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Chapter 1

General Introduction
Over the past decade the growing importance of the peptide therapeutics market, which is expected to reach
about $25 billion in 2020,[1] has fostered the development novel chemical and enzymatic ligation
methodologies. Many peptides and conjugates thereof (e.g. with fatty acids, polyethylene glycol, etc.) are
required in large numbers (libraries) and large amounts (scale-up) as pure and homogeneous products. With
the increasing complexity and length of peptide products, new strategies for their manufacture are required.[1]
Whereas classical solid phase peptide synthesis (SPPS) can smoothly deliver peptides with a length of up to
40-50 amino acids, intrinsic limitations such as a disproportionally decreasing yield with increasing length of
the peptide are problematic. Hence, hybrid strategies are required for the assembly of longer peptides and
small proteins. These can include recombinant expression of the peptide or chemical or enzymatic fragment
condensation strategies. Although recombinant expression is often accompanied with high initial set-up costs
and is usually only an economically viable approach for the manufacture of larger quantities, with the
renaissance of peptides as a therapeutic modality, recombinant expression of peptide therapeutics has
become a well-established procedure. For example, the glucagon-like peptide-1 (GLP-1) analogue liraglutide
is partly manufactured in a recombinant manner, followed by a chemical conjugation step for the attachment
of a fatty acid moiety (γ-Glu palmitic acid) to increase its half-life. Classical chemical fragment condensation
strategies feature the coupling of chemically synthesized, fully protected peptide fragments in organic solvents
by conventional activation of the C-terminal amino acid (e.g. carbodiimide-mediated). Although countless
effort has been put into the development of chemical fragment condensation processes and this strategy is
used on industrial scale, its general applicability is often limited due to low fragment solubility and its restriction
to fragments bearing a C-terminal Gly or Pro residue in order to avoid the risk of epimerization of the
C-terminal amino acid. Besides the coupling of fully protected peptides fragments, also chemical ligation
strategies have been developed that enable the epimerization-free coupling of unprotected peptide fragments
in aqueous solution. For example, more than two decades ago Dawson et al. pioneered an approach termed
native chemical ligation (NCL), which is characterized by a thio-transesterification step between a C-terminal
peptide thioester and the side-chain thiol of an N-terminal cysteine of a second fragment, followed by a S-Nacyl shift resulting in the formation of a native peptide bond (Figure 1A).[2] Although NCL has become an
indispensable tool in chemical biology research, it has not been used yet on a commercial scale due to long
reaction times along with the difficult preparation of thioesters per se. In addition, after ligation, Cys, that is
one of the rarest amino acids in nature and thus not present in many peptides and proteins, will remain as a
footprint at the ligation site, although strategies have been developed that allow desulfurization and the
interconversion into different amino acids.[3] Other chemical ligation methods, which have been developed
to facilitate peptide fragment condensation, but are mostly used as a tool in discovery, include α-KetoacidHydroxylamine (KAHA) ligation,[4–6] traceless Staudinger ligation,[7–9] Ser/Thr ligation[10–15] or in the context of
proteins the use of engineered inteins as for example for expressed protein ligation (EPL).[16,17] KAHA ligation
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can be considered as an alternative to NCL and relies on the reaction of a C-terminal α-ketoacid and an Nterminal peptide hydroxylamine (Figure 1B).[18] Without the requirement of any catalysts and in the presence
of unprotected peptides KAHA ligation yields the ligated product containing a native peptide bond. The only
by-products of the reactions are H2O and CO2. However, this ligation approach requires the often
troublesome preparation of C-terminal peptide ketoacids and N-terminal peptide hydroxylamines. In
addition, often a homoserine residue remains at the ligation site, when the commonly used (S)-5-oxaproline
is employed as an N-terminal hydroxylamine.[18]

Figure 1. Schematic illustration of Native Chemical Ligation (A) and KAHA ligation (B).

Staudinger ligation, a reaction that was discovered almost a century ago by Nobel Prize laureate Hermann
Staudinger, relies on the reaction of an azide and a phosphine forming an aza-ylide (see Figure 2A). Bertozzi
et al. and Raines et al. simultaneously expanded this concept and based on the same working principle
designed the traceless Staudinger ligation, which allows the cleavage of the auxiliary phosphine reagent by
using an intramolecular electrophilic trap, resulting in the formation of a native peptide bond.[8,9] Although this
concept overcomes the limitations of NCL as no Cys residue is required at the ligation juncture, traceless
Staudinger ligation has largely remained a tool in academic research rather than in manufacture because of
the instability of the ligation reagents. Owing to the high abundance of Ser/Thr in peptides and proteins,
Ser/Thr ligation clearly also presents a viable alternative to NCL approaches. Ser/Thr ligation proceeds via
the reaction of a C-terminal peptide salicylaldehyde (SAL) ester and a peptide bearing an N-terminal Ser or
Thr, affording an N,O-benzylidene acetal which can be hydrolyzed acidly resulting in the formation of the final
peptide bond (Figure 2B). Unfortunately, not all 20 proteinogenic amino acids can be used as the C-terminal
amino acid and Ser or Thr is left as a remnant at the ligation site.[15]
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Figure 2. Schematic illustration of traceless Staudinger ligation (A) and Ser/Thr ligation (B).

