteins, genetic incorporation of non-natural bio-orthogonal handles 
enhances the site selectivity. However, engineering via common biochemical techniques is 
limited when the target peptide is a complex structure resulting from a series of post-translational 
modifications (PTM). To derivatise such natural products, chemical modification has to be done 
at a natural bio-orthogonal handle.

As a consequence of the post-translational modifications, the products often contain remarkable 
non-canonical amino acids. Interesting residues are dehydroalanine (Dha) and dehydrobutyrine 
(Dhb) which are found in lanthipeptides,[63] and thiopeptides.[64] The electron deficient double 
bond in these dehydrated amino acids has a different reactivity than the canonical amino acids. It 
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can therefore function as bio-orthogonal handle for site specific late-stage chemical modification. 
In the next section of this introduction, biological and chemical syntheses of Dha in proteins 
and peptides are discussed, and an overview of chemical modifications of Dha in proteins and 
peptides is given.

1.2.1 - Dehydroalanine in lanthipeptides

Lanthipeptides are peptides containing lanthionine residues, which are two amino acid residues 
linked together via their side chains through a thio-ether bridge (see figure 1.8). The moiety is 
introduced enzymatically via posttranslational modifications of a linear ribosomally synthesised 
precursor peptide, preceded by a leader peptide (LP).[65] The first step in the formation of the 
lanthionine residues is the dehydration of serine (Ser) and threonine (Thr) residues to Dha 
and Dhb, respectively. The resulting double bond then functions as a Michael acceptor for a 
1,4-conjugated addition of the thiol functionality of a nearby cysteine (Cys) to form the thio-ether-
linkage. When Cys reacts with Dha, lanthionine is formed. In case of Dhb, methyllanthionine is 

Figure 1.8: Schematic representation of biosynthesis of lanthipeptides
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obtained. Lanthipeptides occur in many variations, varying in size, number of rings, and amount 
of remaining dehydrated residues.[66] Although the biological mechanism of dehydration 
and cyclisation is similar in all cases, the biosynthetic pathway and enzymes responsible for 
these transformations are variable. Therefore, lanthipeptides are classified according to their 
biosynthetic pathway. Class I lanthipeptides are synthesised by two separate enzymes. One for 
dehydration (LanB) and one for cyclisation (LanC). While class II lanthipeptides are synthesised 
by one fused enzyme (LanM) consisting of a dehydration domain and a cyclisation domain. Both 
class I and class II enzymes are directed by the leader-peptide located at the N-terminus of the 
lanthipeptide. Finally, when all post-translational modification have been conducted, a protease 
(LanP) removes the leader peptide from the mature lanthipeptide.[67]

1.2.1.1 - Nisin

The most studied lanthipeptide is nisin. Nisin was discovered in milk in 1928 by the observation 
that it inhibits the growth of Lactobacillus bulgaricus.[68] Since nisin is an antimicrobial lanthipeptide, 
it is often referred to as a lantibiotic. The chemical structure of the petide was elucidated in 1971[69] 
The molecule consists of five lanthionine bridges, resulting in three separate rings (A, B, and C) 
and two fused rings near the C-terminus (D and E) (see figure 1.9). Three dehydrated residues 
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(Dhb-2, Dha-5 and Dha-33) remain in the mature peptide after cyclisation and cleavage of the 
leader peptide has taken place. In 1988 the group of Shiba published the total synthesis of nisin. 
They separately synthesised four ring domains and fused them together in approximately 20 
synthetic steps.[70]

Nisin belongs to Class I lanthipeptides, as it is synthesised by a separate dehydration enzyme 
(NisB) and cyclisation enzyme (NisC). Although the genes for both NisB and NisC were already 
known by the end of the 20th century,[71] none of the attempts to synthesise the lanthipeptide in 
vitro by the addition of NisB and NisC to the precursor peptide were successful until two decades 
later. Van der Donk et al. elucidated the mechanism of LanB and found tRNA-Glu is required for 
the dehydration to occur (scheme 1.1).[72] 

Conjugate addition of thiols to the dehydrated residues can occur spontaneously, especially at 
elevated pH. However, without the direction of NisC, spontaneous cyclisation yields in a mixture 
of products.[73] Statistically 6720 potential products could be formed when five rings are formed 
between five cysteines and eight dehydrated residues without any directionality. This number 
is even higher when stereochemistry is included. However, NisC manages to produce only one 
product.[74] Elucidation of the structure of NisC revealed a zinc ion is involved in the cyclisation 
mechanism. However, up to date it is unclear how the enzyme produces only the single topology of 
nisin among the 6720 possibilities. This clearly illustrates the strength of the biological machinery 
in producing these remarkable structures. 

