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Imagination is more important than knowledge.
Knowledge is limited, whereas imagination embraces the entire world.
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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
8
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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]

9
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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]

10

Introduction

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

500 Da

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
12
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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
13
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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
17
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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
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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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Chapter 2

Abstract
Enzyme-catalyzed reactions have gained increased attention as tools for peptide ligation and cyclization and
represent a valuable extension to the set of existing chemical ligation strategies. However, despite their
advantages the use of many ligases used for peptide ligation, e.g. transpeptidases or proteases, is limited by
stringent substrate requirements. For example, the thiol-subtilisin variant peptiligase only tolerates small amino
acids (Gly, Ser, Ala) at the N-terminal position P1’ of the incoming acyl acceptor fragment. Here we report
an extension of the peptiligase toolbox by introducing the clearly improved variant omniligase-1. This powerful
variant features a significantly broadened (P1’ and P2’) acceptance of acyl acceptor substrates and tolerates
the presence of several protected or non-proteinogenic amino acids in all six enzyme recognition pockets.
Besides the largely broadened acyl acceptor substrate scope, omniligase-1 catalyzed ligations feature efficient
coupling giving high synthetic yield and minimal hydrolytic activity. To generate this improved variant, several
beneficial mutations were identified and introduced into peptiligase. The broad applicability of omniligase-1
was demonstrated by synthesis of the peptide therapeutic exenatide in excellent yield from two fragments at
larger scale and by the efficient head-to-tail cyclization of a variety of different peptides longer than 12 amino
acids. In addition, omniligase-1 proved to be effective for the N-to-N fusion of peptides using so called doubleheaded (bifunctional) Cam-esters.
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Introduction
Peptides as therapeutics have the potential to expand the druggable target space to more complex receptor
and protein-protein interactions including intracellular processes that were previously considered as
”undruggable”.[1] With metabolic disorders and oncology as major therapeutic areas, the peptide therapeutic
market currently counts over 50 marketed drugs and over 170 peptides in clinical development and an
estimated >200 in the preclinical pipeline.[2] The constant market growth of an estimated 9-10%[3] in recent
years is accompanied with the requirement for increasing quantities of peptides and with an ever increasing
complexity. Nowadays, more than half of the peptides entering the clinical phase are longer than 10 amino
acids in size, with many containing non-proteinogenic amino acids, acylated side chains, disulfide bridges or
cyclic structures. As outlined in chapter 1, the renaissance of peptide and their conjugates as a therapeutic
modality mandates the development of novel strategies for the manufacture of peptides and/ or their
modification. Although the basic principle of solid-phase peptide synthesis (SPPS) has remained unchanged
since its invention in the early 1960’s, various advances in the methodology have led to improved synthesis
protocols for short to medium sized peptides. However, the assembly of long peptides (>50 amino acids)
still results in low crude purity and low overall synthesis yield. Increasing peptide length correlates with
exponentially less efficient coupling and deprotection steps, therefore resulting in tedious purification of the
desired product from accumulated by-products. In order to mitigate this problem different methodologies
were developed for the ligation of short peptide fragments, which can be, compared to their longer
counterparts, synthesized more efficiently using SPPS. Although several chemical ligation strategies for the
assembly of long peptides have been established (see chapter 1), most of them suffer from serious drawbacks.
As an alternative, chemo-enzymatic peptide synthesis (CEPS), where enzymes are applied in epimerizationfree ligation of SPPS-synthesized unprotected short peptide fragments in water, can meliorate some of the
difficulties associated with chemical ligations. The recent discovery and use of enzymes such as sortases,[4]
butelase-1,[5] trypsiligase[6,7] and engineered proteases as peptiligases,[8,9] for the synthesis of long peptides and
proteins, as well as for the selective chemical modifications of proteins, has further raised the interest in
enzyme-mediated ligation methodologies. In this context, in particular the use of subtilisin variants such as the
engineered thiol-subtilisin peptiligase[10] holds great promise, but its broad application is still limited by more
or less stringent substrate requirements, especially with respect to the acyl acceptor site (e.g. only Gly, Ser,
Ala are tolerated in position P1’).[11,12] In contrast, the acyl donor substrate scope is very broad.
Triggered by its stringent acyl acceptor substrate requirements we set out to create a peptiligase variant that
can accept a myriad of different acyl acceptor substrates and, in addition, features minimal hydrolytic activity.
In this chapter we describe the discovery of omniligase-1, a clearly improved peptiligase variant, which
potential has been demonstrated in various peptide ligation and cyclization reactions.
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Results and Discussion
The catalytic cycle of peptiligase-catalyzed ligation is characterized by the formation of a covalent acyl-enzyme
intermediate between the C-terminal peptide Cam-ester P1 amino acid of the acyl donor fragment and the
peptiligase active site cysteine residue (Cys221, see chapter 1). In total four amino acids of the acyl donor
peptide fragment (P1-P4) are recognized and bind in the enzyme pockets S1-S4. The formation of the acylenzyme intermediate often represents the rate-determining step of the reaction. Depending on the four Cterminal amino acids of the acyl donor substrate and their binding affinity to the S1-S4 pockets, this step may
proceed at different rates. In order to ensure a fast aminolytic resolution of the formed tetrahedral acylenzyme intermediate and to obtain a high synthetic yield vs. hydrolysis, the two N-terminal amino acids of
the peptidic acyl acceptor substrate need to be well accepted in pockets S1’ and S2’.
Previous studies revealed that mutations in the S1’ pocket of peptiligase (Ptl) strongly influence the substrate
scope as well as the preference of aminolysis over hydrolysis of the acyl donor substrate (S/H ratio).[9] In
particular, the strongly improved Ptl variant M222P/L217H featured an increased tolerance of amino acids in
positions P1’ and P2’. This prompted us to further expand the acyl acceptor substrate scope of peptiligase
starting from this improved variant. Based on a hybrid model of pdb files 1GNV[1] (calcium-independent
subtilisin BPN') and 1SBN[2] (subtilisin-eglin (inhibitor) complex) created with YASARA (already including
mutations of Ptl M222P/ L217H), amino acid residues were identified that are in close contact with the partial
eglin substrate (LPEGSPVTRDLRY) (Figure 1A and B). Mutations at these positions were expected to strongly
influence the binding of the acyl acceptor fragments and the scope of amino acids accepted in pockets S1’ and
S2’.
Upon inspection of the S1’ pocket in the model and based on information from earlier subtilisin design studies
by Wells and coworkers,[13–15] we revisited position 225 and surprisingly found it to be pivotal for an efficient
enzymatic coupling. In previous subtiligase studies substitution P225A had been shown to relieve the steric
crowding in the active site created by the replacement of wildtype Ser by the bulkier Cys.[13–15] Considering
the location of amino acid 225 in the α-helix close to the active site formed by amino acids 219-237 and the
possibility of A225 to form a hydrogen bond with, for example, C221, some influence on the S/H ratio could
be envisaged. A site-saturation library of Ptl M222P/L217H/A225X (X= any proteinogenic amino acid) was
recombinantly produced and each mutant variant was evaluated for the capability to ligate two model
peptides, i.e. Ac-DFSKL-Cam-L-OH and H-ALR-NH2. The results revealed, that variants containing small and
polar Asn, Asp, Ala, Ser, Thr or Cys at position 225 performed significantly better in the screening than Ptl
M222P/L217H carrying wildtype mutation P225P. In particular, the variant containing mutation A225N
outperformed all with respect to S/H ratio (15.4 vs. 9.9 for P225P and 13.3 for P225A). Enzyme variants
bearing larger polar residues such as Glu and Gln in position 225, which were, according to the hybrid model
also able to form multiple hydrogen bonds with neighboring amino acids, were, unexpectedly, poor catalysts.
36

Omniligase-1: Design of a Broadly Applicable Ligase for Peptide Ligation and Cyclization
We hypothesize that there is an optimum in the size and electronic property requirement for the amino acid
located at position 225. Although N225 does not seem to perturb the α-helix, an explanation for the much
improved performance of this mutant is not apparent from the computational model. Based on this improved
variant Ptl M222P/L217H/A225N, we examined the acceptance of all 400 combinations of all 20
proteinogenic amino acids in subsites S1’ and the S2’ (20 x 20= 400 H-Xxx-Yyy-acyl acceptor peptides). In
contrast to previous screenings, this more comprehensive approach enables the assessment of subsite
cooperativity that is not revealed upon evaluating one position at a time, but is well known for many
proteases.[16,17] The results clearly indicated an increased recognition of charged residues at position P1’ by Ptl
M222P/L217H/A225N. The effect of the mutation was even more prominent for the acceptance of polar
amino acids in the S2’ pocket. In addition, especially the acceptance of Ala in both P1’ and P2’ was improved.
Based on these results, mutation A225N was considered to be pivotal for generating a peptide ligase with a
broad acyl acceptor substrate scope and high coupling efficiency.

Figure 1. Hybrid model of Ptl M222P/L217H with partial eglin inhibitor fragment bound into S4-S2’ pockets (Pro-Val-Thr-Arg-AspLeu; PVTR in green, DL in red). A) top view and B) side view. The active site Cys221 (orange) and the residues of the S1' binding
pocket involved in the contact with the substrate P1’ residue Asp are highlighted in cyan (Pro222, Ala225 and His217). The mutated
S2’residues in contact with the substrate P2’ Leu are highlighted in purple ( Phe189).

In parallel, we closely inspected the S2’ pocket of Ptl M222P/L217H. The S2′ subsite represents a
hydrophobic surface flanked by F189, which according to the model has hydrophobic interactions with the
P2’ Leu of the crystal bound eglin (see Figure 1). Thus, F189 was considered to influence the S2’ acyl acceptor
substrate scope. Using a site-saturation library of Ptl M222P/L217H/F189X (X= all proteinogenic amino
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acids) the P2’ substrate scope of each of the 20 variants was mapped by coupling the model acyl donor AcDFSKL-Cam-Leu-OH to a 20 acyl acceptor peptide library, i.e. H-A-Xxx-R-NH2 (Xxx= all 20 proteinogenic
amino acid). The screening data clearly showed that aromatic residues at position 189 were superior to all
other amino acids regarding reaction rate and S/H ratio. Indeed, inspection of the hybrid model revealed that
F189W shows increased hydrophobic interactions with the eglin P2’ Leu residue as compared to the wildtype
F189. In general, F189W appeared to be the mutation at position 189 with the highest positive overall effect,
over F, Y and H. Surprisingly, after the introduction of this mutation even basic (Arg, Lys), as well as polar
(Gln, Asn) residues were increasingly well accepted in pocket S2’ (see Figure 2). In addition, the acceptance
of Trp in position P2’ was increased significantly. Clearly, both mutations A225N and F189W appeared to be
crucial to broaden the substrate scope of peptiligase. Apart from the P1’and P2’ pocket substitutions, literature
data suggested that the S4 pocket mutation I107V strongly increases the reaction rate, whereas the substrate
scope remains unchanged.[18]

Peptiligase M222P/L217H + F189X
100%

F (wt)

W

Product formation

75%

50%

25%

0%
Val

Leu Met

Ile

His

Thr Phe Tyr

Gln

Arg Asn Asp Ala

Lys

Ser

Glu

Trp

Gly

Pro

P2' amino acid residue

Figure 2. P2’ substrate profile of Ptl M222P/L217H and Ptl M222P/L217H/F189W. Conversion of Cam-ester starting material (AcDFSKL-Cam-L-OH) was complete in all cases. Formation of synthetic product (Ac-DFSKLA-Xxxx-R-NH2) was determined by LCMS.

Based on these findings, we explored, whether the combined mutations A225N, F189W and I107V had an
additive positive effect when combined into the peptiligase backbone. Indeed, as compared to the wildtype,
the novel variant Ptl M222P/L217H/A225N/I107V/F189W proved to be superior with a significantly
broadened acyl acceptor substrate scope and increased synthetic performance (see Figure 3). Relating to the
broad substrate scope, we termed this ligase variant ”omniligase-1”. Especially the acceptance of polar and
small P1’ amino acids (Gln, Asn, Thr, Gly) was significantly improved, accompanied with a moderate
improvement for charged P1’ residues (Glu, Arg, Lys) (see Figure 3, difference plot). In addition, the
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acceptance of the P1’ substrate residues bearing a branched α-carbon (Ile, Leu) was also strongly enhanced
(Figure 3, difference plot). Proline was neither accepted in positions P1’ nor in P2’, regardless of the
neighboring amino acid residue. The substrate scope of the S2’ pocket in general was also dramatically
improved, but a mild preference for hydrophobic amino acids in position P2’ still remained (see Figure 3, top
right panel), as previously also described for the subtilisin variant subtiligase.[15] Whereas the acceptance of
large hydrophobic and branched apolar residues has clearly been improved as compared to peptiligase, a
moderate improvement is also observed with a change towards the acceptance of charged and large polar
P2’ residues (e.g. Arg, Lys, Asn, Gln) (see Figure 3, bottom panel - difference plot). However, despite the
improvement substrates bearing charged or polar amino acids at position P2’ remain sub-optimal (Figure 3,
top right panel). Interestingly, for omniligase-1, His has been shown to be well accepted in position P2’, but
appears to be a rather suboptimal residue, when located in position P1’. Moreover, charged and polar
residues in position P1’ in combination with Cys and large hydrophobic residues in P2’ are very suitable
substrates for omniligase-1. On the contrary, in combination with polar and charged residues in position P2’
the synthetic yield of the peptide coupling decreases significantly (see Figure 3).
By fully mapping the acyl donor sequence space, we found the S2’ pocket to be more discriminating on
substrate recognition than previously observed. Possibly, with an improved overall S/H ratio of the enzyme
variant, differences in amino acid side chain recognition become more profound. Combinations of two
charged residues in positions P1’ and P2’ are poorly accepted and do not represent suitable substrates (Figure
3, top right panel). Interestingly, the two substrates, GF and AF, which are one of the most suitable substrates
in case of peptiligase, are much worse substrates for omniligase-1. Peptiligase has a very narrow P1’ substrate
scope and we reason that broadening the S1’ pocket leads to a loss in binding affinity, thereby leaving the P2’
amino acid, i.e. Phe, as the sole driver for substrate binding. This effect is especially pronounced when
mutation M222P is introduced into peptiligase (in case of GF as substrate). Nevertheless, omniligase-1
generally represents a significantly improved ligase variant over peptiligase. The average ligation screening
score over nearly all 400 screened reactions could be improved by 90% (0.19 (peptiligase) vs. 0.36
(omniligase-1); Figure 3).
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Figure 3. Screening score for the screening of the 400 acyl acceptor library with peptiligase and omniligase-1. For testing the
nucleophile (S1’ and S2’) acceptance scope of the respective Ptl variants a FRET (Förster resonance energy transfer)-based assay was
used. The reaction of Abz-KFTKL-Cam-L-OH with the 400 peptide containing amine library (H-Xxx-Yyy-K-K(Dnp)-K-OH) was
performed and the decrease of fluorescent signal due to FRET was monitored. The coupling efficiency data were normalized to the
highest value to give the screening score. Top panels: Heat map indicating the screening score for peptiligase and omniligase-1. Bottom
panel: difference plot to highlight differences between peptiligase and omniligase-1. The improvement in screening score is given in %.

Inspired by the enlarged acyl acceptor substrate scope of omniligase-1 we decided to examine the acceptance
of several unnatural or protected amino acid derivatives both in the acyl donor binding (S4-S1) as well as the
acyl acceptor substrate (S1’ and S2’) binding pockets. For example, the tolerance of temporarily protected
Cys derivatives can be particularly valuable for the synthesis of peptides and proteins containing multiple
disulfide bonds and therefore potentially requiring sequential protection/ deprotection of single Cys residues
in order to obtain the correct disulfide bonding pattern. Surprisingly, protected Cys residues, i.e. Cys(Acm),
Cys(tBu), Cys(StBu) and even the very bulky Cys(PhAcm), are very well tolerated in almost all binding pockets
S4-S2 and S1’ and S2’ (see Figure 4). Especially the acyl acceptor binding subsites were not restrictive towards
protected Cys substrates and this clearly broadens the synthetic flexibility of omniligase-1 catalyzed ligation.
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Figure 4. Model reactions performed for testing the acceptance of A) Cys(Acm), B) Cys(tBu), C) Cys(PhAcm) and D) Cys(StBu) in
each respective peptide binding pocket of omniligase-1. The reaction Ac-DSFKL-Cam-L-OH + H-ALKKF-NH2 served as a control
ligation. Reactions were monitored over time. For Cys derivative containing peptides the control peptides were substituted at the
respective positions (P1-P4, P1’ and P2’) with the corresponding Cys derivative (see experimental section: Table 2).

In addition, we were able to demonstrate that besides protected cysteines several other unnatural amino
acids are well tolerated by omniligase-1: hS(ONH2), D(C=O), F(C=O), Aha (see chapter 6 and 7) and
Lys(N3), Aib and Cit (chemical structure shown in Figure 4 and Figure 5). This significantly increases the
synthetic flexibility of omniligase-catalyzed ligations. Whereas Aib (2-aminoisobutyric acid), an unnatural amino
acid present in some peptide therapeutics, is only tolerated in position P2 (Figure 5C), Lys(N3) (azidolysine)
is well tolerated in all six enzyme pockets (Figure 5A). Cit (Citrulline) was almost equally well tolerated, with
exception of the S4 pocket (Figure 5B). The tolerance of Lys(N3) is particularly interesting, since it can be used
as a lysine surrogate, .e.g. in cases where Lys is present at positions (P4-P2’) at which it is not well tolerated
by omniligase-1. After the ligation reaction, Lys(N3) can subsequently be reduced to natural lysine using
reducing agents, e.g. tris(2-carboxyethyl)phosphine (TCEP).[19] Cit is often used in a Val-Cit cathepsin B
cleavable motif that enables the release of payloads from peptides or proteins inside cells.[20] Therefore, the
tolerance of Cit clearly broadens the applicability of omniligase-1 catalyzed ligation for the preparation of
cleavable peptide-payload or protein-payload constructs such as antibody-drug conjugates. In general,
although omniligase-1 tolerates a wide range of non-proteinogenic amino acids, the tolerance cannot be
adequately predicted from the current computational models and needs to be verified empirically.
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Figure 5. Model reactions performed for mapping the acceptance of Cit, Aib, and Lys(N3) in each respective peptide binding pocket
of omniligase-1. The reaction Ac-DSFKL-Cam-L-OH + H-ALKKF-NH2 served as a control ligation for mapping the acceptance single
amino acids (P4-P1, P1’ and P2’) were substituted with the unnatural amino acids (see Table 2). A) Conversion to ligation product
after 30 min (blue bars) of Lys(N3) containing model peptides, corresponding hydrolysis of the Cam-ester (red bars) and remaining
Cam-ester peptide (grey bars). B) Similar to A), but Cit was used as an unnatural amino acid. C) Same as A) but using Aib containing
model peptides. D) Figure legend and chemical structure of unnatural amino acids tested.

Although the overall substrate scope could be significantly increased and unnatural amino acids are tolerated
within the enzymatic recognition sequence, the gain in substrate scope of omniligase-1 vs. peptiligase is
accompanied with a decreased reaction rate. In comparison to peptiligase, omniligase-1 shows an 80-fold
decreased specific activity in the ligation of the respective model peptides Abz-KFTKL-Cam-L-OH with
H-ALKK(Dnp)K-OH) (see Figure 6). Despite the drastic decrease in activity, omniligase-1 still exhibits high
catalytic efficiency as to other known ligases (see chapter 1) and only low molar equivalents are required for
efficient ligation.
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Figure 6. Specific activity of the respective peptiligase variants calculated based on the reaction of Abz-KFTKL-Cam-L-OH with HAla-Leu-K-K(Dnp)-K-OH).

In practice, also for larger scale ligations only very low amounts (0.0008 molar eq.) of omniligase-1 are
required, as exemplified by the efficient chemo-enzymatic synthesis of the 39-mer therapeutic peptide
exenatide from two fragments (see Figure 7A).[21] Starting from the two fragments H-Exn(1-21)-Cam-L-OH
(H-HGEGTFTSDLSKQMEEEAVRL-Cam-L-OH) and H-Exn(22-39)-NH2 (H-FIEWLKNGGPSSGAPPPSNH2) (see Figure 7A) the final product, H-Exn(1-39)-NH2, was obtained in a ligation yield of 96% within 90
min, accompanied with only 4% of hydrolysis of the ester moiety (Figure 7B). This represents a yield
improvement by 10% as compared to previously described ligations performed with Ptl M222P/L217H.[9]

Figure 7. A) Schematic illustration of omniligase-1 catalyzed ligation of H-Exn(1-21)-Cam-L-OH with H-Exn(22-39)-NH2. B) HPLCchromatograms of the ligation of H-Exn(1-21)-Cam-L-OH to H-Exn(22-39)-NH2 (1.2 eq.). Results are shown after the ligation has
proceeded for 10, 30, 60 and 90 min. After 90 min full consumption of H-Exn(1-21)-Cam-L-OH and formation of
H-Exn(1-39)-NH2 (96%) is observed. 4% of the hydrolysis side-product H-Exn(1-21)-OH is formed.
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Interestingly, although the acyl acceptor substrate scope of omniligase-1 has been broadened, omniligase-1
even endows a stronger preference (as compared to previously described Ptl M222P/L217H)[9] for the
recognition of the H-Phe-Leu N-terminal sequence of H-Exn(22-39)-NH2 over the H-His-Gly N-terminus
of the second fragment (H-Exn(1-21)-Cam-L-OH), therefore allowing a selective ligation of both fragments
without the need for an N-terminal protecting group for the of H-Exn(1-21)-Cam-L-OH fragment. Since
omniligase-1 is an easily accessible biocatalyst and a fragment-based synthesis approach for the assembly of
exenatide represents a more cost-efficient manufacturing process, the scale-up of this coupling reaction was
evaluated. Following the SPPS of both fragments on multi-hundred gram scale in good yield and purity (both
>75%) ligation on 100 g fragment scale with only 1.2 eq. of the acyl acceptor fragment gave exenatide in
98% coupling yield (manuscript in preparation). After unoptimized down-stream processing, the final product
was obtained with an overall yield of 40%, which is almost twice as high as yields achieved via straight-through
SPPS manufacture followed by purification. In case of this large-scale campaign, it must be noted that a more
stable aryl type of ester, namely a hydroxymethylbenzoic acid (HMBA)-ester was employed instead of the
commonly used Cam-ester. The HMBA-ester proved to be more suitable for large scale fragment synthesis,
especially during SPPS at elevated temperature, but performed equally well during the ligations with only a
slight increase (approx. 20%) of omniligase-1 required.

Besides the assembly of peptides or the semisynthesis of proteins, omniligase-1 can also be employed as a
powerful tool for the N-to-N-fusion of peptides. For this, we designed two short (5-mer) C-terminal Camester peptides which were fused N-terminally together using a simple alkylation reaction, i.e. reaction between
an N-terminal bromoacetic acid of one peptide and the thiol side chain of an N-terminal cysteine of a second
peptide. P1-Leu of the standard ester sequence Ac-DFSKL was altered to Lys in order to ensure good
solubility of the so called double-headed Cam-ester (DHCE). The resulting DHCE HO-L-Cam-KKSFDCGDFSKK-Cam-L-OH was known to be well accepted by omniligase-1 as well as the acyl acceptor peptide
H-ALKKF-NH2, which has already been used in multiple previous studies. In an omniligase-catalyzed ligation
the model peptide H-ALKKF-NH2 was efficiently ligated to both ends of the double-headed Cam-ester and
within 30 min the N-N-fused peptide was obtained (see Figure 8; H2N-FKKLA-KKSFDC-GDFSKK-ALKKFNH2).To ensure efficient ligation at both ends, an excess (4 eq.) of the acyl acceptor fragment was used.
Eventually this strategy can also be envisaged for the N-terminal fusion of two larger peptides or proteins and
as a general tool for N-to-N-ligation in chemical biology.
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Figure 8. HPLC traces of the N-to-N-fusion reaction using a double-headed Cam-ester as exemplified for the reaction of the acyl
acceptor fragment H-ALKKF-NH2 and the double headed Cam-ester HO-L-Cam-KKSFDC-GDFSKK-Cam-L-OH .

In previous studies, Nuijens et al. reported that peptiligase also efficiently catalyzes the head-to-tail cyclization
of peptides.[9] This is supported by data from Wells and coworkers, who performed similar cyclization
reactions using subtiligase.[22] However, a detailed study about the scope and limitations of peptide head-totail cyclization using omniligase-1, or any other peptiligase variant, had not been performed yet. Hence, a
library of linear model peptides with different lengths was synthesized, namely SY-(SG)n-FSKL-Cam-L, with n
being 2-6 for peptides with a length of 10, 12, 14 and 16 amino acids, respectively, and cyclized using
omniligase-1 (Figure 9). The N-(SY) and C(FSKL)-termini of the model peptides were known to be good
substrates for omniligase-1 and are deliberately used as an enzyme recognition sequence throughout this
study. Enzymatic cyclizations were performed in aqueous solution (1 M potassium phosphate, 3.5 mM TCEP)
at basic pH (8.5) with a substrate concentration of 0.5 mg/mL and the reaction progress was monitored via
HPLC-MS. It was found that cyclic peptides with a ring size over 12 amino acids could be generated with very
high efficiency, i.e. >90% conversion to product for peptide cycles of 14 and 16 amino acids (Figure 9),
without the formation of significant amounts of dimeric or trimeric (cyclic) byproducts. Peptide esters resulting
in cycle sizes of 12 amino acids or less clearly led to an increased formation of multimeric species, with
predominantly cyclic dimers and trimers being formed. In addition, a decreased cyclization efficiency
corresponded to an increased amount of hydrolysis of the C-terminal ester moiety. To investigate the minimal
chain length for (efficient) peptide cyclization, two peptides of 11 and 13 amino acids length were synthesized
(SY-G(SG)n-FSKL-Cam-L, with n being 1 and 2). It was shown that the minimal number of amino acids needed
for cyclization is 11 with 25% conversion to monocyclic product. However, for very efficient cyclization, i.e.
>85% conversion to monocyclic product, the cyclic product needs to be longer than 13 amino acids in length
(Figure 9).
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Figure 9. Conversion after full consumption of peptide model esters vs. peptide length. The library of model peptides (SY-(SG)n-FSKLCam-L-OH with n being 2-6 for peptides of 10, 12, 14 and 16 amino acids in length) was cyclized using omniligase-1. For a ring size
of 11 and 13 amino acids the peptides SY-G(SG)n-FSKL-Cam-L were used with n being 1 and 2. The reaction was carried out in 1
M potassium phosphate buffer pH 8.5 containing 3.5 mM TCEP and 0.35 µM of omniligase-1. The linear precursor Cam-ester
peptides were cyclized at a concentration of 0.5 mg/mL and the cyclizations were monitored by HPLC-MS. Conversion to cyclic
multimers is given as the sum of cyclic dimers and cyclic trimers. Reactions were completed within 30 minutes, except for the formation
of the 11-mer cycle, which took approx. 90 min to reach completion.

In order to enhance the cyclization efficiency for peptides with 12 or less amino acids, several attempts were
undertaken. For example, the introduction of a turn-inducing D-Pro/L-Pro (pP) β-hairpin motif[23] at the 5-6
position was investigated (SY-(SG)2-p6P5F4S3K2L1-Cam-L, 12 amino acid ring size). However, using this
substrate, the cyclization efficiency could not be improved and with approximately 40% conversion to
monocyclic product the results are similar to the cyclization efficiency without this turn-inducing template.
Even poorer cyclization results were obtained when cyclizing a 12-mer peptide with the pP motif at positions
4-5, with one Pro located in the S4 recognition pocket of the enzyme (SY-(SG)2-p5P4S3K2L1-Cam-L). In fact,
the reaction was slower and a significant amount of cyclic multimers (mainly dimers, trimers) was formed. We
reasoned that the minimal ring size is pre-determined by the 6 amino acid recognition pockets of omniligase-1,
leading to a minimal ring size of 12 to 13 amino acids because an additional 6 amino acids are needed to loop
back for efficient peptide cyclization. With increasing peptide length a more efficient cyclization is observed, as
shown for the 39-mer incretin mimetic drug exenatide (N-terminus: FI, C-terminus: AVRL-Cam-L), which
was cyclized with an efficiency of 94% (Figure 9). This clearly shows that virtually any amino acid sequence
can be cyclized efficiently and that the model recognition sequence (SY…FSKL-Cam-L) is not a prerequisite.
Many other sequences can be used as has been reported for peptiligase[16,18] and in many follow-up studies
using omniligase-1 (see chapter 4, 5, 6, 7 and 8).
The scope and versatility of omniligase-1 mediated head-to-tail peptide cyclization was further elaborated by
the successful cyclization of a number of peptides containing for example non-peptidic moieties (e.g.
polyethylene glycol), D-amino acids or isopeptide bonds (e.g. via the ε-amino side chain of Lys; Figure 10)
incorporated in the peptides outside the enzymatic six amino acid recognition sequence (P4-P1, P1’ and P2’;
e.g. …DFSKL // AL…). The recognition motif itself, however, needs to consist exclusively of L-amino acids.
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These results support the finding that the backbone between the N- and C- terminal recognition sequences
is not crucial for efficient peptide cyclization and, in summary, omniligase-1 can serve as a tool for the efficient
and clean head-to-tail cyclization of peptides over 12 amino acids in length. The efficient cyclization underlines
the fact that intramolecular ligations are much faster than the corresponding intermolecular ligations.

Figure 10. Cyclization of linear peptide esters using omniligase-1. The backbone (outside the enzyme recognition sites P4-P1, P1’ and
P2’) can contain isopeptide bonds, non-peptidic moieties as well as D amino acids.

Conclusion
In conclusion, with the growing popularity of using enzyme-catalyzed ligation for the manufacture and
modification of peptides and proteins,[11,24] the introduction of the broad specificity peptiligase variant
omniligase-1 represents a considerable extension of the currently existing set of ligases and a clear
improvement of the wildtype peptiligase. Starting from the second generation peptiligase variant Ptl
M222P/L217H amino acids residues of the enzyme backbone in the S1’ and S2’ pockets were identified that
play an important role in the recognition of the acyl acceptor substrate. In this respect, the preparation of sitesaturation libraries of position A225 (S1’ pocket) and F189 (S2’ pocket) proved to be expedient for identifying
improved peptiligase variants with a broadened substrate scope and/ or an increased synthetic performance.
Pivotal mutations A225N and F189W could successfully be combined with the reaction rate-improving
mutation I107V, resulting in the clearly improved peptiligase variant omniligase-1. Mapping the entire
combinatorial substrate scope in positions P1’ and P2’ revealed that even under suboptimal (screening)
reaction conditions omniligase-1 can accept many of the 400 possible acyl acceptor substrates very well. In
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comparison to previous generations of peptiligases we could establish omniligase-1 as a clearly superior
peptide ligase. In practical terms, this means fast coupling reactions with high synthetic product yield and
minimal hydrolytic activity. From an application point of view, these results confirm the broad applicability of
omniligase-1 in chemo-enzymatic peptide synthesis, as exemplified by the efficient synthesis of the 39-mer
therapeutic peptide exenatide from two fragments at 100 gram scale. In addition, omniligase-1 can be used
as an efficient and flexible tool for the head-to-tail cyclization of peptides longer than 12 amino acids (see
Figure 11) as well as for the N-to-N-fusion of peptides using double-headed Cam-esters.

Figure 11. Schematic representation of A) intermolecular peptide and protein ligation as well as B) intramolecular (head-to-tail
cyclization) of peptides using omniligase-1.

In general, the development of omniligase-1 brings us a step closer to also applying peptiligase variants as a
versatile tool for the modification of native protein N-termini. Similarly, Wells and coworkers recently
presented a set of ligases after extensive proteomic profiling that, in theory, are able to couple to almost any
given protein N-terminus.[25] The use of broad specificity ligases, such as omniligase-1, can be envisaged in
various research projects requiring peptide fragment ligation (e.g. protein semisynthesis, N-terminal
modifications of peptides, proteins or antibodies; see schematic representation Figure 11A) as well as peptide
cyclization (Figure 11B).
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Experimental section
Associated content
The Supporting Information of this article (part of this chapter) is available free of charge on the Adv.
Synth. Catal. publications website at DOI: 10.1002/adsc.201700314.

Enzyme Engineering: Computational Approach
Models of peptiligase with the protease inhibitor eglin bound to the active site were generated based on a
hybrid model, which was constructed with YASARA using the pdb files 1GNV[1] and 1SBN[2] as templates.
Further mutations were incorporated using a YASARA script and a segment of thymosin-α1 [7-19] modelled
into the substrate binding region. The YASARA script applies the desired sidechain mutations and allows the
surrounding residues to adapt to the mutations. After the new mutations were introduced into the
three-dimensional structure of the protein, the new mutations were optimized by 6 repetitive cycles of energy
optimization with stepwise dead-end elimination (DEE) optimization based on rotamers, followed by a local
energy minimization in water. The volume that is energy optimized starts at 7 Å from the mutated residues
and increases with 1 Å every cycle, finally resulting in an energy optimization of the entire enzyme scaffold.
The numbering of mutations is based on subtilisin BPN´.[26]

Construction of Peptiligase Variants.
Peptiligase variants were prepared by Quikchange site-directed mutagenesis using pBE-S-peptiligase vector as
the template plasmid.[8] The E. coli-B. subtilis shuttle vector pBE-S (Takara Bio Inc.) included the aprE
promoter sequence, the peptiligase secretion signal peptide and the sequence followed by a C-terminal
hexahistidine tag and a terminator sequence. DpnI-digested and purified plasmids were transformed to
competent E. coli TOP10 and transformants were plated on LB-agar plates containing 100 µg/mL ampicillin.
The mutant genes were confirmed by DNA sequencing.

Expression and Purification of Peptiligase Variants
For production of the enzyme variants the respective mutants vector was transformed into B. subtilis GX4935
(trpC2 metB10 lys-3 ΔnprE ΔaprE), which is a strain deficient in extracellular neutral and serine proteases and
was a kind gift from Prof. P.N. Bryan (University of Maryland, USA).[27] After overnight incubation on LB-agar
plates colonies were picked and grown over-night in 5 mL LB with kanamycin (10 μg/mL) at 37 °C in a shaking
incubator. 0.6 mL of the culture were added to 30 mL Terrific Broth medium supplemented with antibiotic
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(kanamycin 10 μg/mL) and amino acids (100 mg/L Trp, 100 mg/L Met and 100 mg/L Lys). The cells were
grown for 48 h at 37°C in a shaking incubator, before being harvested by centrifugation (4°C). The
supernatant was concentrated by ultrafiltration (Amicon-centrifugal unit, 10 kDa molecular weight cut-off
(MWCO)) in two centrifugation steps. Subsequently, the concentrated medium was exchanged to buffer A
(25 mM Tricine, 0.5 M NaCl, pH 7.5). Talon resin (Clontech) was used for gravity-flow His-tag purification.
After washing the resin with deionized water (5 column volumes, CV) and equilibration with buffer A (10 CV),
the crude enzyme was loaded on the column and washed with 10 CV buffer A. The enzyme was eluted with
3 CV buffer B (25 mM Tricine, pH 7.5, 0.5 M NaCl, 200 mM imidazole). The eluate was concentrated with
an Amicon-centrifugal unit (10 kDa MWCO) by centrifugation and the buffer was exchanged to the storage
buffer (25 mM tricine, pH 7.5). The protein concentration was determined using UV/VIS spectrophotometry
(λ= 280 nm) and the purity was assessed via SDS-PAGE. The purified enzyme was flash-frozen in liquid
nitrogen and stored at -80oC until further use.

Solid Phase Peptide Synthesis
Synthesis of the Screening Substrates:
Acyl donor substrates:
The acyl donor substrate used for screening purposes, i.e. Abz-KFTKL-Cam-L-OH or alternatively AcDFSKL-Cam-L-OH, were purified by preparative HPLC and subsequently lyophilized. SPPS was carried out
using standard protocols: Fmoc deprotection using 20% (v/v) piperidine in dimethylformamide (DMF; 2x 8
min) and coupling of the amino acids (4 eq.) with diisopropylcarbodiimide (DIC; 4 eq.) and OxymaPure (4
eq.) for 2x 20 min. 10 mL solvent per gram of resin were used standardly. The Cam-ester was introduced
using Fmoc-glycolic acid according to Nuijens et al..[28] The fluorescent group Abz was introduced as Boc-2Abz-OH using standard SPPS procedures and in the case of Ac-DFSKL-Cam-L-OH acetylation was
performed using a solution of 0.5/0.5/90 (v/v/v) acetic anhydride/N,N-diisopropylethylamine (DIPEA)/DMF
for 30 min. Final peptide cleavage from the resin was performed using a mixture of 95/5/2.5
(v/v/v)TFA/triisopropylsilane (TIS)/water for 120 min before the peptide was precipitated in cold
diisopropylether (10 mL TFA cleavage mixture per 90 mL solvent). After washing the crude peptide three
times it was dried in vacuo and analyzed via HPLC-MS. Finally, peptides were purified via preparative HPLC.
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Acyl Acceptor Library:
Fmoc-Lys(Boc)-Wang resin was swollen in DMF (2x 5 min), before Fmoc deprotection was performed for
with 20% (v/v) piperidine in DMF (2x 8 min), followed by washing with DMF (6x 2 min). Fmoc-Lys(Dnp)
(1.2 eq.; Dnp= 2,4-dinitrophenyl) was coupled with 1.2 eq. DIC and 1.2 eq. OxymaPure in DMF (2x 20
min). After Fmoc deprotection and washing the residual standard Fmoc-amino acids were coupled (4 eq.)
using 4 eq. DIC and 4 eq. OxymaPure for 40 min in DMF. After 20 min again 4 eq. of DIC were added.
Peptide cleavage from the resin was performed using a 95/5/2.5 (v/v/v) mixture of TFA/TIS/water for 120
min before the peptide was precipitated in cold diisopropylether (10 mL TFA cleavage mixture per 90 mL
solvent). After washing the crude peptide three times it was dried in vacuo and analyzed via HPLC-MS.
In order to create a library of 400 different acyl acceptor fragments H-Xxx-Yyy-K-K(Dnp)-K-OH all respective
combinations of all 20 proteinogenic amino acids were coupled in positions P1’ (Xxx) and P2’ (Yyy).