All the aforementioned methods have become powerful tools in chemical biology, especially to synthetically
access proteins using fragment ligation strategies. However, despite the tremendous efforts made over the
last decades, in particular the synthesis of long peptides and proteins still represents a major challenge and
the development of novel, generally applicable strategies is required. In this context, enzymatic ligation
strategies have gained increased attention in recent years and have emerged as powerful tools to overcome
some of the present challenges. Due to their inherent properties such as excellent regio- and chemoselectivity
and the catalysis of reactions under mild conditions in an epimerization-free manner, enzyme-mediated
methods offer great advantages over chemical ligation procedures. The variety of enzymes used for enzymatic
ligation mainly includes proteases and engineered variants thereof as well as transpeptidases. Even though
proteases are very abundant in nature, few enzymes, namely ligases, have been found that naturally catalyse
the reverse reaction. Triggered by this, researches have started exploiting and engineering proteases to act
as ligases[19] and to carry out peptide bond formation following two strategies: thermodynamically controlled
peptide bond formation and kinetically controlled peptide bond formation (see Figure 3).[20,21]
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Figure 3. Protease-catalyzed A) thermodynamically controlled and B) kinetically controlled chemo-enzymatic peptide synthesis.

As an alternative to chemical ligation strategies, enzymatic peptide synthesis has been an intense field of
research for many decades.[22,23] Already in 1898 van ‘t Hoff predicted enzyme-assisted peptide synthesis[24],
before being realized by Max Bergmann in 1938[25]. Thermodynamic enzymatic ligation is characterized by a
reversed hydrolysis reaction, entailing the condensation of two peptide fragments, one with a free C-terminal
carboxylic acid and the other with an N-terminal amine fragment to form a peptide bond (see Figure 3A),
Thermodynamic enzymatic ligation results in a true (synthesis vs. hydrolysis) equilibrium and is therefore often
carried out in anhydrous organic solvents in order shift the reaction equilibrium k1 to the non-ionized
(reactive) acyl donor/ acyl acceptor species and k2 to the thermodynamically unfavourable formation of a
peptide bond; anhydrous conditions/ removal of waters leads to less hydrolysis. However, this approach
requires high enzyme loading with organic solvent-stable enzymes and is often accompanied with a tedious
reaction design and low reaction yields. Hence, this strategy did not find widespread use. On the contrary,
kinetically controlled enzymatic ligations, which are usually carried out in aqueous solution, are much
preferred. In a kinetically controlled approach, an activated N-protected peptide C-terminal ester (acyl donor)
fragment is coupled to a peptide N-terminal amine (acyl acceptor; nucleophile) (see Figure 3B).[26] The
reaction or the enzymes are designed to kinetically favor the formation of the ligation product over hydrolysis.
To achieve this, for example specifically tailored proteases such as trypsiligase[27,28], subtiligase[29–31] or
peptiligases[32–36] can be employed. Compared to thermodynamically controlled enzymatic ligations, kinetic
strategies are much faster (no k1 equilibrium) and allow a much more efficient process design, eventually
resulting in significantly higher product yields. However, product formation is often accompanied with
hydrolysis of the C-terminal ester moiety and/ or the ligation product. Since the free (hydrolyzed) carboxylic
acid has no acylation potential, this byproduct cannot be used further in the reaction, thus lowering the overall
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yield of the reaction. Starting materials for a kinetically controlled approach such as the C-terminal ester
peptide are easily accessible using classical SPPS methods.[37]
Driven by the renaissance of peptide chemistry and the requirement for novel tools to modify and
manufacture increasingly complex therapeutic molecules, efforts to discover and optimize peptide ligases
have accelerated and currently represents an intense field of research. Recently discovered ligases from nature
as well as engineered ligases find widespread use in the synthesis of peptides per se, both linear and circular
forms, as well as in protein semisynthesis and for the site-specific modification of proteins. Especially the latter,
expanding the chemical and functional space of peptide and proteins by site-selective modification, i.e. linking
small molecules, carbohydrates or peptides to other polypeptides, has become an invaluable strategy in the
past decade, both in academic and industrial labs.
Besides the assembly or modification of linear peptides another structural class of peptides has greatly
benefitted from the emergence of enzyme-mediated ligation methods: peptide macrocycles. Peptide
macrocycles represent an extremely diverse class of molecules that recently attract increased attention as
drug leads and prospective pharmaceuticals, with currently over 30 cyclic peptides registered or in clinical
trials.[38–40] Together with linear peptides, they fill the gap between small-molecule drugs (less than 500 Da)
and biologics (over 5000 Da; see Figure 4)[41] and have the potential to address previously ‘undruggable’
targets, such as protein-protein interactions (PPI’s).