The antimicrobial activity of nisin is attributed to binding of the A/B rings to lipid II, a cell-
wall precursor embedded in the cell-membrane of bacteria.[75] Subsequent pore formation by 
clustering of the C/D/E rings results in disruption of the cell-membrane and destruction of 
the bacterium. Due to its excellent antimicrobial activity nisin is used in the food industry as 
preservative since 1950. The lantibiotic is produced industrially by culturing Lactococcus lactis, and 
carries the European Union Code E234. Up to date no resistance against nisin has been reported, 
despite its excessive usage. Therefore, nisin is a good candidate for medicinal applications. 
However, in order to gain a role in medicine, the peptide needs to be modified to improve the 
pharmacokinetics of the molecule.

Scheme 1.1: Mechanism of the dehydration of serine (R = H) and threonine (R = CH3) in the precursor 
peptide of nisin by NisB assisted by glutamyl-tRNAGlu.
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1.2.2 - Dehydroalanine in thiopeptides 

Another class of Dha containing peptides are thiopeptides. Characteristic to thiopeptides are 
oxazole and thiazole containing macrocycles around a pyridine derived heterocycle core. All these 
moieties are introduced by a series of posttranslational modifications from a linear ribosomally 
synthesised peptide, preceding a leader peptide (see figure 1.10) Although the first thiopeptides 
were discovered around the 1950’s, the mechanism of the biosynthetic pathway was only elucidated 
recently when the enzymes responsible for all transformations were identified.[64][76-78]

After recognition of the precursor leader peptide,[79] the first posttranslational modification is the 
formation of thiazoles and oxazoles via a cyclodehydrogenation mechanism. (see scheme 1.2). Two 
enzymes and two co-factors are involved in this transformation. The first enzyme deprotonates 
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the functional group of Ser, Thr or Cys to initiate attack to the neighbouring carbonyl to form a 
ring (i.e. cyclisation). The alkoxide moiety formed in this process gets then phosphorylated with 
ATP and eliminated (i.e. dehydration). A second enzyme utilises FMN to oxidise the ring to give 
the aromatic thiazole or oxazole.[80-82]

The remaining Ser and Thr residues in the precursor peptide are subsequently dehydrated to 
form Dha and Dhb respectively. Similar to the biosynthesis of nisin the dehydration of these 
residues is mediated by tRNA-Glu to introduce the leaving group of the hydroxyl group. However, 
in contrast to lanthipeptides, the dehydration domain is split in two enzymes. One enzyme carries 
out the glutamylation, while a second enzyme carries out the elimination.[83] 

The dehydrated residues are used to form the heterocycle core of the thiopeptide via a [4+2] 
cycloaddition, carried out by an aza-Dielsalderase (see scheme 1.3).[84] This is a multifunctional 
enzyme, as it needs to perform a cycloaddition, dehydration, and - depending on the degree 
of saturation of the final heterocycle - aromatisation or reduction. The first step in the 
transformation is the tautomerisation of one of the dehydrated residues to provide the diene 
moiety for cycloaddition with another dehydrated residue via a Diels-Alder mechanism. The 
cycloaddition is followed by a dehydration step to remove the oxygen of the former carbonyl 
from the first residue, just like in the formation of the azole-rings. Now either an aromatisation 

Scheme 1.2: Mechanism of the cyclodehydration of serine, threonine and cysteine to form oxazoles and 
thiazole rings assisted by ATP and FMN.
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step occurs to form a pyridine, or a reduction is carried out to form a (dehydro)piperidine. Two 
aza-Dielsalderases are known to catalyse all these transformations. One produces the aromatic 
pyridine core, and simultaneously cleaves of the leader peptide. Another aza-Dielsalderase 
produces the non-aromatic piperidine-like cores, and leaves the leader peptide attached. The 
leader peptide in these peptides is removed after formation of a second macrocycle. So far, the 
mechanism how these final steps occur remains unclear, and needs to be further investigated.[84] 

1.2.2.1 - Thiostrepton

One of the best studied thiopeptides is thiostrepton. It was discovered in 1955 by detection of its 
antibiotic properties. The structure was elucidated in 1970.[85] The macrocycles of thiostrepton 
are formed around a dehydropiperidine heterocycle. It contains two macrocycles. Macrocycle A 
is introduced in the cycloaddition step. Macrocycle B is formed by fusion with a quinaldic acid 
moiety, synthesised independently from the precursor peptide. A few of the enzymes involved in 
the formation of the secondary macrocycle have been identified, however the complete mechanism 
remains unclear so far.[78][86-87] In 2004 Nicolaou published the total synthesis of thiostrepton in 
four separate communications, explaining the synthesis and assembly of four building blocks.[88] 

The antimicrobial properties of thiostrepton are utilised in ointments against dermatologic 
disorders in veterinary medicine. Recently, it was found that the peptide also exhibits anti-
tumour activity.[89] However, the poor pharmacokinetics of the compound limits its potential for 
medicinal applications.