Cyclization Studies: Synthesis of Library-esters
Fmoc-Leu-Wang resin (0.7 g, 0.49 mmol) was washed with DCM (2 x 2 min) and DMF (2 x 2 min) and
Fmoc-deprotected using 20% (v/v) piperidine/DMF (2 x 10 min). After washing with DMF (6 x 2 min), FmocLeu-glycolic acid (2 eq.) was coupled to the resin using HBTU (4 eq.), Oxyma Pure (4 eq.) and DIPEA (10
eq.) in DMF (45 min). Fmoc-Leu-glycolic acid was prepared according to the previously described protocol
by Nuijens et al.[28] After washing with DMF (6 x 2 min) and Fmoc deprotection the next amino acid FmocAA-OH using HBTU (4 eq.), Oxyma Pure (4 eq.) and DIPEA (10 eq.) in DMF for 45 min. The (SG)n spacer
sequence was introduced using Fmoc-S(tBu)-G-OH dipeptides. The polyethylene glycol linker was
introduced as Fmoc-PEG12-OH using standard HBTU/ OxymaPure coupling protocols. After the final Fmocdeprotection, the resin was dried. Cleavage from the resin and side-chain deprotection was performed using
a mixture of 95/2.5/2.5 (v/v/v)TFA/TIS/water for 120 min. The crude peptide was precipitated using ice-cold
(-20°C) 1/1 (v/v) methyl tert-butyl ether (MTBE)/n-heptane (10 mL cleavage mixture per 90 mL MTBE/
heptane). The precipitated peptide was collected by centrifugation and washed three times with MTBE/nheptane followed by drying under reduced pressure. The crude peptide Cam-Leu-OH esters were purified
via preparative HPLC and pure fractions were lyophilized.
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Table 1. Sequences of peptides synthesized for the cyclization library.

Peptide

Cycle size/ aa

Sequence

SY-(SG)5-FSKL-Cam-L-OH

16

H-SYSGSGSGSGSGFSKL-Cam-L-OH

SY-(SG)4-FSKL-Cam-L-OH

14

H-SYSGSGSGSGFSKL-Cam-L-OH

SY-G(SG)3-FSKL-Cam-L-OH

13

H-SYGSGSGSGFSKL-Cam-L-OH

SY-(SG)3-FSKL-Cam-L-OH

12

H-SYSGSGSGFSKL-Cam-L-OH

SY-G(SG)2-FSKL-Cam-L-OH

11

H-SYGSGSGFSKL-Cam-L-OH

SY-(SG)2-FSKL-Cam-L-OH

10

H-SYSGSGFSKL-Cam-L-OH

SY-PEG12-FSKL-Cam-L-OH

-

H-SY-PEG12-FSKL-Cam-L-OH

SY-(SG)26p5P-FSKL-Cam-L-OH

12

H-SY-SGSGpP-FSKL-Cam-L-OH

SY-(SG)2S5p-4PSKL-Cam-L-OH

12

H-SY-SGSGSp-PSKL-Cam-L-OH

SY-K(ε-NH2)-GSGSGFSKL-Cam-L-OH
Exenatide(22-39,1-21)-Cam-L-OH

39

H-SY-K(ε-NH2)-GSGSGFSKL-Cam-L-OH
H-FIEWLKNGGPSSGAPPPSHGEGTFTSDLSKEMEEEAVRL-Cam-L-OH

p= D-proline

HPLC-MS Analysis
The peptide purity was assessed using an Agilent 1260 Infinity HPLC system coupled with an Agilent 6130
quadrupole mass spectrometer (Agilent, Santa Clara, CA, USA) to determine the peptide mass. Separation
was performed using Dr. Maisch ReProSil-Pur C18 5μm, 4.6 x 250 mm or Waters XSelect CSH C18, 2.5
µm particle size, 150× 3.0 mm column, eluting with 0.05% (v/v) MSA in a water acetonitrile gradient, with

a flow rate of 1 mL/ min. As mobile phase a binary mixture of A (water + 0.05% (v/v) MSA) and B
(acetonitrile (ACN) + 0.05% (v/v) MSA) was used. A linear gradient from 5 to 98% B in 21 minutes, followed
by isocratic 95% B for 5 min was used by default. For optimal results an appropriate gradient was chosen for
each sample individually. The purity of peptides was determined by automatically integrating product and
impurity peaks of the relevant HPLC spectrum (λ= 220 nm).
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Testing of Peptiligase Variants – Nucleophile Screening
For testing the nucleophile (S1’ and S2’) acceptance scope of the respective peptiligase variants the reaction
of Abz-K-F-T-K-L-Cam-L-OH with the 400 peptide containing amine library (H-Xxx-Yyy-KK(Dnp)K-OH)
was measured in a time-resolved fashion using a multi-well plate UV/VIS fluorescent reader. Upon ligation, a
decrease of fluorescent signal due to FRET, therefore representing a measure for the coupling yield. Acyl
donor substrates were used at a concentration of 1.25 mM and acyl acceptor substrates at a concentration of
3.75 mM based on the molecular weight of the corresponding peptide trifluoroacetic acid (TFA) salts.
Reactions were performed in 200 mM tricine buffer pH 8.5 and the reaction was followed by measuring the
residual fluorescence at λ= 420 nm (excitation at λ= 320 nm) every minute for a total duration of 1 h. When
ligation occurs the fluorescence of the Abz (amino benzoic acid) group is quenched by Dnp (dinitrophenyl).
The amount of enzyme used varied between approx. 0.25 µM and 1.25 µM. In order to determine the
optimal amount of enzyme used (for full conversion of substrate H-ALKK(Dnp)-K-OH within 30 min) for the
screening for each variant tested a ‘’pre-screening’’ was performed with varying amounts of enzyme used.
Based on the results of omniligase-1 two good (H-ALKK(Dnp)K-OH, H-DLKK(Dnp)K-OH) two average (HRLKK(Dnp)K-OH, H-SSKK(Dnp)K-OH) and two bad (H-EIKK(Dnp)K-OH, H-QVKK(Dnp)K-OH) acyl
acceptor substrates were chosen for the pre-screening.
The screening of the S1’ (A225X) and S2’(F189X) enzymes libraries was performed using the following
substrates: Ac-DFSKL-Cam-L-OH and H-ALR-NH2 for the S1’ enzyme library and Ac-DFSKL-Cam-L-OH
and H-A-Xxx-KK(Dnp)K-NH2 for the screening of 20 P2’ acyl acceptor fragment with 20 enzymes of the S2’
(F189X) library. To 20 µL of an aqueous solution containing both respective fragment (acyl donor: 10 mM,
acyl acceptor: 15 mM) 20 µL of 1 M tricine buffer pH 8.5 supplemented with TCEP (3.5 mM) were added.
0.4 µg (15 pmol) of the respective enzyme variant was added to initiate the reaction, which was allowed to
proceed at room temperature. After 30 min a 10 µL of reaction mixture was quenched with 150 µL of a
2/98 (v/v) mixture of MSA/ water, followed by analysis via HPLC-MS. diluted with 350 μl water and analyzed
by LC-MS. For data analysis the peak area of starting material, ligation product and ester hydrolysis were
integrated.

Chemo-Enzymatic Peptide Synthesis of Exenatide
Detailed reaction protocols will be published in:
M. Schmidt, T. Nuijens, in Methods Mol. Biol. Enzym. Ligation Methods (Eds.: M. Schmidt, T. Nuijens), Springer
Nature, 2019, submitted.
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Amino Acid Tolerance Screening
Peptides bearing the amino acids Cys(Acm), Cys(tBu), Cys(PhAcm), Cys(StBu), Cit, Lys(N3) or Aib in either
of the positions P4-P2’ were synthesized according to the procedures described above. Standard substrates
Ac-DFSKL-Cam-L-OH and H-ALKKF-NH2 were used and one position at a time was altered by incorporating
the amino acid to be tested, e.g. for testing the tolerance of Aib in the S4 pocket Ac-D-Aib-SKL-Cam-L-OH
and H-ALKKF-NH2 were used as substrates. Substrates with Cys-P1 have proven not to be stable during
synthesis and where therefore omitted from the screening. Also, esterification with Aib in P1 position
appeared to be difficult and was therefore omitted. The linear precursors synthesized are listed in Table 2.
For testing the acceptance of each respective substrate by omniligase-1 stock solutions of acyl donor (ester)
fragment (10 mM) and acyl acceptor fragment (amine, 15 mM) were prepared in deionized water. 25 µL of
both ester and amine fragment stock solution were mixed. The mixture was diluted with 100 µL 1 M
potassium phosphate buffer pH 8.5. The pH was checked ensured to be >8.0. The final concentration of
the ester fragment was 1.66 mM and of the amine fragment 2.5 mM (5 eq.). In order to start the reaction
2 µg of omniligase-1 (final concentration 0.5 µM) was added. After 0 and 30 min 25 μL of reaction mixture
were quenched in 475 μL of quenching solution (0.5% (v/v) methanesulfonic acid in water). Samples were
analyzed using HPLC-MS. HPLC conversions were calculated based on integration of the product peak, the
hydrolysis and the remaining acyl donor peak area.
In the HPLC trace, the product (‘’synthesis’’), hydrolyzed ester (‘’hydrolysis’’) as well as potentially remaining
starting material (‘’ester’’) peaks were integrated. The reactions were deliberately performed using suboptimal reaction conditions and stopped after 30 min in order to highlight differences between the substrates.
After 30 min the control ‘’benchmark’’ reaction (Ac-DFSKL-Cam-L-OH + H-ALKKF-NH2) is usually
complete with exclusive formation of the desired ligation product.
Table 2. Codes, sequences and MWs (calculated and experimental) of synthesized Cam esters.

Peptide

Sequence

MWcalc

MWexp

Control ester

Ac-DFSKL-Cam-L-OH

821.4

821.4

Control amine

H-ALKKF-NH2

604.4

604.3

Lys(N3)-P4

Ac-D-K(N3)-SKL-Cam-L-OH

828.4

828.3

Lys(N3)-P3

Ac-DF-K(N3)-KL-Cam-L-OH

888.5

888.5

Lys(N3)-P2

Ac-DFS-K(N3)-L-Cam-L-OH

847.4

847.4

Lys(N3)-P1

Ac-DFSK-K(N3)--Cam-L-OH

862.4

862.3
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Lys(N3)-P1’

H-K(N3)-LKKF-NH2

645.4

645.4

Lys(N3)-P2’

H-A-K(N3)-KKF-NH2

687.5

687.4

Aib-P4

Ac-D-Aib-SKL-Cam-L-OH

759.4

759.2

Aib-P3

Ac-DF-Aib-KL-Cam-L-OH

819.4

819.4

Aib-P2

Ac-DFS-Aib-L-Cam-L-OH

778.4

778.3

Aib-P1’

H-Aib-LKKF-NH2

618.4

618.5

Aib-P2’

H-A-Aib-KKF-NH2

576.4

576.4

Cit-P4

Ac-D-Cit-SKL-Cam-L-OH

831.4

831.4

Cit-P3

Ac-DF-Cit-KL-Cam-L-OH

891.5

891.4

Cit-P2

Ac-DFS-Cit-L-Cam-L-OH

850.4

850.4

Cit-P1

Ac-DFSK-Cit--Cam-L-OH

865.4

865.2

Cit-P1’

H-Cit-LKKF-NH2

690.5

690.2

Cit-P2’

H-A-Cit-KKF-NH2

618.4

618.1

Cys(Acm)-P4

Ac-D-Cys(Acm)-SKL-Cam-L-OH

848.4

848.3

Cys(Acm)-P3

Ac-DF-Cys(Acm)-KL-Cam-L-OH

908.4

908.2

Cys(Acm)-P2

Ac-DFS-Cys(Acm)-L-Cam-L-OH

867.4

867.3

Cys(Acm)-P1’

H-Cys(Acm)-LKKF-NH2

707.4

707.3

Cys(Acm)-P2’

H-A-Cys(Acm)-KKF-NH2

665.4

665.3

Cys(PhAcm)-P4

Ac-D-Cys(PhAcm)-SKL-Cam-L-OH

924.4

924.2

Cys(PhAcm)-P3

Ac-DF-Cys(PhAcm)-KL-Cam-L-OH

984.5

984.3

Cys(PhAcm)-P2

Ac-DFS-Cys(PhAcm)-L-Cam-L-OH

943.3

943.2

Cys(PhAcm)-P1’

H-Cys(PhAcm)-LKKF-NH2

783.5

783.3

Cys(PhAcm)-P2’

H-A-Cys(PhAcm)-KKF-NH2

741.4

741.3

Cys(tBu)-P4

Ac-D-Cys(tBu)-SKL-Cam-L-OH

833.4

833.3

Cys(tBu)-P3

Ac-DF-Cys(tBu)-KL-Cam-L-OH

893.5

893.3
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Cys(tBu)-P2

Ac-DFS-Cys(tBu)-L-Cam-L-OH

852.4

852.2

Cys(tBu)-P1’

H-Cys(tBu)-LKKF-NH2

692.4

692.4

Cys(tBu)-P2’

H-A-Cys(tBu)-KKF-NH2

650.4

650.3

Cys(StBu)-P4

Ac-D-Cys(tSBu)-SKL-Cam-L-OH

865.4

865.2

Cys(StBu)-P3

Ac-DF-Cys(tSBu)-KL-Cam-L-OH

925.4

925.2

Cys(StBu)-P2

Ac-DFS-Cys(tSBu)-L-Cam-L-OH

884.4

884.2

Cys(StBu)-P1’

H-Cys(tSBu)-LKKF-NH2

724.4

724.3

Cys(StBu)-P2’

H-A-Cys(tSBu)-KKF-NH2

682.4

682.3

Synthesis of Double-Headed Cam-ester HO-L-Cam-KKSFDC-GDFSKK-Cam-L-OH
Initially, H-DFSKK-Cam-L-OH was assembled on a Wang resin as described above. Part of the resin was
modified with a final Cys residue, whereas the other part of the resin was N-terminally modified with
bromoacetic acid. Bromoacetic acid (3 eq.) was coupled using OxymaPure (3 eq.) and DIC (4 eq.) for 40
min in DMF. After final resin cleavage, equimolar amounts of the crude peptides Br-GDFSKK-Cam-L-OH
and H-CDFSKK-Cam-L-OH were dissolved in 250 mM phosphate buffer pH 7.3. The pH was checked and
adjusted to pH 7.3 using aq. NaOH. The alkylation reaction was allowed to proceed for 2 hours before the
N-N-double-headed Cam-ester HO-L-Cam-KKSFDC-GDFSKK-Cam-L-OH was purified via preparative
HPLC followed by lyophilization. The product was obtained as a white powder and was analyzed via
HPLC-MS (MWcalc.= 1743.3 g/mol; MWexp.=1743.4 g/mol) .

Peptide N-to-N-Fusion using a Double-Headed Cam-ester
1 mg double-headed Cam-ester (HO-L-Cam-KKSFDC-GDFSKK-Cam-L-OH ; 0.6 µmol ) was dissolved in
100 µL 200 mM potassium phosphate buffer pH 8.5 together with 4 eq. of the acyl acceptor fragment HALKKF-NH2 (1.7 mg, 2.4 µmol). TCEP was added to a concentration of 3.5 mM and 5 µg of omniligase-1
(0.18 nmol) were added to initiate the reaction. The reaction was monitored via HPLC-MS.
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Chapter 3

Abstract
Thymosin-α1, an acetylated 28 amino acid long therapeutic peptide, is exceptionally challenging to synthesize
via conventional chemical methods. Enzymatic coupling of unprotected peptide fragments in water offers great
potential for a more efficient synthesis of peptides that are difficult to synthesize. Based on the design of a
highly engineered peptide ligase, we developed a fully convergent chemo-enzymatic peptide synthesis (CEPS)
process for the production of thymosin-α1 via a 14-mer + 14-mer fragment condensation strategy. Using
structure-inspired enzyme engineering, the thiol-subtilisin variant peptiligase was tailored to recognize the
respective 14-mer thymosin-α1 fragments in order to create a clearly improved biocatalyst, termed
thymoligase. Thymoligase catalyzes peptide bond formation between both fragments with very high efficiency
(>94 % yield) and is expected to be well applicable to many other ligations in which residues with similar
characteristics (e.g. Arg and Glu) are present in respective positions P1 and P1’. The crystal structure of
thymoligase was determined and shown to be in good agreement with the model used for the engineering
studies. The combination of solid phase peptide synthesis (SPPS) of the 14-mer fragments followed by their
thymoligase-catalyzed ligation at gram scale resulted in a significantly increased, two-fold higher overall yield
(55 %) of thymosin-α1 as compared to those typical for existing industrial processes.
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Introduction
Owing to their outstanding biological selectivity and efficacy, exploiting peptides as therapeutics has become
increasingly popular. Their therapeutic potential addresses the full scope of medical disorders with currently
over 60 peptides approved in major markets and over 150 peptides in active development today.[1,2] The
peptide therapeutics market is expected to reach about $ 25 billion by 2020[3] and its growth is accompanied
by an increased demand for new and more efficient processes for their production at industrial scale. The
manufacture of long peptides using conventional chemical strategies is still very challenging and the technology
used has remained almost unchanged since Merrifield developed the solid phase approach in the 1960s.[4]
Solid-phase peptide synthesis (SPPS) is characterized by an exponential decrease in crude yield and purity as
peptide length increases: coupling and deprotection steps become less efficient and purification from
accumulating by-products becomes increasingly difficult. In contrast, fragment condensation processes are
intrinsically more efficient, since short peptide fragments can be produced in high yield and purity. However,
chemical ligation of peptide fragments is still a significant challenge, mainly due to the low solubility of the
protected fragments and potential epimerization of the C-terminal amino acid upon activation. To overcome
some of these difficulties the application of chemo-enzymatic peptide synthesis (CEPS), a combination of
conventional SPPS for the production of unprotected peptide fragments and an enzymatic epimerization-free
coupling of the fragments in water represents a promising strategy. Hence, enzyme-mediated ligation
technologies, e.g. the use of sortases,[5] butelase-1,[6,7] trypsiligase[8,9] and subtilisin variants such as
subtiligase[10,11] or peptiligases,[12,13] have recently gained increased attention for a more cost-efficient synthesis
of medium-sized or long peptides.[14]
A well-known peptide that is difficult to synthesize using conventional methodologies is thymosin-α1, an
acetylated 28-mer therapeutic peptide (Ac-SDAAVDTSSEITTKDLKEKKEVVEEAEN-OH, MW= 3108.32
g/mol) with immunoregulating activity. After administration, thymosin-α1 elicits a variety of immune system
responses and is being used for a range of medical applications (e.g. treatment of hepatitis B and C).[15–17] It is
approved in more than 30 countries and mainly marketed in China.[17] Triggered by the market demand
several solid- and solution phase strategies have been developed during the past decades. However, these
repeatedly resulted in low overall yields (approx. 25%).[18–25] The synthesis of thymosin-α1 is especially
hampered by the large number of protecting groups required (20 in total) and its tendency to form β-sheets.[26]
Approaches for the production of the highly acidic peptide in pro- or eukaryotic expression systems as a
cost-effective alternative resulted in low titers (<30 mg/L of cell culture)[27,28] and even more difficult isolation
and purification procedures compared to full SPPS.
The feasibility of a chemo-enzymatic approach is critically dependent on the availability of an enzyme capable
of efficiently forming a peptide bond between two peptide fragments. A successful example of a kinetically
controlled peptide ligation strategy is the use of a highly engineered, stabilized and Ca2+-independent thiol61
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subtilisin variant termed peptiligase.[12,13] Using peptiligase, a peptide fragment that is C-terminally activated as
a carboxamidomethyl(Cam)-ester (acyl donor) can be coupled to a peptide fragment with a free nucleophilic
N-terminus (acyl acceptor) in high yield. However, when using engineered proteases such as peptiligase,
hydrolytic side-reactions may occur, including hydrolysis of the acyl donor ester moiety and a very slow
hydrolysis of the final product. Hence, minimization of these side-reactions is required in order to maximize
product yield.
Earlier engineering studies already indicated that peptiligase can serve as a template for engineering variants
with dedicated selectivity and improved performance.[13] When we tested the use of peptiligase for a
[14+14]-mer coupling strategy to synthesize thymosin-α1 (Figure 1A), a low coupling yield (<20%) and
significant hydrolysis of the acyl donor ester was observed (Figure 4). Thus, in order to obtain a dedicated
biocatalyst for this purpose, we followed a structure-based enzyme design approach. Ultimately, enzyme
engineering yielded the improved peptiligase variant, thymoligase, that allowed the efficient synthesis of
thymosin-α1 using a [14+14]-mer fragment condensation approach.

Results and Discussion
Substrate-Tailored, Structure-Inspired Enzyme Engineering.
To explore the chemo-enzymatic synthesis of thymosin-α1 we initially tested peptiligase in a [14+14]-mer
fragment coupling under conditions similar to those reported for the synthesis of the incretin mimetic drug
exenatide.[13] These initial experiments resulted in the formation of thymosin-α1 with very low efficiency, with
a yield (acyl donor substrate converted to synthetic product) below 20% (Figure 4). In addition, the S/H ratio
(ratio between desired synthetic product and hydrolyzed acyl donor) was also very low. In earlier mutagenesis
studies substitution M222G was introduced to reduce sensitivity towards oxidation[29] and to reduce steric
crowding in the active site of peptiligase (Ptl)[13] with the aim of improving the coupling efficiency. Indeed, the
introduction of this mutation (giving variant Ptl G) improved the synthetic yield to 33% (Figure 2A), which
was, however, still unsatisfactory.
To discover mutations that would drastically improve performance in the synthesis of thymosin-α1, we
examined structural models of peptiligase. For this, we constructed a hybrid model using YASARA with pdb
files 1GNV[30] (calcium-independent subtilisin BPN') and 1SBN[31] (subtilisin-eglin complex). A fragment of
thymosin-α1 [7-19] was modelled into the substrate binding region and the effects of additional mutations
were examined using YASARA.[13] Based on this model, we identified residues that are in close contact with
the substrate and aimed to introduce stabilizing interactions between the substrate and the respective binding
pockets of peptiligase.
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For an efficient thymosin-α1 [14+14]-mer coupling reaction, the enzyme is required to accept the positively
charged 14Lys sidechain of the acyl donor in the S1 pocket as well as the negatively charged 15Asp sidechain of
the acyl acceptor in the S1’ pocket (Figure 1B). However, inspection of the structural model of peptiligase
suggested this to be problematic, especially as the S1 pocket is characterized by its hydrophobic nature that
will not readily accept polar amino acids. Similarly, the 15Asp of the nucleophilic fragment will poorly fit the S1'
pocket. Thus, our main design efforts focussed on tailoring the S1 and S1’ pockets for the acceptance of
charged residues and, in addition, on fine tuning the enzyme by engineering the S2’ pocket to bind 16Leu
(Figure 1B). The major residues shaping the S1 pocket are S156 and S166, therefore suggesting these to be
targeted for mutagenesis. Similarly, L217 is prominent in the S1’ pocket. Mutations to consider include the
introduction of a negatively charged residue at position S166 (S166D or S166E)[32] and a positively charged
residue at position L217 (L217R)[13], which could both lead to the formation of ion pairs between the substrate
and the enzyme (14Lys/S166D and 15Asp/L217R, Figure 2C). In addition, polar amino acids in position S156
could also provide ionic interactions with the substrate's 14Lys sidechain.

Figure 1. A) Overview of the thymosin-α1 [14+14]-mer chemo-enzymatic coupling strategy and B) schematic representation of the
enzyme pockets of peptiligase with the particular positions, that were taken into account for the substrate-tailored enzyme engineering
approach.

Enzyme variants were obtained using site-directed mutagenesis followed by heterologous expression in
B. subtilis and subsequent His-tag purification (>80% SDS-PAGE purity). The enzyme variants were screened
for the [14+14] thymosin-α1 coupling efficiency using crude 14-mer substrates, with only 1.2 eq. of the acyl
acceptor fragment used. Earlier studies on engineering the S1’ pocket revealed that mutation L217R enhances
the coupling efficiency of small model peptides bearing an aspartic- or glutamic acid in position P1'.[13] In fact,
we found that the introduction of mutation L217R into the Ptl M222G mutant (giving Ptl GR) resulted in a
2-fold increased S/H ratio in the [14+14] thymosin-α1 coupling, while retaining the activity observed with Ptl
G (Figure 2A). Further combining mutations M222G and L217R with a negatively charged amino acid residue
in the S1 pocket (S166D) resulted in an even more active variant with double the product formation rate (Ptl
GRD). However, although for this variant the S/H ratio is not improved compared to peptiligase M222G
(Figure 2A) the combined effects of retained S/H ratio and improved product formation result in a significantly
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increased effective yield (Figure 2B). In contrast, mutation S166E (Ptl GRE) resulted in an increased S/H ratio,
but no improvement in activity and no increased effective yield was observed (Figure 2A and B).

Figure 2. A) Result of testing of peptiligase variants for the thymosin-α1 [14+14]-mer coupling efficiency. Variants bear different
combinations of mutations M222G, L217R, S166D/E and A225N. Product formation (%) and S/H ratios after 60 min are shown.
Couplings were performed in aqueous solution (1 M phosphate pH 8.3, 3.5 mM tris(2-carboxyethyl)phosphine (TCEP), room
temperature) using 0.7 μM of enzyme, crude Ac-Thm(1-14)-Cam-Leu-OH (14.3 mM) and crude H-Thm(15-28)-OH (17.1 mM).
Errors are depicted as the SEM and the arithmetic mean is shown. The best performing variant is marked with a star (*). B) Effective
yields after 60 min are shown. The effective yield represents as a virtual measure of coupling efficiency. Effective yields are calculated
by multiplying the amount of product formation after 60 min (%) with the S/H ratio (%) (e.g. an S/H ratio of 11.5 equals 92 %). C)
Homology model of thymoligase GRDN. The enzyme backbone is shown in grey, crucial residues of the S1 pocket are shown in
green and those of the S1´pocket in magenta. Enzyme-bound partial thymosin-α1 (ITTKDL) is indicated in orange and
hydrogen-bonds between the substrate and the enzyme are given in yellow. Nitrogen atoms are colored in blue, oxygen in red and
hydrogens in grey/ white.

With a variant in hand that shows clearly improved performance (Ptl GRD), we focused on further improving
the S/H ratio. To this end, we addressed mutations at position A225, which is close to the S1’ pocket.
Substitutions at this position can have positive effects, as was observed during the engineering of other
peptiligase variants, such as omniligase-1.[33,34] Especially substitution A225N was shown to drastically improve
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the S/H ratio of different ligases in coupling reactions with short model peptides (unpublished results) and was
therefore incorporated into the Ptl GR, GRD and GRE scaffolds. Indeed, the addition of mutation A225N
increased both the activity and the S/H ratio of all variants, therefore resulting in an improved effective yield
of the coupling (Figure 2B). In particular, Ptl GRDN (M222G L217R S166D A225N) exhibited an
exceptionally high coupling efficiency (77%) and a more than seven-fold increase of the S/H ratio compared
to Ptl GRD (Figure 2A). The homology model of Ptl GRDN revealed two hydrogen bonds between
S166D/14K and L217R/15D, which could potentially lead to an improved overall performance of this variant
(Figure 2C). Peptiligase M222G L217R A225N, which does not have an additional negative charge in the S1
pocket, also performed extraordinarily well, with conversions similar to Ptl GRDN and an even slightly higher
S/H ratio. However, the higher overall performance of Ptl GRDN emphasizes again the importance of
mutation S166D for an efficient ligation (Figure 3C). The best enzyme from the stepwise rational engineering
approach, i.e. Ptl GRDN, was chosen as the starting point for further optimization of the S1 pocket. Ptl GRDN
carries a negative charge at the bottom of the S1 pocket (due to S166D) and we examined the effect of
substitutions at position S156, located in proximity to position S166. Wells et al. showed that subtilisin BPN’
carrying negatively charged residues on positions S156 and S166 is able to form ion pairs with positively
charged acyl donors and the effects on binding appeared to be additive.[32] For example, a net charge of -2
(S166D; S156E/D) could possibly improve the binding of positively charged amino acids in the S1 pocket.
Moreover, the additional negative charge could electrostatically affect the adjacent N155, which plays a key
role in transition state stabilization.[35] Hence, the effect of the introduction of a second ion pair (i.e. S156D/E)
at the S1 subsite was investigated (Figure 3A). Consequently, serine at position 156 was mutated to different
polar and charged amino acids (S156X - X: E, Q, D, N, T). Non-polar amino acids served as a negative
control (S156X – X: A, L). In contrast to a negative charge being generally beneficial in position 166, the
effects of an additional negative charge at position 156 appeared varied. A three-fold decrease in product
formation with an unaltered S/H ratio was observed for the variant with two aspartic acid residues in the S1
pocket (S166D, S156D). On the other hand, the combination of S166D and S156E is well tolerated. Only a
small reduction in product formation is observed and the S/H ratio actually doubled as compared to the
starting variant Ptl GRDN, however, not resulting in an increased effective yield (Figure 3C). The best mutation
introducing a polar group at position 156 was S156N (Figure 3A). Despite the lack of a second charge in the
S1 pocket, Ptl GRDN S156N fully retains its activity while clearly improving the S/H ratio almost three-fold.
As expected, creating a smaller and more hydrophobic pocket by incorporating S156L resulted in a reduced
overall performance compared to the starting variant (Figure 3A and C). The same effect was observed when
a branched polar residue was introduced at position S156 (S156T). This suggests that small polar, non-charged
sidechains at position 156 are a prerequisite for a high catalytic efficiency. Charges are tolerated, but not
generally beneficial. Surprisingly, creating a larger S1 pocket (S156A) resulted in a higher S/H ratio and retained
activity as compared to the peptiligase variant bearing serine in position 156. Therefore, an ionic interaction
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of the substrate with the amino acid at position 156 seems to be beneficial, but not essential for retaining
enzyme activity and obtaining high S/H ratios in the [14+14] thymosin-α1 coupling.
In addition to engineering the S1 and S1’ pocket, an attempt was made to further improve the S/H ratio by
varying position F189, located in the hydrophobic S2´ pocket. In the case of the thymosin-α1 [14+14]
coupling strategy hydrophobic 16Leu is present at position P2´. Hence, we examined the substitutions with
other apolar amino acids (F189X – X: W, Y, H, V, A, I, L) that may increase the hydrophobic interactions
between the enzyme and the substrate. The results clearly indicated that aromatic amino acids in position
189 exhibit a positive overall effect resulting in a remarkably increased S/H ratio, whereas small hydrophobic
amino acids (V, A, I, L) led to less than 50% product formation (Figure 3B) and in general considerably reduced
overall performance (Figure 3D) compared to Ptl GRDN The aromatic rings form a more defined, rigid
hydrophobic surface in the S2’ pocket and could play a role in π-stacking stabilizing interactions. Beside the
hydrophobic nature of their sidechains the residues that are also hydrogen bond donors exhibit a higher
overall performance (W>Y>H>F, Figure 3B). Ptl GRDN F189W (Ptl GRDNW) shows the highest product
formation rate and S/H ratio, resulting in a high effective yield of the ligation (Figure 3D).

Figure 3. Result of testing the peptiligase variants library GRDN (M222G, L217R, S166D, A225N) S156X A) and F189X B) for the
thymosin-α1 [14+14]-mer coupling efficiency. Product formation (%) and S/H ratios after 60 min are shown. Coupling reactions
were performed in aqueous solution (1 M phosphate pH 8.0, 3.5 mM TCEP, room temperature) using 0.35 μM of enzyme, crude
Ac-Thm(1-14)-Cam-Leu-OH (7.15 mM) and crude H-Thm(15-28)-OH (8.55 mM). A slightly lower screening pH (8.0 vs. 8.3) was
chosen as compared to the conditions used in Figure 2A. In addition, the concentration of enzyme and substrates were halved
compared to the conditions given in Figure 2. These sub-optimal conditions were used to clearly visualize the activity and efficiency
differences of the peptiligase variants. Errors are depicted as the SEM and the arithmetic mean is shown. The best hit is marked with
a star (*). C) and D) Effective yields after 60 min are shown. The effective yield represents a virtual measure of coupling efficiency.
Effective yields are calculated by multiplying the amount of product formation after 60 min (%) with the S/H ratio (%).
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Finally, we tested whether mutations S156N and F189W had an additive effect if combined into the Ptl GRDN
backbone. Indeed, Ptl GRDN F189W S156N, termed thymoligase, noticeably outperformed the best variant
so far, i.e. Ptl GRDNW. A 10% higher coupling yield and a 35% higher S/H ratio was achieved (Figure 4).
The comparison of peptiligase variants from different stages unequivocally demonstrates the successful design
of this powerful ligase, enabling an efficient [14+14]-mer thymosin-α1 fragment condensation. Thymoligase
features a more than 5-fold higher reaction yield and a more than 20-fold increased preference for peptide
bond formation over hydrolysis compared to peptiligase (see Figure 4). The effective yield of the ligation could
be increased more than 10-fold (Figure 4B). In particular, designing the S1 (S166D and S156N) and S1´
(L217R) pockets by introducing electrostatic interactions with the substrate P1 and P1´ positions resulted in
the successful tailoring of thymoligase towards charged substrates. F189W and A225N also represent key
mutations, which resulted in an improved product formation and a significant increase of the S/H ratio (see
Figure 4).

Figure 4. Overall comparison of the evolutionary stages of the development from peptiligase to thymoligase. Results of the screening
of several variants for the thymosin-α1 [14+14]-mer coupling efficiency are shown. A) Product formation (%) and S/H ratios after 60
min are shown. Screening conditions are identical to the ones depicted in Figure 3. Errors are depicted as the SEM (standard error of
mean) and the arithmetic mean is shown. The best hit (thymoligase) is marked with a star (*). Due to altered reaction conditions
compared to those in Figure 2A, deviating values for product formation (%) and S/H ratio were obtained for peptiligase, Ptl G, Ptl GR
and Ptl GRDN. The screening conditions were identical to the ones shown in Figure 3 B) Effective yields after 60 min are shown. The
effective yield represents a virtual measure of coupling efficiency. Effective yields are calculated by multiplying the amount of product
formation after 60 min (%) with the S/H ratio (%).