T 4

5 kDa
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Lipinski space

“Middle” space

Biologics

Figure 4. Schematic representation of the ‘’middle space’’ of macrocyclic peptides occupied between small molecules and protein/
biologics.[41,42]

Many cyclic peptides are characterized by their unique structural and enhanced biopharmaceutical properties,
such as an improved metabolic stability due to a reduced sensitivity to proteolytic cleavage and/ or high target
affinity due to their conformational rigidity.[43] The increasing number of cyclic peptides used as therapeutics
is accompanied by the need for efficient and cost-effective routes that enable their synthesis, especially at
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large scale. Up to date, the manufacture of cyclic peptides mainly relies on synthetic chemical methodologies,
e.g. using classical reagents or NCL, and still represents a major challenge.[44,45] Classical coupling reagents are
often used to cyclize side-chain protected peptides in anhydrous organic solvents. However, heavy dilution
to prevent polymerization, risk of epimerization and a poor solubility of side-chain protected peptides limit
this approach, especially for peptides longer than 20 amino acids. In contrast, nature provides a diverse
enzymatic toolkit for the cyclization of peptides, which displays a promising alternative to conventional
chemical methodologies. Thus, due to their favourable properties such as excellent chemo-selectivity, the
use of enzymes for the head-to-tail cyclization of peptides has been extensively examined and provides an
elegant link between chemistry and biology.[46] Cyclization of the peptide linear backbone can be achieved
via different connectivities: head-to-tail,[47] side chain-to-side chain[48] or terminus-to-side chain[49,50]. Although
an array of naturally occurring enzymes can utilize side chains to create cyclic structures (e.g.
transglutaminase[50]), their broad applicability is often restricted by specific substrate requirements. Enzymecatalyzed peptide ligations resulting in head-to-tail (N-to-C) cycles with a native peptide bond at the ligation
site have, however, found a more widespread use and will be the focus of this chapter. The currently existing
set of enzymes used for peptide head-to-tail cyclization is comprised of enzymes such as (amongst others)
sortase A,[51,52] trypsin,[53] asparaginyl endoproteases (AEP) like butelase 1[54,55] or OaAEP1b[56], PatG
macrocyclase[57–59] and the subtilisin variants peptiligase or omniligase-1[34,36,60,61]. Additionally, recombinant
techniques for the generation of cyclic peptides such as EPL[62,63] have also been studied extensively.[64]
An overview about the currently existing set of ligases and recent developments, both for intermolecular and
intra-molecular ligation, is given in the following section.

Enzymes for Inter- and Intramolecular Peptide and Protein Ligation
Sortases
Sortase A, a bacterial housekeeping cysteine transpeptidase from Staphylococcus aureus, naturally catalyses
the covalent anchoring of surface proteins to the cell wall of Gram-positive bacteria.[65] It links the threonyl
carboxylate of an LPXTG recognition motif to the amino group of a pentaglycine peptide attached to a
peptidoglycan. This reaction has inspired scientists to employ sortase A as a synthetic tool for peptide and
protein conjugation[46] as well as for peptide and protein (head-to-tail) macrocyclization[65–68]. Since its
discovery, sortase A has emerged as a valuable scientific tool.[69] During catalysis, in the presence of Ca2+,
recognition of the motif R1-LPXT-G-R2 (R1,R2,,R3 = proteins, synthetic peptides, solid supports or cells; X=
any amino acid) is followed by concurrent thiolate nucleophile attack to form an acyl-enzyme complex and
cleavage of the Thr-Gly amide bond of the LPXTG motif. The thioester acyl-enzyme complex (R-LPXTsortase A) is cleaved by a peptide with an N-terminal glycine (GR3), yielding a native R1-LPXT-G-R3 peptide
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bond (see Figure 5A). In the case of sortase-mediated cyclization a bifunctional peptide precursor bearing a
C-terminal LPXTG sequence and an N-terminal glycine recognition motif (Figure 5B) is required, so that the
desired cyclic product is formed by a nucleophilic attack of the N-terminal glycine of the same peptide, which
has previously formed the acyl-enzyme intermediate (see Figure 5B).

Figure 5. A) Sortase A mediated intermolecular ligation of peptides and proteins. B) Intramolecular sortase-mediated ligation and C)
pros and cons of sortase-catalyzed ligation.