1.2.3 - Chemical modification of dehydroalanine

The delicate biomachinery for the formation of both lantibiotics and thiopeptides hampers the 
creation of analogues of these peptides via common biochemical techniques. Single alteration or 
introduction of an additional amino acid residue in the precursor peptide will have a dramatic 
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effect on the final product. Introduction of non-natural bio-orthogonal handles for modification 
via common bio-orthogonal techniques is therefore scarcely applicable to these peptides. Site 
selective chemical modification has to be done at naturally occurring reactive sites, or via semi-
synthetic strategies. Only few examples of chemically modified analogues are known. Methods 
involve oxime ligation,[90] genetic modification of precursor peptide or modification enzymes,[91-92] 
CuAAC with azides introduced at the C-terminus of nisin,[93] and semi-synthetic analogues 
where thio-ethers have been replaced by alkenes[94-95] or the C/D/E rings of nisin are replaced by 
a hydrophobic tail.[96]

The remarkable structures of lanthipeptides and thiopeptides are largely the result of clever usage 
of the reactivity of Dha and Dhb. Most lanthipeptides and thiopeptides still contain remaining 
dehydrated amino acids in the mature peptides. As the reactivity of these residues is unique 
compared to the other functional groups present in the peptides, these unsaturated residues 
can also be employed as a bio-orthogonal handle. Several methods have been developed for the 
selective modification of Dha in proteins and peptides.

One of the first reports about modification of Dha containing peptides, involved Michael additions, 
an approach similar to nature. Van der Donk et al. showed convergent synthesis of glycosylated 
synthetic peptides via sulfa-Michael additions. Dha was introduced in the peptides by oxidative 
elimination of the selenide (see scheme 1.4). Treatment of the Dha-containing peptides with thiol 
equipped sugar moieties resulted in sulfa-Michael addition to Dha specifically.[97-100] Schultz et al. 
extended this methodology to proteins. Via expanded genetic code technique they introduced a 
phenylselenoalanine in a protein, which was subsequently oxidised to Dha in good yields. The 
Dha residue in proteins was also modified via sulfa-Michael addition.[101-102]

Davis et al. introduced Dha in proteins by elimination of cysteine after double alkylation with 
dibromodiacetamide. This technique does not require the expanded genetic code methodology, 
which makes it a more modular approach for the introduction of Dha in proteins. Solvent exposed 
cysteines are quickly (3 hours), and in good yields, converted to Dha. They showed a variety of 
thiols added readily to the formed dehydrated residue.[103-105] 

Sulfa-Michael addition reactions were also employed to modify the remaining Dha’s in 
thiostrepton. Arndt et al. added thiol equipped fluorophores to the peptide, which added readily 
to the dehydrated residues in the tail of the peptide, to be able to study antibiotic activities of 
thiostrepton.[106] As thiostrepton contains two Dha residues in the tail, removal of the outer Dha 

Scheme 1.4: Chemical formation of dehydroalanine in proteins and peptides 
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was necessary for a cleaner transformation. Recently, the repertoire of Michael-additions to Dha 
was expanded with aza-Michael additions, reported by Bernardez et al.[107]

Recently Davis et al., simultaneously with the group of Park, reported radical additions to modify 
Dha to create new carbon-carbon bonds site-selectively in a protein.[108-109] The radicals are 
generated by reduction of alkyl-iodide species with sodium borohydride, or Zn(0) and Cu(II). The 
generated radical reacts with the Dha residue specifically in a very fast and reliable way. More 
than 25 new side chains were introduced via this method, which mimic natural post translational 
modifications like methylation, glycosylation, phosphorylation and hydroxylation. They also 
showed the side chains could be fluorinated and isotopically labeled for subsequent studies of the 
modified biomolecule. 

In the biosynthesis of thiopeptides, the Dha residue participates in a cycloaddition reaction. 
Raines et al. found Dha residues in nisin can also participate in [1,3]-cycloadditions with diazo-
compounds.[110] The reaction is selective for Dha and can also be conducted in the presence of 
azides, which makes it possible to install this bio-orthogonal handle for further derivatisation via 
CuAAC chemistry. Single- and double modification of nisin was obtained, as nisin contains two 
Dha residues.