X-Ray Crystal Structure Determination
In order to verify the accuracy of the models used, the three-dimensional structure of thymoligase was
determined by X-ray crystallography (pdb code: 5OX2). This revealed structural conformity between the
model of thymoligase used and its experimentally determined structure. The structural alignment between
the homology model of thymoligase and its corresponding crystal structure has a root-mean square deviation
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(RMSD) of 0.4 Å over 266 aligned residues with 95.1% sequence identity. The general fold of subtilisin is well
preserved in thymoligase and the mutations that are incorporated in the substrate binding clefts only lead to
little structural change of the local topology, without disturbing the overall fold. Therefore, the assessment of
our models docked with a partial substrate seemed to be suitable for a rational design approach.
Unexpectedly, in the crystal structure a nonapeptide (VEEDHVAHA) derived from the prosequence of
thymoligase (residues 68’-76’; prime symbols indicate the profragment) was observed in the substrate-binding
region and occupied sites S4-S2 but left position S1 empty (Figure 1 and see experimental section: Figure 7A).
The nonapeptide has several hydrogen bonds to main chain atoms of thymoligase, namely 76’N-O100, 75’O127N, 75’N-127O, 74’O-102N, 74’N-102O, 72’O-104N, 72’Nδ1-131O , 71’Oδ1-104N, 71’Oδ1105N, 71’Oδ2-Oγ105Ser and 71’Oδ2-Oε103Gln (see experimental section: Figure 6). The first two amino
acids (V’68-E’69) of the peptide, visible in the electron density, exhibit interactions with two symmetry-related
thymoligase molecules and these two amino acids are found near the S2’pocket of one of these molecules
(16Leu in the peptide model). The sidechain of His75’ (P3) has a hydrogen bond to Oδ1 of Asn109 of a
symmetry related molecule. Comparison with other subtilisin-propeptide complexes indicated that the main
chain atoms of residues 71’-76’ (DHVAHA) of the nonapeptide overlay well with the propeptide observed in
the crystal structure of a profragment-subtilisin BPN’ complex (pdb code: 1SPB)[36] but deviate at residues 68’70’ (VEE), while His75’ also has a different conformation. Moreover, the main chain atoms of the nonapeptide
also overlap with the stabilized subtilisin prodomain in 3CNQ.[37] This prodomain extends across the
(modified) active site of the S221A mutant by addition of four residues at its C-terminus (from 68’- 79’
VEEDKLYRALSA, in which H72’K, A74’Y, H75’R and Y77’L are mutated).
When the 6D-18E fragment of thymosin-α1 (bold in Ac-SDAAVDTSSEITTKDLKEKKEVVEEAEN-NH2) was
modeled in the active site of thymoligase, with 11I-16L in the P4-P2' subsites, it appeared that residues P4-P2
of thymosin-α1 (ITT) and of the propeptide (AHA) had the same position, but the peptide conformations may
be different beyond this region (Figure 7C). The mutations S156N, at the S1 cleft rim, and S166D, at the
bottom of the S1 site, create a hydrogen bond between Nδ1 of N156 and Oδ1 of D166 (2.9 Å). The walls
of the S1 pocket are shaped by G118, G119 and backbone atoms of L117 on one side, and N146 on the
other side. The Nε of 14Lys would perfectly fit in this modified S1 pocket and would be capable of making a
salt bridge to Oδ2 of D166, similar to the observed hydrogen bond between the Nε of 14Lys and Oδ2 of
D166 in the model of peptiligase GRDN. However, an irregular, disordered structure of substrate residue
14

Lys in models of different peptiligase variants suggests that there is not a clearly defined orientation of this

residue.
Generally, the inspection of the thymoligase crystal structure can explain its improved performance in
thymosin-α1 synthesis. Two important amino acids shaping the most discriminating nucleophile binding pocket
S1’ for peptide ligation are M222 and L217.[13] Mutation M222G was expected to enhance the size of the
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pocket and thereby to widen the range of amino acids that is accepted. Indeed, the S1’ pocket is much
widened in the crystal structure while the φ/ψ angles of residue M222G are not changed. Mutation A225N
stabilizes the α-helix in which it is located with the formation of extra hydrogen bonds, also to the sidechains
of N123 and S125 and the main chain of 221O. As a result, the S1’pocket has become more polar so that
the carboxylate sidechain of

15

Asp of the thymosin-α1 acyl acceptor fragment is better accommodated.

Mutation L217R increases the size of the S1’ pocket even more by folding back the R217 sidechain to the βstrand and making a hydrogen bond with 216O. Unexpectedly, the hydrophobicity of the S1’ pocket is not
changed by this substitution, and the Cδ2 of L217 overlaps with the Cδ of L217R. The important thymoligase
F189W mutation in the S2’ pocket, which should accommodate 16Leu, has no influence on the local backbone
conformation, and the six-membered ring of the W189 sidechain superimposes well on the wild type F189
sidechain. However, the larger surface of the Trp sidechain enlarges a platform that can contribute to
hydrophobic contacts with the peptide 16Leu sidechain and therefore enhance the coupling efficiency.
In spite of the overall good agreement between the model used for designing the mutations and the crystal
structure of thymoligase, there were some deviations. For example, the striking effect of the A225N mutation
was originally suspected to be due to binding of water between His67 and Asn225, but these are 1.6 Å more
apart in the model as compared to the crystal structure (4.8 Å). In addition, the conformation of Cys221 in
the model is different from the conformation observed in the crystal structure and in 1GNV and 1SBN. In the
model, the sulfur atom is directed towards M222G while in the crystal structure it is directed between P1 and
P1’, which more closely reflects an active conformation. In contrast, some active site backbone changes in the
crystal structure are smaller than expected.

[14+14] Fragment Ligation using Thymoligase on Gram Scale
The solid-phase synthesis of both [14]-mer fragments was improved at gram scale to 84% yield and 73%
HPLC purity (net peptide content 64%) for the acyl donor Cam-ester fragment and 75% crude yield and
88% HPLC purity (net product content 90 %) for the acyl acceptor fragment, respectively (for details of the
synthesis see experimental section and supporting information). After the discovery of thymoligase and the
improved SPPS of the respective 14-mer fragments on larger scale, we successfully demonstrated the
scalability of the [14+14] thymosin-α1 fragment condensation. Using thymoligase (0.0002 molar equivalents)
under optimized reaction conditions (1 M phosphate, pH 8.3, 3.5 mM TCEP, room temperature) the crude
acyl donor fragment Ac-Thm(1-14)-Cam-Leu-OH was coupled to only 1.2 eq. of the crude acyl acceptor
fragment H-Thm(15-28)-OH on gram scale. To the dissolved acyl acceptor fragment (1.2 eq.) a total amount
of 1 g crude Cam-ester fragment was dosed over time (200 mg every 30 min), corresponding to a final crude
substrate concentration of more than 250 g/L. The addition of TCEP to the reaction mixture was crucial,
since the enzyme was significantly more active under reducing conditions. Quantitative conversion of the acyl
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donor fragment after 4 hours of reaction time resulted in >94% product yield (Figure 5A). Less than 6% of
ester hydrolysis was observed (Figure 5A), corresponding to an S/H ratio of more than 16. The rate
determining step of the reaction appeared to be the dissolution of the Cam-ester fragment. The dissolved
part of the Cam-ester fragment dissolved, it was immediately and predominantly converted to thymosin-α1
product, thus limiting the amount of ester hydrolysis. The crude HPLC purity of thymosin-α1 in the reaction
mixture could be increased from 62% to 78% by precipitation of the product at pH 3.8 and subsequent
washes with a buffer solution (100 mM ammonium acetate, pH 3.8, 0°C). A single RP-HPLC purification of
the crude reaction mixture resulted in over 98% HPLC purity (Figure 5B). The net peptide content of the
highly enantiopure product was determined to be 82.4% (C.A.T., Tübingen, Germany). A clearly improved
separation of impurities from the product peak during HPLC purification was achieved compared to
straight-through SPPS of the 28-mer and the overall yield of the CEPS approach was calculated to be 55%,
which is more than twice as high in comparison to yields using straight-through SPPS. In addition, using doped
reversed phase (DRP) HPLC purification (Zeochem DRP 120 C5 / 10 μm column material, gradient: 5-8%
acetonitrile in 40 min) we further reduced the solvent consumption during HPLC purification by more than
50% while retaining the product purity and overall yield.

Figure 5. A) HPLC chromatogram (λ= 220 nm) of the crude reaction mixture of a [14+14]-mer thymosin-α1 condensation on gram
scale using thymoligase. Product formation was 94% with only 6% of Cam-ester hydrolysis. CEPS was performed at room
temperature (20°C) in aqueous solution (1 M potassium phosphate pH 8.3, 1 mg mL-1 TCEP; 1 g Ac-Thm(1-14)-Cam-Leu-OH with
1.2 eq. of the amine fragment H-Thm(15-28)-OH were used. B) Zoom into the HPLC spectrum (λ= 220 nm) of thymosin-α1 after
a single HPLC purification.
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Conclusion
Chemo-enzymatic peptide synthesis appears to be a viable and scalable strategy for the efficient and costoptimized production of thymosin-α1 using a [14+14]-mer ligation strategy on gram scale (>94% coupling
yield). During several generations of structure-inspired enzyme engineering we discovered thymoligase, an
enzyme that features a more than 5-fold higher catalytic efficiency and a more than 20-fold increased S/H
ratio compared to its parent enzyme peptiligase. Thymoligase was specifically tailored for the thymosin-α1
[14+14] coupling by introducing selected key mutations in the respective pockets, i.e. to accept positively
and negatively charged amino acid residues in position P1 and P1’. We expect thymoligase to be well
applicable to many other ligations in which residues with similar characteristics (e.g. Arg and Glu) are present
in the respective positions P1 and P1’. The quality of the homology models used for the design approach was
examined by comparison to the 3D-structure obtained by X-ray crystallography. This indicated good overall
agreement, but local deviations are observed, especially in the binding of water molecules to mutated
sidechains that influenced synthetic performance. Using the optimized enzyme scaffold of thymoligase for the
[14+14]-mer fragment condensation we were able to synthesize thymosin-α1 in a significantly increased yield
(55 %), more than twice as high as compared to those typical for existing industrial processes. Due to an
improved separation of impurities from the product peak compared to straight-through SPPS the product was
obtained in over 98% purity after only a single HPLC purification. Therefore, this process could lead to very
significant reduction of manufacturing costs. In addition, the CEPS strategy does not only provide a promising
avenue for the synthesis of thymosin-α1, but can also be used to produce several other linear (e.g. the incretin
mimetic exenatide)[13] and cyclic[33,38] therapeutic peptides. Therefore, CEPS represents a powerful and
broadly applicable tool for the large-scale production of peptide therapeutics.
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Experimental Section
Associated content
The Supporting Information of this article is available free of charge on the Organic & Biomolecular
Chemistry publications website at DOI: 10.1039/C7OB02812A.

Enzyme Engineering: Computational Approach
Models of peptiligase with the protease inhibitor eglin bound to the active site were generated based on a
hybrid model, which was constructed with YASARA using the pdb files 1GNV[30] and 1SBN[31] as templates.
Further mutations were incorporated using a YASARA script and a fragment of thymosin-α1 [7-19] modelled
into the substrate binding region. The YASARA script applies the desired sidechain mutations and allows the
surrounding residues to adapt to the mutations. After the new mutations were introduced into the
three-dimensional structure of the protein, the new mutations were optimized by 6 repetitive cycles of energy
optimization with stepwise dead-end elimination (DEE) optimization based on rotamers, followed by a local
energy minimization in water. The volume that is energy optimized starts at 7 Å from the mutated residues
and increases with 1 Å every cycle, finally resulting in an energy optimization of the entire enzyme scaffold.
The numbering of mutations is based on subtilisin BPN´.[39]

Construction of Peptiligase Variants.
Peptiligase variants were prepared by Quikchange site-directed mutagenesis using pBE-S-peptiligase vector as
the template plasmid.[12] The E. coli-B. subtilis shuttle vector pBE-S (Takara Bio Inc.) included the aprE
promoter sequence, the peptiligase secretion signal peptide and the sequence followed by a C-terminal
hexahistidine tag and a terminator sequence. DpnI-digested and purified plasmids were transformed to
competent E. coli TOP10 and transformants were plated on LB-agar plates containing 100 µg/mL ampicillin.
The mutant genes were confirmed by DNA sequencing.

Expression and Purification of Peptiligase Variants
For production of the enzyme variants the respective mutants vector was transformed into B. subtilis GX4935
(trpC2 metB10 lys-3 ΔnprE ΔaprE), which is a strain deficient in extracellular neutral and serine proteases and
was a kind gift from Prof. P.N. Bryan (University of Maryland, USA).[40] After overnight incubation on LB-agar
plates colonies were picked and grown overnight in 5 mL LB with kanamycin (10 μg/mL) at 37°C in a shaking
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incubator. 0.6 mL of the culture were added to 30 mL Terrific Broth (TB) medium supplemented with
antibiotic (kanamycin 10 μg/mL) and amino acids (100 mg/L Trp, 100 mg/L Met and 100 mg/L Lys). The cells
were grown for 48 h at 37°C in a shaking incubator, before being harvested by centrifugation (4°C). The
supernatant was concentrated by ultrafiltration (Amicon-centrifugal unit, 10 kDa MW cut-off) in two
centrifugation steps. The concentrated medium was then exchanged to buffer A (25 mM Tricine, 0.5 M NaCl,
pH 7.5). Talon resin (Clontech) was used for gravity-flow His-tag purification. After washing the resin with
MiliQ water (5 column volumes, CV) and equilibration with buffer A (10 CV), the crude enzyme was loaded
on the column and washed with 10 CV buffer A. The enzyme was eluted with 3 CV buffer B (25 mM Tricine,
pH 7.5, 0.5 M NaCl, 200 mM imidazole). The eluate was concentrated with an Amicon-centrifugal unit (10
kDa MW cut-off) by centrifugation and the buffer was exchanged to the storage buffer (25 mM Tricine, pH
7.5). The protein concentration was determined using UV/VIS spectrophotometry (λ= 280 nm) and the
purity was assessed via SDS-PAGE. The purity was estimated to be > 80%. The purified enzyme was flashfrozen in liquid nitrogen and stored at -80oC until further use.

HPLC-MS Analysis
The peptide purity was assessed using an Agilent 1260 Infinity HPLC system coupled with an Agilent 6130
quadrupole mass spectrometer (Agilent, Santa Clara, CA, USA) to determine the peptide mass. Separation
was performed using ReProSil-Pur C18 5μm, 4.6 x 250 mm (Dr. Maisch, Ammerbuch, Germany) column,
eluting with 0.05% (v/v) MSA in a water acetonitrile gradient, with a flow rate of 1 mL/min. As mobile
phase a binary mixture of A (water+ 0.05% (v/v) MSA) and B (acetonitrile (ACN)+ 0.05% (v/v) MSA) was
used. A linear gradient from 5 to 98 % B in 21 minutes, followed by isocratic 95% B for 5 min was used by
default. For optimal results an appropriate gradient was chosen for each sample individually (see Table 1). The
purity of peptides was determined by automatically integrating product and impurity peaks of the relevant
HPLC spectrum (λ= 220 nm).
HPLC-MS-MS analysis was performed by DSM Resolve (Geleen, The Netherlands).
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Table 1. Individual conditions for HPLC-MS analysis of peptide fragments.

Peptide

Gradient

Ac-Thm(1-14)-Cam-Leu-OH

12 to 30% (v/v) ACN/ MQ-water (0.05% (v/v) MSA) in 21 min; flow
1 mL/min; 40°C column temperature

H-Thm(15-28)-OH

5 to 14% (v/v) ACN/ MQ-water (0.05% (v/v) MSA) in 30 min;

flow

1.5 mL/min; 20°C column temperature
Ac-Thm(1-28)-OH*

12 to 30% (v/v) ACN/ MQ-water (0.05% (v/v) MSA) in 21 min;

flow

1 mL/min; 40°C column temperature
* Method also used for thymoligase library screenings.

Testing of Peptiligase Variants
The ligation reactions were typically performed at 20oC in a 96-well plate. Two different stock solutions were
prepared, i) crude Ac-Thm(1-14)-Cam-Leu-OH (7.15 mM) and crude H-Thm(15-28)-OH (8.55 mM, 1.2
eq.) in 1 M potassium phosphate buffer (pH 8.0, 3.5 mM TCEP) and ii) enzyme solution in MiliQ water
(0.2 mg/ mL of each peptiligase variant). The reactions were started by adding 190 μL of solution i) to 10 μL
of solution ii). Aliquots of 8 µL were quenched in 1 mL acetonitrile (ACN)/ H2O (1:2 (v/v); 0.2% (v/v)
methanesulfonic acid (MSA)) after 2.5, 5, 7.5, 10, 15, 30 and 60 min and analyzed by RP-HPLC (λ=220 nm)
using a ReProSil-Pur C18 5 μm, 4.6 x 250 mm (Dr. Maisch, Ammerbuch, Germany) column. As mobile
phase a binary mixture of A (water+ 0.05% (v/v) MSA) and B (ACN+ 0.05% (v/v) MSA) was used by default.
Samples were separated using a gradient of 12 to 30% (v/v) B in A in 21 min with a flow of 1 mL/min and
40°C column temperature. All measurements were performed in triplicate and the arithmetic mean was
calculated. Errors are depicted as the SEM (standard error of mean). The product formation was calculated
by automatically integrating the HPLC peaks of the Cam-ester, its hydrolysis product and the corresponding
coupling product. The synthesis over hydrolysis ratio (S/H ratio) was calculated after every time point by
dividing the amount of product by the amount of hydrolyzed Cam-ester. Because some spontaneous
hydrolysis occurs while dissolving the substrates before the reaction start, values were corrected for initial
chemical background hydrolysis by subtracting the percentage of hydrolysis of blank Ac-Thm(1-14)-Cam-LeuOH (without enzyme) at t= 2.5 min from each value measured in time. Effective yields are given as a virtual
measure of coupling efficiency. They were calculated by multiplying the amount of product formation after 60
min (%) with the S/H ratio (%).
After screening the first variants (Figure 2) the substrate and enzyme concentration was halved, and pH was
lowered to pH 8.0 for the second and third screening (Figure 3 and 4) in order to clearly highlight the
differences between peptiligase variants. Differences between the enzyme variants are easier to visualize using
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these slightly adapted conditions: 1 M phosphate pH 8.3, 3.5 mM TCEP, room temperature, 0.7 μM of
enzyme, crude Ac-Thm(1-14)-Cam-Leu-OH (14.3 mM) and crude H-Thm(15-28)-OH (17.1 mM).

Synthesis of Fmoc-Lys(Boc)-O-Glycolic Acid (according to Nuijens et al.[41])
2-CTC resin (50 g, 55 mmol) was swollen in dichloromethane (DCM) and washed with dimethylformamide
(DMF). The resin was activated with a 15% (v/v) solution of thionyl chloride in DMF by stirring overnight.
The resin was washed with DMF and DCM. Glycolic acid (0.11 mol, 2 eq.) was dissolved in DCM and DIPEA
(0.22 mol, 4 eq.) was added. The resulting solution was added to the resin and the mixture was stirred for
60 min, before the resin was washed with DCM and unreacted chloride was capped by adding a mixture of
DCM/methanol/DIPEA (80/15/5 (v/v/v)). The resin was washed with DCM and DMF, and the ester bond
was formed by adding a solution of Fmoc-L-Lys-OH (0.22 mol, 4 eq.), DMAP ( 22 mmol) and DIC (0.22 mol,
4 eq.). The mixture was stirred for 60 min, the resin was washed with DMF and DCM. Cleavage was
performed with 5% TFA (v/v) in DCM (3x 15 min). The filtrates were collected and washed with
demineralized water and with brine. The organic phase was collected and dried on sodium sulfate. After
washing the solid with DCM, the combined filtrates were concentrated in vacuo to yield a white powder (26
g, 49.4 mmol, 90% yield). The final product was purified via preparative HPLC.

Synthesis of Ac-Thm(1-14)-Cam-Leu-OH
7.2 gram of Fmoc-Leu Wang resin (loading of 0.7 mmol/g) was washed with DCM and DMF. Fmoc
deprotection was performed using 20% (v/v) piperidine/DMF (2x 8 min). After washing with DMF, DCM and
DMF, Fmoc-Lys(Boc)-O-glycolic acid (10 mmol) was coupled to the resin using HBTU (4 eq.) and
OxymaPure (4 eq.) in DMF (45 min). After washing with DMF, DCM and DMF, Fmoc deprotection was
performed as described. The following Fmoc protected amino acids were coupled using 4 eq. Fmoc-AA-OH,
HBTU (4 eq.), OxymaPure (4 eq.) and diisopropylethylamine (DIPEA; 8 eq.) in DMF for 45 min. After
washing with DMF, DCM and DMF, cycles of washing, deprotection and coupling were performed repeatedly
to elongate the peptide. In order to overcome severe diketopiperazine formation and to prevent β-sheet
formation of the aggregation prone sequence 11Ile-12Thr-13Thr-14Lys[26] two pseudoproline building blocks, i.e.
Fmoc-L-Asp(tBu)-L-Thr[ψ(Me,Me)Pro]-OH

and

Fmoc-L-Thr(tBu)-L-Thr[ψ(Me,Me)Pro]-OH,

were

introduced at positions 6Asp-7Thr 12Thr-13Thr, respectively. In these cases, the coupling time was extended
to 90 min. Finally, N-terminal acetylation was performed using a mixture of DMF/OxymaPure/DIPEA/Ac2O
(450 mL/1.03 g/9.82 mL/21.3 mL) for 30 min. Cleavage from the resin and sidechain deprotection was
performed using a mixture of trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/water (95/2.5/2.5, v/v/v) for
120 min. The crude peptide was precipitated using methyl tert-butyl ether (MTBE)/n-heptane (1:1 (v/v)),
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followed by drying under reduced pressure at 35°C overnight. Lyophilization of the peptide fragment was
omitted in order to reduce the amount of aspartimide formation.
Ac-Thm(1-14)-Cam-Leu-OH:
Ac-1Ser-2Asp-3Ala-4Ala-5Val-6Asp-7Thr-8Ser-9Ser-10Glu-11Ile-12Thr-13Thr-14Lys-Cam-Leu-OH
Mol. weight:

1637.71 g mol-1 (C67H112N16O31)

Synthesis of H-Thm(15-28)-OH
18.5 g of Fmoc-Asn(Trt) Wang resin (loading of 0.27 mmol/ g) was washed with DCM and DMF. Fmoc
deprotection was performed using 20% (v/v) piperidine/DMF (2x 8 min). After washing with DMF repetitive
cycles using standard SPPS protocols (4 eq. Fmoc-AA-OH, 4 eq. HBTU, 4 eq. OxymaPure, 8 eq. DIPEA, 45
min) were followed to elongate the peptide, with couplings of amino acids 15 to 21 performed for 90 min.
In general, a low resin loading and double couplings in a sequence of mostly charged amino acids significantly
increased the overall purity. Cleavage from the resin and sidechain deprotection was performed using a
mixture of TFA/TIS/phenol (95/2.5/2.5, v/v/v) for 120 min. The crude peptide was precipitated using
MTBE/n-heptane (1:1 (v/v)), followed by drying under reduced pressure at 35°C overnight. Lyophilization of
the peptide fragment was omitted in order to reduce the amount of deamidation of the C-terminal Asn.
H-Thm(15-28)-OH:
H-15Asp-16Leu-17Lys-18Glu-19Lys-20Lys-21Glu-22Val-23Val-24Glu-25Glu-26Ala-27Glu-28Asn-OH
Mol. weight:

1659.81 g mol-1 (C70H118N18O28)

[14+14]-mer CEPS of Thymosin-α1
The crude amine nucleophile fragment H-Thm(15-28)-OH (1.1 g, 0.47 mmol) was dissolved in 5 mL
potassium phosphate buffer (1 M, pH 8.3, 3.5 mM TCEP) and 2 mg of thymoligase (0.0002 molar eq.) were
added from a stock solution (c= 26 mg/mL). The crude Cam-ester fragment Ac-Thm(1-14)-Cam-Leu-OH
(1 g, 0.37 mmol) was dosed over time (200 mg every 30 min). The pH was kept constant at pH 8.3 (titration
with acid/base), resulting in a final reaction volume of 7.5 mL. The mixture was stirred at room temperature
(20°C) for a total of 4 hours. The reaction progress was monitored by HPLC-MS (λ= 220 nm). The crude
reaction mixture was diluted with ACN/ H2O (3:1 (v/v)) to 100 mL and 50 mL were directly purified by
RP-HPLC and freeze-dried. Thymosin-α1 was obtained in an overall yield of 55%. For purification a Luna
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Prep C18 column (10 μm, 200x 51 mm, Phenomenex, Torrance, CA, USA) with a gradient of 16 to 28%
ACN/ H2O (0.05% (v/v) TFA) in 42 min and a flow rate of 45 mL/min was used.

X-ray Crystal Structure Determination
Thymoligase was further purified after the His-tag purification by gel filtration using a Superdex 200 HR10/30
column (GE Healthcare), equilibrated with 20 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1yl]ethanesulfonic acid) buffer, pH 7.5, containing 150 mM NaCl. The enzyme eluted at a molecular mass of
20 kDa. Thymoligase fractions were pooled and concentrated to 17.5 mg/mL using a Vivaspin-10K filter unit
(Sartorius). Dynamic light scattering experiments were performed using a DynaPro Nanostar instrument
(Wyatt Technology Corporation, Santa Barbara, CA, USA) at 20°C. Dynamic light scattering data were
processed and analyzed using Dynamics software and an apparent molecular mass of 41 kDa was deduced
with a polydispersity of 12%.
Crystallization trials were performed in 96-well MRC2 plates (Molecular Dimensions Ltd., Newmarket, UK),
using a Mosquito crystallization robot (TTP Labtech Ltd. Melbourn, UK) with commercially available screening
matrices (PACT, JCSG+ and Wizard I&II, from Molecular Dimensions). Droplets containing reservoir solution
(75-125 nL) and protein solution (125-75 nL) were incubated against 50 µL of each reservoir solution at
21°C. Plate-like thymoligase crystals were obtained from 1.0 M ammonium sulfate, 0.1 M Bis-Tris pH 5.5
and 1% PEG 3350.
Prior to data collection, single crystals were harvested and flash-cooled in liquid nitrogen with addition of 25%
glycerol as cryoprotectant. A native dataset to 2.25 Å was collected on beamline P11 at Petra III (EMBL,
DESY, Hamburg, Germany) at 100 K. Intensity data were processed using XDS[42] and the CCP4 package.[43]
The space group was P21, with unit cell dimensions of a = 47.5, b = 40.1, c = 64.3 Å and β = 106.0o. With
one monomer of 27.4 kDa in the asymmetric unit, the VM is 2.1 Å3 Da-1[44], with a calculated solvent content
of 43%. A summary of data collection statistics is given in Table 2.
Molecular replacement was performed using PHASER[45] with the thymoligase model obtained by YASARA.
ARP/wARP[46] was used for automatic building, and the model was refined using REFMAC5[47]. COOT[48] was
used for manual rebuilding and map inspection. In Fo–Fc maps, clear electron density was present for a
nonapeptide in the active site which was derived from the propeptide of thymoligase.
The quality of the model was analyzed using MolProbity.[49] Figures were prepared using PYMOL (Schrödinger
LLC). Atomic coordinates and experimental structure factor amplitudes for thymoligase have been deposited
in the RCSB Protein Data Bank under accession code 5OX2.
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Table 2. Crystallographic data and refinement statistics. Values in parentheses are for the highest resolution shell.

Data Collection
Spacegroup

P21

Unit cell dimensions (Å, o)

a = 47.5, b = 40.1, c = 64.3, β = 106.0

Resolution range (Å)

45.6 - 2.24

No total measurements

36626 (3300)

No unique reflections

10355 (950)

Rpim (%)

7.1 (35.0)

Completeness (%)

91.6 (92.1)

Average I/σ

7.8 (2.7)

Multiplicity

3.5 (3.5)

Refinement
Contents of A.U.
protein

2 chains, residues 1 – 266 and residues 1 - 9

waters

52

other

4 sulfate ions

R/ Rfree

18.8 / 23.0

Geometry

78

r.m.s.d. bonds (Å)

0.009

r.m.s.d. angles (°)

1.4

Ramachandran plot (%)
(favored/allowed/disallowed)

97.8 / 1.5 / 0.7
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Figure 6. A LigPlot+ diagram[50] of the peptide binding site of thymoligase with orange bonds and residue names and the nonapeptide
(VEEDHVAHA) (residues 68’-76’, chain P) with purple bonds and residue names. The green dashed lines, with distances, represent
the hydrogen bonds between nonapeptide and thymoligase. Hydrophobic contacts made with the nonapeptide are indicated by the
spoked arcs.
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Figure 7. Peptide binding sites in thymoligase. A) The residues names with prime belong to the nonapeptide in cyan sticks and the
others are the hydrogen bonded residues from the protein in green. Hydrogen bond interactions between thymoligase and
nonapeptide are indicated with black dashed lines. B) Fo-Fc omit electron density for the nonapeptide in cyan sticks is shown at 3σ in
light orange. C) Modeling of thymosin-α1. N156 and D166, the catalytic residue C221, N225, R217, and W189 are shown in green
sticks. Residues from thymosin-α1 E10-17K are shown in salmon sticks and italic letters. The nonapeptide is shown in cyan.
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Chapter 4

Abstract
Disulfide-rich macrocyclic peptides, e.g. cyclotides, represent a promising class of molecules with potential
therapeutic use. However, their efficient synthesis at large scale still represents a major challenge. Here we
report new chemo-enzymatic strategies using peptiligase variants, i.a. omniligase-1, for the efficient and
scalable one-pot cyclization and folding of the native cyclotides MCoTI-II, kalata B1 and variants thereof as
well as of the θ-defensin RTD-1. The synthesis of the kalata B1 variant T20K has been successfully
demonstrated at multi-gram scale. Several ligation sites for each macrocycle render this approach highly
flexible and facilitate both the larger scale manufacture and the engineering of bioactive, grafted cyclotide
variants, therefore clearly offering a valuable and powerful extension of the existing toolbox of methodologies
for peptide head-to-tail cyclization. In addition, the combination of two distinct peptiligase variants in a dual
enzymatic approach enables the preparation of modified cyclotides or dimeric fusion variants thereof,
potentially representing a useful approach in academic research.
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Introduction
In the last decade, macrocyclic peptides have gained increased traction as a promising class of therapeutics.
High metabolic stability and often higher potency compared to linear analogues render them excellent leads
in drug design. Several mono- and multicyclic peptides are currently under clinical evaluation.[1] Disulfide-rich
macrocycles such as cyclotides or θ-defensins are particularly promising classes of molecules for therapeutic
application and cyclotides also hold potential as crop-protection agents in the agricultural industry.[2] Cyclotides
such as the prototypic examples kalata B1 and MCoTI-II are characterized by a combination of a head-to-tail
cyclic backbone and three conserved disulfide bonds forming a distinctive, knotted pattern, which makes them
exceptionally stable (metabolically, thermally and chemically).[3–5] In contrast, θ-defensins such as the rhesus
θ-defensin (RTD-1)[6] are cyclic peptides of 18 amino acids in length with two anti-parallel β-strands stabilized
by a laddered arrangement of three disulfide bonds (I–VI, II–V, III–IV). θ-defensins are of mammalian origin
and possess a range of antimicrobial activities.[6] Both cyclotides and θ-defensins are being used as
pharmaceutical tools, particularly as scaffolds onto which bioactive epitopes can be fused.[3,7] Due to their
highly conserved structure they can accommodate the introduction of bioactive epitopes (‘’grafting’’) between
the cysteines while retaining their native structural and biophysical characteristics. There are now several
examples showing that the cyclotide framework can be used to design drug leads.[8–15]
Despite their pharmaceutical potential, the preparation of disulfide-rich macrocyclic peptides, especially at
scale, still poses a significant challenge and novel tools for facilitating their design and (scalable) manufacture
are highly desired. Although chemical approaches, such as native chemical ligation (NCL)[16] or carbodiimidemediated couplings using entirely protected peptides.[17] are well established[17–20] and have been successfully
applied for peptide head-to-tail cyclization in many studies, the requirement for careful optimization of the
reaction conditions, lack of scalability and the often low yield of the synthesis limit their application on larger
scale.[21] Thus, there is a clear need for novel, more efficient methods for peptide head-to-tail cyclization and,
hence, the preparation of macrocyclic disulfide-rich peptides. In recent years, various research groups
investigated enzymatic strategies to fill this unmet need.[22,23] Several examples have been described including
the use of sortase A,[24–27] split inteins,[28–32] trypsin,[33,34] asparaginyl endopeptidases such as butelase 1[35–37] or
OaAEP1b[38] and, finally, engineered subtilisins[39] such as peptiligase variants.[22,40,41] (see chapter 1). In addition,
recombinant expression of disulfide-rich peptides in bacteria has been reported.[42–47] Most of the enzymatic
approaches investigated suffer from incomplete ligation reactions and low catalytic efficiency, and additionally
leave a ligase “footprint”, an unavoidable enzyme recognition sequence at the coupling site. In contrast,
peptiligase based enzyme variants such as omniligase-1 recently emerged as a very powerful tool for traceless
(footprint free) enzyme-mediated peptide bond formation, both for inter- and intramolecular (cyclization) of
unprotected peptides in aqueous solution (see chapter 2).[8]
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Based on the basic cyclization reactions that have been described using omniligase-1 (see chapter 2) we sought
to expand the scope of omniligase-1 mediated peptide cyclization to the class of disulfide-rich macrocycles,
including the prototypical examples MCoTI-II, kalata B1 and RTD-1. Especially the presence of multiple
cyclization sites per molecule to create increased synthetic flexibility as well as the possibility to cyclize preoxidized/ folded cyclotides would certainly expand the scope of this methodology for the benefit of the
chemical biology community.

Results and Discussion
MCoTI-II
Our initial attempts to apply omniligase-1 catalyzed cyclization to disulfide-rich macrocyclic peptides focused
on a member of the Möbius family of cyclotides, the 34-mer head-to-tail cyclic trypsin inhibitor MCoTI-II,
naturally occurring in the plant Momordica cochinchinensis.[48] Reduced MCoTI-II is known to form its cyclic
cystine knot structure easily to adopt its native, oxidized conformation.[19] Although several synthetic protocols
for the synthesis of cyclotides have been developed,[17–20] efficient head-to-tail cyclization still remains a
challenge and a chemo-enzymatic approach bears great potential.

Figure 1. Cartoon representation of MCoTI-II (pdb 1IB9) and sequence of MCoTI-II with potential cyclization sites as well as the
native disulfide pattern. Disulfide bonds are shown in yellow (cartoon) and blue (sequence).

For MCoTI-II, based on a sequence-guided evaluation, we identified two potential ligation sites for
omniligase-1 catalyzed cyclization: L1 (…VCPK // IL…) and L5 (…CRGN // GY…) (Figure 1). The coupling
position was mainly chosen based on a hydrophobic amino acid in the P4 position, which is important for an
efficient ligation, and in addition, proline was avoided in position P1’ and P2’. For a proof of principle study,
ligation site L1 was chosen as a first target. The linear open chain (oc-) MCoTI-II-L1 precursor peptide Cam88
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ester (see Figure 2A) was assembled using standard Fmoc- solid phase peptide synthesis (SPPS). Subsequently,
at a concentration of 1 mg/mL, the purified precursor peptide ester could be efficiently cyclized (Figure 2B)
to reduced cyclic c-MCoTI-II-L1 within 30 minutes using omniligase-1. Stirring the reaction mixture for
another 14 hours in a potassium phosphate solution (pH 8.5) containing 5 mM reduced glutathione (GSH)
resulted in the formation of the intact, native cf-MCoTI-II. Although MCoTI-II is known to efficiently fold into
its naturally occurring structure,[19] the correct disulfide connectivity as well as the overall structure was shown
to be identical with native MCoTI-II using NMR structure determination. Both chemical shifts and NOESY
spectra indicate the same native structure of MCoTI-II as determined before by means of X-ray
crystallography[49] and NMR spectroscopy.[48–50] One single set of amide and amino resonances was observed,
and most resonances appeared sharp in the various spectra.

Figure 2. A) Reaction scheme for the cyclization and oxidative folding of open chain oc-CoTI-II-L1 in a one-pot reaction to yield cyclic
folded cf-MCoTI-II-L1. B) HPLC traces of the ligation-cyclization-folding procedure after 0 min (oc-MCoTI-II-L1), 30 min (cyclic cMCoTI-II-L1) and after 14 hours (cf-MCoTI-II).

This one-pot cyclization-folding procedure was shown to work equally well with crude, non HPLC purified,
oc-MCoTI-II-L1-Cam-L-OH, highlighting the robustness of the enzymatic ligation step. Additionally, the
scalability of the one-pot chemo-enzymatic approach was demonstrated by the preparation of the native
cyclotide cf-MCoTI-II at 1 gram scale starting from crude oc-MCoTI-II-L1-Cam-L-OH. At a concentration of
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4 mg/mL crude substrate the reduced intermediate c-MCoTI-II-L1 was formed efficiently without any
multimerization observed. Upon subsequent oxidative folding for 20 hours in potassium phosphate buffer
containing 5 mM reduced glutathione the final, native cf-MCoTI-II was obtained. Thus, due to the use of
crude substrates, the number of steps required could be significantly reduced, i.e. only one final preparative
HPLC-run was required instead of two separate purification steps for the precursor and product. The crude
reaction mixture was purified via a single RP-HPLC purification and cf-MCoTI-II was obtained with over 95%
HPLC purity in an overall yield of 8% based on the loading of the first amino acid on the resin. For a peptide
of this length (34 amino acids) and complexity the yield is good but may be improved even further by
optimizing the SPPS, cyclization/folding and purification protocol.
Various studies have been conducted in which bioactive epitopes have been grafted into flexible loops of the
squash trypsin inhibitor cyclotide MCoTI-II, particularly into loops 1 and 6 (see cartoon representation of
MCoTI-II: Figure 1).[7,8,12,15] Since the grafted epitopes typically vary in their sequence, a cyclization site distinct
from the already established coupling site in loop 1 (ligation site L1: …VCPK // IL..; see before) and, moreover,
outside loop 6, e.g. in loop 5, would be desired. In this way, the generation of chemically synthesized libraries
would clearly be facilitated. Encouraged by this idea, we attempted to identify suitable ligation sites in loop 5
using a sequence-based computational evaluation. With this approach we identified a second ligation point
(site L5: …CRGN // GY…) that should enable efficient omniligase-1 catalyzed cyclization. Following the
preparation of the open-chain (oc) elongated carboxamidomethyl (Cam)-ester precursor MCoTI-II-L5-CamL-OH using classical SPPS,[40,51] our first cyclization attempts using omniligase-1 successfully resulted in the
formation of c-MCoTI-II-L5. However, the linear C-terminal ester precursor MCoTI-II-L5-Cam-L-OH was
not entirely stable during the course of the reaction as base-induced dehydration-type of reaction of P1asparagine was observed (Figure 3).[52]

Figure 3. Asn dehydration-type of reaction.[53] B= base; X= OHMBA-L-OH.