Sortase A is very robust, can be produced recombinantly in moderate yields (>40 mg/ L) and is commercially
available. The peptide starting materials are also easily accessible either via synthetic or recombinant strategies,
so that sortase A mediated ligation can be easily established in most biochemical laboratories. Nowadays, the
sortagging reaction has been adopted for a wide range of applications such as protein ligation[70], peptide
fusion,[71] N- and C-terminal labelling of proteins and antibodies,[72,73] cell-surface modification,[74] protein
immobilization[75] or peptide cyclization[51].
For example, in the case of peptide cyclization Craik et al. demonstrated the use of sortase A for the synthesis
of disulfide-rich peptides such as the bioactive cyclotide kalata B1 in its native form.[51] Using another cyclotide,
the sunflower trypsin inhibitor SFT-1, sortase A has been successfully used to generate bioactive, sequence
grafted cyclic peptides.[76] In addition, a strategy for generating cyclotides, e.g. a variant of the trypsin inhibitor
cyclotide MCoTI-II, via recombinant expression coupled to Sortase A-mediated backbone cyclization has
14
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been developed.[52] Moreover, Hong and coworkers used sortase-mediated ligation for the synthesis of cyclic
analogues of the antibacterial peptide P-113[77] whereas Bolscher et al. successfully used sortase A for the
head-to-tail cyclization of the 38-mer salivary peptide histatin 1 in very good yields.[78] In general, it could be
shown that (glyco-)peptides with 16 or more amino acids could be cyclized with good efficiency (>80 %
conversion). Although longer peptides can be virtually completely converted into the corresponding cyclic
products, it must be noted that the overall outcome is determined by competing oligomerization reactions
and the thermodynamic equilibrium of the reaction, resulting in the cleavage of cyclic peptide to its linear
form. For cycles shorter than 16 amino acid residues oligomerization predominates.[67] In addition to its
applicability to peptides, also proteins such as the Green Fluorescent Protein (GFP)[68,79] or cytokines with a
four helix bundle structure[80] were successfully cyclized in moderate to excellent yields. For instance, Kolmar
et al. recently reported a single step solid-phase cyclization and purification procedure resulting in a cyclic
version of the human growth hormone (hGH) with improved properties.[81]
In general, sortagging applications are based on using the LPXT-G motif that in some cases can be a limiting
factor. For example, many sequences, e.g. many natural or pharmaceutically relevant peptides and proteins,
do no intrinsically contain an LPXTG motif and therefore sortagging is limited to applications were short linker
sequences can be added to the respective peptide or protein. To expand sortagging beyond the standard
LPXT-G motif, sortase homologs as well as engineered variants, e.g. with altered selectivity profile, have been
reported.[82–84] In addition, recently a bicyclic version of sortase A has been described that exhibits increased
thermal and chemical stability as compared to wildtype sortase A.[85] The ability of wild-type sortase A to siteselectively couple acyl donors to the ε-amino group of a lysine residue within a specific amino acid sequence
has also been reported, therefore broadening the sortagging scope further to the generation of branched
peptides.[86] However, although recent developments have certainly advanced the technology, in most cases
the native sequence of peptides or proteins needs to be altered, i.e. the addition of an oligo-G and LPXTG
motif, respectively, is required to enable sortase-mediated ligation (SML). This clearly represents a serious
drawback of this methodology (see Figure 5C) and excludes SML of natural proteins and peptides lacking
these motifs.
In addition, despite its popularity as a tool in chemistry and biology and although evolved sortase variants with
increased activity are described,[73] another serious drawback of sortase A is its poor catalytic efficiency that
needs to be compensated by using extremely high enzyme loadings (typically 0.1-1.0 molar ratio based on
the substrates) and extended coupling times (> 20 hours; see Figure 5C), An even more significant limitation
is the reversibility of the transpeptidase reaction leading to the cleavage of the product peptide bond, which
restricts the maximum ligation yield to 50% if the substrates are used in equimolar amounts. However, for
cyclization reactions this is less profound than for intermolecular ligations.[68] Strategies for achieving higher
yields such as the addition of one of the ligation partners in excess or by removing the glycine leaving
15
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group[87,88] do not represent economically attractive alternatives in most cases. A more viable strategy is
reactant engineering that renders the transpeptidation reaction irreversible. One approach uses modified
depsipeptide substrates that upon transpeptidation release nonreactive fragments, e.g. a non-reactive
hydroxyacetate moiety,[89,90] or spontaneously form a diketopiperazine.[91] Nevertheless, these approaches
do not prevent hydrolysis of the product or starting material and still require 0.1 to 0.2 equivalents of sortase A
and an excess of depsipeptide substrate (up to 3 equivalents). Moreover, in the context of protein labelling,
Tsourkas et al. developed an approach to overcome the poor reaction kinetics via proximity-based sortasemediated ligation (PBSL), which enables ligations efficiencies of over 95%.[92] For PBSL the target protein and
sortase are linked using the SpyTag-SpyCatcher protein pair. Although after ligation the Spytag is cleaved off
and the target protein is released, this approach requires elaborate reaction engineering and Spycatcher
modified and His6-tagged sortase is required in equimolar amounts, therefore not representing a broadly
applicable approach for enzyme-catalyzed ligation. In addition to conventional peptide to peptide ligations
and cyclizations, SML has also been successfully used for the generation of peptide C-terminal thioesters[93]
and hydrazides,[94] thus enabling the enzymatic synthesis of important precursors for chemical ligation
strategies such as NCL.
In conclusion, despite its drawbacks and, in particular, when addition of the sorting sequence LPXTG to a
peptide or protein does not interfere with its function, sortagging represents a powerful tool for site-selective
bioconjugation (e.g. generation of new biologics). Nevertheless, its broad application is hampered by the low
catalytic efficiency (large quantity of enzyme required), long reaction times, moderate yields and the high
molar equivalents of one of the substrates needed. However, in the teeth of all its shortcomings, also due to
substantial improvements during the past years, SML has become a popular tool in chemical biology.