None of the above mentioned reactions addresses the issue of the chirality in the product as a new 
stereocenter is formed at the α-carbon, however, the chirality of the newly formed residue might be 
of great influence to the properties of the peptide. The group of Miller reported the first catalytic, 
and enantioselective modification of Dha. They used rhodium mediated conjugated addition of 
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arylboronic acids to thiostrepton, using chiral phosphine ligands to induce the chirality.[50] As 
described in the first section of this introduction, the conjugation reaction was only reported for 
thiostrepton. So far, no catalytic modification of nisin has been reported.

1.4 - Thesis objective 

In summary, the first part of this chapter highlights the advances in transition metal catalysis for 
bioconjugation. The use of platinum group elements like palladium, rhodium, ruthenium and 
iridium for bioconjugation of proteins and peptides were discussed. These metals can activate 
unreactive groups for highly specific site-selective modification of the biomolecules. In the second 
part of this chapter, the synthesis, appearance and utility of dehydroalanine is described. The 
natural synthesis and role of Dha are addressed, as well as the applications of the dehydrated 
residue for chemical modification of proteins and peptides. 

Site-selective modification of potent antimicrobial peptides, like nisin or thiostrepton, is believed 
to be a promising strategy to obtain peptide analogues with improved properties for therapeutic 
applications. However, as these peptides are products of sophisticated biological post-translational 
machineries, modification via common bio-orthogonal chemistry, or bio-engineering approaches 
is difficult. Therefore, the goal of this project was to expand the bio-orthogonal strategies for the 
late-stage chemical modification of Dha in complex natural products.

Up  until  now  only  few  catalytic  strategies  for  the  modification  of  Dha  have  been 
described. Activation with a metal catalyst would expand the potential of Dha, and new chemical 
transformations could be achieved. Metal catalysed cross coupling reactions could enable the 
formation of new carbon-carbon bonds to the residue, and Heck-type cross coupling could maintain 
the sp2 hybridisation of the α-carbon of the amino acid. Moreover, when a transformation is 
catalyst-controlled, the reaction could be conducted asymmetrically, which can have an influence 
on the properties of the product. Lastly, (photo)catalytic activation of unreactive precursors could 
provide new strategies for modification of complex peptides under mild conditions. 

The research in this thesis describes the utility of transition metals belonging to the platinum 
group elements (e.g. palladium, rhodium, ruthenium and iridium) for their ability to mediate 
modifications of Dha under mild, aqueous conditions. The aim is to develop bio-orthogonal 
metal catalysed methodologies which can be generally applied to Dha containing proteins and 
peptides. The methodologies should be selective for the dehydrated amino acids, and work 
under physiological conditions (e.g. aqueous solutions, pH 7 and ambient temperature and 
atmosphere). Preferably the methodologies are fast, and provide high conversion of multiple 
dehydrated residues. Ultimately, the newly developed methods should be compatible with living 
cells. Analogues of natural products can then be obtained in a single purification step. In this 
way, biosynthesis is complemented with unnatural chemistry, in order to gain access to novel 
molecular structures. A collaboration between chemist and nature in search for new medicines 
and therapeutics.
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Chapter 2 describes the catalytic modification of Dha and Dhb via palladium mediated cross 
coupling reaction. Using Pd(EDTA)(OAc)2 as water soluble catalyst, a variety of arylboronic acids 
was coupled to the dehydrated residues in proteins and peptides such as nisin and thiostrepton. 
The cross coupling reaction yields both the Heck product, as well as the conjugated addition 
product. The reaction can be performed under mild aqueous conditions. The scope and limitations 
of the method are discussed.

Chapter 3 describes the chemical reduction of dehydroalanine in peptides for site-selective 
late-stage introduction of D/L-alanine, via a transfer hydrogenation reaction with a rhodium-
Noyori type catalyst and formic acid as hydride source. Dehydrated residues, dehydroalanine, 
dehydrobutyrine and dehydrophenylalanine, are reduced in this way in a racemic fashion. The 
site-selectivity for the residues, as well as the enantioselectivity and absolute configuration of the 
hydrogenated residues are discussed.

Chapter 4 describes the site-specific modification of dehydrated amino acids in antimicrobial 
peptides    via    photoredox    catalytic    activation    of    organoborates    by    visible    light.  
Ir(dF(CF3)ppy)2(dtbbpy)PF6 was used as photocatalyst in aqueous solution mixed with organic co-
solvent. Selectivity for Dha and Dhb is investigated and the scope and limitations of the method 
are discussed.

Chapter 5 describes the development of a water soluble iridium photocatalyst for the modification 
of Dha in proteins. Placement of hydrophilic moieties (sugars, alcohols and ammonium groups) on 
the bipyridine ligand are explored to increase the water solubility of the complex. The ammonium 
equipped complex was shown to be highly water soluble. The synthesis and characterisation is 
described, and its performance as photoredox catalyst explored and discussed.

Chapter 6 gives the conclusions and perspective of this research.
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