Based on this finding, we decided to use a less activated, more stable C-terminal aryl-type of ester
(hydroxymethylbenzoic acid (HMBA)-ester) that, in previous studies, was demonstrated to be well suited for
omniligase-1 catalyzed chemo-enzymatic peptide synthesis (CEPS) on larger scale (see chapter 2) and can be
easily introduced using classical SPPS (see experimental section). In addition, peptiligase variant #1015,
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optimized for the recognition of small, polar amino acids in position P1, was expected to demonstrate a better
performance than omniligase-1 in this particular ligation. Indeed, the HMBA-ester was found to be much less
amenable to Asn dehydration and efficient conversion of the open chain oc-ester precursor MCoTI-II-L5
HMBA-L into its cyclic counterpart was observed within 30 min using peptiligase #1015. Overnight air
oxidation in combination with the addition of 5 mM GSH[40,54] yielded native (cyclic folded- cf) MCoTI-II (Figure
4) in a straightforward manner via a one-pot cyclization-folding procedure.

Figure 4. HPLC trace of the MCoTI-II-L5 one-pot cyclization-folding approach: oc-MCoTI-II-L5 HMBA-L-OH (0 min) is readily
converted to cyclic c-MCoTI-II-L5 (30 min), followed by folding (2 mM GSH, pH 8.3) to adopt its native, oxidized confirmation (cfMCoTI-II-L5; 16 h).

The correct disulfide connectivity was confirmed by the identical HPLC retention time (Rt) compared with
chemically synthesized MCoTI-II. The trypsin inhibition activity of cf-MCoTI-II-L5 was subsequently
determined and compared to that of chemically synthesized MCoTI-II (see experimental section: Figure 16).
The Ki values were 0.0041 and 0.0050 nM, respectively, which is comparable to the previously reported Ki
value of native MCoTI-II (0.0023 nM)[9].
In general, the identification of this second ligation site in loop 5 of MCoTI-II (L5: …CRGN // GY…)
represents a viable alternative to the one described in loop 1 (L1: …VCPK // IL…)[40] and opens up the
possibility for a modular synthesis of MCoTI-II. In addition, the identification of this second ligation site
significantly expands the scope of using peptiligases for the rapid and simple preparation of MCoTI-II variants
for grafting studies, i.e. the C-terminal part of MCoTI-II (loop 1-5) can be synthesized at larger scale and upon
splitting of the resin derivatization with diverse sequences in loop 6 can be performed conveniently (see Figure
5).
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Figure 5. Schematic representation of a facilitated approach for grafting bioactive epitopes into loop 6 of MCoTI-II.

Many disulfide-rich macrocycles adopt their native conformation only when formation of the correct disulfide
pattern precedes backbone cyclization. Hence, using MCoTI-II as a model system, we also investigated
whether the reaction order of enzymatic cyclization followed by oxidative folding could be reversed. This
would significantly expand the scope of the CEPS macrocyclization platform and minimize the amounts of
misfolded isomers, thus resulting in higher overall yields. Again, a C-terminal HMBA-L-OH ester was chosen,
which proved to be stable under the basic and oxidative conditions required for oxidative folding. Oxidized
open chain (oc-f) MCoTI-II-L1 HMBA-ester was obtained after applying oxidative folding conditions (pH 7.8,
5 mM GSH) for several hours. 1D-1H-NMR revealed that MCoTI-II-L1 HMBA ester adopted a native-like
fold (I-IV, II-V, III-VI, see experimental section Figure 14). The well-dispersed peaks observed within the amide
proton region (5-9 ppm) indicated that this peptide had a well-defined structure. Unfortunately, we were not
able to obtain (oc-f) MCoTI-II-L5 HMBA-ester, because dehydration of Asn in position P1 was too severe
under oxidative folding conditions. In contrast to our expectations, cyclization of (oc-f) MCoTI-II-L1 HMBA
ester proceeded with high efficiency and the native product was obtained, as shown by NMR secondary shift
comparison with native MCoTI-II (see Figure 6).
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Figure 6 . Comparison of Hα secondary chemical shifts of enzymatically cyclized MCoTI-II-L1 (green bars) and chemically cyclized
MCoTI-II (grey bars) (below).

Efficient cyclization of the oxidized ester again exemplifies the broad substrate scope and flexibility of
omniligase-1 mediated ligation. We anticipated the disulfide bridge Cys8-Cys25, which has to accommodate
Cys8 in pocket S3, to render the peptide rigid and sterically hindered to adopt a conformation for binding that
would be favorable for efficient cyclization. To rationalize the catalytic activity observed when we examined
cyclization of the fully oxidized open chain MCoTI-II-L1 precursor (oc-f)-MCoTI-II-L1, we modeled the
binding mode of cf-MCoTI-II in omniligase-I using a combination of knowledge-guided docking and molecular
dynamics (MD). We opted to model the binding mode of the fully oxidized and cyclized product cf-MCoTIII because the 3 disulfide bonds and the head-to-tail cyclic peptide bond considerably restrict its conformational
freedom, thus making it more challenging to bind to omniligase-I than any partially reduced MCoTI-II.
According to the model cf-MCoTI-II can bind omniligase-1 with loop 1, loop 6 and loop 3 at the peptideenzyme interface, and with peptide’s amino acids P4, P2, P1 and P2’ positioned in the respective subsites.
Val7 (P4) binds in the hydrophobic pocket formed by Leu78, Tyr86 and Leu126 and this appeared a very
stable interaction when examined by MD simulations. Cys8 (P3), due to the disulfide bond with Cys25, is
displaced from the S3 subsite and does not bind as deep in the omniligase-1 cleft as the P3 histidine from the
propeptide present in the crystal structure of peptiligase variant thymoligase (pdb 5OX2).[55] The S2 binding
site is slightly altered due to the displacement of Leu126. This allows Pro9 (P2) to bind in the S2 subsite and
form a hydrophobic contact with Leu126. Lys10 (P1) binds in the same site as proposed for thymosin-α1 in
thymoligase (see chapter 3). However, in omniligase-1, Asp166 is mutated to a serine, thus there is no ionic
interaction and the preferred Lys10 side-chain interactions are hydrogen bonds with the backbone of Gly127
and Cys8. We specifically searched for reactive binding modes, so the backbone of Lys10 is bound with the
carbonyl oxygen within hydrogen-bond distance of the backbone of Cys221 and the side-chain of Asn155
(the oxyanion hole), while the carbonyl carbon is relatively close (3.9 Å) to the sulfur atom of the nucleophilic
Cys221. The binding of the propeptide present in PDB 5OX2 shows that the substrate backbone from P6 to
P2 binds in an extended conformation, forming an anti-parallel β-sheet with the β-strand from Val95 to
Gln103. This is not observed in the binding mode we found for the acyl-donor part of cf-MCoTI-II, probably
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due to three reasons. First, the acyl-donor part of MCoTI-II cannot adopt the required extended
conformation due to the Cys8(P3)-Cys25 disulfide bond that displaces Cys8 and also because the P5 and P6
amino acids cannot interact with the omniligase-1 interface due to the compact folding of MCoTI-II. Third,
the Cys8-Cys25 bond brings loop 3 from MCoTI-II to the interface with omniligase-1 and pushes Val95 to
Gln103 away from the amino acids P1 to P4, precluding the formation of the typical anti-parallel β-sheet
binding mode (Figure 7).

Figure 7. Comparison of the binding of the P6 to P2 amino acids in 5OX2 thymoligase (A- dark green) with the bound propeptide
(A- light green) and the binding of cf MCoTI-II (B- yellow) in the modeled omniligase-1 (B- brown). The β-sheet structure formed by
the β-strand Val95 to Gln103 and the P6-P2 amino acids (A) is not formed in the omniligase-1 with cf MCoTI-II. This is due to the
opening and disruption of the β-strand Val95 to Gln103 caused by loop 3 of MCoTI-II, which has a disulfide bond to P3 Cys8.

Regarding the binding of the acyl-acceptor part of MCoTI-II, Ile11 (P1’) is oriented towards the inside of the
cyclic peptide, with its side-chain shielded by hydrophobic interactions with MCoTI-II Pro9, Pro22, the two
cystines formed by the pairs Cys8-Cys25 and Cys21-Cys33, and the aliphatic chain of Lys13. Leu12 (P2’)
binds in the S2’ subsite interacting with the hydrophobic Trp189 of omniligase-1. This interaction is very stable
during the whole MD simulation.
Comparing the conformation of thymoligase bound to its propeptide fragment (pdb 5OX2) to the
conformation of omniligase-1 bound to cf-MCoTI-II as found by MD simulations, the most marked difference
is in the β-strand formed by Val95 to Gln103. In the omniligase-I structure complexed with cf-MCoTI-II, this
β-strand is disrupted to accommodate loop 3 of cf-MCoTI-II (Figure 7). The disruption requires the shielding
of the hydrophobic group of Leu126 in the Ser125-Ser132 loop from the solvent with formation of stabilizing
hydrophobic interactions with Val95, Leu96 and Val107 (Figure 8). The MD simulations thus indicate that the
structural rigidity of cf-MCoTI-II caused by the P3-Cys8-Cys25 disulfide would result in steric clashes of loop
3 with the omniligase-1 Val95-Gln103 β-strand, which is alleviated by disruption of the β-strand. The
distortion of this strand is unusual. A superposition of 83 subtilisins available from the Protein Data Bank
(PDB)[56] indicates strong structural conservation, with only 1ST2 and 2ST1 showing partial distortion of the
affected β-strand (Figure 8).
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Figure 8. A) Tube representation of the enzyme backbone for the superimposition of the modeled omniligase-1 with bound cfMCoTI-II (only shown in panel B) as pink sticks) and 83 subtilisins available in the pdb. B) Zoomed-in panel showing the interaction
between cf-MCoTI-II and regions Val95-Gln103 and Ser125-132 of omniligase-1, with hydrophobic shielding of Leu126. When
compared to the other X-ray conformations, the largest difference of omniligase-1 (blue tube representation) is in the β-strand formed
by Val95 to Gln103 and the nearby loop formed by Ser125 to Ser132 (bottom). Only pdb structures 1ST2 and 2ST1 showed a
similar disruption of the β-strand formed by Val95 to Gln103 (red tubes), but not as extensive as our modeled omniligase-1 (blue
tubes).

Superimposition of cf-MCoTI-II from this binding mode with 30 NMR structures (pdb 1HA9) reveals similar
conformations, underlining the structural rigidity of cf-MCoTI-II. Although native MCoTI-II might bind
omniligase-1, it does not appear to be the most favorable binding mode. Therefore, we hypothesize that
transiently reducing the disulfide bond Cys8 (P3)-Cys25 would allow MCoTI-II to more easily adopt a
favorable conformation for efficient cyclization. Interestingly, when the reaction was performed without any
GSH present, the reaction still resulted in the exclusive formation of cf-MCoTI-II, although at a significantly
reduced rate as compared to the reaction with GSH present (reaction time of 18 h vs. 2 h). This finding
indicates that cyclization most likely proceeds via a partially unfolded version of (oc-f)-MCoTI-II, potentially
promoted by GSH as a disulfide shuffling agent.

Kalata B1
Encouraged by the successful chemo-enzymatic synthesis of MCoTI-II using two different connection points,
we focused next on another prototypic example of the Möbius family of cyclotides, namely kalata B1. Based
on a sequence-guided evaluation we identified two potential ligation sites: L2 (…VGGT // CN…) and L6
(…CTRN // GL…) (Figure 9A and B). Our initial studies focused on ligation site L2 and the use of
omniligase-1.
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Figure 9. A) Cartoon representation of kB1 (pdb 1NB1) and sequence of kB1 with potential ligation sites indicated. Disulfide bonds
are shown in yellow. B) Linear C-terminal esters for omniligase-1 catalyzed cyclization of kB1 and structures of respective esters used.

After extensive screening of various omniligase-1 cyclization reaction conditions, c-kB1-L2 was obtained in a
reasonable yield of 60% (HPLC), albeit, accompanied with 40% hydrolysis of the glycolate ester moiety. We
identified Asn in P2’ position to be sub-optimal, since in this position hydrophobic amino acids are generally
preferred by omniligase-1. Indeed, introduction of an N14L mutation into kB1 increased the ligation yield to
over 85%. Based on this result we switched our focus to cyclization site L6 identical to the natural cyclization
site in the biosynthesis of kalata B1.[57] Again, using a C-terminal HMBA-ester, P1-Asn dehydration was
minimized and head-to-tail cyclization was clearly dominant with efficient conversion of oc-kB1-L6 HMBAester to c-kB1-L6.
Based on these promising results we opted to establish a one-pot cyclization-folding procedure for the scalable
manufacture of kB1-L6. For these scale-up studies we used the [T20K]kB1 variant of kB1, which is under
preclinical evaluation as an immunosuppressive agent for the treatment of multiple sclerosis.[58] After chemical
synthesis of linear [T20K]kB1-L6-HMBA-ester on larger scale (5 mmol), we achieved efficient cyclization in a
one-pot reaction using omniligase-1 and crude, non-lyophilized [T20k]kB1-L6-HMBA-ester. In order to
minimize the occurrence of P1-Asn dehydration the pH of the ligation mixture was lowered to 8.0 and the
amount of enzyme was increased to 0.006 molar equivalents with respect to the linear precursor peptide.
Following cyclization, upon addition of 2-propanol to a final concentration of 50% complemented with 2 mM
GSH/ GSSG[20] (GSSG= oxidized glutathione) and incubation for 15 h, native [T20K]kB1 was obtained (Figure
10A). Pure chemo-enzymatically synthesized [T20K]kB1 was shown by NMR spectroscopy (Figure 10B) and
LC-MS analysis to be identical to fully chemically synthesized [T20K]kB1. Besides structural verification using
NMR, the chemo-enzymatically synthesized [T20K]kB1 showed to have similar cytotoxicity (IC50 = 2.21 µM;
see experimental section: Figure 15) towards HeLa cells as its chemically synthesized counterpart
(IC50= 2.42 µM).
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Figure 10. A) HPLC traces of one-pot cyclization-folding of [T20K]kB1 on multi-gram scale. The trace of crude (oc)-[T20K]kB1-L6HMBA-L-OH (0 min) and the trace of the crude reaction mixture after oxidative folding to the [T20K]kB1 is depicted (16 h). B)
Comparison of secondary chemical shifts of enzymatically cyclized [T20K]kB1 (red) and chemically cyclized [T20K]kB1 (grey).

In order to ease the processing of large quantities and to further reduce the amount of ligase required we
investigated dosing of the crude linear [T20K]kB1-L6 ester over time in a batch-wise manner to increase the
concentration of final product and thus significantly facilitate the downstream processing. Although omniligase1 is, in contrast to naturally occurring cyclases such as butelase 1[59], easily available via recombinant expression
in large quantities, a further decrease in the quantity of catalyst will result in an additional cost-price reduction
of the synthesis at scale. Whereas most omniligase-1-catalyzed cyclization reactions are performed in the 0.51 g/L (low µM) range, starting from 0.5 g of crude linear [T20K]kB1-L6 ester at a concentration of 1 g/L, we
were able to increase the concentration of linear ester by repeated dosing (five times 0.5 g every 30 min) to
6 g/L. The amount of omniligase-1 required could be reduced three-fold to ≤ 0.002 molar equivalents. After
oxidative folding and direct HPLC purification, cf-[T20K]kB1 was obtained with a cyclization-foldingpurification isolated yield of 35%. Clearly, this chemo-enzymatic strategy is a viable approach for the
production of larger quantities of [T20K]kB1 or variants thereof.
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Dual Enzymatic Ligation for the Synthesis of Side-Chain Conjugated kB1 Variants
There is an interest to couple cyclotides to other molecules, e.g. to nanobodies, for the targeted delivery of
cyclotides,[60] or to dyes.[13] For this purpose, the introduction of bioorthogonal or specifically reacting groups
to the side-chain of selected amino acid residues would represent a suitable approach, as they would allow
regiospecific and facile derivatization. Specifically, we envisaged a dual enzymatic ligation strategy by which we
could first head-to-tail cyclize a linear cyclotide precursor, followed by conjugation and subsequent oxidative
folding to adopt its native fold. For this, the previously investigated [T20K]kB1 using the established ligation
site L6 (…CTRN // GL…) represented a suitable model system. For the conjugation reaction following headto-tail cyclization the ε-NH2 group of Lys20 can be modified with two additional amino acids, i.e. H-Asp-Leu,
which can subsequently be recognized as the P1’ and P2’ amino acids in a second enzymatic ligation. Lys20
is well suited for side-chain derivatization since substitutions in loop 4 of kB1 are considered to be tolerated
without losing its overall fold and stability.[61] However, for the dual enzyme strategy to be applicable an
exquisite selectivity for cyclization is required, i.e. for enzymatic cyclization of the [T20K]kB1-L6-HMBA-LOH the N-terminus ‘GL’ must be preferred over the side-chain handle N-terminus ‘DL’. For this, ‘DL’ has
been chosen specifically, since it represents an N-terminal sequence that is well recognized by the (selective)
peptiligase variant thymoligase (see chapter 3) but is less preferred by omniligase-1. In addition, the formation
of a macrocycle via the side-chain ‘DL’ handle would result in an approximately 13 amino acid sized cycle,
which would be less preferred than the formation of the larger head-to-tail cycle (see chapter 2). Indeed, we
exclusively observed formation of the desired larger cycle c-[T20K(DL)]kB1-L6, leaving the ‘DL’ side-chain
N-terminus untouched and available for a second ligation reaction using thymoligase (Figure 11). The
formation of the desired kB1-cycle was confirmed via Edman degradation of c-[T20K(DL)]kB1-L6, which
resulted in the formation of c-[T20K(L)]]kB1-L6, from which the side-chain handle aspartic acid has been
cleaved off (MWcalc;: 3036.3 Da, MWexp.: 3034.5 Da).[62] After the addition of 50% (v/v) 2-propanol and 2
mM GSH/ GSSG followed by incubation over-night, oxidatively folded cf-[T20K(DL)]]kB1 was obtained (see
Figure 11), as confirmed by mass spectrometry (MWcalc.= 3146.0 Da, MWexp.= 3146.0 Da). In addition,
upon oxidative folding, the characteristic right shift of kB1 in the HPLC spectrum was observed together with
a decreased solubility of the molecule, as is the case for native kB1.
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Figure 11. Omniligase-1 catalyzed head-to-tail cyclization of oc-[T20K(DL)]kB1-L6-OHMBA-L-OH (0 min). Efficient formation of
c-[T20K(DL)] was observed (45 min). Subsequent addition of 50% (v/v) 2-propanol and 2 mM GSH/GSSG followed by incubation
over-night yielded oxidatively folded cf-[T20K(DL)]]kB1 (16 h).

Knowing that [T20K(DL)]kB1 still adopts its native fold, we attempted to couple a fluorescently labelled model
peptide (Ac-K(FITC)KFSKK-Cam-L-OH) to the ‘DL’ side-chain handle, first to the reduced form c[T20K(DL)]kB1. Using thymoligase as a catalyst we observed efficient and clean ligation to form c-[T20K(DL‘FITC’)]kB1 within 15 min (Figure 12A). Besides the desired product, only hydrolyzed Ac-K(FITC)KFSKK-OH
resulting from the excess (7 eq.) of ester starting material was observed as a reaction byproduct. Upon
applying oxidative conditions (50% (v/v) 2-propanol, 2 mM GSH/ GSSG) and subsequent incubation overnight, the folded conjugate [T20K(DL-‘FITC’)]kB1 was obtained efficiently (see Figure 12A), as proven by
mass spectrometry (MWcalc;: 4328.8 Da, MWexp.: 4328.0 Da) and HPLC retention shift comparison.
Interestingly, omniligase-1 catalyzed cyclization of oc-[T20K(DL)]kB1-L6-HMBA-L-OH to yield c[T20K(DL)]kB1 could also be followed by thymoligase catalyzed side-chain conjugation in a one-pot reaction.
However, significantly higher equivalents of the FITC labelled peptide ester were required for efficient ligation,
since the intermolecular reaction is less favored under the high dilution conditions required for cyclization.
Hence, an intermediate HPLC purification or concentration step is recommended to ensure efficient
intermolecular ligation in the second side-chain handle conjugation step. Intermolecular ligation to the sidechain handle followed by enzymatic cyclization was not attempted, since the enzymatic discrimination
between two different C-terminal esters and two different N-terminal sequences would have added an
additional, unnecessary layer of complexity.
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Figure 12. Excerpts of the HPLC chromatograms of the ligation of peptides A) Ac-K(FITC)KFSKK-Cam-L-OH and B) PMI peptide (HPTSFAEYWNLLSK-Cam‐L-OH) to c-[T20K(DL)]kB1 and subsequent folding to the corresponding oxidatively folded variant cf[T20K(DL)]kB1 conjugated to the respective peptide. In addition, C) fusion of two c-[T20K(DL)]kB1 molecules using a double-headed
Cam-ester is shown.

Based on these successful initial experiments, we examined the general applicability using other peptides. Fast
and efficient side-chain handle conjugation was also observed for a variant of the phage display selected αhelical PMI peptide (TSFAEYWNLLS)[8,63](Figure 12B), which is known to antagonize protein-protein
interaction (PPI’s) between p53 and Hdm2 or HdmX. To prevent oligomerization, the PMI sequence was
capped with an N-terminal Pro residue, which is not tolerated by any peptiligase-variant.[64] Additionally a Cterminal Lys was added to ensure good binding affinity with thymoligase. Both ligation and folding proceeded
very cleanly and, like with the FITC labelled peptide, the only ligation byproduct resulted from hydrolysis of
the excess of PMI peptide ester. Using this concept, it could be envisaged to combine two distinct bioactive
peptides in one molecule, e.g. by grafting one bioactive sequence into the [T20K(DL)]kB1 cyclotide scaffold
and conjugating the second modality to the ‘DL’ side-chain, respectively. However, the extension towards
grafting studies, the combination of different bioactive peptides and biological evaluation of these constructs
fell beyond the scope of this research. A similar concept is the fusion of two [T20K(DL)]kB1 cyclotides using
a double-headed Cam-ester (DHCE; see chapter 2). Again, efficient conversion to the corresponding ligated
constructs as well as oxidative folding was observed (see Figure 12C), as confirmed by mass spectrometry
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(MWcalc: 7688,6 Da, MWexp.: 7689,6 Da) and the expected HPLC retention time shift. To ensure efficient
conversion to the di-substituted DHCE fused construct and avoiding the monosubstituted construct, a high
concentration and an excess of c-[T20K(DL)]kB1 was required. Interestingly, the ligation worked equally
efficient when oxidatively folded cf-[T20K(DL)]kB1 was used. However, since ligation and oxidative folding
can be combined in a one-pot procedure thymoligase-catalyzed ligation followed by oxidative folding is
preferred.
In general, this approach, combining two specific ligations employing two different peptiligase variants, gives
access to cyclic peptide conjugates and to the preparation of peptides (or proteins) of higher order structure.
Besides the formation homo-dimers using a DHCE, also the formation of hetero-dimers, similar to bispecific
antibodies[65], using a DHCE with two distinct reactive Cam-ester moieties can be envisioned. Additionally,
even the addition of a third cyclotide or peptide in general (or multiple copies of it) could be possible, if, for
example click-reactive handles such as homoazidoalanine or azidolysine are used within the enzymatic
recognition sequence of the DHCE. These amino acids are well tolerated by omniligase-1 (see chapter 2 and
6) and can be used for chemical follow-up ligations such as strain-promoted alkyne-azide cycloaddition
(SPAAC).[66] Moreover, it could also be conceived to apply the DHCE concept to the N-terminal homo-fusion
of two proteins.

RTD-1
In addition to cyclotides, the non-mechanically interlocked θ-defensins, which possess a range of antimicrobial
activities,[6] are also being pursued as pharmaceutically exciting scaffolds, onto which bioactive epitopes can be
grafted. Rhesus θ-defensin-1 (RTD-1) was the first θ-defensin discovered in leukocyte extracts from Rhesus
macaques[67] and can be considered as a prototypic example of this class of ultra-stable molecules. To date,
several approaches have been described for the chemical synthesis of RTD-1, including chemical ring closure
using standard coupling reagents,[67,68] bacterial expression[32,45,46] and the use of native chemical ligation.[69]
Although the latter represents a powerful approach for the generation of large libraries of RTD-1 variants, it
is not suitable for their production on industrial scale. To overcome this limitation, we further explored the
possibility of using peptiligase variants for the chemo-enzymatic one-pot synthesis of RTD-1. Based on a
sequence-guided evaluation, we identified two potential ligation sites located in the respective β-turn loops of
the molecule: A (…LCRR // GV…) and B (…ICTR // GF…; Figure 13A).
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Figure 13. Stick representation of RTD-1 (pdb 1HVZ). Disulfide bonds shown in yellow. Ligation sites (A/B) are given together with
the individual sequence of each linear ester precursor peptide. B/C) HPLC traces of omniligase-1 catalyzed cyclization of oc-RTD-1
A ester and oc-RTD-B ester, followed by folding into their native forms cf-RTD-1 A and cf-RTD-1 B.D) Comparison of secondary
chemical shifts of enzymatically cyclized RTD-1 B (blue) and native RTD-1 (grey).

Following SPPS of both linear precursors as elongated C-terminal Cam-esters, namely RTD-1 A-Cam-L-OH
and RTD-1 B-Cam-L-OH, we evaluated the possibility of cyclizing them using omniligase-1. As expected,
both RTD-1 A-ester and RTD-1 B-ester were rapidly and efficiently cyclized in less than 30 min (Figure 13B
and C). Since ligations can also be carried out starting from crude, non-lyophilized linear peptide, as
demonstrated for [T20K]kB1 and MCoTI-II,[40] the initial HPLC purification can be avoided if suitable crude
qualities of the linear precursor are obtained. To ensure efficient cyclization in initial studies, reducing
conditions were applied by the addition of 3.5 mM (tris(2-carboxyethyl)phosphine) (TCEP). Interestingly, we
observed that RTD-1 has a very high propensity to rapidly adopt its native, oxidized fold. This led to the
surprising discovery that after completion of the cyclization, the excess of TCEP present is entirely consumed
and hence cannot maintain a reducing environment. Thus, as confirmed by LC-MS, native cf-RTD-1 is
obtained after a reaction time of only 2-6 hours. In contrast to these observations, rapid oxidative folding of
RTD-1 A/B ester was observed under non-reducing cyclization conditions; but no enzymatic ligation
occurred, only fast hydrolysis of the C-terminal Cam-ester moiety. Identical observations were made when
cyclization of oxidized, linear RTD-1 A/B was attempted. We expect that the excess of TCEP required for
efficient cyclization can be lowered and delicately adjusted to the explicit batch of linear precursor used in
order to obtain native RTD-1 in an even shorter time frame. The native folding of RTD-1 B was confirmed
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via one-dimensional 1H-NMR. The Hα chemical shifts of RTD-1 B were essentially identical to the chemical
shifts of chemically synthesized RTD-1 reported by Craik et al (Figure 13D),[68] confirming that cf-RTD-1 B
adopted a native θ-defensin fold. cf-RTD-1 A was unequivocally identified via LC-MS and both cf-RTD-1 A
and cf-RTD-1 B showed identical retention times (Rt) and mass spectra (Figure 13B/C). In summary, we
developed a new approach for the efficient synthesis of the θ-defensin RTD-1, which is characterized by its
simplicity and high flexibility. The linear ester precursors can easily be obtained using Fmoc-SPPS, and the two
ligation sites offer high flexibility for the generation of grafted RTD-1 variants, similarly to the flexible system
for MCoTI-II grafting.

Conclusion
The work described demonstrates the applicability of CEPS using peptiligase variants, e.g. omniligase-1, for
the cyclization of diverse classes of native disulfide-rich peptides without the need of adding an enzyme
recognition sequence. In addition, the identification of multiple ligation sites per molecule together with the
possibility to cyclize pre-folded disulfide-rich molecules using an increasingly stable HMBA-ester significantly
increases the synthetic flexibility of this enzymatic approach. We have achieved the efficient chemo-enzymatic
synthesis of the θ-defensin RTD-1 as well as the cyclotides MCoTI-II, kalata B1 and [T20K]kB1 in combination
with concomitant folding in a one-pot procedure using two different ligation sites per molecule. This chemoenzymatic strategy using peptiligase variants can be scaled to the multi-gram range and therefore represents
a promising methodology for larger scale manufacture of this class of molecules, which are usually not easily
accessible at large quantities. Compared to other previously reported methodologies, e.g. using sortase A,
head-to-tail cyclization mediated by peptiligase variants such as omniligase-1 represents a valuable alternative
and offers a powerful extension to the currently existing toolbox of enzymes for cyclization reactions. Our
findings provide proof of concept for the potential broad applicability of enzymatic macrocyclization for the
efficient preparation of disulfide-rich peptides. In addition, as exemplified for [T20K]kB1 the combination of
two distinct peptiligase variants in a dual enzymatic approach enables the preparation of modified cyclotides
or dimeric fusion variants thereof, potentially representing a valuable approach in academic research.
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Experimental Section
Associated Content
Additional Supporting Information of these articles are available free of charge on the Advanced Synthesis
& Catalysis publications website at DOI: 10.1002/adsc.201700314 and at the ChemBioChem publications
website at DOI: 10.1002/cbic.201900033.

Expression and Purification of Peptiligase Variants (Omniligase-1, Peptiligase #1015)
Production and purification of the enzyme variants was carried out as described previously (see chapter 2).[55]

Solid Phase Peptide Synthesis
Peptides were assembled on Fmoc-Leu-Wang resin using standard Fmoc-SPPS procedures. Peptides
containing glycolate-type of esters were introduced using Fmoc-glycolic acid as described earlier by Nuijens
et al..[51] Peptides containing HMBA-type of esters were prepared using unprotected HMBA. HMBA (4 eq.)
was coupled to a preloaded Leu-Wang resin using diisopropylcarbodiimide (DIC, 4 eq.) and OxymaPure
(4 eq.) for 2x 20 min. Esterification was performed for 2x 40 min using Fmoc-amino acid (4 eq.),
dimethylaminopyridine (0.1 eq.) and DIC (4 eq.). Esterification during scale-up studies of [T20K]kB1-L6 were
performed using bromo-HMBA (bromomethyl benzoic acid) instead of HMBA. Differing from previous
protocols,

esterification

was

performed

using Fmoc-AA-OH (4

eq.), OxymaPure (4

diisopropylethylamine (DIPEA, 4 eq.) and potassium iodide (0.1 eq.) for 16 hours at 50°C.

eq.),

[70]

In general, for peptide synthesis Fmoc-Leu-Wang LL resin (0.31 mmol/ g) was used as a solid support.
Coupling of amino acids was standardly carried out using Fmoc-amino acid (4 eq.), DIC (4 eq.) and
OxymaPure (4 eq.) for 40 min in dimethylformamide (DMF). Fmoc-deprotection was performed for two
times 10 min with 20% (v/v) piperidine in DMF. Final cleavage from the resin and sidechain deprotection was
performed using an 87.5/5/2.5/2.5/2.5 (v/v/v/v/w) mixture of trifluoroacetic acid (TFA)/triisopropylsilane
(TIS)/water/thioanisole/dithiothreitol (DTT) for 2 h. The crude peptide was precipitated using ice-cold (-20°C)
diisopropylether, followed by drying under reduced pressure. Peptides were analyzed by HPLC-MS and if
deemed necessary, purified using preparative HPLC followed by lyophilization. Synthesis was either carried
out manually or using a CS Bio CS 136 peptide synthesizer (CS Bio Co., Menlo Park, CA, USA).
If not otherwise denoted, standard protocols were used (e.g. for the synthesis of the PMI peptide and RTD1 variants). Differing from the protocols described above, the following protocols were used for the synthesis
of particular peptide variants:
104

Efficient Enzymatic Cyclization of Disulfide-Rich Peptides using Peptiligases
kB1 variants: Fmoc-GG-OH and Fmoc-PG-OH (4 eq. each) were incorporated as dipeptides.
MCoTI-II variants: Fmoc-Gly-Ser(Psi(Me,Me)Pro)-OH, Fmoc-Asp(tBu)-Ser(Psi(Me,Me)Pro)-OH and FmocAsp(OtBu)-(Dmb)Gly-OH were used during the synthesis.
Double-headed Cam-ester: The double-headed Cam-ester was prepared as described in chapter 2.
[T20K(DL)]kB1-OHMBA-L-OH: The side-chain handle derivatized kB1 was synthesized using FmocLys(Mtt)-OH (Mtt= methyltrityl) as building block. Mtt deprotection was performed by adding a mixture of
6.5/2/1/0.5 (v/v/v/v) DCM/HFIP/TFE/TIS (10 mL/ 500 mg resin) to dry resin (DCM= dichloromethane,
HFIP= hexafluoroisopropanol, TFE= trifluoroethanol, TIS= triisopropylsilane). The mixture was gently
stirred for 1 h, before it was washed with DCM (3x 2 min) and DMF (3x 2 min). Next, the following amino
acid (Fmoc-Leu-OH, 4 eq.) was coupled to the ε-NH2 of lysine using 2-(1H-benzotriazol-1-yl)-1,1,3,3tetramethyluronium hexafluorophosphate (HBTU; 4 eq.), OxymaPure (4 eq.) and DIPEA (8 eq.) for 60 min.
Following Fmoc-deprotection using 20% (v/v) piperidine in DMF (2x 8 min). Fmoc-Asp(tBu)-OH was coupled
identically to Fmoc-Leu-OH. Resin cleavage and work-up was performed as described above.
Ac-K(FITC)KFSKK-Cam-L-OH: The final amino acid (Lys) was coupled using Fmoc-Lys(Mtt)-OH as a building
blocks, followed by Fmoc deprotection using 20% (v/v) piperidine in DMF (2x 8 min) and acetylation of the
N-terminus with a mixture of 0.5/0.5/9 (v/v/v) acetic anhydride/DIPEA/DMF. After Mtt deprotection
(described above) fluorescein isothiocyanate (FITC) isomer 1 (2 eq.) and 8 eq. DIPEA were coupled overnight
at room temperature. After completion of the synthesis, resin cleavage was performed for 2 h using a
92.5/5/2.5 (v/v/v) mixture of TFA/TIS/water. After precipitation in ice-cold diisopropylether the crude peptide
was dried in vacuo.
Alternatively to the protocols described, [T20K]kB1, MCoTI-II and RTD-1 were also synthesized and headto-tail cyclized using a previously described method.[17] Briefly, the peptide precursors were assembled on 2chlorotrityl resin using Fmoc-SPPS on an automated peptide synthesizer and cleaved with 1% TFA in DCM.
The side-chain-protected linear precursors were then cyclized in solution via standard amide bond formation.
The protected cyclic peptides were isolated using preparative HPLC, followed by side-chain deprotection and
disulfide bond formation. The cyclic and oxidized peptides were subsequently purified using HPLC on a semipreparative C18 column to > 95% purity.

Peptide Purification
Crude peptide products were purified using preparative reversed-phase HPLC. Preparative HPLC was
carried out on a Varian PrepStar solvent system configured with a Varian ProStar 330 PDA detector (Varian,
Palo Alto, CA, USA).
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The purification process was monitored at a wavelength of λ= 220 nm. Products were purified using a
Reprosil Gold C18 column (10 μm, 250x 50 mm, Dr. Maisch, Ammerbuch, Germany) eluting with a water
acetonitrile (ACN) gradient, with a flow rate of 45 mL/min. As mobile phase a binary mixture of A (water+
0.05% (v/v) TFA) and B (ACN+ 0.05% (v/v) TFA) was used by default. The gradient was chosen individually
for each peptide. Samples were prepared by dissolving the crude peptide in ACN/water and filtration through
a 0.22 μm filter unit.
Product containing fractions were pooled according to their purity, frozen in liquid N2 and lyophilized (-90°C).
Products were stored at -20°C for further use.

Peptide Characterization
HPLC-MS:
The peptide purity was assessed using an Agilent 1260 Infinity HPLC system coupled with an Agilent 6130
quadrupole mass spectrometer (Agilent, Santa Clara, CA, USA) to determine the peptide mass. Separation
was performed using a Waters XSelect® CSH C18 column (2.5 µm, 3.0 x 150 mm. Waters Corporation,
Milford, MA, USA) or a Phenomenex Luna RP-C18 (10 µm, 4.6 x 250 mm, Phenomenex, Torrance, CA,
USA) column, eluting with 0.05% (v/v) MSA in a water/ACN gradient, with a flow rate of 1 mL/min and a
column temperature of 40°C. As mobile phase a binary mixture of solvent A (water + 0.05% (v/v) MSA) and
solvent B (ACN + 0.05% (v/v) MSA) was used. A linear gradient from 5-60 % B in 7.5 min, followed by
isocratic 95% solvent B for 3 min was used by default. For optimal results an appropriate gradient was chosen
for each sample individually (see Table S 1). The purity of peptides was determined by automatically integrating
product and impurity peaks of the relevant HPLC spectrum (λ= 220 nm).
Table S 1. Individual conditions for HPLC-MS analysis of different cyclic peptides.