Asparaginyl Endoproteases
A notable development within the field of enzymatic ligation technologies and a promising alternative to
sortases is the application of asparaginyl endoproteases AEP such as butelase 1.[54,95,96] Butelase 1 is a stable
Asx-specific cysteine transpeptidase from a tropical cyclotide-producing plant (Clitoria ternatea) that natively
catalyzes peptide backbone cyclization in the biosynthesis of cyclotides.[97] naturally occurring disulfide-rich
head-to-tail cyclic peptides. Thus, butelase 1 especially provides an attractive enzymatic alternative to
chemical strategies for peptide head-to-tail macrocyclization.[97] As compared to sortase A, among its key
advantages is a smaller acyl donor recognition motif (N-HV or D-HV), which requires Asp or Asn (Asx) before
and a His-Val dipeptide after the cleavage position (see Figure 6). During biocatalysis, the HV dipeptide is
cleaved, leading to an acyl-enzyme intermediate, which is subsequently resolved by a nucleophilic attack of
the N-terminal amino acid. Thus, only an Asx residue is left behind as a footprint at the ligation site (Figure 6).
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Figure 6. Butelase-mediated inter- and intramolecular ligations of peptides and pros and cons of butelase-mediated ligation.

Butelase 1 has a broad tolerance for the first (N-terminal) residue to be coupled, which can be virtually any
proteinogenic amino acid (except Pro, Asp and Glu), but at the second position only certain hydrophobic
amino acids (Ile, Leu, Val) and Cys are tolerated.[98] Interestingly, in macrocyclization reactions all amino acids
are accepted at the second position if Gly is present at the first position.[98] Despite its broader substrate
scope, similarly to sortase A, intermolecular butelase-1-mediated ligations are also reversible and an excess
of substrate is required to achieve efficient conversion. However, compared to sortases, butelase 1 features
substantially higher catalytic efficiency (only approx. 0.005 molar equivalents of enzyme required).
Butelase 1 has been shown to efficiently promote intermolecular peptide ligation as well as head-to-tail
macrocyclization of peptides from 10 residues or longer in nearly quantitative yields with short reaction times
(Figure 6).[54,99–101] Butelase 1 preferentially catalyzes cyclization over hydrolysis. For example, the 29-mer
cyclotide kalata B1 was cyclized with very high efficiency (>95% yield). Besides, GFP and human growth
hormone (somatropin) were cyclized within 15 min in equal yields.[101] Furthermore, Tam and coworkers
recently reported the first chemical synthesis of large circular bacteriocins such as the 70-mers AS-48 and
uberolysin by using butelase 1-mediated cyclization.[100] Interestingly, butelase 1 is highly promiscuous with
the unique ability to even cyclize peptides consisting of almost exclusively D-amino acids, except the Cterminal Asx residue.[98] In contrast, in case of intermolecular ligations, similar to sortase-mediated ligation,
the intrinsic reversibility of the ligation reaction (product cleavage) requires an excess of substrate (>5 eq.) to
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reach reaction yields >50%. The cleaved HV-dipeptide acts as a competitive nucleophile, rendering the
ligation procedure economically unattractive. To overcome this limitation, the use of thiodepsipeptide
substrates is successful in rendering the reaction irreversible.[102] However, this strategy involves the use of
instable thioester substrates and does not prevent hydrolysis of the product. Besides its use for peptide
macrocyclization, butelase 1 has been used for a range of peptide and protein ligation reactions. For example,
butelase-1 has been recently employed for the modification of live cell bacterial surfaces[103] or for the semisynthesis of ubiquitin[102] and large circular bacteriocins, the largest antimicrobial peptides known.[100] In
addition, butelase-1 has been used for the chemo-enzymatic preparation of peptide dendrimers of di, tetraand octabranches using thiodepsipeptides as acyl donor substrates with lysyl dendrimeric scaffolds.[104] Not
only the engineering of peptides has been described with butelase-1, even the modification of proteins
represents an interesting application.[105] For example, Ploegh and coworkers described an interesting onepot dual labelling approach for the sequential modification of heterodimeric proteins such as antibodies with
different labels at light and heavy chain, respectively, as well as an approach for the sequential C-to-C fusion
of two protein of interest.[106] Besides the applications described, butelase-1 mediated synthesis gives access
to protein thioesters, therefore enabling tandem chemoenzymatic ligations (e.g. via NCL).[107]
The peptide substrates required for butelase-mediated ligation can be prepared via straightforward SPPS or
via recombinant expression. In contrast, all studies to date have been performed with butelase-1 tediously
isolated from plants, therefore limiting its potential in biotechnological applications. Although attempts to
produce butelase-1 via recombinant expression have not been successful so far, it can be expected that with the range of technologies available today - this will be achieved in the near future. Recently, a markedly
less active AEP named OaAEP1, evolutionarily related to butelase 1 and also able to link the N- and C-termini
of peptidyl substrates, has been recombinantly expressed in Escherichia coli. Although expression yields (<2
mg/ L) were still low, OaAEP1 has the advantage over butelase 1 of being a fully characterized enzyme that
is able to cyclize a diverse range of substrates, albeit with low catalytic efficiency (approx. 90 times slower
than butelase 1).[56,108] Despite the fact that the catalytic efficiency of native OaAEP1 has been clearly improved
through structure-based enzyme engineering[55], butelase 1 may still be the enzyme of choice.[108]
Both butelase 1 and OaAEP1 are capable of catalyzing peptide bond formation without the need of an
extensive recognition sequence as in the case of sortases, but its widespread use is still restricted by the lack
of available recombinant expression protocols (see Figure 6). A method for their production via recombinant
techniques (in high yields) will enable their broad application in academia and industry and will greatly extend
its synthetic utility, e.g. for the generation of cyclic peptide libraries. Especially the high catalytic efficiency and
minimal sequence requirement make butelase 1 a powerful tool for the generation of cyclic peptides. In case
of intermolecular ligations, the low efficiency of product formation might pose a significant limitation for its
broad use in the chemical biology community.
18