Peptide

Gradient

MCoTI-II

15-40% ACN/ MQ-water (0.05% (v/v) MSA) in 7.5 min

Kalata B1 variants

25-45% ACN/ MQ-water (0.05% (v/v) MSA) in 7.5 min

RTD-1 variants

5/10 -60% ACN/ MQ-water (0.05% (v/v) MSA) in 7.5 min

Structural Characterization using Nuclear Magnetic Resonance (NMR):
Generally, peptides were dissolved in H2O/D2O (9:1, v/v) at a concentration of 1-2 mg/mL. The one- and
two-dimensional spectra (TOCSY and NOESY) were acquired on a Bruker Avance-600 MHz NMR
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spectrometer equipped with a cryoprobe and the mixing time for the 2D spectra was 80 and 200 ms at 298
K, respectively. All the spectra were referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid at 0 ppm and
analyzed using Sparky.

Figure 14. The 1D 1H NMR spectrum of (oc-f)-MCoTI-II-L1-HMBA-L-OH. The well-dispersed peaks observed within the amide
proton region (5-9 ppm) indicated that this peptide has a well-defined structure.

Enzymatic Peptide Cyclization
All ligations were carried out at room temperature (20°C).
MCoTI-II
MCoTI-II-L1:
oc-MCoTI-II-L1-Cam-L-OH was dissolved in potassium phosphate buffer (1 M, pH 8.5) to the desired
concentration (0.5- 4 mg/mL; 0.1- 0.8 mM) and after checking the pH (>8.0) omniligase-1 (0.5 µM) was
added. After completion of the ligation, GSH was added to a concentration of 5 mM and the reaction mixture
was left stirring over-night to obtain native (folded) MCoTI-II.
MCoTI-II-L5:
For one-pot cyclization and folding oc-MCoTI-II-L5 HMBA-ester was dissolved in tricine buffer (100 mM, pH
8.5) containing 5 mM GSH to a concentration of 0.5 mg/mL (0.1 mM) and peptiligase #1015 (final
concentration: 1.8 µM) was immediately added to start the reaction. After completion of the ligation the
reaction mixture was left stirring over-night to obtain native (folded) MCoTI-II.
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Kalata B1
kB1-L2:
kB1-L2 was dissolved at 0.3 mM in potassium phosphate buffer (1 M, pH 8.5) containing 3.5 mM TCEP.
Omniligase-1 (0.5 µM) was added to initiate the reaction. In case of kB1-L6, 100 mM tricine pH 8.0 was used
as a buffer and kB1-L6 was dissolved at 0.15 mM, while omniligase-1 was added to a final concentration of
1.8 µM.
[T20K]kB1-L6:
[T20K]kB1-L6-HMBA-L-OH (500 mg) was dissolved in 500 mL tricine buffer (100 mM, pH 8.0). Omnligase1 (25 mg, 1.8 µM) was added to initiate the reaction. Additional 500 mg of crude, linear [T20K]kB1-L6HMBA-ester was added every 30 min, up to a concentration of 6 mg/mL (1.7 mM). For one-pot cyclizationfolding the reaction mixture 2-propanol was added to a concentration of 50% (v/v) supplemented with 2 mM
GSH/ GSSG. The mixture was let stand over-night for oxidative folding to obtain (cf)-[T20K]kB1.
[T20K(DL)]kB1-L6:
oc-[T20K(DL)]kB1-L6-HMBA-L-OH (0.15 mM) was dissolved in 100 mM Tricine buffer pH 8.0 containing
3.5 mM TCEP and omniligase-1 was added to a concentration of 0.5 µM. The pH was ensured to be >8.0.
The reaction was allowed to proceed at room temperature and was followed via HPLC-MS by direct injection
of the reaction mixture. After completion of the cyclization (45 min) 2-propanol was added to a concentration
of 50% (v/v) and the mixture was supplemented with 2 mM GSH/ GSSG (in this case no TCEP was added
to the reaction at the beginning). After completion of the oxidative folding (over-night) the final product was
purified via preparative HPLC.

RTD-1
RTD-1 A and B:
Both RTD-1 A and RTD-1 B were dissolved in tricine buffer (200 mM, pH 8.5) containing 3.5 mM TCEP to
a final concentration of 0.5 mg/mL (0.17 mM). Omniligase-1 was added to a concentration of 0.7 µM. To
obtain cyclic, oxidized RTD-1 the reaction was monitored till reduced RTD-1 was fully converted into its
oxidized counterpart, followed by RP-HPLC purification.
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Side-Chain Handle Conjugation to [T20K(DL)]kB1-L6
Double-Headed Cam-ester:
0.05 mg of DHCE (HO-L-Cam-KKSFDC-GDFSKK-Cam-L-OH , 28 nmol) and 0.5 mg of c-[T20K(DL)]kB1
(150 nmol, 5 eq.) were dissolved in 25 µL water followed by the addition of 25 µL 1 M aq. potassium
phosphate buffer pH 8.5. To initiate the reaction, 10 µg (0.35 nmol) thymoligase was added. The reaction
was allowed to proceed at room temperature. The reaction progress was followed via HPLC-MS by direct
injection of the reaction mixture. After completion of the ligation reaction, 2-propanol was added to a
concentration of 50% (v/v) and the mixture was supplemented with 2 mM GSH/ GSSG. The reaction mixture
was incubated over-night while continuously following the reaction by HPLC-MS.
Coupling of the PMI-Peptide:
0.2 mg (60 nmol) c-[T20K(DL)]kB1 was dissolved in 50 µL 200 mM aq. tricine pH 8.5 together with 0.6 mg
PMI peptide ester (300 nmol, 5 eq.; H-PTSFAEYWNLLSK-Cam-L-OH). 10 µg thymoligase (0.35 nmol) was
added to initiate the reaction, which was let proceed at room temperature. The reaction progress was
followed via HPLC-MS by direct injection of the reaction mixture. After completion of the ligation, 2-propanol
was added to a concentration of 50% (v/v) and the mixture was supplemented with 2 mM GSH/ GSSG. The
reaction mixture was incubated over-night while continuously following the reaction by HPLC-MS.
Coupling of a Fluorescently Labelled Peptide:
0.1 mg of c-[T20K(DL)]kB1 (30 nmol) was dissolved in 50 µL 100 mM tricine buffer pH 8.5 containing 3.5
mM TCEP to a concentration of 0.6 mM. 0.35 mg of Ac-K(FITC)KFSKK-Cam-L-OH (210 nmol, 7 eq.) was
added together with 5 µg of thymoligase (0.18 nmol). The reaction was let proceed at room temperature
and was followed by HPLC-MS. In case oxidative folding of the c-[T20K(DL-FITC)]kB1 was desired, TCEP
was omitted from the reaction mixture. Instead, after completion of the ligation, 2-propanol was added to a
concentration of 50% (v/v) and the mixture was supplemented with 2 mM GSH/ GSSG. The reaction mixture
was incubated over-night while continuously following the reaction by HPLC-MS.

Edman Degradation of c-[T20L(DL)]kB1
3 mg of c-KB1 T20K(DL) was dissolved in 500 µL deionized water and 500 µL pyridine. To this solution
25 µL phenylisothiocyanate (PITC) was added and the mixture was heated to 50°C for 20 min. Afterwards,
the mixture was extracted with 6 mL of a mixture of 10:1 (v/v) heptane/ ethyl acetate followed by
centrifugation at 2000 x g. The aqueous layer (200 mL) was diluted with 200 µL TFA to cleave the N-terminal
thiourea amino acids and was subsequently analyzed via HPLC-MS.
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Bioactivity Assays
Cytotoxicity Assay:
The cytotoxicity of [T20K]kB1 against HeLa cells was evaluated using a resazurin-based cell viability assay as
described previously.[13] Briefly, HeLa cells were cultured in Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum and Penicillin-Streptomycin (50 U/mL), in 175 cm2 tissue culture flasks until 80%
confluent. Cells were trypsinized and seeded in 96-well flat-bottom microplates (5 × 103 cells/well) the day
before the assay. A serial dilution of enzymatically or chemically cyclized [T20K]kB1 was prepared in
Dulbecco’s Modified Eagle Medium (serum-free) and the peptide solutions were incubated with cells in
triplicate for 2 h. After 2 h, peptide solutions were then removed from the plates, replaced with 0.005%
(w/v) resazurin solution in fresh medium, and incubated with cells for 22 h at 37°C. Sterile H2O and 0.01%
(v/v) Triton X-100 were included as controls, representing 100% and 0% cell viability, respectively. The
percentage of inhibition was calculated using the Triton X-treated cells as 100% inhibition

HeLa cytotoxicity
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T20K_chem
T20K_enzy
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Figure 15. Inhibition curves of [T20K]kB1 (chem: chemically synthesized; enzy: chemo-enzymatically synthesized) against HeLa cells.
The percentage of inhibition was obtained in triplicate and plotted as mean ± SEM using GraphPad Prism 7.

Trypsin Inhibition Assay:
The inhibition constant (Ki) of MCoTI-II against trypsin was evaluated as described previously.[71] A serial
dilution of both MCoTI-II (either cyclized enzymatically or chemically) in assay buffer (100 mM Tris-HCL, 100
mM NaCl, 10 mM CaCl2, and 0.005% Triton X-100, pH 8) was incubated with 0.25 nM trypsin in nonbinding surface 96-well plates (Corning) for 3 h at 25°C before the addition of 100 µM substrate (Boc-QARMCA; MCA= 4-Methyl-Coumaryl-7-Amide). The cleavage of substrate was monitored using a Tecan M1000
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microplate reader every 30 s. The Ki value was calculated using Morrison equation in GraphPad Prism 7. The
assay was conducted in triplicate.
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Figure 16. Inhibition curves of MCoTI-II (chem: chemically synthesized; enzy: chemo-enzymatically synthesized) against trypsin. The
percentage of activity was obtained from competitive inhibition assay in triplicate and plotted as mean ± SEM using GraphPad Prism
7.

Computational Methods
The numbering of MCoTI-II amino acids was adopted from https://www.uniprot.org/:

Superimposed Subtilisins (pdb):
Without ligands: 1A2Q, 1AF4, 1AK9, 1AQN, 1AU9, 1AV7, 1AVT, 1BE6, 1BE8, 1BFK, 1BFU, 1C3L, 1DUI,
1GNS, 1GNV, 1S01, 1S02, 1SBC, 1SBH, 1SBI, 1SBT, 1SCA, 1SCB, 1SCD, 1SCN, 1SEL, 1ST2, 1SUB,
1SUC, 1SUD, 1SUE, 1SUP, 1UBN, 1VSB, 1YJA, 1YJB, 1YJC, 2SBT, 2ST1, 2WUV, 2WUW, 3F49, 3UNX,
3VSB, 4C3U, 4C3V,
With ligands: 1CSE, 1LW6, 1OYV, 1R0R, 1SBN, 1SIB, 1SPB, 1SUA, 1TM1, 1TM3, 1TM4, 1TM5, 1TM7,
1TMG, 1TO1, 1TO2, 1V5I, 1Y1K, 1Y33, 1Y34, 1Y3B, 1Y3C, 1Y3D, 1Y3F, 1Y48, 1Y4A, 1Y4D, 1YU6,
2SEC, 2SIC, 2SNI, 3BGO, 3CNQ, 3CO0, 5OX2, 5SIC.
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System Preparation:
The structure of thymoligase (pdb: 5OX2)[72] was used as template to obtain the structure of omniligase-1.
We designed omniligase-1 with the Rosetta protocol PackRotamers[73,74] and the following mutations were
introduced: I107V, N156S, D166S, R217H and G222P.
To generate the initial guesses for the binding of MCoTI-II in omniligase-1 we used several thymoligase
conformations. Besides the X-ray conformation found in pdb 5OX2[72], we also used 32 more conformations
sampled during a previous 100 ns unbiased MD simulation of thymoligase with its product thymosin-α1. We
selected these 32 conformations because they showed thymosin-α1 bound in a reactive conformation, namely
the carbonyl oxygen of amino acid P1 was within hydrogen-bond distance of the backbone of Cys221 and
the side-chain of Asn155 (the oxyanion hole), the carbonyl carbon of amino acid P1 was within 3.5 Å of the
sulfur atom from the nucleophilic thiol of Cys221 and the two hydrogen bonds between the catalytic triad
Cys221, His64 and Asp32 were all present.
On these enzyme conformations we superimposed 30 NMR conformations of MCoTI-II from PDB 1HA9[50]
using the backbone of P1 to P2’ amino acids and we selected as initial structures the pairs of omniligase-1/
cf-MCoTI-II that presented the least steric clashes between the enzyme and the product.
Subsequently, the best four initial structures were subjected to an annealing protocol to refine the binding
mode prediction. To prepare for the annealing protocol we first minimized and equilibrated the system during
100 ps at 300 K under constant number, volume and temperature (NVT) and 1 ns at 300K under constant
pressure (NPT) conditions, while using harmonic constraints to keep the position of the omniligase-1/
MCoTI-II atoms fixed. Next, we performed a 24 ns simulated annealing protocol as follows: first the system
was heated from 300 K to 423 K during 2 ns and then cooled back to 300 K during 6 ns. This cycle was
repeated for 3 times. During the entire annealing protocol, a harmonic potential with the force of 1000 kJ-1
mol-1 Å2 was applied to constraint the distance between the P1 carbonyl oxygen and the backbone of Cys221.
From the final 3 ns of simulation in the annealing protocol we selected the conformation were the binding
mode of cf-MCoTI-II was closer to a reactive conformation.
Finally, to assess the stability of these conformations, we relaxed the system for 20 ns at 300 K without any
restraints or biasing potential and we searched for reactive conformation during the last 10 ns of simulation.

MD Details:
The MD simulations were conducted with GROMACS 5.0.7[75] using the AMBER force field ff14SB[76]. The
initial structures were placed in a dodecahedral box with a minimum distance between the solute and the box
of 1.2 nm, then solvated with TIP3P water[77] and counterions were added.
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The temperature of the system was controlled via the V-rescale temperature coupling[78] with a relaxation
time of 0.1 ps in the NVT ensembles, and via the Nosé-Hoover thermostat[79,80] with a relaxation time of 0.5
ps in the NPT ensembles. Isotropic pressure coupling was applied with a reference pressure of 1 bar and a
relaxation time of 2.0 ps using the Berendsen barostat.[81] The integration time step in all cases was 2 fs. Nonbonded interactions were calculated up to 1.2 nm using a neighbor list that was updated every 5 integration
steps. Long-range electrostatic interactions were included with the Particle Mesh Ewald method.[82]
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Chapter 5

Abstract
Constrained multicyclic peptides represent a diverse class of natural products and display an attractive class for
the development of future therapeutics. However, their synthesis remains difficult and more efficient strategies
for the synthesis of multi-cyclic peptide macrocycles have been a long-standing goal. Here we present a novel
combination of enzyme (omniligase-1)-catalyzed peptide head-to-tail cyclization (CEPS) with another
orthogonal chemical ligation strategy, namely Chemical Ligation of Peptides onto Scaffolds (CLIPS). Using a
model peptide, based on the bicyclic inhibitor UK18 of the human urokinase-type plasminogen activator, we
successfully demonstrated that enzymatic cyclization (CEPS) and CLIPS alkylation (using the tris-bromine
scaffold TBMB) can be carried out in a one-pot procedure in less than one hour, yielding a tricyclic peptide
with high efficiency. The tricyclic product fully maintained biological activity as compared to its bicyclic analogue
UK18. Certainly, this new combination of CEPS and CLIPS enhances the toolbox for synthesizing and
engineering new variants of tricyclic peptides.
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Introduction
Constrained multicyclic peptides represent a diverse class of natural products and display a wide range of
different bioactivities, which renders them an attractive format for the development of therapeutics.[1]
Macrocyclic peptides have long been considered as effective agents for the inhibition of protein-protein
interactions (PPI’s).[2] Therefore, the modulation or inhibitions of PPI’s plays an increasingly important role in
drug discovery. Although multicyclic peptides represent an interesting therapeutic modality, naturally occurring
macrocycles are only available for a small range of therapeutic targets. To mimic natural peptides or to create
peptides with new binding modes, artificial scaffolds have been employed for the preparation of multicyclic
peptides.[3] Many biologically active bicyclic peptides have been described to date and have been used for the
mimicry of protein surfaces in order to address protein-protein interactions as a pharmaceutical target. For
the discovery of novel bicyclic peptide leads Heinis and Winter established a workflow for the efficient
generation of bicyclic peptides in a high throughput fashion using phage display.[4] Tethered to a phage,
peptides containing three cysteine residues are displayed on the surface and are easily reacted with a thiolreactive hinge to form a large variety of bicyclic peptides. Using iterative rounds of affinity screening against a
particular target, several bicyclic inhibitors with nanomolar or even picomolar affinities are reported, e.g. the
bicyclic peptide UK18, which effectively inhibits the urokinase plasminogen activator uPA.[5] Several thiolreactive scaffolds for the use in the phase-display assisted screening of bicyclic peptides have been used such
as 1,3,5-tris(bromomethyl)benzene (TBMB).[6,7] Most scaffolds are relatively small and contain a limited
number of chemical groups (except reactive moieties required for tethering the scaffold to the peptide) that
could perturb the overall conformation of the peptides via noncovalent or steric interactions. For example, in
a crystal structure of UK18 with its target uPA, no noncovalent interactions between the hydrophobic TBMB
mesitylene core and the peptide itself were observed.[5]
Although bicyclic peptides are already exceptionally more stable as compared to their linear counterparts, we
envisioned further rigidification of CLIPS-cyclized bicyclic peptides by additional backbone cyclization, thus,
resulting in the formation of tricyclic peptides with a head-to-tail cyclic backbone. In contrast, a previously
described approach using a microbial transglutaminase for the preparation of tricyclic peptides generally
suffered from low yields, the generation of a non-native backbone and specific sequence requirements.[8]
Especially, the fact that peptiligase-mediated ligation results in the formation of a native peptide bond and does
not require a specific recognition sequence encouraged us to attempt the synthesis of these even more
complex peptides by combining CEPS (head-to-tail) and CLIPS (thioether) cyclization-ligation.
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Results and Discussion
We used omniligase-1 for the synthesis of a constrained tricyclic peptide bound to a small molecule scaffold
via three thioether bonds (Figure 1A). A three cysteine residues containing peptide was synthesized and
cyclized using CEPS, followed by a CLIPS[19] reaction of the free thiol functionalities with
tris(bromomethyl)benzene (TBMB). To investigate the possibility of a combined CEPS-CLIPS tricyclization
approach we chose the potent bicyclic inhibitor UK18 as a model peptide for our studies. In order to enable
efficient CEPS and CLIPS cyclization we extended the sequence of UK18 with a six amino acid spacer
recognition sequence (H-SYACSRYEVDCRGRGSACGFSKL-Cam-L-OH; the N- and C- terminal linker
sequences are underlined, cysteines linked to TBMB are indicated in bold). For CEPS cyclization the linear
precursor peptides were dissolved in an aqueous buffer solution (500 mM potassium phosphate pH 8.5, 3.5
mM tris(2-carboxyethyl)phosphine (TCEP)). The respective reactions were started by sequential addition of
omniligase-1 or the small molecule scaffold TBMB. The reaction was monitored via HPLC-MS. The open
chain precursor UK18-ester was head-to-tail cyclized with >95% efficiency to c-UK18 using omniligase-1,
followed by addition of TBMB to quantitatively yield the final tricyclic peptide construct c-UK18-TBMB (Figure
1B).

Figure 1. A) Reaction scheme for the synthesis of a tricyclic peptide based on the bicyclic inhibitor UK18 of the human urokinase-type
plasminogen activator. The linker sequence is shown in black (underlined) and the sequence of UK18 in blue with the cysteines
highlighted in red, respectively. The tricyclic peptide was generated via a combination of CEPS and CLIPS using the TBMB scaffold. B)
HPLC traces of the linear precursor peptide UK18-ester. After the UK18-ester was efficiently cyclized to yield c-UK18, the organic
small molecule scaffold (TBMB) was added directly to the reaction mixture in order to obtain the tricyclic product c-UK18-TBMB. C)
HPLC traces of the linear precursor UK18-ester that was first reacted with the organic scaffold (TBMB) to yield the bicyclic precursor
UK18-TBMB ester, followed by omniligase-1 mediated head-to-tail cyclization to c-UK18-TBMB (same molarities as in B).
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Interestingly, the biological activity of the tricyclic variant of UK18, c-UK18-TBMB was not affected by the
application of an additional constraint as compared to bicyclic UK18-TBMB (see Figure 2). Thus, we
hypothesize that the bicyclic molecule is already conformationally constrained and additional backbone
cyclization only poses a minor additional rigidity to the structure, therefore not resulting in a perturbation of
the overall structure. However, the additional head-to-tail cyclization could potentially positively influence the
overall stability of the molecule, e.g. lead to an increased protease stability. NMR analysis would allow a
detailed analysis of the structure and a proper comparison with the known bicyclic UK18, but this fell beyond
the scope of this proof-of-concept study.
For the reaction order CEPS followed by CLIPS neither hydrolysis of the ester moiety nor formation of
multimeric species were observed. Thus, with CEPS followed by the CLIPS reaction, the final tricyclic product
c-UK18-TBMB was obtained in almost quantitative HPLC peak to peak conversion. Reversely, the CLIPS
reaction followed by CEPS (Figure 1C), resulted in only 43% conversion (HPLC) to the final tricyclic product
c-UK18-TBMB and 57% ester hydrolysis byproduct. The CLIPS reaction proceeded efficiently to yield
intermediate UK18-TBMB ester, but the head-to-tail macrocyclization of the CLIPS-constrained peptide using
omniligase-1 was hampered. The addition of the TBMB scaffold to the open chain precursor imposes
conformational constraints to the linear backbone,[7] such that the flexibility of the termini to be ligated by
omniligase-1 is restricted, resulting (in this particular case) in a reduced cyclization efficiency. It must be noted
that conformational restriction might depend on the amino acid sequence, position of the cysteines, peptide
length and the organic scaffold, and that CEPS followed up by CLIPS reaction (Figure 1B) is preferred as a
generally applicable strategy.

Figure 2. Inhibition curves of bicyclic and tricyclic UK18. Fractional activity is against log(c).
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Conclusion
In summary, we have devised a new route for the efficient preparation of tricyclic peptides by a combination
of omniligase-1-mediated backbone cyclization (CEPS) and cysteine alkylation using small molecule scaffolds
(CLIPS). Using linear C-terminal Cam-ester peptides omniligase-1 catalyzed head-to-tail cyclization followed
by CLIPS alkylation rapidly resulted in the preparation of tricyclic peptides in a one-pot fashion. Interestingly,
the tricyclic construct, based on the TBMB bicyclic urokinase plasminogen activator inhibitor UK18, retained
comparable inhibitory activity as compared to its bicyclic, non-head-to-tail cyclic version. This robust strategy
clearly represents an expansion of the methodologies available for the preparation of tricyclic peptides
containing artificial scaffolds and is well expected to be compatible with many other small molecule scaffolds.
In addition, the flexibility of omniligase-1 will also enable the use of different linker sequences as well as the
cyclization within the peptide sequence itself, ,as shown for UK18 (see chapter 6).
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Experimental Section
Associated content
The Supporting Information of this article is available free of charge on the Adv. Synth. Catal. publications
website at DOI: 10.1002/adsc.201700314.

Solid Phase Peptide Synthesis of C-terminal Cam-Ester Peptides
Fmoc-Leu-Wang resin (0.7 g, 0.49 mmol) was washed with dichloromethane (DCM; 2 x 2 min, 10 mL) and
dimethylformamide (DMF; 2 x 2 min, 10 mL) and Fmoc-deprotected using piperidine/DMF (20 %, v/v, 2 x
10 min, 10 mL). After washing with DMF (6 x 2 min flow-batch wash, 10 mL), Fmoc-Leu-glycolic acid (2 eq.)
was coupled to the resin using 2-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU; 4 eq.), Oxyma Pure (4 eq.) and N,N-diisopropylethylamine (DIPEA; 10 eq.) in DMF (45 min, 10
mL). Fmoc-Leu-glycolic acid was prepared according to the previously described protocol by Nuijens et al..[9]
After washing with DMF (6 x 2 min flow-batch wash, 10 mL) and Fmoc deprotection, the next amino acid
Fmoc-AA-OH was coupled using HBTU (4 eq.), Oxyma Pure (4 eq.) and DIPEA (10 eq.) in DMF for 45
min.. After the final Fmoc-deprotection, the resin was wished with DCM and dried under nitrogen flow.
Cleavage from the resin and side-chain deprotection was performed using a 95/2.5/2.5 (v/v/v) mixture of
trifluoroacetic acid (TFA), triisopropylsilane (TIS) and water (15 mL) for 120 min, followed by filtration of the
resin. The crude peptide was precipitated using a mixture of cold (-20°C) 1:1 (v/v) methyl tert-butyl ether
(MTBE)/n-heptane (5 mL cleavage mixture per 45 mL MTBE/ heptane), following drying under reduced
pressure. The crude peptide Cam-Leu-OH esters were purified by preparative HPLC and pure fractions
were lyophilized.

Peptide Cyclization and Mass Spectrometric Analysis of Products
The purified linear precursor was dissolved at a concentration of 0.15 mM (0.5 mg /mL) in 500 mM potassium
phosphate buffer pH 8.5 containing 3.5 mM TCEP. Cyclization was performed using omniligase-1 (0.95 μM,
20 μg/mL). Omniligase-1 was produced and purified as described previously.[10,11] TBMB was added as a 5
mM solution in acetonitrile to a final concentration of 1 mM. The reaction was performed at room
temperature and was followed at λ= 220 nm using an HPLC-MS system (Agilent 1260 Infinity coupled with
an Agilent 6130 quadrupol mass spectrometer, Agilent, Santa Clara, USA). Separation was performed using
a Luna RP-C18 10 μM, 4.6 x 250 mM column (Phenomenex, Torrance, USA), eluting with 0.05%
methanesulfonic acid (MSA) in a water acetonitrile gradient at a flow rate of 1 mL/min. As a mobile phase a
binary mixture of A (water+ 0.05% (v/v) MSA) and B (acetonitrile + 0.05% (v/v) MSA) was used. An
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appropriate gradient was chosen for each sample individually. The conversion rates of the enzymatic
cyclization were calculated by automatically integrating the area of the corresponding peaks in the HPLC
spectrum (λ= 220 nm).

Table 1. Calculated and experimental MW (in Da) of linear precursors as well as final tricyclic products.

Code

Sequence

MWcalc

MWexp

UK18 tricycle

c[SYACSRYEVDCRGRGSACGFSKL]-TBMB

2610.2

2610.9

2685.2

2685.0

UK18 tricycle H-SYACSRYEVDCRGRGSACGFSKL-Cam-L-OH
ester precursor

Residual Fluorescence Assay
Biological activities against uPA (UPA-LMW, Molecular Innovations, MW = 33000 Da) were via residual
fluorescence polarization assays, which were carried out as previously described by Heinis et al.[5,12] uPA (5
nM, 50 µL) was incubated for 20 min with several dilutions of tricyclic c-UK18-TBMB or bicyclic UK18 control
peptide (7 dilutions with final concentrations ranging from 50 µM to 12 nM, 50 µL each). Desired
concentrations were achieved by dilution of the peptide (1 mM in 50% (v/v) ACN) in buffer (10 mM Tris, pH
7.5, 150 mM NaCl, 10 mM MgCl2, 1 mM CaCl2, 0.1% (w/v) bovine serum albumin (BSA), 0.01% (v/v)
Triton-X100). After an incubation time of 15 min, 50 µL substrate Z-Gly-Gly-Arg-AMC (final concentration
of substrate= 100 µM; AMC= 4-methylcoumaryl-7-amide) was added to obtain a final volume of 150 μL.
The substrate was initially dissolved as a 2 mM DMSO stock solution, which was further diluted with buffer
to 300 µM. Residual fluorescence measurements (excitation 355 nm, emission 460 nm) was read on a
Spectramax M2 (Molecular Devices) plate reader. IC50 values were calculated (based on duplo experiments)
via non-linear regression using GraphPad Prism. Known bicyclic inhibitor UK18[5] and FXII618 (on TATA
scaffold)[12] and TBMB variant were synthesized and used for comparison of activities
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Chapter 6

Abstract
Here we report a broadly applicable one-pot methodology for the facile transformation of linear peptides into
tetracyclic peptides via a CEPS/CLIPS/CuAAC (“triple-C”) locking methodology. Linear peptides with varying
lengths (≥ 14 amino acids), comprising two cysteines and two azidohomoalanines (Aha), were efficiently
cyclized head-to-tail using the peptiligase variant omniligase-1 (CEPS). Subsequent ligation-cyclization using
tetravalent (T41/2) scaffolds containing two bromomethyl groups and two alkyne functionalities yielded
isomerically pure tetracyclic peptides. Sixteen different functional tetracycles, derived from bicyclic inhibitors
against urokinase plasminogen activator (uPA) and coagulation factor XIIa (FXIIa), were successfully
synthesized and their bioactivities evaluated. Two of these (FF-T41/2) exhibited increased inhibitory activity
against FXIIa as compared to a bicyclic control peptide. The corresponding hetero-bifunctional variants
(UF/FU-T41/2), bearing a single copy of each inhibitory sequence, exhibited micromolar activities against both
uPA and FXIIa, thus illustrating the potential of the ’’bifunctional tetracycle peptide’’ inhibitor concept.
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Introduction
Highly constrained peptides are abundant in nature and display a wide range of different bioactivities.[1]
Cyclotides, a class of natural peptides found in plants, provide an intriguing example of this type consisting of
a head-to-tail cyclized peptide backbone that is cross-linked with multiple conserved disulfide constraints.[2,3]
Cyclic peptides in general, and in particular cyclotides, exhibit strongly improved metabolic stabilities and target
affinities as compared to their linear counterparts.[4] This renders them highly promising as novel
therapeutics,[1,5–8] emphasized by the rapidly increasing number of cyclopeptides in (pre)clinical development
over the last decade,[9] and underscores the need for complementary synthetic strategies to manufacture
similarly constrained peptide macrocycles.
Over the years, a variety of different technologies for constraining peptide structures have been described,
including side-chain-to-side-chain cross-links[10–14] and the use of small molecule organic scaffolds.[15–17] We
recently established an efficient chemo-enzymatic peptide synthesis (CEPS) strategy using omniligase-1
catalyzed head-to-tail cyclization for the preparation of various (multi)cyclic peptides, such as the cyclotide
MCoTI-II.[18] Even though the cystine-knotted core of cyclotides represents a promising scaffold for drug
design,[3] the majority of disulfide-rich peptides form isomeric mixtures upon oxidation, which further
emphasizes the need for a straightforward, sequence-independent methodology that enables the manufacture
of isomerically pure multicyclic constructs. We recently reported the ligation-cyclization of linear peptides on
a tetravalent scaffold (T4) using orthogonal CLIPS[15] and CuAAC[19] reactions for the preparation of tricyclic
peptides.[20]

Results and Discussion
Here we report the rapid one-pot synthesis of tetracyclic peptides using an unprecedented combination of
omniligase-1 mediated (CEPS) head-to-tail cyclization followed by CLIPS/CuAAC reactions using T4
scaffolds.[20] This ’’triple-C locking’’ methodology provides an efficient way for the manufacturing of isomerically
pure tetracyclic peptides (Figure 1). Using ‘’triple-C locking’’ we successfully synthesized and identified novel
bifunctional tetracycles, which display inhibitory activity against two therapeutically relevant targets, namely
urokinase-type plasminogen activator (uPA) and coagulation factor XIIA.
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Figure 1. Schematic representation of the conversion of linear peptide 14444 (four amino acids between the reactive residues) into
tetracyclic construct I4444-T4x. Peptide head-to-tail cyclization (CEPS), yielding monocycle c14444, was followed by CLIPS using the T4x
scaffold (x= 1, 2). The CLIPS bicycle intermediate c14444-T4x was then cyclized via double CuAAC to give the desired tetracycle I4444T4x. (Azidohomoalanine is depicted as [Aha]).

We evaluated the general applicability of “triple-C” locking by synthesizing a library of peptides differing in
length and sequence that contain both two cysteine and two Aha residues combined with a C-terminal
elongated Cam-Leu-ester.[21] Considering the requirement for efficient omniligase-1-catalyzed cyclization to
be ≥13 amino acids[18] we first attempted cyclization of the linear 16-mer peptide 23333 (HSYCQGA[Aha]KSE[Aha]KFGCK-Cam-L-OH). Enzymatic cyclization (CEPS) gave the monocyclic peptide
c23333 within 30 min (Figure 2A). Reaction of purified c23333 with either T41 or T42 led to the formation of the
corresponding CLIPS bicycles c23333- T41 and c23333-T42 within 20 min. Addition of a pre-incubated mixture
of CuSO4, tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) and ascorbic acid initiated the CuAAC reaction
between the peptidic azides and the alkynes in the T4 scaffold, yielding the desired tetracyclic peptides II3333T41 (Figure 2A) and II3333-T42 within seconds. In both cases, the final tetracyclic peptide was formed as a single
isomer (e.g. II3333-T41: Rt: 1.08 min, MWcalc: 2084.4 Da, MWexp: 2085.4 Da) owing to free rotation around
either the aryl-aryl (T41) or aryl-amide bond (T42).[20] Encouraged by these results, we also tested CEPScyclization of the 14-mer peptide 32233 (H-SYCQG[Aha]KS[Aha]KFGCK-Cam-L-OH) followed by T41 and
T42 CLIPS/CuAAC-cyclizations, resulting in clean formation of the tetracyclic peptides III2233-T41 and III2233T42.

Similarly,

“triple-C”

locking

of

peptides

with

longer

loop

sequences

(44444

(H-

ILCQWGA[Aha]KASE[Aha]FSKVCPK-Cam-L-OH), and 55555 (H-ILKCQKGAT[Aha]KASEK[Aha]-NHSKVCPK-Cam-L-OH) resulted in the clean formation of tetracycles IV4444-T41/2 and V5555-T41/2 (T41: Figure 2B/C;
T42). Only tiny amounts of unreacted (8%) and S-S oxidized (13%) 55555 were observed during the synthesis
of V5555-T41 (Rt = 0.77 and 0.78 min respectively, Figure 2C). Linear peptide 63454 (HILCQWA[Aha]KASE[Aha]DFSKVCPK-Cam-L-OH), with very different sizes of the loop sequences, was also
successfully CEPS-cyclized to the monocyclic peptide cVI3454 within 30 min (isolated yield: 54%). Subsequent
CLIPS/CuAAC reactions with T41 and T42 also yielded the tetracyclic peptides VI3454-T41 and VI3454-T42 in 64%
and 99% isolated yield, respectively.
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Figure 2. Analysis of the CEPS/CLIPS/CuAAC multicyclization reactions of peptides 23333 (A), 44444 (B), 55555 (C), and 63454 (D) with
T41 carried out in either a two- (A/B/C) or one-pot (D) procedure with or without isolation of the monocyclic CEPS-intermediates
(ii); UPLC-spectra of i) linear Cam-ester peptide; ii) backbone-cyclized peptide reaction samples; iii) T41-CLIPS reaction samples; iv)
CuAAC reaction samples with formation of the desired tetracyclic peptides.

So far, the “triple-C” peptide locking was performed in a two-pot process, with HPLC-purification of the
monocyclic intermediates. Interestingly, we observed that this multistep synthesis ran with similar efficiency
when the reactions were carried out in one pot, as evident from the one-pot synthesis of VI3454-T4 in <1
hour (Figure 2D), giving tetracycles VI3454-T41 (Figure 2D) and VI3454-T42 in excellent isolated yields (47% and
50%, respectively). Many other T41 and T42 tetracycles were also synthesized successfully via the one-pot
procedure, albeit the product purities (after CuAAC) were slightly lower as compared to the two-pot
procedure. All natural amino acids except methionine (M) and arginine (R) were successfully incorporated (R
was successfully incorporated in FF-T4x, vide infra), indicating the versatility and the wide scope of Triple-C
locking.
Subsequently, we tested the methodology in a reversed order, i.e. first CLIPS/CuAAC followed by CEPS.
Even though ligation-cyclization of the linear Cam-esters with T41/2 scaffolds via CLIPS/CuAAC was successful
in all cases, the follow-up CEPS cyclization turned out to be much less efficient and mainly led to hydrolysis of
the C-terminal ester moiety. We attribute this to the fact that the cyclic constraint present in the tricyclic
CLIPS/CuAAC-intermediates strongly hampers efficient substrate recognition by omniligase-1, which
unambiguously proves that CEPS-cyclization followed by intramolecular CLIPS/CuAAC-cyclization is clearly
preferred.
In order to ensure most efficient CEPS-cyclization, our initial design of the linear Cam-ester peptides avoided
the occurrence of the non-natural amino acid Aha within the binding pockets of omniligase-1. However,
contrary to our expectation, we observed that Aha is well tolerated in all substrate recognition sites (S4-S1
and S1’-S2’, Figure 4), thereby significantly extending the options for connecting the peptide macrocycle.

133

Chapter 6
Triggered by this, we then attempted the synthesis of potentially bioactive tetracycles via “triple-C” locking.
Heinis et al. previously reported a set of bicyclic peptide inhibitors (e.g. UK18 and FXII618) against uPA[22]
and coagulation factor

XIIa (αFXIIa),[23,24] based on ligation-cyclizations using either

1,3,5-

tris(bromomethyl)benzene (TBMB) or 1,3,5-triacryloyl-1,3,5-triazinane (TATA) as a scaffold. Inspired by this,
we designed a series of homo- and hetero-bifunctional tetracycles by fusing the bioactive backbone sequences
of UK18 and FXII618 into regions A or B of the T4x-tetracycle scaffold (Figure 3A). For example, the
sequences of FXII618 or UK18 were duplicated in case of tetracycles FF-T41/2 and UU-T41/2, while they were
fused back-to-back in the hetero-bifunctional tetracyclic peptides UF-T41/2 and FU-T41/2 (Figure 3A). We also
synthesized tetracycles containing either the UK18 or FXII618 sequence (in region A and B) together with a
non-interactive (SG)n linker (UA/B and FA/B with n= 2 and 3, respectively). The sixteen peptide constructs
designed in this manner were successfully synthesized via CEPS-cyclization using omniligase-1, followed by
CLIPS/ CuAAC reactions with both T41 and T42 scaffolds. Detailed 1D- and 2D NMR analysis of FF-T42.
confirmed the correct structural topology (see SI) and revealed that the construct is mainly present in one
major conformation (s1a, 64% of total population, Figure 3B) in equilibrium (on a millisecond time-scale) with
a minor conformer s1b (14%), wherein the linker arms of the scaffold are positioned differently with respect
to each other. The presence of two different isomers is likely related to hindered rotation around the scaffold’s
tertiary amide bond.
Table 1. IC50 values (µM) of the sixteen different tetracyclic constructs evaluated against uPA and FXIIa.

All sixteen tetracycles were evaluated for their inhibitory activity against uPA and αFXIIa (Table 1). Thereby,
the bicyclic lead inhibitors UK18 and FXII618, both cyclized on TBMB, served as controls. Cross-reactivity of
FF-T4x against uPA, and similarly of UU-T4x against αFXIIa were not observed, indicating that all activities
observed were target-specific and sequence-dependent. First, we evaluated the UU-T4x tetracycles against
uPA. Double incorporation of the UK18 inhibitor sequence onto the T4-scaffolds resulted in an eight- and
six-fold decrease in activity (Table 1; IC50: 2.4 µM (UU-T41) and 1.9 µM (IC50 UU-T42)) as compared to the
bicyclic control UK18 (303 nM). The T42 scaffold proved to be slightly favorable over the more flexible T41.
The monomeric reference constructs UA-T4x, containing only a single copy of the UK18 sequence in region
A (loops 1/2), combined with two (SG)3 linkers in region B (loops 3/4), maintained activities (2.4 µM (UA-T41)
and 2.6 µM (UA-T42). Interestingly, incorporation of the UK18 sequence in region B (combined with (SG)3
linkers in region A) led to tetracycles with significantly decreased activities (IC50-values >10 µM for both UBT41 and UB-T42). We hypothesize that the elongated CuAAC linkages (region B) effectuate a sub-optimal
conformation that disfavors binding to uPA. Interestingly, evaluation of the FF-T4x tetracycles against αFXIIa
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revealed that the inhibitory activities of both tetracycles FF-T41 (IC50: 960 nM) and FF-T42 (IC50: 540 nM)
were even slightly higher than the TBMB-cyclized bicyclic control (IC50: 2 µM), implying that the use of bivalent
tetracyclic peptides over monovalent bicycles may be advantageous in this particular case. The slightly lower
IC50 value observed for FF-T42 suggests that the T42 scaffold better accommodates the FXII618 loops for
binding. Surprisingly, the two tetracycles FA-T4x and FB-T4x, containing only a single copy of the FXII618
sequence with two (SG)2 linkers both showed much lower activities (IC50: 8.1 µM and >10 µM for FA-T41/2;
>10 µM and 9.5 µM for FB-T41/2). In contrast to the bicyclic inhibitor FXII618, both FA and FB do not contain
the N- and C-terminal Arg, which have shown to increase binding affinity against its target[24] and this omission
could potentially account for the loss in activity of these tetracycles. However, as the double substituted
tetracycle FF replicates the N-terminal Arg (the target sequence ends with Arg), we hypothesize that both
FXII618-copies in FF-T42 mutually increase binding.

Figure 3. A) Schematic structures of the most important tetracyclic constructs evaluated against uPA and FXIIa, illustrating the different
regions A (loops 1&2) and B (loops 3&4); B) Energy-minimized model of the major conformer s1a of FF-T42; Bar charts of IC50’s of
selected tetracyclic inhibitors against αFXIIa (C) and uPA (D).

When combining the UK18 and FXII618 sequence into the hetero-bifunctional tetracyclic peptide UF and
FU, we observed decent activities against both uPA and FXIIa (Figure 3C/D). UF-T41 showed almost equal
activity against uPA (IC50: 1.6 µM) as compared to UU-T41, while the same construct showed much lower
activity against FXIIa (IC50: 20 µM). To our surprise, the opposite trend in activity was observed for the T42scaffold, i.e. decent activity for UF-T42 against FXIIa (IC50: 4.9 µM), while much weaker activity for UF-T42
against uPA (16 µM, Figure 3C/D). In addition, tetracycles with an inversed arrangement of sequences, i.e.
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FU-T4x, showed much decreased inhibitory activity against both FXIIa and uPA, independent of the choice of
scaffold (see Table 1).
The observed activities for the bifunctional tetracycles were somewhat lower as compared to their bicyclic
controls (UK18 and FXII618). Furthermore, the reported TATA-cyclized FXII618 bicyclic lead exhibits much
higher activity than the corresponding TBMB-variant (observed IC50 values: 140 nM and 2 µM, respectively).
However, we chose the latter for comparison, since the TBMB-scaffold is structurally more similar to T4.[23]
Nevertheless, the results unambiguously demonstrate the potential of ”triple-C” locking for the synthesis of
(bi)functional tetracyclic peptides as a promising class of prospective drug leads. Furthermore, it is fair to
assume that additional structural optimization of these bifunctional tetracycles will likely result in better
inhibitors with further improved potencies against the aforementioned targets, potentially even containing
non-natural or D-amino acids.

Conclusion
In conclusion, we have established a straightforward one-pot methodology for the clean and rapid generation
of structurally diverse tetracyclic peptides in aqueous solution. The potential and broad applicability of the
methodology is underlined by the generation of bifunctional tetracyclic peptides, displaying micromolar
activities against the non-homologous enzymes FXIIa and uPA. Hence, we believe that this novel technology
further enriches the toolbox for engineering multicyclic peptides and greatly boosts the development of future
multicyclic peptide therapeutics.
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Experimental Section
Associated content
The Supporting Information of this article is available free of charge on the ChemBioChem publications
website at DOI: 10.1002/cbic.201800346.

General
Amino acids are indicated by single-letter codes; Unnatural amino acid azidohomoalanine is abbreviated as
[Aha], carboxamidomethyl is abbreviated as Cam. Fmoc-azidohomoalanine-OH (Fmoc-Aha-OH) was
synthesized according to a literature procedure described by Spring et al. in 2011.[25] Progress of the CEPS
cyclizations and CLIPS/CuAAC ligation-cyclizations was monitored using UPLC-ESI-MS (method: 2 min, 555% B or 3 min, 5-80% B) Acquity UPLC Peptide BEH C18 Column, 130Å, 1.7 µm, 2.1 x 50 mm with UV
detection (λ = 215 nm) and positive ion current for MS analysis, unless stated otherwise.

Solid-Phase Peptide Synthesis of C-terminal Cam-Ester Peptides
Fmoc-L-Wang resin (0.2 mmol; 0.3 mmol/g loading) was washed with dichloromethane (DCM; 3x 2 min)
and dimethylformamide (DMF; 3x 2 min) and Fmoc-deprotected using piperidine/DMF (20% (v/v), 2x 8 min).
Per g of resin 10 mL of solvent was used standardly. After washing with DMF (6x 2 min), the corresponding
Fmoc-AA-glycolic acid (2 eq.) was coupled to the resin using 2-(1H-benzotriazol-1-yl)-1,1,3,3tetramethyluronium hexafluorophosphate (HBTU; 4 eq.), Oxyma Pure (4 eq.) and N,Ndiisopropylethylamine (DIPEA; 10 eq.) in DMF for 45 min. Fmoc-AA-glycolic acid was prepared according to
Nuijens et al.[21] After washing with DMF and Fmoc deprotection the next amino acid Fmoc-AA-OH was
coupled using DIC (4 eq.) and Oxyma Pure (4 eq.) in DMF (45 min). After the final Fmoc-deprotection, the
resin was washed with DCM and dried in a stream of nitrogen gas. Cleavage from the resin and side-chain
deprotection was performed using a mixture of 87.5/5/2.5/2.5/2.5 (v/v/w/v/v) trifluoroacetic acid
(TFA)/triisopropylsilane (TIS)/dithiothreitol (DTT)/thioanisole/water for 120 min. The crude peptide was
precipitated using methyl tert-butyl ether (MTBE)/n-heptane (1/1, v/v). The precipitated peptide was collected
by centrifugation and washed three times with cold MTBE/n-heptane (1:1, v/v) followed by drying under
reduced pressure. The crude peptide Cam-esters were purified by preparative HPLC (eluent-A: MilliQ-H2O
containing 0.05% (v/v) TFA; eluent-B: ACN containing 0.05% (v/v) TFA) and pure fractions were lyophilized.
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Synthesis of peptide amides (P1’-P2’ [Aha] test):
Peptide amides were synthesized using a Rink amide resin (0.65 mmol/g loading). After washing the resin with
DMF (3x 2 min) and Fmoc deprotection using piperidine/DMF (20% (v/v), 2x 8 min)., the amino acids FmocAA-OH were coupled using DIC (4 eq.) and Oxyma Pure (4 eq.) in DMF (45 min). Per g of resin 10 mL of
solvent was used standardly. After final Fmoc-deprotection, the resin was washed with DCM and dried in in
a stream of nitrogen. Cleavage from the resin and side-chain deprotection was performed using a mixture of
87.5/5/2.5/2.5/2.5 (v/v/w/v/v) trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/dithiothreitol (DTT)/
thioanisole/water for 120 min. The crude peptide was precipitated using methyl tert-butyl ether (MTBE)/nheptane (1:1, v/v). The precipitated peptide was collected by centrifugation and washed three times with
MTBE/n-heptane (1:1, v/v) followed by drying under reduced pressure. The crude peptide Cam-esters were
purified by preparative HPLC and pure fractions were lyophilized.

Table 2. Codes, sequences and MWs (calculated and experimental; g/mol) of synthesized Cam esters.

Peptide

Sequence

MWcalc

MWexp

12222

H-CYK[Aha]KS[Aha]GFCPK-Cam-L-OH

1583.9

1584.2

23333

H- SYCQGA[Aha]KSE[Aha]FKGCK-Cam-L-OH

1959.2

1959.7

32233

H-SYCQG[Aha]KS[Aha]KFGCK-Cam-L-OH

1759.0

1759.5

44444

H-ILCQWGA[Aha]KASE[Aha]FSKVCPK-Cam-L-OH

2418.8

2419.6

55555

H-ILKCQKGAT[Aha]KASEK[Aha]NHSKVCPK-Cam-L-OH

2822.3

2823.6

63454

H-ILCQWA[Aha]KASE[Aha]DFSKVCPK-Cam-L-OH

2476.9

2478.0

FF

H-R[Aha]FRLPCRQLRCFRLP[Aha]RQL-Cam-L-OH

2782.4

2782.3

FA

H- S[Aha]FRLPCRQLRCSGSG[Aha]SGL-Cam-L-OH

2347.7

2346.9

FB

H- R[Aha]SGSGCGSGSCFRLP[Aha]RQL-Cam-L-OH

2291.6

2290.9

UU

H-EVD[Aha]RGRGSA[Aha]SRYEVDCRGRGSACSRY-Cam-

3316.6

3315.7

2846.9

2846.6

L-OH
UA

H-EVDCRGRGSACSGSGSG[Aha]SGSGSG[Aha]SRY-CamL-OH
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UB

H-EVD[Aha]RGRGSA[Aha]SGSGSGCSGSGSGCSRY-Cam-

2846.9

2846.4

L-OH
UF

H-R[Aha]SRYEVDCRGRGSACFRLP[Aha]RQL-Cam-L-OH

3049.5

3049.7

FU

H-EVD[Aha]RGRGSA[Aha]FRLPCRQLRCSRY-Cam-L-OH

3049.5

3049.0

P4 [Aha] test

Ac-K[Aha]SKL-Cam-L-OH

814.0

813.5

P3 [Aha] test

Ac-KV[Aha]PK-Cam-L-OH

810.0

809.5

P2 [Aha] test

Ac-KVS[Aha]L-Cam-L-OH

785.0

784.4

P1 [Aha] test

Ac-KFSK[Aha]-Cam-L-OH

848.0

847.5

P1’ [Aha] test

H-[Aha]LKKF-NH2

659.8

659.4

P2’ [Aha] test

H-A[Aha]LKKF-NH2

617.8

617.4

ester control

Ac-DFSKL-Cam-L-OH

821.9

821.4

amine control

H-ALKKF-NH2

604.8

604.4

Triple-C (CEPS, CLIPS, CuAAC) reaction procedures (two-pot)
CEPS:
Linear Cam-L--ester peptides were dissolved in potassium phosphate buffer solution (250 mM, pH = 8.5)
to a concentration of 0.3 mM, followed by addition of omniligase-1 (0.5 µM). The reaction was followed by
UPLC-MS. After completion of the reaction (usually after 30-60 min) the reaction mixture was purified via
RP-HPLC. If the linear precursor peptides exhibited low solubility, guanidinium hydrochloride was added to
a concentration of 1 M.
CLIPS/CuAAC:
Backbone cyclized peptide (1 eq.) was dissolved in DMF/H2O (1:1) to a concentration of 0.5 mM, followed
by addition of the corresponding T4 scaffold (0.8 eq., from a 10 mM stock solution in DMF; scaffolds were
synthesized as previously described[20]). The pH was adjusted to 8 with aqueous NH4HCO3-solution (200
mM). After complete consumption of the monocyclic peptide, a mix of CuSO4/THPTA/sodium ascorbate
was added (2 eq., ratio 1/1/5 (v/v/v), from a 100 mM stock solution in H2O). For analysis, the reaction was
quenched by adding aq. EDTA-solution (5 eq., 0.1 M)
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General one-pot procedure
Linear Cam-ester (1 eq.) was dissolved in phosphate buffer/H2O (4:1, 0.4 mM, pH = 8), followed by addition
of omniligase-1 (0.5 µM final concentration). After completion of the reaction, DMF (final ratio H2O/DMF =
2:1 (v/v)) and T4 scaffold (0.8 eq., from a 10 mM stock solution in DMF; scaffolds were synthesized as
previously described[20]) were added. After complete consumption of the backbone-cyclized peptide, a mix
of CuSO4/THPTA/sodium ascorbate was added (2 eq., ratio 1/1/5 (v/v/v), from a 100 mM stock solution in
H2O). The reaction was quenched by adding aq. EDTA-solution (5 eq., 0.1 M) and directly purified on RPHPLC.

Residual Fluorescence Assay
Biological activities against coagulation factor αFXIIa (HFXIIa, Molecular Innovations, MW = 80000 Da), and
uPA (UPA-LMW, Molecular Innovations, MW = 33000 Da) were measured as IC50 values via residual
fluorescence polarization assays, which were carried out as previously described by Heinis et al.[22,23] Enzyme
of choice (final concentrations for uPA = 5 nM, αFXIIa = 50 nM) was incubated for 20 min with several
dilutions of tetracyclic or bicyclic peptide (7 dilutions with final concentrations ranging from 50 µM to 12 nM).
Desired concentrations were achieved by dilutions in buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 10 mM
MgCl2, 1 mM CaCl2, 0.1% (w/v) bovine serum albumin (BSA), 0.01% (v/v) Triton-X100). After 15 min
incubation, substrate Z-Gly-Gly-Arg-AMC (final concentration of substrate = 100 µM) was added to obtain
a final volume of 150 µL. Substrate was initially dissolved as a 2 mM DMSO stock solution, which was further
diluted with buffer to 300 µM. Residual fluorescence measurements (excitation 355 nm, emission 460 nm)
was read on a Spectramax M2 (Molecular Devices) plate reader. IC50 values were calculated (based on duplo
experiments) via non-linear regression using GraphPad Prism. Known bicyclic inhibitor UK18[22] and FXII618
(on TATA scaffold)[23] and TBMB variant were synthesized and used for comparison of activities.

Acceptance of [Aha] in the omniligase-1 binding pocket: model studies
Reaction procedure:
Peptides bearing an [Aha] residue in either of the positions P4-P2’ were synthesized according to the
procedures described earlier. For a list of sequences including their respective molecular weights see Table
2.
For testing the acceptance of each respective substrate by omniligase-1 the acyl donor fragment (final conc.:
0.4 mM) and the acyl acceptor fragment (final concentration: 2 mM, 5 eq.) were dissolved in 0.5 mL 1 M
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potassium phosphate buffer (pH 8.5) and omniligase-1 was added to a concentration of 0.14 nM. After 0 and
30 min 50 µL of reaction mixture were quenched in 450 µL of quenching solution (acetonitrile/ water 3:1
(v/v) + 0.5% (v/v) methanesulfonic acid). Samples were analyzed using HPLC-MS. HPLC yields were
calculated based on integration of the product peak and the remaining peak area of the acyl donor fragment.
Analytical HPLC was performed on an Agilent 1260 liquid chromatography system using a reversed-phase
column (Phenomenex Luna C18, 10 µm particle size, 250 × 4.6 mm) at 40°C, coupled with an Agilent 6130
quadrupole LC/MS system. UV detection was performed at 220 nm using a UV-VIS 204 linear spectrometer
and peptides were identified by their mass using LC-MS. As eluents A (water+ 0.05% (v/v) MSA) and B
(ACN+ 0.05% (v/v) MSA) were used.
All reactions performed are listed in Figure 4A. After a reaction time of 30 min the reactions were complete
(full conversion of the acyl donor ester). In the HPLC trace the peaks of product (‘’synthesis’’) and hydrolyzed
ester (‘’hydrolysis’’) were integrated. The results are displayed in Figure 4B.

0.4 mM ester fragment, 2 mM amine
1 M potassium phosphate pH 8.5
0.14 nM Omniligase-1

Yield after 30 min/ %

[Aha] library screening

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
P4

P3

P2

Synthesis

P1 P1' P2'
Hydrolysis

Figure 4. A) Model reactions performed for testing the acceptance of [Aha] in each respective peptide binding pocket of
omniligase-1. B) Reaction yields after 30 min (black bars) and corresponding hydrolysis of the Cam-ester (cross-hatched bars).

Structure Determination of FF-T42 via NMR
NMR samples of cyclic FF-T42 were prepared as both 4.7 mM solution and 0.3 mM solution in 160 µl total
volume (3 mm NMR tube) containing 25 mM NaAc-d3 buffer pH 4.7, 0.1 mM EDTA, 0.2 mM sodium azide,
6 µM DSS-d6 as chemical shift reference and 2% (v/v) D2O for deuterium lock. In addition, the 0.3 mM NMR
sample was manually adjusted to pH 6.8 using small aliquots of 1N NaOH. NMR spectra (1D 1H and 13C,
DIPSI 80 ms mixing time, NOESY 125ms & 350 ms mixing time, ROESY 150 ms mixing time, natural
abundance 13C-1H HSQC, 13C-1H HMBC, 15N-1H HSQC, 15N-1H HMBC, DIPSI-13C-1H HSQC 70ms)[26] of
4.7 mM FF-T42 were recorded on a Bruker Avance III HD 700 MHz spectrometer, equipped with a TCI
cryoprobe. Spectra were recorded at various temperatures varying between 5oC and 51oC, in order to study
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the exchange processes of FF-T42. Processing was done by Topspin 3.2 (Bruker, Rheinstetten) and spectral
analysis as well as resonance assignment was performed using Sparky 3.115[27]. Structure generation of FFT42 and NMR-restraint molecular dynamics were carried out by YASARA Structure (YASARA Biosciences,
Vienna). Restraint simulated annealing during a period of 2 ns at 900 K was performed using the AMBER
IPQ15 force field (NB cutoff distance 8 Angstrom) under periodic boundary conditions, after which time the
system was slowly cooled down to 310 K and finally energy-minimized.
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Chapter 7

Abstract
In nature, multicyclic peptides constitute a versatile molecule class with a variety of biological functions. To
exploit multicyclic peptides as pharmaceuticals, the development of chemical methodologies to enable
selective consecutive macrocyclizations is required. Here we disclose a combination of enzymatic
macrocyclization, CLIPS alkylation and oxime ligation for the preparation of tetracyclic peptides. Five newly
designed small molecular scaffolds and differently sized model peptides featuring non-canonical amino acids
were synthesized. Enzymatic macrocyclization, followed by one-pot scaffold-assisted cyclizations yielded 21
tetracyclic peptides in a facile and robust manner.
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Introduction
Peptides are nature’s most diverse toolkit and fulfill a plethora of functions, ranging from hormonal to
antimicrobial activities.[1] In the past decade, especially cyclic peptides have attracted increased attention as a
highly promising class of therapeutics.[2–4] Key features of macrocyclic peptides include increased metabolic
stability and improved binding affinity compared to linear molecules.[5] The set of macrocycles in nature ranges
from small monocyclic to highly constrained multicyclic peptides such as cyclotides[6,7] or the ‘last-resort’
antibiotic vancomycin, which is a prime example of a multicyclic peptide drug.[8,9] While nature produces these
complex, highly constrained, multicyclic compounds in a relatively straightforward manner using cascades of
enzyme-catalyzed reactions, their chemical synthesis is often elaborate resulting in low overall yields.[10]
Clearly, there is a need to overcome these challenges by the development of novel synthetic methodologies.
Thanks to their inherent properties, such as excellent regio- and stereoselectivity, the use of enzymes has
recently gained increased attention as a tool for peptide head-to-tail cyclization. Enzymes such as omniligase1[11,12], butelase[13] or sortase[14] have been successfully employed for this purpose.[15] For example, omniligase1 efficiently catalyzes head-to-tail cyclization of linear C-terminal glycolate-ester peptides in aqueous
solution.[11,12,16] Additionally, peptide cyclization using small molecule organic scaffolds has been widely
explored. For example, CLIPS technology (Chemical Linkage of Peptides onto Scaffolds)[17] is used for peptide
cyclization in vitro and for the generation of large phage-displayed libraries of thioether bridged bicyclic
peptides.[17–19] However, despite its ease, the applicability is limited to the preparation of mono- and bicyclic
peptides.
Recently, our group introduced a novel concept to expand the CLIPS-technology to furnish tri- and tetracyclic
peptides via a one-pot procedure, by combining it with two orthogonal ligation methods; Cu(I)-catalyzed
Alkyne-Azide Cycloaddition (CuAAC) and enzymatic head-to-tail cyclization using omniligase-1 (chemoenzymatic peptide synthesis, CEPS).[11,12] Here, we present a successful expansion of the set, utilizing oxime
ligation. This well-established orthogonal ligation method involves the condensation reaction between an
aminooxy group and a carbonyl electrophile.[20–23] In contrast to CuAAC, the formed oxime bond shows E/Z
isomerism, which is influenced by their substituents.[24]

Results and Discussion
To explore the combination of CEPS, CLIPS and oxime ligation, a novel type of small-molecule scaffold was
developed, comprising two reactive primary bromides (CLIPS) in combination with either a) an aldehyde or
b) an aminooxy. Both the alkoxyamine and aldehyde were chemically protected (with Boc and diethyl-acetal
groups) and are only liberated after the initial CLIPS reaction to ensure a controlled, regioselective cyclization.
CEPS cyclization followed by CLIPS and subsequently oxime ligation was envisaged the most straightforward
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approach based on previous experience.[12] For oxime ligation, the peptide contains either a) the aminooxy
or b) the ketone moiety. Therefore, we set out to investigate two different strategies (Figure 1). For strategy
I, the peptide bears the aminooxy functionality, with the scaffold (T4-2(C=O)/T4-3(C=O)) bearing the
aldehyde, (Figure 1A) while strategy II features a reversed orientation of the aminooxy and ketone moieties
(T4-1(ONH2)/T4-2(ONH2)/T4-3(ONH2)) (Figure 1B). The set of scaffolds we studied comprises the rigid
T4-1(ONH2)[25] and the flexible scaffolds T4-2(ONH2)/T4-2(C=O) and T4-3(C=O)/T4-3(ONH2), all
containing rotatable amide bonds in combination with a bromoacetamide.
In strategy I, the aminooxy residue is introduced in the form of aminooxy-homoserine (hS(ONH2))[24],
whereas in strategy II, two different keto-amino acids, namely para-acetyl phenylalanine (F(C=O)[26,27] and a
tert-butyl ketone derivative of aspartic acid (D(C=O)), were incorporated into the peptide, respectively. In
strategy I, (Figure 1A), scaffold aldehydes are used, presumably resulting in E-configured oximes only. In
contrast, strategy II (Figure 1B) starts from the keto-containing amino acids F(C=O) and D(C=O), hence a
mixture of E/Z- oximes may be expected, with an increased preference for the E-isomer (D(C=O) >
F(C=O)) due to the steric hindrance of the tBu-group.
In order to thoroughly investigate the combination of CEPS, CLIPS and oxime ligation for the preparation of
tetracyclic peptides, a library of eight peptides containing different number of amino acids (n) between the
CLIPS and oxime junction points (n= 3,4,5) was designed (Figure 1C). and the protected aminooxy/ketone
amino acids, was performed using classical automated SPPS. In general, the ketone-containing peptides were
easier to obtain (little to no side reactions) than peptides containing amino acid hS(ONH2), of which the latter
often resulted in a low yielding synthesis and troublesome purifications. Common side-reactions were
isopropylidene formation of the aminooxy functionality with traces of acetone, incomplete SPPS-coupling of
Fmoc-hS(ONHBoc)-OH and elimination of the aminooxy moiety.[28] Peptides containing D(C=O) exhibited
low solubility in aqueous solutions, potentially requiring the addition of solubilizing agents (e.g. urea) for efficient
enzymatic cyclization. Nevertheless, all linear peptide Cam-esters (n=3,4,5) were efficiently head-to-tail
cyclized using omniligase-1 (see SI). Initially, we explicitly avoided to place one of the oxime-reactive noncanonical amino acids, hS(ONH2), F(C=O), D(C=O), in the enzymatic recognition sequence of the peptide
(N-terminal P1’ and P2’ and C-terminal P4-P1)[29] in order to ensure a high cyclization efficiency. However, it
turned out that all three amino acids were well tolerated at the majority of positions (F(C=O) = all pockets;
hS(ONH2)= P3, P2, P1’, P2’, D(C=O) = P3, P2; see experimental section: Figure 6) despite distinct
differences in reaction rate that could in turn be compensated for by adding an increased amount of biocatalyst.
In general, these results demonstrate the broad applicability and compatibility of the CEPS cyclization, even
when using non-canonical amino acids.

148

Synthesis of Constrained Tetracyclic Peptides by Consecutive CEPS, CLIPS and Oxime Ligation

Figure 1. Schematic representation of the CEPS/CLIPS/oxime cyclizations and the evaluated scaffold and peptides. A) Aminooxybearing peptides with scaffolds T4-2(C=O)/T4-3(C=O) (strategy I). B) Peptides comprising ketone-functionalized amino acids in
combination with scaffolds T4-1(ONH2)/T4-2(ONH2)/T4-3(ONH2) (strategy II), for the synthesis of tetracyclic peptides. C) Peptide
codes and the corresponding sequences.
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Next, we explored the CLIPS and oxime ligation reactions using the scaffolds given in Figure 1. Generally,
CLIPS reactions with the monocyclic peptides proceeded cleanly under standard reaction conditions
(aqueous. NH4HCO3 solution (pH>8.0), within 20 min at room temperature) to give the corresponding
bicyclic products . This was followed by deprotection of the scaffolds for oxime ligation. For strategy I, the
acetals in T4-2(C=O)/T4-3(C=O) were hydrolyzed by the addition of a 15% (v/v) aqueous TFA solution.
Under these conditions, oxime ligation occurs instantaneously. For strategy II, Boc-removal to liberate the
aminooxy moiety of T4-1(ONH2)/T4-2(ONH2)/T4-3(ONH2) was carried out after lyophilization of the
CLIPSed bicycle, by the addition of trifluoroacetic acid in dichloromethane (2:1, v/v). The peptide was dried
in vacuo before oxime ligation was instigated in aqueous DMSO (0.5 mM, 16 hours at 40 C).
Following these generalized procedures, we first investigated the reaction of hS(ONH2)-containing
monocyclic hexadecapeptides with scaffolds T4-2(C=O) and T4-3(C=O) (Strategy I, Figure 1A). The CLIPS
reactions, yielding the bicyclic peptides, went smoothly. For the oxime ligation, these peptide-scaffold
combinations are the least hindered as it contains the aldehyde, which, in principle should solely yield the
E-isomer upon oxime ligation. Both tetracycles c13333-hS(ONH2)⦁T4-3(C=O)c/o and c13333-hS(ONH2)⦁T42(C=O)c/o were formed as a mixture of two different products (tR = 0.82/0.83 min. and tR = 0.70/0.72 min;
see Figure 2) with identical molecular weights. This can likely be attributed to hindered rotation around either
the aryl-C(=O) or the HN-C=O bond in the scaffolds as a result of the relatively small peptide ring-size
(Figure 2A and D), matching earlier observations.[12] Separation of the products was not attempted, and
deemed impossible as the isomerism is considered conformational, rather than configurational, assuming both
products are in thermodynamic equilibrium. This assumption was confirmed by the fact that for c13333hS(ONH2)⦁T4-3(C=O)c/o, a third isomer was initially observed at tR= 0.73 min., that disappeared over-night
at room temperature.
Interestingly, an increased loop size (n=4) in the cyclic 20-peptide led to the formation of two broad product
peaks for the tetracyclic constructs c44444hS(ONH2)⦁T4-2(C=O)c/o and c44444hS(ONH2)⦁T4-3(C=O)c/o
(Figure 2B and E). We attribute this peak broadening to slow equilibration between several conformers on
UPLC timescale, en route to coalescence, while being comparatively faster than the c13333hS(ONH2)
tetracycles. Finally, for the largest 24-membered peptides c65555-hS(ONH2)⦁T4-2(C=O)c/o and c65555hS(ONH2)⦁T4-3(C=O)c/o the UPLC clearly shows a single product (Figure 2C and F), confirming that
conformational isomers in these macrocycles are in rapid equilibrium at the UPLC-timescale. This is in line
with previous findings that the number of product isomers obtained is linearly correlated to the difference in
peptide lengths and attributable to conformational/rotational rather than configurational/structural isomers.[12]
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Figure 2. UPLCs of Strategy I oxime ligations with hS(ONH2) containing bicyclic peptides (n=3,4,5) with scaffolds T4-3(C=O) (AC) and T4-2(C=O) (D-F). Peak masses: M1 = first encountered peak (tetracycle); M2 etc. = peaks with longer tR.

Because oxime formation within the systems studied for strategy II (Figure 1B) starts from ketones, E/Z
mixtures may arise. Although intermolecular oxime formation between linear peptides containing two
F(C=O) residues with methoxyamine or benzylhydroxylamine gave single products only, the prediction of
the precise E/Z pattern of more constrained constructs remains challenging. Interestingly, in contrast to
strategy I, not the peptide length appeared to be critical for the isomer distribution, but the type of scaffold,
either T4-1(ONH2), T4-2(ONH2) or T4-3(ONH2) (Figure 3).
Using scaffold T4-1(ONH2) resulted in the formation of four products for all peptide lengths (Figure 3a-c).
This was innate to the scaffold, since the quaternary ammonium center is prochiral. Upon peptide ligation in
an unfavorable manner, there is no rotational relaxation of the system, yielding two isomers, which do not
exchange within a time frame of one month. When using scaffold T4-2(ONH2) we did not observe
thermodynamic equilibration but obtained the product with two to four different isomers, depending on the
specific peptide used (Figure 3D-F). For example, in case of c54444-F(C=O)⦁T4-2(ONH2)c/o (Figure 3E) two
distinct products were formed, that proved thermodynamically stable and did not interconvert upon
separation of both peaks. In contrast, at elevated temperatures (40°C) c23333-F(C=O)⦁T4-3(ONH2)c/o (Figure
3G) forms one thermodynamic product from initially four isomers. For c54444-F(C=O)⦁T4-3(ONH2)c/o,
however, very close running products were obtained and could only be separated using a slow eluting UPLC
gradient (Figure 3H). Last, but not least, c75555-F(C=O)⦁T4-3(ONH2)c/o instantaneously yields a single product
(Figure 3I), suggesting that larger cycles might also result in the formation of a single product.
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Figure 3. UPLC chromatograms of strategy II oxime ligations with F(C=O) peptides and scaffolds T4-1(ONH2)/ T4-2(ONH2)/
T4-3(ONH2) reacted for 16h at 40°C. Peak masses: M1= first encountered peak (tetracycle); M2 etc.= peaks with longer tR.

Since the n=4 peptides were chosen based on the sequence of a previously published tetracyclic peptide19
we opted to compare the structure of c54444-AcF(C=O)⦁T4-2(ONH2)c/o with the known NMR-structure of
the identical peptide fused with a T42 scaffold.[30] However, NMR studies revealed that the tetracyclic structure
of c54444-AcF(C=O)⦁T4-2(ONH2)c/o is present in many conformations due to hindered rotation around the
scaffold’s amide bond, as well as a slow equilibrium of the E/Z oxime bond. This prevented a detailed structure
determination of the scaffold.
Similar to F(C=O), D(C=O) also contains an asymmetric ketone. However, due to the bulky tert-butyl
group, it is expected that oxime ligation occurs selectively at one face of the ketone only, thus yielding singleisomeric products. Initial experiments with methoxyamine revealed that the free amino acid is fairly unreactive
and intermolecular reactions took weeks to complete. On the other hand, intramolecular reactions are much
faster, yet slower compared to F(C=O). Since D(C=O) is very apolar and poorly reactive, only the most
divisive loop lengths (c33333-D(C=O) and c85555-D(C=O)) were investigated (Figure 4). The reactivity of both
peptides is quite similar and for all scaffolds (T4-1(ONH2) to T4-3(ONH2)) a single main product was
obtained, which was especially surprising in case of scaffold T4-1(ONH2) (4a-b). However, all reactions did
not go to completion and mono-oximed products were still present after several weeks. It seems that only
thermodynamically favorable tetracycles are formed, and unfavorable conformations of the mono-oxime do
not react further. Clearly, the gain of selectivity comes to the cost of the reaction rate but is the only system
with consistent single-peak results of the tetracyclic peptide for all peptide/scaffold combinations.
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Figure 4. UPLC chromatograms of strategy II oxime ligations with D(C=O) peptides and scaffolds T4-1(ONH2)/ T4-2(ONH2)/
T4-3(ONH2) reacted for 16h at 40°C. Peak masses: M1= first encountered peak (tetracycle); M2= peaks with longer tR. = monooxime still present; = disulfide starting material not reacted during CLIPS.

Conclusion
To conclude, we have devised a new route for the successful preparation of tetracyclic peptides using a unique
and compatible combination of CEPS, CLIPS and oxime ligation. The majority of tetracyclic peptides were
obtained as single isomers, depending on the peptide length and scaffold used. For hS(ONH2)-containing
peptides, their length is the critical factor determining the success of the reaction. For F(C=O)-containing
peptides, the scaffold-type plays the most decisive role in the cyclization and in case of D(C=O), the amino
acid itself determines the outcome. Overall, our work based on three orthogonal macrocyclization reactions
gives regioselective access to tetracyclic peptides. Further studies are in progress to carry out the
CEPS/CLIPS/oxime sequence in an automated fashion for applications in drug discovery.
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Experimental Section
Associated content
The Supporting Information of this article will be available free of charge on the Organic Letters publications
website at DOI: 10.1021/acs.orglett.9b00378.

Amino Acid Synthesis
Detailed protocols for the synthesis of the respective Fmoc-amino acid buildings blocks (see Figure 5) to
introduce hS(ONH2), F(C=O) and D(C=O) into a peptide will be available in the Supporting Information of
the article as indicated above.

Figure 5. Fmoc-amino acid building blocks synthesized to introduce hS(ONH2), F(C=O) and D(C=O) into peptides.