Introduction

Trypsin related enzymes
The possibility of using trypsin variants for peptide synthesis has been known for decades.[109] Recently,
Bordusa and coworkers reported a highly selective trypsin variant, termed trypsiligase, for the N- and
C-terminal modification of protein or peptide substrates under native conditions (see Figure 7). This enzyme
exhibits high specificity for the tripeptide sequence YRH.[110] Interestingly, native trypsiligase adopts a partially
disordered zymogen-like conformation and represents a striking example for substrate-activated catalysis, as
it is exclusively active in the presence of the YRH tripeptide motif and Zn2+ ions, effectively minimizing
proteolytic side reactions.[110]

Figure 7. Trypsiligase-mediated N- and C-terminal modification of proteins as well as pros and cons of trypsiligase-catalyzed
modification of proteins.
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Trypsiligase exhibits an increased aminolysis-over-hydrolysis rate for N-terminal modification of RH-proteins,
which proceed via the use of activated substrate mimetics (such as peptidyl 4-guanidinophenyl esters (OGp))
as acyl donors (Figure 7A). C-terminal modifications resemble transpeptidation reactions between an
introduced Y-RH recognition sequence and a RH-X (X=peptide, tag) nucleophilic acyl acceptor peptide
(Figure 7B). Highly selective N-terminal protein modification,[27], but also regioselective derivatization of
proteins at their C-terminus have been reported[28]. The ligation reaction is usually complete within minutes
and requires approximately 0.1 molar equivalents of enzyme with an excess of corresponding acyl acceptor
substrate (often 10 eq.).
The Y-RH recognition motif is only found in 0.5% of all known protein sequences in the SwissProt
database.[110] Thus, although trypsiligase supports efficient site-specific and selective bioconjugation reactions,
at the same time the limited sequence scope restricts its use in peptide synthesis and semisynthesis of native
proteins, similarly to sortase A. Another drawback is the presence of the Y-RH sequence in the ligation
product (C-terminal protein modification) which leads to back reactions and hydrolysis, necessitating that the
coupling reaction is stopped at exactly the right time to ensure maximum product yield. Therefore, the
reaction conditions need to be optimized for each particular ligation.