Solid-Phase Peptide Synthesis
General Procedure for SPPS of C-terminal Cam-ester Peptides:
Fmoc-L-Wang resin (0.2 mmol) was washed with dichloromethane (DCM; 3x 2 min) and dimethylformamide
(DMF; 3x 2 min) and Fmoc-deprotected using piperidine/DMF (20% (v/v), 2x 8 min). After washing with
DMF (6x 2 min), the corresponding Fmoc-AA-glycolic acid (2 eq.; AA= any amino acid) was coupled to the
resin using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU; 4 eq.),
Oxyma Pure (4 eq.) and N,N-Diisopropylethylamine (DIPEA; 10 eq.) in DMF (45 min). Fmoc-AA-glycolic
acid was prepared according to Nuijens et al.[16] After washing with DMF and Fmoc deprotection the next
amino acid Fmoc-AA-OH was coupled using N,N'-Diisopropylcarbodiimide (DIC; 4 eq.) and Oxyma Pure
(4 eq.) in DMF (45 min). After the final Fmoc-deprotection, the resin was dried in a stream of nitrogen gas.
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Synthesis of Peptide Amides:
Peptide amides were synthesized using a Rink amide resin. After washing the resin with DMF (3x 2 min) and
Fmoc deprotection using piperidine/DMF (20% (v/v), 2x 8 min)., the amino acids Fmoc-AA-OH were
coupled using DIC (4 eq.) and Oxyma Pure (4 eq.) in DMF (45 min). After final Fmoc-deprotection, the resin
was dried.

Cleavage of Peptides Containing Unnatural Amino Acids:
Peptides containing unnatural amino acids have been cleaved using the following protocols:
1) Aminooxy peptides containing hS(ONH2) were cleaved using a cocktail of 90/5/2.5/5/2.5 (v/v/v/v)
TFA/water/thioanisole/2,2′-(Ethylenedioxy)diethanethiol (DODT)/triisopropylsilane (TIS) for 2 hours
at room temperature.
2) Ketone-peptides with either F(C=O) or D(C=O) were cleaved with a mixture of 80/5/5/5/2.5/7.5
(v/v/v/v/v) TFA/water/thioanisole/TIS/phenol for 2 hours at room temperature.
Precipitation of the peptide in ice-cold (-20°C) diisopropylether (5 mL cleavage mixture per 45 mL
diisopropylether) followed by lyophilization of the precipitated peptide afforded the crude peptide. Purification
of the crude peptide was performed by reversed-phase HPLC (mobile phase consists of gradient mixture of
eluent-A (water containing 0.05% (v/v)TFA) and eluent-B (acetonitrile (ACN) containing 0.05% (v/v) TFA).

LC-MS Analysis
CEPS Reaction Samples:
Enzymatic peptide cyclizations were monitored using an HPLC-MS system. Separation was performed using
a Waters XSelect® CSH C18 column (2.5 µm, 3.0 x 150 mm) and positive ion current for MS analysis was
used. As mobile phase a binary mixture of solvent A (water+ 0.05% (v/v) methanesulfonic acid (MSA)) and
solvent B (ACN+ 0.05% (v/v) MSA) was used. A linear gradient from 5-60% B in 7.5 min, followed by
isocratic 95% solvent B for 3 min was used by default. Peptides were visualized at λ= 220 nm.

CLIPS/ Oxime Reaction Samples:
Reaction samples were measured on a UPLC-ESMS system using a gradient of 5-55% B in 3 min. An Acquity
UPLC Peptide BEH C18 Column (130 Å, 1.7 µm, 2.1x 50 mm) with UV detection (λ= 215 nm) and positive
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ion current for MS analysis was used. The mobile phase consisted of eluent-A (water containing 0.05% (v/v)
TFA) and eluent-B (ACN containing 0.05% (v/v) TFA).
Peptide sample preparation
Approximately 0.2 mg of peptide was dissolved in 100 µL of 1:1 (v/v) ACN/water. 10 µL of this solution was
diluted with 50 µL of water and analyzed via UPLC-MS.
Reaction mixtures in ACN/water solvent mixtures
20 µL of sample was diluted with 40 µL water and filtered over a pipet-tip frit filter, before being analyzed
using UPLC-MS.
Reaction mixtures in DMSO/water solvent mixtures
30µL of sample was diluted with 30 µL water and filtered over a pipet-tip frit filter before UPLC-MS analysis.

General CLIPS/ Oxime Procedure
Chemo-Enzymatic Peptide Synthesis (CEPS):
Linear Cam-ester peptides were dissolved in potassium phosphate buffer solution (500 mM, pH 8.5) to a
concentration of approx. 0.5 mg/mL (0.15- 0.25 mM), followed by the addition of omniligase-1 (0.150.5 µM). The reaction was followed by HPLC-MS using an individualized gradient. After completion of the
reaction the reaction mixture was purified via preparative RP-HPLC. If the linear precursor peptides exhibited
low solubility, guanidinium hydrochloride (Gdn.HCl) was added to a concentration of 1 M.

Example:
Linear Cam-ester 23333-F(C=O) (H-CYKQ-F(C=O)-SIK-F(C=O)-AKGCSKL-CamL-OH, 20 mg, 7.5 µmol)
was dissolved in 500 mM phosphate buffer (30 mL, pH 8), followed by addition of omniligase-1 to a
concentration of 0.4 μM. After a reaction time of 60 min the monocyclic peptide c23333-F(C=O) was isolated
from the reaction mixture using preparative RP-HPLC.
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The following linear peptide Cam-esters were cyclized into their head-to-tail cyclic counterpart:
Table 1.The sequences of linear peptide Cam-esters that were synthesized and subjected to cyclization.

Name

Sequence

13333-hS(ONH2)

H-CYKQ-hS(ONH2)-SIK-hS(ONH2)-AKGCSKL-O-Cam-L-OH

23333-F(C=O)

H-CYKQ-F(C=O)-SIK-F(C=O)-AKGCSKL-O-Cam-L-OH

33333-D(C=O)

H-CYKQ-D(C=O)-SIK-D(C=O)-AKGCSKL-O-Cam-L-OH

44444-hS(ONH2)

H-R-hS(ONH2)-FRLPCRQLRCFRLP-hS(ONH2)-RQL-O-Cam-L-OH

54444-F(C=O)

H-R-F(C=O)-FRLPCRQLRCFRLP-F(C=O)-RQL-O-Cam-L-OH

65555-hS(ONH2)

H-CYKGKQ-hS(ONH2)-SIKAS-hS(ONH2)-AKVRGCKFSKL-O-Cam-L-OH

75555-F(C=O)

H-CYKGKQ-F(C=O)-SIKAS-F(C=O)-AKVRGCKFSLK-O-Cam-L-OH

85555-D(C=O)

H-CYKGKQ-D(C=O)-SIKAS-D(C=O)-AKVRGCKFSKL-O-Cam-L-OH

Table 2: The synthesized cyclic peptides with the corresponding m/z values.

Name

Sequence

m/z
found

m/z
calc

Species

c13333-hS(ONH2)

cycCYKQ-hS(ONH2)-SIK-hS(ONH2)-AKGCSKL

1771.91

1771.46

[M+H]+

c23333-F(C=O)

cycCYKQ-F(C=O)-SIK-F(C=O)-AKGCSKL

1918.32

1918.64

[M+H]+

c33333-D(C=O)

cycCYKQ-D(C=O)-SIK-D(C=O)-AKGCSKL

983.02

983.85

[M+2H]2+

c44444-hS(ONH2)

cycR-hS(ONH2)-FRLPCRQLRCFRLP-hS(ONH2)-RQL

859.04

859.18

[M+3H]3+

c54444-F(C=O)

cycR-F(C=O)-FRLPCRQLRCFRLP-F(C=O)-RQL

907.80

907.90

[M+3H]3+

c65555-hS(ONH2)

cycCYKGKQ-hS(ONH2)-SIKAS-hS(ONH2)-

1325.27

1325.31

[M+2H]2+

1397.57

1397.40

[M+2H]2+

1420.30

1420.43

[M+2H]2+

AKVRGCKFSKL
c75555-F(C=O)

cycCYKGKQ-F(C=O)-SIKAS-F(C=O)AKVRGCKFSLK

c85555-D(C=O)

cycCYKGKQ-D(C=O)-SIKAS-D(C=O)AKVRGCKFSKL
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Strategy I
In a glass vial the corresponding monocyclic peptide (0.2 mg) was dissolved in a 1:1 (v/v) mixture of
DMSO/water at a concentration of 0.5 mM. The scaffold (10 to 20 mg/mL) was added with a molar equivalent
relative to the peptide whereby the peptide weight was taken uncorrected for any TFA-salts present in the
dry material (T4-2(C=O) at 0.95 eq., T4-3(C=O) at 1.05 eq.). A solution of 1M NH4HCO3 (30 µL) was
added to reach a pH> 8. The reaction mixture was analyzed after 20 min. Upon completion, the reaction
mixture was acidified with a 15% (v/v) TFA solution to remove the acetal protecting groups of the aldehydes.
Oxime ligation occurred simultaneously, and the reaction mixture was analyzed at certain time intervals until
completion of the reaction.

Strategy II
CLIPS
In a glass vial the respective peptide (0.2 mg) was dissolved in a 1:1 (v/v) mixture of ACN/ water at a
concentration of 0.5 mM. The scaffold (10 to 20 mg/mL) was added with a molar equivalent relative to the
peptide, whereby the peptide weight was taken uncorrected for any TFA-salts present in the dry material
(T4-1(ONH2)) at 0.95 eq., T4-2(ONH2) at 1.05 eq. and T4-3(ONH2) at 0.85 eq.). A solution of 1M
NH4HCO3 (30 µL) was added to reach pH> 8. The reaction mixture was analyzed via HPLC-MS after 20
min and upon completion the reaction mixture was lyophilized. The reaction can also be performed in
DMSO/ water mixtures, but, although the presence of DMSO does not affect follow-up reactions, it is less
suitable for lyophilizing.
Scaffold Deprotection
To remove the Boc-groups on the scaffold aminooxy, the lyophilized product was treated with an excess of
2:1 (v/v) TFA/ dichloromethane (DCM) (300 µL in total). The solution was left for 2 hours at room
temperature, after which the volatiles were evaporated under a flow of N2. For larger scale reactions, the
material was repeatedly dissolved in DCM and evaporated to dryness to remove all remnants of TFA.
Oxime Ligation
The free-aminooxy peptide was dissolved in 1:1 (v/v) mixture of DMSO/ water to reach a peptide
concentration of 0.5 mM (same as for the CLIPS reaction). If necessary, the pH was adjusted to 4.5 1M
acetate buffer of pH 4.5. The reaction can be carried out at room temperature, but some systems showed
the best results at 40C. In the latter the glass reaction vessel was placed on a heating plate with a temperature
set to 40C.
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Tolerance of Unnatural amino Acids hS(ONH2), F(C=O) and D(C=O) by Omniligase-1
Reaction Procedure
Peptides bearing a hS(ONH2), F(C=O) or D(C=O) residue in either of the positions P4-P2’ were synthesized
according to the procedures described above. For a list of sequences including their respective molecular
weights see Table 3.
Table 3. Codes, sequences and exact masses (calculated and experimental) of synthesized Cam esters.
Peptide

Sequence

MWcalc

MWexp

hS(ONH2)-S4

Ac-D-hS(ONH2)-SKL-Cam-L-OH

790.4

790.3

hS(ONH2)-S3

Ac-DF-hS(ONH2)-KL-Cam-L-OH

850.4

850.3

hS(ONH2)-S2

Ac-DFS-hS(ONH2)-L-Cam-L-OH

809.4

809.3

hS(ONH2)-S1

Ac-DFSK-hS(ONH2)-Cam-L-OH

843.4

*

hS(ONH2)-S1’

H-hS(ONH2)-LKKF-NH2

649.4

649.3

hS(ONH2)-S2’

H-A-hS(ONH2)-KKF-NH2

607.4

607.3

F(C=O)-S4

Ac-D-F(C=O)-SKL-Cam-L-OH

863.4

863.3

F(C=O)-S3

Ac-DF-F(C=O)-KL-Cam-L-OH

923.5

923.4

F(C=O)-S2

Ac-DFS-F(C=O)-L-Cam-L-OH

882.4

882.3

F(C=O)-S1

Ac-DFSK-F(C=O)-Cam-L-OH

897.4

897.3

F(C=O)-S1’

H-F(C=O)-LKKF-NH2

722.5

722.3

F(C=O)-S2’

H-A-F(C=O)-KKF-NH2

680.4

680.3

D(C=O)-S4

Ac-D-D(C=O)-SKL-Cam-L-OH

886.5

886.3

D(C=O)-S3

Ac-DF-D(C=O)-KL-Cam-L-OH

946.5

946.3

D(C=O)-S2

Ac-DFS-D(C=O)-L-Cam-L-OH

905.4

905.3

D(C=O)-S1

Ac-DFSK-D(C=O)-Cam-L-OH

920.5

*

D(C=O)-S1’

H-D(C=O)-LKKF-NH2

745.5

745.3

D(C=O)-S2’

H-A-D(C=O)-KKF-NH2

703.4

703.3

Control ester

Ac-DFSKL-Cam-L-OH

821.4

821.3

Control amine

H-ALKKF-NH2

604.4

604.3

*synthesis failed.
To test the acceptance of each respective substrate by omniligase-1, stock solutions of acyl donor (ester)
fragment (10 mM) and acyl acceptor fragment (amine) (15 mM) were prepared in ultrapure water. 25 µL of
both stock solutions were combined and the mixture was diluted with 100 µL 1 M potassium phosphate
159

Chapter 7
buffer pH 8.5. The final concentration of the ester fragment was 1.66 mM and of the amine fragment 2.5 mM
(5 eq.), respectively. To initiate the reaction 2 µg of Omniligase-1 (final concentration 0.5 µM) was added.
After 0 and 30 min 25 μL of reaction mixture were quenched in 475 μL of quenching solution (0.5% (v/v)
MSA in water). Samples were analyzed using HPLC-MS. All reactions performed are listed in Figure 6A.
HPLC yields were calculated based on the peak area of the respective peaks: product (‘’synthesis’’),
hydrolyzed ester (‘’hydrolysis’’) as well as potentially remaining starting material (‘’ester’’) were integrated. The
results are displayed in Figure 6B,C and D. The reaction was deliberately performed under sub-optimal
reaction conditions and stopped after 30 min in order to highlight differences between the substrates. After
30 min the control ‘’benchmark’’ reaction (Ac-DFSKL-Cam-L-OH + H-ALKKF-NH2) was usually (almost)
complete with exclusive formation of the desired ligation product.

Figure 6. A) Model reactions for testing the acceptance of the unnatural amino acids hS(ONH2), F(C=O) or D(C=O). in each
respective peptide binding pocket of omniligase-1. The reaction Ac-DSFKL-Cam-L-OH + H-ALKKF-NH2 served as a control ligation.
Reaction yields after 30 min (blue bars), corresponding hydrolysis of the Cam-ester (red bars) and remaining Cam-ester peptide (grey
bars) is given. B) F(C=O) containing peptides. C) hS(ONH2)-containing peptides and C) D(C=O)-containing model peptides.
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Peptide-Amidase (PAM)
Catalyzed C-terminal Peptide
Activation and its Use in
Multi-Fragment Peptide
Assembly

Chapter 8

Abstract
Peptide hydrazides are known to be useful intermediates in peptide synthesis, for example as C-terminal
thioester surrogates, therefore enabling the N-to-C multi-fragment assembly of peptides. Here we report a
new approach for the preparation of C-terminal peptide hydrazides in water starting from unprotected peptide
carboxamides using an enzyme called peptide amidase (PAM). Subsequently, peptide hydrazides can be
chemically activated and converted to thioesters, which can serve as substrates in peptide ligation reactions
catalyzed by peptiligase variants. PAM tolerates the majority of proteinogenic amino acids at the C-terminus
of peptides and peptide hydrazides are obtained with high efficiency (>85%) in aqueous solution. In addition,
PAM-catalyzed hydrazinolysis of peptide amides can be performed in one-pot directly after performing
enzymatic ligation of two fragments. This strategy, specifically entailing the use of PAM and the two distinct
peptiligase variants omniligase-1 and thymoligase, was successfully applied in the sequential N-to-C directed
synthesis of the therapeutic peptide exenatide from three fragments as well as for the modular assembly of
the cyclotide MCoTI-II, a naturally occurring disulfide-rich macrocyclic peptide. Enzymatic ligations using
peptide thioesters proceed with excellent conversions with only limited formation of hydrolytic by-product.
This clearly shows that this unique activation-ligation approach involving two to three distinct enzymes is
applicable to a wide range of different linear as well as head-to-tail cyclic peptides and will certainly be beneficial
to the research community.
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Introduction
Chemo-enzymatic peptide synthesis (CEPS) using peptiligase variants for the efficient synthesis of medium- to
long-sized peptides holds great potential for a more sustainable and cost-efficient manufacture of peptides. To
date, most chemo-enzymatic assembly processes follow a C-to-N ligation strategy, involving repeated steps
of enzymatic and/or chemical ligation followed by N-terminal deprotection of the newly ligated fragment. Nterminal protection of the acyl donor fragment is usually required in order to prevent self-condensation or
cyclization of the acyl donor fragment. In contrast, enzymatic fragment condensation in the N-to-C direction
requires an acyl acceptor fragment with a temporary C-terminal protecting group that can be easily
transformed into an activated (ester) moiety. Consequently, the elongated peptide fragment resulting from a
ligation and activation step can act as the acyl donor fragment in the next enzymatic ligation step. In both
ligation strategies (C-to-N and N-to-C), usually the acyl acceptor fragment is used in an excess in order to
ensure complete conversion to the ligation product. However, in a C-to-N ligation approach using the
precious growing peptide fragment in excess is economically not attractive. In contrast, in N-to-C ligation
approaches the acyl acceptor fragment is used in excess, which is in most cases easily accessible using standard
solid phase peptide synthesis (SPPS). Although N-to-C ligation strategies are general considered to be more
cost-efficient, there are currently no straightforward methods available which enable regioselective C-terminal
deprotection and activation (e.g. as an ester) in aqueous solution using unprotected peptides. Since efficient
C-terminal protection, deprotection and activation methods are, however, crucial in CEPS and, in general,
methods for the regioselective C-terminal modification of peptides are of high importance, we envisioned this
to be an interesting field of research.

Figure 1. Conversion of peptide C-terminal thioesters into peptide hydrazides according to Liu et al. (A) and Dawson et al. (B).

In this context, the use of peptide hydrazides as thioester surrogates caught our attention.[1–3] For example,
Liu et al. successfully converted peptide hydrazides into a mercaptophenylacetic acid (MPAA) thioester via
selective nitrite oxidation followed by thiolysis in a racemization-free manner (see Figure 1A).[4] In addition,
Dawson et al. recently exploited the Knorr pyrazole synthesis for the synthesis of peptide thioesters. In an
acid-catalyzed reaction acetylacetone was used for the formation of peptide C-terminal pyrazole, which were
subsequently thiolyzed to form the respective thioester required for ligation (see Figure 1B).[5] Peptide
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hydrazides have already been reported as effective substrates in sequential peptide ligation in N-to-C direction
using native chemical ligation (NCL)[5,6] and are suitable substrates for peptide ligation using subtilisin variants
such as peptiligases.[7,8] In addition, peptide hydrazides can also be directly used as starting materials in
hydrazone ligations[9–11] and can act as potent antimicrobial peptides[12].
Chemically, peptide hydrazides can for example be prepared by using classical peptide synthesis starting from
a 2-chlorotrityl (CTC) resin[1] or using a hydrazone resin.[13] Alternative approaches include recombinant
expression of peptides and protein hydrazides[14] and enzymatic hydrazide synthesis using sortase A.[3]
Moreover, peptide amidases have been used in the synthesis of small molecule hydrazides[15] and for the
efficient C-terminal hydroxylamination of peptides[16]. In nature, PAM catalyzes the hydrolysis of C-terminal
peptide amides.[17,18] Due to its absolute C-terminal regioselectivity, the hydrolysis of internal peptide bonds
or side chain amide groups, e.g. of Asn or Gln, is not observed (see Figure 2A).[16] The peptide amidase from
the bacterium Stenotrophomonas maltophilia was shown to be particularly useful, as it has been intensively
studied and can be recombinantly expressed in E. coli.[17] In addition, computationally designed PAM variants
are remarkably stable under nonaqueous conditions and have a broadened nucleophile binding site, even
enabling many different C-terminal modifications. For example, PAM has recently been used for the
conversion of peptide C-terminal acids, amides and esters into a range of modified products.[16,19]

Figure 2. PAM-catalyzed C-terminal modification of peptide carboxamides. A) Hydroxylamination and B) hydrazination.

The conversion of peptide amides into their corresponding hydroxylamines (Figure 2A) is particularly
interesting, since it represents one of the few conversions that proceed efficiently in water. For example, in
an aqueous solution of hydroxylamine with minimal addition of dimethylformamide (2%), hydroxylamination
of the dipeptide Z-Gly-Tyr-NH2 was catalyzed in almost quantitative yield (99%) in only 30 min.[16]
Interestingly, PAM prefers hydroxylamine over water as a nucleophile, so that hydroxylamination of peptide
amides can be efficiently performed in aqueous media. Based on the similarity of substrates (hydroxylamine
vs. hydrazine), we envisioned PAM to be able to also catalyze the formation of C-terminal hydrazides in
aqueous media (see Figure 2B). Because hydrazine is a potent nucleophile with a much lower pKa value than
primary amines, this approach was deemed feasible.
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In this chapter we investigated the feasibility of the functionalization-activation-ligation approach as shown in
Figure 3, i.e. 1) PAM catalyzed hydrazide synthesis followed by 2) chemical activation and conversion of the
hydrazide to a thioester and 3) peptiligase-catalyzed ligation.

Figure 3. Envisioned functionalization–activation–ligation strategy for the C-terminal modification of peptide amides enabling sequential
peptide ligations in the N-to-C direction.

Results and Discussion
Peptide Hydrazides as Thioester Surrogates in Enzymatic Ligations Catalyzed by Peptiligase Variants
Similarly to the strategy described by Liu et al.[1,2,4,6] that uses peptide hydrazides as thioester surrogates in
sequential NCL reactions, we set out to explore the compatibility of hydrazide-thioester activation with
peptiligase-catalyzed ligation (Figure 4), in particular using omniligase-1 (see chapter 2).

Figure 4. Envisioned workflow: Activation of a C-terminal peptide hydrazide to a peptide thioester and subsequent use in omniligase1 catalyzed peptide ligation, as exemplified for the NaNO2/ MPAA activation by Liu et al..[1]

The tolerance of thioester substrates by omniligase-1 was investigated with the established model peptides
Ac-DFSKL-NHNH2 and H-ALKKF-NH2 (see chapter 2).[20,21] The peptide hydrazide Ac-DFSKL-NHNH2 was
successfully oxidized using sodium nitrite (NaNO2) in an acidic (pH 3) buffer solution containing 6 M
guanidinium hydrochloride (Gdn.HCl) at -15°C, resulting in the formation of the azide intermediate AcDFSKL-N3, which was subsequently rapidly thiolyzed to the corresponding thioester (Ac-DFSKL-MPAA) using
MPAA. Without intermediate isolation of the in situ formed acyl donor thioester, after addition of the acyl
acceptor fragment H-ALKKF-NH2 (1.1- 2 eq.) and omniligase-1, formation of the desired ligation product AcDFSKLALKKF-NH2 was observed within 30 min (see Figure 5). The reaction was accompanied with only
minor hydrolysis of the thioester moiety (<5%). This initial result clearly demonstrates the feasibility of using
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peptides hydrazides as thioester surrogates in omniligase-1 catalyzed peptide ligation, even in a one-pot
manner. It was shown that hydrazides themselves could not serve as acyl donor substrates and the use of
peptide C-terminal azides resulted in the formation of multiple side products, which most likely result from
the relative instability and reactivity of the azide intermediate. Therefore, for a high ligation yield and a clean
reaction it is crucial to rapidly convert the azide intermediate into the corresponding thioester. Epimerization
was not considered to be significant since it was reported that NaNO2/thiol activation of a peptide hydrazide
followed by NCL resulted in less than 1% epimerisation in the final product.[2] Besides, a D-amino acid in P1
is not accepted by peptiligase variants and would therefore be excluded from the reaction and would not end
up in the final ligation product. Interestingly, using this activation-ligation approach we were also able to
efficiently ligate peptides that usually represent very poor substrates for omniligase-1 (e.g. P1= Gly peptides)
or that are not easily accessible using Fmoc-SPPS (i.e. P1= Cys Cam-ester peptides).

Ac-DFSKL-NHNH2

Signal intensity (AU)

0 min

Ac-DFSKL-SR
(SR= MPAA)

H-ALKKF-NH2

15 min
Ac-DFSKLALKKF-NH2

hydrolysis
(Ac-DFSKL-OH)

30 min
3

4

5

6

7

8

9

10

time/ min

Figure 5. HPLC trace of the activation-ligation of Ac-DFSKL-NHNH2 and H-ALKKF-NH2. The hydrazide fragment Ac-DFSKLNHNH2 (0 min) was converted into the corresponding thioester after treatment with NaNO2 (21 eq.) at pH 3 (15 min) and addition
of MPAA (64 eq.). Addition of the amine fragment (2 eq.) and omniligase-1 (1.2 µM) at pH 8.5 resulted in the formation of the final
ligation product Ac-DFSKLALKKF-NH2 within 30 min.

The overall outcome of the omniligase-1 catalyzed ligation is (among other factors) dependent on the pH of
the coupling reaction mixture and the stability of the oxo- or thioester used (see chapter 1). For enzymatic
ligations using MPAA thioesters as substrates the optimal pH range was determined to be between pH 8 and
9, considering a reaction time of 30 min. Based on these results, pH 8.5 was set as the standard for further
experiments.
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Table 1. Screening of different thiols for thioester formation and subsequent omniligase-1 catalyzed enzymatic ligation.

Entry

Thiol

Solubility

Thioester formation

Ligation (S/H)

1

Good

Quantitative

91:9

2

Good

Quantitative

89:11

3

Poor

Quantitative

88:12

4

Poor

Quantitative

88:12

5

Poor

Quantitative

92:8

6

Poor

Quantitative

90:10

7

Good

Multiple products

N/A

8

Moderate

Multiple products

N/A

9

Good

Multiple products

N/A

10

Good

Multiple products

N/A
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Even though MPAA appeared to be a suitable reagent for the activation-ligation approach, in order to broaden
the general applicability, several other commercially available thiols were tested for their efficiency (see Table
1). The best ligation results combined with a suitable solubility of the thiols were obtained using MPAA and
mercaptomethylbenzoic acid (MMBA). Both derivatives gave comparable thioester formation and peptide
ligation results with similar overall S/H ratios (see Table 1; entries 1-2). More hydrophobic thiols such as
thiophenol, benzyl mercaptan, 3-methoxythiophenol and 4-methlbenzenethiol (Table 1; entries 3-6) were
poorly soluble under the conditions used and suspensions were observed, but nevertheless thioester
formation and enzymatic ligation proceeded smoothly. For aliphatic rather than aryl-type of thiols (see Table
1; entries 7-10), thioester formation was accompanied with the formation of multiple side products, therefore
not rendering these thiols suited for our purpose. MPAA and MMBA thioesters not only performed well in
the ligation reactions, but also demonstrated good chemical stability under the given reaction conditions.
Although MMBA esters proved to be slightly more stable than MPAA thioesters, both exhibited good stability
over a range of hours (less than 10% chemical hydrolysis at pH 8.5 within 180 min). Since omniligase-1
catalyzed ligation usually proceeds in the range of 15-60 min, chemical background hydrolysis is minimal.
Based on its overall performance and commercial availability at scale, MPAA was adopted as the most suitable
reagent for all subsequent experiments.

Characterization of Peptide Amidase (PAM) for C-terminal Peptide Hydrazide Formation
After the successful use of peptide C-terminal hydrazides as thioester surrogates in omniligase-1 catalyzed
ligation, we focused on an alternative approach for the synthesis of C-terminal peptide hydrazides. Here,
PAM-catalyzed hydrazinolysis of peptide C-terminal caboxamides represents a promising alternative. Our
initial studies were performed using wildtype PAM, which could be easily expressed in E.Coli as an active
enzyme, as determined by the hydrolysis of the C-terminal carboxamide group of model substrate Cbz-GlyTyr-NH2.[16] Interestingly, wildtype PAM showed a suitable thermostability (at least on short term) that allowed
reactions at higher temperature (e.g. 50°C), at which we observed significantly increased reaction rates (see
Figure 6). Notably, it had been described in literature that the activity of PAM would increase after incubating
the enzyme for 10 days at 30°C.[22] Indeed, a substantial increase in the PAM enzyme activity was observed
after following this procedure (see Figure 6).
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Figure 6. PAM-catalyzed amide hydrolysis of Cbz-Gly-Tyr-NH2 (10 mM) (1.01 µM) in 20 mM potassium phosphate buffer pH 7.5,
containing 2% (v/v) DMF for solubilization of the substrate. PAM was used at a concentration of 1.0 µM.

Next, we investigated the use of hydrazine as a nucleophile in PAM-catalyzed deamidation reactions (see
Figure 7). Initial experiments using Cbz-Gly-Tyr-NH2 in an aqueous solution of hydrazine (2.7 M) clearly
indicated that the formation to the corresponding hydrazide, i.e. Cbz-Gly-Tyr-NHNH2, is well possible,
although the results were not satisfactory yet (56% hydrazinolysis vs. 13% hydrolysis after 120 min). In order
to enable the combination of the PAM-catalyzed reaction with omniligase-1 mediated peptide ligation, further
optimization was conducted using two different model peptides instead: Ac-DFSKL-NH2, in analogy to the
earlier used model peptides, and Ac-DFSKY-NH2, since C-terminal Tyr peptide amides were reported to be
excellent substrates for PAM.[16] Both C-terminal amides proved to be suitable substrates for PAM-catalyzed
hydrazinolysis reactions. In contrast, reactions using the corresponding C-terminal acids of both peptides, i.e.
Ac-DFSKL-OH and Ac-DFSKY-OH did not lead to efficient reaction rates. Besides, the amount of product
formation was inefficient, and the reaction reached a hydrazide/ hydrolysis ratio of 29:71 for Ac-DFSKL-NH2
and 41:59 for Ac-DFSKY-NH2, respectively. Higher reaction yields starting from C-terminal acid peptides
could potentially be achieved by performing the reactions in dry organic solvents in a thermodynamically
controlled fashion pushing the equilibrium towards product formation. However, since our study was focused
on a water-based concept rendering it applicable to long unprotected peptides, these studies fell beyond the
scope of our investigations.

Figure 7. Initial experiments for investigating PAM-catalyzed hydrazinolysis of peptides.

Based on the initial experiments, it appeared that the nucleophilicity of hydrazine is sufficiently high, as
compared to water, to allow efficient conversion of the peptide C-terminal amides to hydrazides. However,
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the reaction outcome is clearly dependent on the concentration of the hydrazine solution used. A higher
concentration of hydrazine corresponded to a higher product yield versus undesired hydrolysis. No hydrazide
formation was observed in a 0.02 M hydrazine solution, while the conversion to hydrazide was more than
90% in a 4 M solution (accompanied with <10% hydrolysis). Strikingly, PAM did not lose its activity at high
concentrations of hydrazine. Concentrations of 5.5 M aqueous hydrazine or higher even resulted in slightly
better results, but limited solubility of the model substrates was observed, most probably due to extremely
high salt concentrations. In general, a hydrazine concentration of 4 M at a pH range of pH 8-9 appeared to
be optimal for the PAM-catalyzed hydrazinolysis.
hydrazide

starting material (amide)

hydrolysis

100%

80%

60%

40%

20%

0%
Tyr

Gly

Lys

Ser

Arg

Trp

Ala
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Figure 8. PAM-catalyzed hydrazinolysis of Ac-DFSKXaa-NH2; conversion after 60 min. Asn and Gln are not shown due to multiple
side-reactions. Substrates (4.8 mM) were dissolved in a 4.3 M aq. hydrazine solution at pH 8.5 and PAM (20.6 µM) was added. Some
peptides were prone to chemical hydrolysis (hydrolytic product was already present in the blank sample before the reaction was
started. Therefore, the reaction yield was corrected for initial hydrolysis at t= 0 calculated according to the formula: Corrected yield
= Yield/(100–Hydrolysis)*100%.

After having investigated the optimal conditions for efficient hydrazinolysis we determined the C-terminal P1
amino acid substrate scope of PAM using a library of 20 different peptide C-terminal amides (Ac-DFSK-XaaNH2, Xaa= each of the 20 proteinogenic amino acids). Key findings were that PAM in principle accepts all
amino acids in position P1, except Pro. However, large differences in reaction rate were observed. Peptides
containing Tyr, Gly, Lys, Ser, Arg, Trp, Ala, Phe and His in position P1 appeared to be very good substrates;
within 60 min they were completely converted into hydrazide and partially into hydrolytic side product (see
Figure 8). However, peptides containing Asp, Cys, Glu, Leu, Met and Thr in position P1 were converted with
moderate efficiency. The reaction did not reach completion within 4 h. Nevertheless, we expect that
substrates with these characteristics can still be suitable substrates in case higher equivalents of catalyst are
used. Peptides bearing Ile, Val or Pro in position P1 can be considered to be not suitable for PAM-catalyzed
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hydrazinolysis reactions. Interestingly, the conversion of peptides containing an aromatic amino acid (Phe, Trp,
Tyr) at position P1 proceeded with high efficiency, whereas peptides bearing an amino acid with an aliphatic
hydrophobic side chain (Ile, Leu, Val) in position P1 appeared to be poor substrates. Even though the peptides
with Asn and Gln in the P1 position were initially efficiently converted into hydrazides, an intramolecular
cyclisation reaction resulted in hexa- and hepta-cycles as the main product, respectively (see Figure 9).

Figure 9. Products obtained from PAM-catalyzed hydrazinolysis with Asn and Gln in position P1.[2]

In contrast to the influence of the P1 amino acid on the reaction rate, we did not observe a clear effect when
altering the P2 amino acid (library screening of Ac-KFK-Xaa-Y-NH2). For 18 out of 20 amino acids full
conversion was observed after a reaction time of 60 min; only Trp and Arg in position P2 resulted in a slower
reaction rate (<40% product formation after 60 min). Besides the PAM catalyzed reaction, we observed that
peptide amides can also undergo nucleophilic attack of hydrazine in an uncatalyzed reaction. However,
uncatalyzed hydrazide formation was significantly slower than the PAM-catalyzed reaction (<10% hydrazide
formation within 30 min). Since PAM-catalyzed ligations usually reach completion within one hour (depending
on the quantity of catalyst used) the uncatalyzed reaction was therefore not considered to be problematic.
Interestingly, it was observed that preincubation of PAM in 4-6 M hydrazine solution at pH 8-8.5 for 15 to 30
min increases the reaction rate and reduces the amount of amide hydrolysis in general. We hypothesize that
hydrazine replaces water molecules close to the enzyme catalytic centre, therefore resulting in an increased
probability of hydrazinolysis of the acyl-enzyme intermediate rather than hydrolysis.
After establishing efficient hydrazinolysis by PAM, it was investigated whether other commercially available
nucleophiles could be used to generate substrates that are able to directly serve as substrates for enzymatic
ligations using peptiligases or that would allow other chemical transformations and follow-up reactions. Besides
the previously used wildtype PAM, the use of the reported variant 12B was also investigated, which was
reported to have a broader nucleophile binding pocket to accept larger nucleophiles.[16] Thioacids can be
utilized as versatile precursors in sequential chemo-enzymatic ligations or NCL, but are difficult to obtain
synthetically, which has largely limited their application in peptide and protein chemistry.[23–25] However, the
nucleophilicity of thiols such as thiolate, methane- or ethane-thiol did not appear to be sufficiently high to
result in any product formation, neither with PAM wildtype nor with PAM 12B (see Table 2). Only hydrolysis
of the C-terminal carboxamide was observed (indicated as red crosses in Table 2). Unfortunately, also the
use of glycolamide, which would result in the formation of a C-terminal glycolate ester that can be used in
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peptiligase catalyzed ligations,[21,26,27] did not result in any product formation for both PAM variants. In contrast,
with substituted hydrazines product formation was observed when using PAM 12B. While methyl-, formyland acetyl-hydrazine were employed to find out any correlation between nucleophile size and substitution
efficiency, tert-butyl carbazate (entry 8, Table 2) could have been useful as a temporarily protected C-terminal
hydrazide. However, slow conversions accompanied with high amounts of amide hydrolysis or even product
hydrolysis in case of methyl hydrazine (entry 5, Table 2) limit their application. Better results were obtained
with propargylamine and propargylhydrazine (entry 9 and 10, Table 2), which both can be used as clickable
handles in copper-catalyzed alkyne-azide cycloaddition reactions.[28] In the case of propargyl hydrazine 43%
of product formation, accompanied with 55% hydrolysis was observed after a reaction time of 1h. With an
increased nucleophile concentration of 15 M even 50% product formation was observed after 4 h.
Table 2. Screening of different nucleophiles for conversion with PAM wildtype and PAM 12B. Values given indicate synthesis/ starting
material/ hydrolysis (%). Red crosses indicate that only amide hydrolysis and no product formation occurred.