Subtilisin-derived variants
Ligases from nature such as sortase and butelase rely on a cysteine residue in the active site that forms a
thioester with the acyl-donor peptide. Almost 25 years ago, Wells and coworkers replaced the active site
serine of a protease from Bacillus amyloliquefaciens, i.e. subtilisin BPN', with cysteine to enhance its enzymatic
peptide ligation efficiency. However, one additional mutation was required to attenuate the steric crowding
created by the introduction of the bulky thiol residue and to restore the enzyme activity. The double mutant
peptide ligase was termed subtiligase.[30] Although this mutant exhibits considerable ligase activity it still lacks
satisfactory efficacy, as a huge excess of the acyl acceptor fragment is required to suppress substantial amounts
of hydrolysis. Recently, Toplak et al. reported a novel Ca2+-independent and stable subtilisin mutant, termed
peptiligase,[60] which efficiently catalyzes peptide bond formation between a C-terminal carboxamidomethyl
(Cam)-ester fragment and an acyl-acceptor nucleophile with, in many cases, insignificant amounts of
hydrolysis (Figure 8). Peptiligase-catalyzed ligation proceeds similarly to other protease-mediated ligations
(see Figure 8A). Upon nucleophilic attack of the active site thiol an acyl-enzyme intermediate is formed, which
is concomitantly resolved by the attack of an acyl acceptor nucleophile (synthesis) or water (hydrolysis; Figure
8A). Since the ester to amide conversion is irreversible and no product hydrolysis is observed, a theoretical
quantitative yield of 100% can be achieved using a one-to-one molar ratio of the substrates. Compared to
other ligases such as sortase or butelase, peptiligase-mediated ligation features several advantages, such as
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high catalytic efficiency (<0.0003 molar equivalents of enzyme required) and easy scalability of the reaction.
The peptide starting materials can be prepared using recombinant or standard synthetic techniques[37] and
the enzyme can be easily obtained from Bacillus subtilis in high yield (>0.5 g/ L). The ligation reaction of
unprotected peptide fragments proceeds in aqueous media (neutral to slightly basic pH) at ambient
temperature with extremely high average ligation yields (up to 98% ligation yield in <1 hour), only requiring
a low molar excess of acyl acceptor (in case of intermolecular ligations 1.1-2 mol. eq.).[46] Compared to other
peptide ligases, peptiligase is exceptionally thermostable (TM= 66 °C) and tolerates the presence of organic
co-solvents (e.g. up to 50% (v/v) dimethylformamide (DMF)) and disrupting agents (e.g. 2 M urea or
guanidinium chloride), therefore also enabling the ligation of poorly soluble or folded peptides.[32]
Peptiligases have six distinct substrate recognition pockets: four recognizing the C-terminal part of the peptide
(S1-S4), and two involved in binding the N-terminal acyl acceptor part of the peptide (S1' and S2'). To enable
an efficient ligation, hydrophobic or slightly polar amino acids are preferred at position P4 and in positions P1.
P1' and P2' proline should be avoided (see Figure 8C). Especially the S1' pocket was found to be highly
discriminating, only able to accommodate small amino acids such as Gly, Ser and Ala. However, the substrate
scope of this pocket could be radically broadened by protein engineering.[36] Improved peptiligase variants
with a radically broadened substrate scope such as omniligase-1 (see chapter 2) are commercially available
and provide an excellent basis for efficient and completely footprint-free inter- and intramolecular peptide
ligation.[35,60] In addition to peptiligase variants with a broad substrate scope, protein engineering also yielded
several peptiligase variants with redesigned substrate profiles that allow selective peptide couplings without
the need for any N-terminal protecting groups of the acyl donor fragment.[36] Peptide ligation using peptiligase
variants is completely footprint-free, therefore also enabling its use in the inter- and intramolecular ligation of
naturally occurring peptide sequences without the need of a specific enzyme recognition motif. The only
requirement is the use of a peptide C-terminal ester substrate, which is easy to obtain using classical SPPS.[37]
The broad applicability and high catalytic efficiency of peptiligase and its variants was successfully demonstrated
by Nuijens and coworkers in the chemo-enzymatic synthesis of the peptide therapeutic exenatide.[36] Because
of the relatively broad specificity of many peptiligase variants, e.g. omniligase-1, they can not only be used for
chemo-enzymatic peptide synthesis (CEPS) of peptides, but also for protein semi-synthesis, head-to-tail
macrocyclizations of various linear peptides having a free N-terminus as well as for the generation of linear
and cyclic polymers with >300 residues in length. Enzymatic cyclization using subtilisin variants has first been
described by Wells and coworkers, who synthesized several head-to-tail cyclic peptides consisting of more
than 13 amino acid residues in reasonable yield.[111] Recently, Nuijens et. al. demonstrated the applicability of
peptiligase to peptide-head-to-tail cyclization by cyclizing the hydrophobic peptide microcin J25 in an aqueous
solution of 20% dimethyl sulfoxide (DMSO), again highlighting the co-solvent stability of peptiligase.[60]
Although these initial studies have been reported, subtilisin variants have not yet been used for peptide headto-tail cyclization in a broader sense, therefore leaving plenty of room to explore.
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Figure 8. Mechanism of enzymatic ligation with peptiligase variants A) and possible applications thereof B) as well as C) pros and
cons of peptiligase-catalyzed peptide and protein ligation.
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Finally, besides efficient head-to-tail macrocyclization[36,60] and coupling of peptide fragments, the efficient and
selective N-terminal coupling of peptides to proteins, such as exenatide to human serum albumin and an
11-atmer to the peptide polymer XTEN (864 amino acids) demonstrate the power of ligations mediated by
peptiligase variants (see Figure 8B).[35]
Besides the engineering of peptiligase variants by Nuijens et al., Wells and coworkers evolved a set of different
subtiligase variants using a proteome-wide screening approach that enables the site-specific bioconjugation to
almost any N-terminal protein sequence, therefore overcoming longstanding limitations in protein
engineering.[31] The use of this toolbox is expected to have great impact in the area of site-specific protein
modifications, but substrate specificity on the acyl donor binding site (P4-P1) currently still leads to limitations
for peptide-peptide ligations and protein semisynthesis. In addition to using common glycolate type of ester
substrates, thioester substrates have also recently been described as more efficient substrates for subtiligasecatalyzed enzymatic ligation,[112] therefore enabling its use in sequential chemo-enzymatic ligations, e.g. using
peptide hydrazides,[113,114] and enzyme-catalyzed expressed protein ligation.[115]
In conclusion, both peptiligase and subtiligase variants represent valuable tools in peptide-peptide ligation, as
well as for the site-specific modification of proteins. In particular, peptiligase variants have the potential to
establish CEPS as the preferred method for the synthesis of long (pharmaceutical) peptides and proteinconjugates in a cost-efficient and environmentally friendly approach. Peptiligase-mediated coupling is scalable
and can be used either as a versatile stand-alone technology or as an addition to chemical ligation
methodologies (e.g. NCL[2]) or intein-based protein ligation[16] in both academic research labs and industrial
settings.

Cyclases from other biosynthetic pathways
In addition to the described set of ligases, there are several other enzymes known from nature that natively
catalyze peptide cyclization in ribosomal or non-ribosomal pathways. Many specific enzymes from nonribosomal pathways are well characterized.[116] For example, during non-ribosomal peptide synthesis, linear
peptides can be cyclized by a thioesterase domain.[117,118] However, generally these domains possess an
extremely narrow substrate scope and in vitro ligation reactions often result in low yields, therefore limiting
their broad applicability. Peptide cyclases involved in ribosomal peptide synthesis include microbial enzymes
such as PatG[119,120] or fungal enzymes like prolyl oligopeptidase B[121–123]. Recently, oligopeptidase B from the
α-amanitin biosynthesis pathway in Galerina marginata (GmPOPB) was reported to catalyze head-to-tail
cyclization of peptides with moderate catalytic efficiency. Its broad use is restricted due to the requirement of
a large recognition sequence (25 amino acids) and its strict sequence dependency. In contrast to GmPOPB,
the subtilisin-like macrocyclase domain of PatG (PatGmac), a peptide cyclase expressed from a cyanobactin
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gene cluster, performs N-C transpeptidation to yield a macrocyclic product with a significantly smaller
recognition sequence.[58,119,124] PatGmac recognizes a C-terminal AYGD motif at position P1’-P4’ and a
preceding proline residue at the P1 site.[59] During biocatalysis, the AYGD motif acts as a leaving group. Except
for the recognition sequence, PatGmac is largely unspecific and has the ability to efficiently cyclize a broad range
of substrates including those containing non-peptidic scaffolds such as unnatural amino acids or triazoles.[59,125–
127]

This promiscuity enables the chemo-enzymatic synthesis of large libraries of hybrid cyclopeptides. Studies

with unnatural substrates have shown that peptide cycles between three and 22 residues are accessible via
PatGmac catalyzed cyclization.[57,127] By combining PatGmac with other modular enzymes from the machinery
involved in posttranslational modifications, the synthesis of highly decorated peptides and peptide derivatives
is possible.[57] However, although PatGmac provides a highly unspecific route for the production of cyclic
peptides, its broad biotechnological application is limited by its extremely low catalytic efficiency (turnover
rate approx. 1 per day).[59,119]
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Aims and Thesis Outline
Driven by the renaissance of peptides as prospective therapeutics the use of enzymes as tools for synthesizing
and modifying peptides and proteins has gained increased attention in recent years. The potential of enzymes
may well exceed that of chemical strategies and a future increase of the use of enzymatic ligation technologies
can be envisaged. Due to their inherent properties such as excellent regio- and chemoselectivity enzymes
represent invaluable instruments in both academic and industrial labs for the purpose of enzymatic ligation.
Applications may range from biomaterials, diagnostics and basic research (e.g. for studying protein-protein
interactions) to the production of therapeutic peptides and protein conjugates (e.g. antibody-drug conjugates
or post-translationally modified proteins). Despite their strength, many ligases also have limitations, such as
low catalytic efficiency, a narrow substrate scope or their limitation to canonical amino acids. Hence, although
existing technologies already cover a comprehensive range of applications the future discovery and targeted
tailoring of novel and improved ligases is crucial to expand the scope of applications and to effectively
supplement existing chemical ligation technologies in order to create even more powerful and flexible
modular ligation strategies, for example for efficient peptide head-to-tail macrocyclization.
On this basis, two novel peptiligase variants were engineered to expand the toolbox of existing enzymes.
Following an introduction in chapter 1, in chapter 2 the engineering of the broadly applicable peptiligase
variant omniligase-1 is described, followed by the engineering of the specifically tailored peptiligase variant
thymoligase in chapter 3. Thymoligase has been specifically tailored to enable a more cost-effective
production of the difficult to synthesize peptide therapeutic thymosin-α1. The broad use of omniligase-1 is
exemplified by synthesizing several linear peptides and using it as versatile tool for peptide-head-to-tail
cyclization.
Due to the lack of methodologies for the efficient synthesis of naturally occurring disulfide-rich macrocyclic
peptides such as cyclotides, the application of peptiligases such as omniligase-1 to this class of molecules and
conjugates thereof was studied in depth in chapter 4. Novel strategies for the synthesis of this class of
multicyclic peptides paved the way for its application towards multicyclic peptides containing artificial small
molecule scaffolds. For example, in chapter 5 the combination of enzymatic ligation and CLIPS (Chemical
Ligation of Peptides onto Scaffolds) alkylation is described for the preparation of tricyclic peptides. In chapter
6 and 7 this concept has been extended by the combination of enzymatic ligation and CLIPS with two other
orthogonal ligation chemistries, copper-catalyzed alkyne azide cycloaddition (CuAAC, chapter 6) and oxime
ligation (chapter 7) to furnish tetracyclic peptides. In general, all strategies led to novel synthetic routes for the
preparation of several multicyclic peptides, partially exhibiting biological activity.
Besides the combination with chemical ligation technologies, the successful combination of two distinct
peptiligase variants, namely omniligase-1 and thymoligase, together with another hydrazide forming enzyme,
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termed peptide amidase, to enable the modular synthesis of cyclotides is demonstrated in chapter 8. In
addition, this approach represents a new strategy for the N-to-C peptide and protein semisynthesis, as
exemplified by the synthesis of the pharmaceutical peptide exenatide starting from three fragments and the
modular synthesis of the cyclotide MCoTI-II from two fragments.
Finally, the results of this work are summarized in chapter 9.
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