Entry

Nucleophile

PAM wildtype

PAM 12B
(synthesis/ starting mat./ hydrolysis (%))

1
2
3
4
5

35/ 0/ 65 (30 min)*

6

5/ 90/ 5 (240 min)

7

26/ 7/ 67 (60 min)

8

12/ 62/ 26 (240 min)

9

27/ 0/ 73 (240 min)

10

43/ 2/ 55 (60 min)
= no product formation, only amide hydrolysis observed.
* after 30 min hydrolysis of the product occurred
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A similar transformation using an organic solvent concept has recently been reported by Bian et al..[19] Clearly,
the corresponding clickable peptide can be obtained in higher yields (close to 100%), but organic solvents
permit the use of this transformation for the C-terminal modification of most proteins and peptides due to
solubility problems. In addition to the nucleophiles listed in Table 2, previously conducted experiments
suggested that sodium azide and semicarbazide do not serve as suitable nucleophiles for wildtype PAM
catalyzed reactions. In general, it was shown that besides hydrazine several other nucleophiles could be used
for PAM 12B-catalyzed reactions, although with limited success, but clearly outperforming PAM wildtype.
Moreover, apart from using PAM-catalyzed hydrazinolysis for peptidic substrates, it can be envisaged to be
applied to proteins as well, thereby providing a route for the synthetic preparation of protein C-terminal
thioesters. Although protein C-terminal amides are difficult to obtain using standard expression systems, a few
techniques have been described such as protein co-expression with peptidylglycine-amidating
monooxygenase,[29] which could provide a general applicable methodology towards the expression of peptide
and protein amides. However, hydrazide activation and the following thioesterification might require too harsh
conditions (4M hydrazine, 6 M Gdn.HCl, pH 3), that would limit its applicability.

Multi-Fragment Assembly of Exenatide
In order to demonstrate the applicability of the functionalization-activation-ligation strategy, the assembly of
the pharmaceutical peptide exenatide in the N-to-C direction was chosen as an example. Previously, we
reported an enzymatic two fragment condensation strategy for the efficient synthesis of the GLP-1 analogue
exenatide (see chapter 2 and Figure 10A).[21] Now, we devise an N-to-C fragment condensation strategy using
three fragments, combining classical enzymatic ligation of a C-terminal glycolate type of ester with an acyl
acceptor C-terminal amide followed by PAM-catalyzed C-terminal hydrazinolysis, thioester activation and
subsequent ligation of the activated fragment (see Figure 10B). As compared to the two-fragment approach,
the use of shorter fragments could potentially lead to a higher overall synthesis yield. Our first attempts focused
on using the established nitrite oxidation method for transforming peptide hydrazides into thioesters.[4] Later,
we also investigated the same three fragment ligation approach using the recently described (milder) activation
of peptide hydrazides via an acyl-pyrazole intermediate using acetylacetone (acac).[5]
For the N-to-C three fragment ligation approach the original strategy of 1-21 + 22-39 was changed to 1-8
+ 9-21 + 22-39. The ligation site between position 21 and 22 was maintained, since this position has already
been proven to be a suitable ligation site for peptiligase variants.[21] In addition to this established ligation site,
the recent discovery of thymoligase (see chapter 3) enables the ligation of H-Exn(1-8)-Cam-LK-OH and HExn(9-21)-NH2. Thymoligase was optimized for the recognition of acidic amino acid residues in position P1’,
more specifically for the sequence ‘DL’ present at the coupling position in thymosin-α1 (see chapter 2), which
is identical to the N-terminal sequence of H-Exn(9-21)-NH2. With an excess of the acyl donor fragment H175
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Exn(1-8)-Cam-LK-OH (4 eq.), the thymoligase-catalyzed ligation was almost quantitative within 45 min (see
Figure 11). Identical to the omniligase-1 catalyzed ligation of H-Exn(1-21)-Cam-L-OH with
H-Exn(22-39)-NH2, no temporary N-terminal protection was required, since the ‘HG’ N-terminus does not
represent a suitable substrate for both thymoligase and omniligase-1.[21] After completion of the reaction, a
highly concentrated solution of aq. hydrazine (final concentration of 4 M) together with PAM as a catalyst was
added to the crude reaction mixture. After only 10 min efficient conversion to the corresponding hydrazide
H-Exn(1-21)-NHNH2 was observed. The conversion of the starting material was quantitative, however,
accompanied with 8% hydrolysis by-product (same tR as corresponding amide). Although Leu in position P1
was not deemed to be best suited for efficient PAM-catalyzed C-terminal hydrazinolysis (see Figure 8), we
observed that an approximately two-fold increase of the molar equivalents of PAM used as compared to the
library screening conditions (1.3 nmol PAM vs. 0.05 nmol PAM per 1 µmol substrate) was adequate to achieve
efficient hydrazide formation. Unfortunately, a small amount of a second hydrazinolysis of
H-Exn(1-21)-NHNH2, was observed; probably via an uncatalyzed hydrazinolysis of the Gln carboxamide
(<5%).

Figure 10. A) Chemo-enzymatic synthesis of exenatide from two fragments and B) Chemo-enzymatic synthesis of exenatide in N-toC direction using three fragments. The full-length sequence of exenatide is given in B).
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Figure 11. Ligation of H-Exn(1-8)-Cam-LK-OH and H-Exn(9-21)-NH2 and subsequent PAM-catalyzed hydrazinolysis. The HPLC
trace of the reaction is shown: H-Exn(108)-Cam-LK-OH and H-Exn(9-21)-NH2 (0 min, bottom trace) are efficiently ligated using
thymoligase within 45 min (middle trace). Addition of PAM and concentrated aq. hydrazine resulted in the formation of C-terminal
hydrazide H-Exn(1-21)NHNH2 (10 min, top trace). Reactions were performed in a sequential one-pot fashion.

The intermediate hydrazide fragment H-Exn(1-21)NHNH2 was isolated as a pure intermediate either via
centrifugal ultrafiltration or preparative HPLC. Purification was deemed necessary since the combination of
NaNO2 and N2H4 could lead to the formation of hazardous hydrazoic acid (HN3). The activation of
H-Exn(1-21)-NHNH2 using NaNO2/MPAA proceeded cleanly and the combined addition of
H-Exn(22-39)-NH2 and omniligase-1 resulted in the formation of the final exenatide product. However,
repeatedly a broad product peak was observed in the HPLC chromatogram, leading to the assumption that
the oxidative conditions used might induce unknown side-reactions, e.g. oxidation of Met, Tyr or Trp.[30]
Hence, the use of the milder acetylacetone activation approach to give an acylpyrazole as the activated
intermediate described by Dawson et al. could be preferred.[5] Indeed, clean formation of the thioester was
observed, which was subsequently efficiently ligated to H-Exn(22-39)-NH2 using omniligase-1 within 60 min.
No peak broadening was observed (see Figure 12) and with only a slight excess (2.5 eq.) of the acyl acceptor
fragment only a very limited amount of hydrolysis (<2%) was detected. Interestingly, the activation of the
hydrazide also worked without the addition of Gdn.HCl, however, at a significantly reduced rate (approx. 3fold slower).
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Figure 12. HPLC traces of the activation of H-Exn(1-21)-NHNH2 (0 min) to the corresponding MPAA thioester (90 min) using
acetylacetone/ MPAA and omniligase-1 catalyzed ligation of the activated fragment with H-Exn(22-39)-NH2 to yield exenatide (HExn(1-39)-NH2; 150 min) as the final product.

Plug & Play Synthesis of the Cyclotide MCoTI-II and derivatives
Besides its application for the N-to-C assembly of linear peptides using multiple fragments, we also investigated
the applicability of the PAM-activation approach for the synthesis of peptide head-to-tail macrocycles from
two independent fragments. We envisioned a modular approach to be extremely beneficial in case of the
synthesis of large macrocyclic peptides, e.g. >30 amino acids in length. The 34-mer cyclotide MCoTI-II,
which had been extensively studied in our labs, was chosen as a model system. The established coupling sites
L1 (…VCPK // IL…) and L2 (…CRGN // GY…) (see chapter 4) were maintained. In order to prevent
oligomerization or cyclization of the fragment initially bearing the C-terminal ester, an N-terminal 1-(4,4dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) group was employed as a temporary protecting group.
After the synthesis of the respective fragments Dde-ILKKCRRDSDCPGACICRGN-HMBA-L-OH and
H-GYCGSGSDGGVCPK-NH2 using standard SPPS procedures, ligation was performed in an aqueous
solution of 100 mM tricine buffer pH 8.5 using peptiligase #1015, which has proven to be a suitable catalyst
for this coupling (see chapter 4). Low mM concentrations and an excess of the acyl acceptor fragment (5 eq.)
were required to achieve efficient ligation (see Figure 13A). Unfortunately, besides efficient peptide bond
formation after just 10 min, peptiligase #1015 also slowly catalyzed cleavage of the resulting linear product
Dde-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NH2 at position LKKC // RR. Cleavage was
confirmed by incubating linear MCoTI-II-L1 amide (60 nmol) with a high amount of peptiligase #1015 (2
nmol). Interestingly, this cleavage reaction does not seem to occur with cyclic c-MCoTI-II, showcasing the
increased stability of macrocyclic peptides. However, quenching the reaction immediately after completion,
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e.g. by acidification and subsequent purification, minimized the occurrence of this side-reaction. Following
purification of the linear Dde-protected peptide C-terminal amide, PAM-catalyzed hydrazinolysis resulted in
the formation of the corresponding C-terminal hydrazide in 85% yield within 15 min (Figure 13B).
Simultaneously, the high concentration of hydrazine also resulted in the efficient removal of the N-terminal
Dde protecting group.[31,32] After hydrazine removal by preparative HPLC, the C-terminal hydrazide was
activated to its corresponding MPAA thioester using the methodology adopted from Dawson et al. (Figure
13C).[5] Subsequent head-to-tail cyclization of the linear thioester precursor using omniligase-1 efficiently
yielded oxidatively folded cf-MCoTI-II in just 60 min (Figure 13D). Interestingly, oxidative folding proceeded
significantly faster than expected (1 h vs. >12 h). We reasoned that rapid oxidative folding occurred due to
the presence of an excess of MPAA and reduced glutathione (GSH), potentially promoting disulfide shuffling.
The identity of chemo-enzymatically synthesized cf-MCoTI-II was confirmed via HPLC-MS comparison with
native chemically synthesized MCoTI-II. Similarly to the reaction under oxidative conditions, the cyclization
reaction can also be performed under reducing conditions (using tris(2-carboxyethyl)phosphine (TCEP)),
resulting in the formation of reduced c-MCoTI-II in 90% (a/a) HPLC yield, accompanied with the formation
of 10% hydrolysis by-product. The amount of hydrolysis could not be determined for the reaction under
oxidative conditions due to rapid disulfide shuffling.
This two fragment ligation-activation-cyclization synthesis route for the assembly of MCoTI-II and related
derivatives presents a new modular assembly process, which enables high flexibility, e.g. for cyclotide grafting
studies.[33,34] In addition, this approach enables the synthesis of long MCoTI-I variants such as MCo-PMI,[35]
were straight-through SPPS assembly might be hampered simply due to the length of the peptide (51 amino
acids).
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Figure 13. Two fragment three enzyme ligation strategy for the synthesis of cf-MCoTI-II: Schematic overview and HPLC-traces of
each reaction are shown. A) Ligation of Dde-ILKKCRRDSDCPGACICRGN-OHMBA-L-OH and H-GYCGSGSDGGVCPK-NH2 (5
eq.) using peptiligase #1015. Following HPLC purification, B) PAM hydrazinolysis and simultaneous deprotection of the N-terminal
Dde protection group was performed. Again, following HPLC purification, C) activation of the newly performed C-terminal peptide
hydrazide was performed using the acac/ MPAA activation protocol.[5] Finally, D) omniligase-1 catalyzed cyclization and oxidative
folding in a one-pot reaction was performed to yield cf-MCoTI-II.

180

PAM Catalyzed Hydrazinolysis and its Use in Multi-Fragment Peptide Ligation

Conclusion
Peptide hydrazides are known to be useful intermediates in CEPS, NCL or hydrazone ligation. Here, we
devised a new route for the enzymatic synthesis of C-terminal peptide hydrazides, i.e. via successfully
expanding the scope of PAM-catalyzed C-terminal functionalization of peptides to the hydrazinolysis of peptide
amides in water. A detailed characterization of PAM revealed that this approach is applicable to a wide range
of different peptides and peptide hydrazides of the majority of all 20 proteinogenic amino acids at the
C-terminus can be efficiently prepared. We demonstrated that hydrazides, converted into several different
thioesters using established activation protocols,[4,5] can serve as acyl donor substrates for omniligase-1
catalyzed inter- and intramolecular ligations. Peptiligase variants proved to be particularly stable under the
harsh conditions used for the hydrazide thioester conversion. Enzymatic ligations using thioesters as substrates
proceeded with excellent conversions and only limited formation of hydrolytic by-product. The combination
of both described methods (enzymatic ligation and PAM catalyzed hydrazinolysis) resulted in a
functionalization-activation-ligation reaction sequence that enables the sequential ligation of peptides amides
in an N-to-C direction. Both reactions can be combined in a sequential one-pot procedure, i.e. enzymatic
ligation followed by PAM-catalyzed hydrazinolysis in one pot. In theory, the peptide ligation strategies in both
directions (N-to-C and C-to-N) could be employed for the convergent synthesis of (small) proteins. We clearly
showed that this unique activation-ligation or cyclisation approach involving two to three distinct enzymes is
applicable to a wide range of different linear as well as head-to-tail cyclic peptides, as exemplified for the Nto-C synthesis of the GLP-1 analogue exenatide from three fragments and the synthesis of the cyclotide
MCoTI-II from two fragments. Especially the later represents an elegant approach that enables the modular
synthesis of long (disulfide-rich) multi-cyclic peptides, where straight-through SPPS assembly might be
hampered simply due to the length of the peptide.
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Experimental Section
Omniligase-1 and Peptiligase #1015 was obtained from EnzyPep B.V. and native chemically synthesized
MCoTI-II was a kind gift from the lab of David Craik (University of Queensland, Australia).

Solid Phase Peptide Synthesis
Synthesis of peptide C-terminal hydrazides
Peptide hydrazides were synthesized using hydrazine modified 2-chlorotrityl chloride (CTC) resin according
to a literature procedure.[36] For activation, CTC resin was swollen in dichloromethane (DCM; 2x 2 min),
before incubation in a 10% (v/v) solution of thionyl chloride in dimethylformamide (DMF; 2x 2 h). The
activated resin was washed with DMF (2x 2 min) and washed with a 1:1 (v/v) mixture of DCM and DMF for
30 min. Subsequently the resin was agitated in a 5% (v/v) solution of hydrazine hydrate (NH2NH2·H2O) in
DMF (20 mL) for 30 minutes before brief washing with DMF. Again, the resin was agitated in a 5% (v/v)
solution of NH2NH2·H2O in DMF for 30 min. After, the resin was thoroughly washed with DMF (3x 10 s),
DCM (3x 10 s) and DMF (6x 10 s). To cap unreacted chlorine moieties, the resin was incubated with a
solution of 5% (v/v) methanol in DMF for 10 minutes, before washing again with DMF (3x 10 s), DCM (3x
10 s), DMF (3x 10 s). The resulting 2-chlorotrityl hydrazine resin was used as a starting point for peptide
elongation using classical SPPS protocols:
After swelling the resin in DCM (10 min) and washing the resin with DMF (3x 2 min), Fmoc-deprotection
was performed by agitating the resin in a solution of 20% (v/v) piperidine in DMF (2x 8 min). Subsequently,
the resin was thoroughly washed with DMF (6x 2 min). The next amino acid was coupled using a solution of
Fmoc-AA-OH (4 eq.), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU;
4 eq.) and Oxyma Pure (4 eq.) in DMF with N,N-diisopropylethylamine (DIPEA, 8 eq.) added as a base (45
min). Subsequently, the resin was washed with DMF (2 min). For peptide elongation steps of deprotection,
washing and coupling were repeated. For N-terminal acetylated peptide hydrazides, after final Fmocdeprotection, acetylation was performed by agitating the resin in a 1/1/8 (v/v/v) mixture of acetic
anhydride/DIPEA/DMF for 30 minutes. Finally, the resin was washed with DMF (3x 2 min) and DCM (3x 2
min), followed by drying in a stream of nitrogen. Cleavage of the peptide from the resin and side-chain
deprotection was performed using a 95/2.5/2.5 (v/v/v) mixture of trifluoroacetic acid (TFA)/triisopropylsilane
(TIS)/water for 2 hours. The slurry was filtered, and the filtrate was gently poured into an ice-cold
diisopropylether (10 mL cleavage mixture per 90 mL ether), followed by drying the crude precipitate under
reduced pressure. Peptides were analyzed by HPLC-MS and if deemed necessary, purified using preparative
HPLC.
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Library Synthesis: Ac-DFSKXaa-NH2
A library of peptides with the sequence Ac-DFSKXaa-NH2 (Xaa= each of the 20 proteinogenic amino acids)
using standard SPPS protocols using a Rink amide resin (0.43 mmol/g, 0.2 mmol scale). Coupling of amino
acids was performed using a solution of Fmoc-amino acid (4 eq.),HBTU (4 eq.) Oxyma Pure (4 eq.) and
DIPEA (8 eq.) in DMF for 45 min. Fmoc-deprotection was performed with 20% (v/v) piperidine in DMF (2x
8 min). Acetylation was performed using a mixture of 5% (v/v) acetic anhydride and 5% (v/v) DIPEA in DMF
for 30 min. Cleavage of the peptide from the resin and side-chain deprotection was performed using a
95/2.5/2.5 (v/v/v) mixture of TFA/TIS/water for 2 hours. The slurry was filtered, and the filtrate was gently
poured into an ice-cold (-20°C) diisopropylether (10 mL cleavage mixture per 90 mL ether), followed by
drying the crude precipitate in vacuo. Peptides were analyzed by HPLC-MS and if deemed necessary, purified
using preparative HPLC.
Synthesis of Exenatide Fragments:
H-Exn(1-8)-Cam-LK-OH was synthesised using Fmoc-Lys(Boc)-Wang resin (0.32 mmol/g) following classical
SPPS procedures. The Cam-ester was introduced using Fmoc-Ser(tBu) glycolic acid, which was prepared
according to Nuijens et al..[37] The final product was purified using preparative HPLC.
H-Exn(9-21)-NH2 was synthesised using a Rink amide resin (0.43 mmol/g) following classical SPPS procedures
(see chapter 2). The final product was purified using preparative HPLC.
H-Exn(22-39)-NH2 was synthesized using a Rink amide resin (0.43 mmol/g) following classical SPPS
procedures. Two dipeptide building blocks were used, namely Fmoc-Gly-Gly-OH and Fmoc-Pro-Pro-OH.
The final product was purified using preparative HPLC.
Table 3. Codes, sequences and MWs (calculated and experimental) of synthesized peptide for the three-fragment ligation approach
for the synthesis of exenatide.

Peptide

Sequence

MWcalc

MWexp

H-Exn (1-8)-Cam-LK-OH

H-HGEGTFTS-Cam-LK-OH

1133.5

1133.2

H-Exn (9-21)-NH2

H-DLSKQMEEEAVRL-NH2

1546.8

1546.2

H-Exn (1-21)-NHNH2

H-HGEGTFTSDLSKQMEEEAVRL-NHNH2

2377.2

2377.5

H-Exn (22-39)-NH2

H-FIEWLKNGGPSSGAPPS-NH2

1840.1

1839.6

H-Exn(1-39)-NH2

H-HGEGTFTSDLSKQMEEEAVRLFIEWL-

4184.0

4184.0

KNGGPSSGAPPS-NH2
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MCoTI-II fragments:
Both

Dde-ILKKCRRDSDCPGACICRGN-OHMBA-L-OH

and

H-GYCGSGSDGGVCPK-NH2

were

synthesized using standard SPPS protocols. Fmoc-Leu-Wang resin (0.32 mmol/g) and Fmoc-Rink amide resin
(0.33 mmol/g) were washed with DCM (2x 2 min, generally 10 mL/ g resin) and DMF (2x 2 min). Fmocdeprotection was performed using 20% (v/v) piperidine in DMF (2x 8 min). After washing with DMF (6x 2
min), the next amino acid (4 eq.) was coupled using HBTU (4 eq.), OxymaPure (4 eq.) and DIPEA (8 eq.) in
DMF for 45 min. The cycle of deprotection, washing and coupling was repeated till completion of the
synthesis. The peptide containing the HMBA-ester was prepared as follows: Bromo-HMBA (4 eq.) was
coupled to a preloaded Leu-Wang resin using diisopropylcarbodiimide (DIC, 4 eq.) and OxymaPure (4 eq.)
in DMF (2x 20 min). Esterification was performed using Fmoc-amino acid (4 eq.), DIPEA (4 eq.) and potassium
iodide (0.1 eq.) for 16 hours at 50°C.[38] Fmoc-Asp(tBu)-Gly(Dmb)-OH (Dmb= N-(2,4Dimethoxybenzyl)glycine) was used to prevent aspartimide formation (position underlined in sequence). In
addition, two pseudoproline dipeptides were used during synthesis: DS (position indicated in bold and
underlined) and GS (position indicated in bold and italics in the sequence). Double couplings were performed
for coupling arginine residues. Dde protection was introduced by agitating the resin in DMF with Dde (2 eq.)
and DIPEA (8 eq.) over-night.
After the final Fmoc-deprotection (2x 30 min), the resin was dried under a flow of nitrogen. Cleavage from
the resin and side-chain deprotection was performed using a mixture of 87.5/ 5/2.5/2.5/2.5 (v/v/v/w/v)
TFA/TIS/thioanisole/dithiothreitol (DTT)/water for 120 min. The crude peptide was precipitated using
diisopropylether (10 mL cleavage mixture per 40 mL diisopropylether). followed by drying the crude
precipitate under reduced pressure. Peptides were analyzed by HPLC-MS and if deemed necessary, purified
using preparative HPLC.
Table 4. Codes, sequences and MWs (calculated and experimental) of synthesized peptide for the two-fragment ligation-activationcyclization approach for the synthesis of the cyclotide MCoTI-II.

Peptides

MWcalc

MWexp

Dde-ILKKCRRDSDCPGACICRGN-OHMBA-L-OH

2618.3

2618.0

H-GYCGSGSDGGVCPK-NH2

1284.5

1284.0

Dde-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NH2

3637.6

3637.2

H-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NHNH2

3488.6

3489.5

cf-MCoTI-II (cf[ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK])

3450.5

3451.2

184

PAM Catalyzed Hydrazinolysis and its Use in Multi-Fragment Peptide Ligation

Analytical Characterization via HPLC-MS
Analytical HPLC was performed on an Agilent 1260 Infinity system, equipped with a reversed phase
Phenomenex Luna Prep C18 column (10 µm, 250 × 4.6 mm) and coupled to an Agilent 6130 Quadrupole
LC/MS system. Analysis was carried out at 40°C and UV detection at λ= 220 nm. Samples were eluted using
a linear gradient of solvent B (acetonitrile containing 0.05% (v/v) methanesulfonic acid) in solvent A (water
containing 0.05% (v/v) methanesulfonic acid) at a flow rate of 1 mL/min. Individual gradients were chosen
each peptide individually. S/H ratios as well as general conversions (%) were calculated based on the
integrated peak area.

Screening of thiols in thioester formation using NaNO2 oxidation
The peptide hydrazide fragment Ac-DFSKL-NHNH2 (14 mM) was oxidized using NaNO2 (21 eq.) in 0.2 M
phosphate buffer containing 6 M Gdn.HCl (pH 3) for 15 min at -15°C (dry ice/ acetone mixture). Following
oxidation, the corresponding thiol (64 eq.) and the acyl acceptor fragment H-ALKKF-NH2 (1.1 eq.) dissolved
in 0.2 M sodium borate buffer were added to the acyl donor fragment solution. The resulting pH was pH
8.0- 8.5 at room temperature. The ligation reaction (4.7 mM acyl donor fragment) was initiated by adding
omniligase-1 (1.19 µM) and monitored via HPLC-MS.

Expression and Purification of PAM
Expression of PAM wildtype was performed in E.coli. LB medium containing 100 µg/mL ampicillin was
inoculated from an overnight culture and incubated at 37°C while shaking for 5 hours. After an OD600 of 0.6
was reached protein expression was induced by the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG)
to a final concentration of 75 µM. Subsequently, the culture was incubated at 20°C for 24 h. Cells were
harvested by centrifugation (4000 x g, 4°C, 1 h) and the pellet was resuspended in 0.02 M potassium
phosphate buffer pH 7.5 containing 0.5 M NaCl (20% (w/w) pellet). Following cell lysis by sonication the
lysate was cleared by centrifugation (10000 x g, 4°C, 1 h) and purified using a cobalt affinity purification system
(TALON, Clontech) according to the manufacturer’s instructions. The cleared lysate was loaded onto a preequilibrated resin and incubated overnight at 4°C on a rocky shaker. Using gravity flow the flow-through was
collected and the resin was washed with a buffer containing 0.02 M potassium phosphate, pH 7.5, 0.5 M
NaCl. Subsequently, the enzyme was eluted using elution buffer (0.02 M potassium phosphate buffer (pH
7.5), 0.5 M NaCl, 0.2 M imidazole). The purified enzyme was desalted in protein storage buffer (20 mM
potassium phosphate buffer, pH 7.5) using ultracentrifugation (Amicon ultra centrifugal filter, 30 kDa molecular
weight cut-off (MWCO)). The enzyme solution was stored in aliquots at -80°C until further use. The yield of
185

Chapter 8
purified protein was 5-10 mg/L culture. Before use the enzyme was incubated for 10 days at 30°C to increase
the enzyme activity.

PAM Activity Assay
To assay the activity of a produced batch of PAM, commercially available Cbz-Gly-Tyr-NH2 (18.5 mg, 50
µmol) was dissolved in 5 mL of 20 mM phosphate buffer pH 7.5 containing 2% (v/v) DMF. The reaction was
initiated by adding PAM (3.5 µg, 65 pmol) to 500 µL of the peptide solution. The reaction was performed at
20°C or 50°C and the hydrolysis reaction was followed by HPLC-MS. Time samples were prepared by
quenching 5 µL of the reaction mixture in 95 µL a 3:1 (v/v) mixture of acetonitrile (ACN)/water containing
0.5% (v/v) methanesulfonic acid (MSA).

Screening of Ac-DFSKXaa-NH2 for PAM-Catalyzed Hydrazinolysis
For screening the P1 peptide amide library of the format Ac-DFSKXaa-NH2 (Xaa= each of the 20
proteinogenic amino acids) 1 mg (approx. 1.5 µmol) of each crude peptide was dissolved in 50 µL ultrapure
water, before 300 µL of 5 M aq. N2H4.HCl (pH 8) was added. PAM wildtype (25 µg, 0.46 nmol) was added
and the reaction was monitored via HPLC-MS. Samples were taken after 0, 30, 60, 120 and 240 min by
quenching 10 µL of reaction mixture in 390 µL aq. NaHSO4 pH 1.4.

Screening of Alternative Nucleophiles in PAM-catalyzed Reactions
Ac-DFSKY-NH2 (1 mg, 1.4 µmol) was dissolved in 5 M nucleophile solution in H2O (300 µL) and immediately
PAM (50 µg, 0.9 nmol) was added to start the reaction. The reaction was performed at room temperature
and was followed via HPLC-MS. After 15, 30, 60, 120 and 240 min 2.5 µL of reaction mixture were
quenched in 97.5 µL aq. NaHSO4 pH 1.4.

PAM-catalyzed Hydrazinolysis of Peptide C-terminal Carboxamides
General Procedure (exemplified for Ac-DFSKY-NH2):
Ac-DFSKY-NH2 (1.7 µmol, 1 eq.) was solubilized in 50 µL ultrapure water and 300 µL of a 5 M aq. N2H4.HCl
solution (pH 8-8.5) was added. PAM (50 µg, 0.9 nmol) was added and the reaction mixture was incubated
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at 20°C. The reaction progress was monitored by HPLC-MS. Time samples were taken by quenching 10 µL
of the reaction mixture in 390 µL of 1 M aq. aq. NaHSO4 pH 1.4.

Activation of Peptide Hydrazides and their Subsequent use in Enzymatic Ligations
General Procedure:
(Exemplified for Ac-DFSKL-NHNH2 as the acyl donor and H-ALKKF-NH2 as the acyl acceptor fragment)
Ac-DFSKL-NHNH2 (2.8 µmol, 1 eq.) was dissolved in 200 µL buffer (0.2 M potassium phosphate buffer, 6
M guanidinium chloride, pH 3). The solution was cooled to –15°C using a mixture of acetone/ dry ice and
120 µL of a 0.5 M solution of aq. NaNO2 (60 µmol, 21 eq.) was added. The mixture was incubated at –
15°C for 15 minutes, followed by the addition of a solution of MPAA (178 µmol, 64 eq.) and acyl acceptor
fragment H-ALKKF-NH2 (3.1 µmol, 1.1 eq.) dissolved in 400 µL of a 0.2 M sodium borate buffer (pH 10).
The pH was checked and, if necessary, carefully adjusted to 8.5 using 1 M aq. NaOH or 1 M aq. H3PO4. To
initiate the ligation reaction, omniligase-1 (20 µg, 0.7 nmol) was added. The reaction was allowed to proceed
at 20°C and the reaction progress was followed by HPLC-MS. Time samples were prepared by adding 5 µL
of the reaction mixture to 95 µL of a 3:1 (v/v) mixture of ACN and water containing 0.5% (v/v) MSA.

Multi-Fragment Assembly of Exenatide
One-pot Ligation of H-Exn(1-8)-Cam-LK-OH and H-Exn(9-21)-NH2 and Subsequent PAM-catalyzed
Hydrazinolysis:
H-Exn(1-8)-Cam-LK-OH (3 mg, 2.2 µmol, 4 eq.) and H-Exn(9-21)-NH2 (1 mg, 0.5 µmol) was dissolved
180 µL water before 20 µL of 1 M tricine buffer pH 8.5 and 5 µL of a TCEP stock solution (350 mM) were
added. The pH was adjusted to pH 8.3 using 3 M aq. NaOH. Thymoligase (80 µg, 2.8 nmol) was added to
initiate the reaction, which was followed via HPLC-MS by directly injecting the reaction mixture into the
system. After the reaction was complete (45 min) 800 µL of aq. 4 M hydrazine pH 8.1 was added together
with 75 µg (1.4 nmol) PAM. Again, the reaction was followed via HPLC-MS by directly injecting the reaction
mixture into the HPLC-MS system. After completion of the reaction (10 min) the resulting product H-Exn(121)-NHNH2 was isolated via preparative HPLC.
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Hydrazide activation of H-Exn(1-21)-NHNH2 using Na NO2 and Subsequent Enzymatic Ligation:
The thioester activation protocol was adopted from Liu et al..[1,2,39] H-Ex1-21-NHNH2 (1.5 mg, 0.55 µmol,
1 eq.) was dissolved in 200 µL of 0.2 M potassium phosphate buffer pH 3 containing 6 M Gdn.HCl. The
solution was cooled to -15°C and 10 µL of a 0.5 M solution of NaNO2 in water (5 µmol, 10 eq.) was added.
The mixture was incubated at -15°C for 15 minutes, before a solution of H-Ex22-39-NH2 (2.2 mg, 1.1 µmol,
2 eq.) and MPAA (2.0 mg, 12 µmol, 22 eq.), dissolved in 400 µL of a 0.2 M sodium borate buffer pH 10 was
added. The pH of the resulting mixture was carefully adjusted to 8.5 using aq. NaOH and aq. H3PO4.
Omniligase-1 (16 µg, 0.6 nmol) was added and the ligation reaction was allowed to proceed at 20°C. The
reaction progress was followed by HPLC-MS. Samples were prepared by quenching 5 µL of the reaction
mixture in 95 µL of a 3:1 (v/v) mixture of ACN/water containing 0.5% (v/v) MSA.

Hydrazide activation of H-Exn(1-21)-NHNH2 using Acac and Subsequent Enzymatic Ligation:
The thioester activation protocol was adopted from Dawson et al..[5] MPAA (33 mg) was dissolved in a
solution of 6M Gdn.HCl (1 mL) and undissolved MPAA was removed by filtration using a 0.22 µM syringe
filter. The pH of the solution was adjusted to pH 3. H-Ex1-21-NHNH2 (3 mg, 1.1 µmol) was dissolved in
800 µL of the MPAA containing solution (800 μL) and acetylacetone (acac; 1 µL) was added. The reaction
progress was followed by HPLC-MS by direct injection of the reaction mixture into the HPLC-MS. After full
conversion of the hydrazide into the thioester (after 120 min), the acyl acceptor fragment H-Ex22-39-NH2
(6 mg, 2.8 µmol, 2.5 eq.), 1600 µL water, 600 µL of 1M tricine buffer pH 8.5 and 30 µL TCEP stock solution
(350 mM) were added. This resulted in a final pH of 8.1, a Gdn.HCl concentration of 2 M and a tricine buffer
concentration of 200 mM. Last omniligase-1 (50 μg, 1.8 nmol) was added and the reaction progress was
followed by HPLC-MS.

Plug & Play Assembly of MCoTI-II
Intermolecular Ligation for the Synthesis of Dde-MCoTI-II A-NH2:
Fragments

Dde-ILKKCRRDSDCPGACICRGN-HMBA-L-OH

(0.4

mg,

0.125

µmol)

and

H-

GYCGSGSDGGVCPK-NH2 (1.25 mg, 0.65 µmol, ~5 eq.) were dissolved in 12.5 µL water, followed by
the addition of 25 µL 1 M tricine buffer pH 8.5 containing 3.5 mM TCEP. Peptiligase #1015 (20 µg, 0.7
nmol) was added to initiate the enzymatic ligation. The reaction was performed at room temperature and the
reaction progress was followed by HPLC-MS. For this 10 µL of reaction mixture were quenched in 10 µL
2% (v/v) aq. TFA. To prepare larger amounts of material the ligation was scaled out using identical parameters,
followed by purification via preparative HPLC.
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PAM-catalyzed Hydrazinolysis and Dde deprotection of Dde-MCoTI-II L1-NH2:
Dde-MCoTI-II A-NH2 (Dde-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NH2, 0.2 mg, 48 nmol)
was dissolved in 15 µL deionized water and 50 µL of a 6 M aq. N2H4 solution pH 8.5 were added. The
reaction was initiated by the addition of 50 µg PAM (0.9 nmol) and the reaction progress at 20°C was
monitored via HPLC-MS. For this 10 µL of reaction mixture were quenched in 10 µL 2% (v/v) aq. TFA. To
prepare larger amounts of material the ligation was scaled out using identical parameters, followed by
purification of the final Dde-deprotected C-terminal hydrazide via preparative HPLC.

Acac/MPAA Activation of H-MCoTI-II-L1-NHNH2, Cyclization and Oxidative Folding:
0.6 mg MPAA (50 eq.) was dissolved in18 µL 6 M aq. Gdn.HCl pH 7.0 and heated to 50°C for 5 minutes
until the MPAA was almost fully dissolved. The suspension was filtered over a syringe filter to obtain a clear
solution. The resulting pH was 2-3. MCoTI-II L1 hydrazide (0.25 mg, 60 nmol, 1 eq.) was dissolved in the
MPAA containing solution and acac (2.5 eq.) was added. The reaction was followed via HPLC-MS by direct
injection of the reaction mixture. After quantitative formation of the MPAA thioester 390 µL of H2O and 100
µL of 1 M potassium phosphate buffer pH 8.5 containing 5 mM GSH were added, followed by the addition
of omniligase-1 (10 µg, 0.35 nmol). The reaction progress was followed via HPLC-MS. For this 10 µL of
reaction mixture were quenched in 10 µL 2% (v/v) aq. TF
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Summary
The renaissance of peptides as prospective therapeutics has fostered the development of novel strategies for
their synthesis and modification. In this context, besides the development of new chemical peptide ligation
approaches, especially the use of enzymes as versatile tools has gained increased attention. Nowadays, due
to their inherent properties such as excellent regio- and chemoselectivity, enzymes represent invaluable
instruments in both academic and industrial laboratories. However, despite their strength, many ligases have
limitations, such as low catalytic efficiency or a narrow substrate scope. Thus, 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.
Chapter 1 provides a concise introduction on the use of enzymes in peptide and protein ligation. Following
the introduction of the basic concept of enzyme-catalyzed peptide ligation, the most important enzymes
currently used are described together with their respective advantages and disadvantages, as well as their
potential applications.
On this basis, in chapter 2 we describe the engineering of a novel, broad specificity peptiligase variant, termed
omniligase-1, to expand the toolbox of existing enzymes and to overcome limitations of peptiligase-catalyzed
ligation. Omniligase-1 has been designed to enable the efficient and traceless ligation of various peptides,
which can also contain unnatural and protected natural amino acids. Its broad applicability is exemplified by
synthesizing several linear peptides including the antidiabetic therapeutic exenatide on gram scale. In addition,
we describe the N-to-N-fusion of peptides using double-headed Cam-esters as well as the efficient head-totail cyclization of peptides longer than 12 amino acids.
The design of the more specific peptiligase variant thymoligase is described in chapter 3. Using a structureinspired engineering approach thymoligase has been specifically tailored to enable a more cost-effective
production of the difficult to synthesize peptide therapeutic thymosin-α1, which has been successfully
synthesized at gram scale. Thymosin-α1, an acetylated 28 amino acid long therapeutic peptide, is exceptionally
challenging to synthesize via conventional chemical methods. Using a convergent [14+14] chemo-enzymatic
ligation approach thymosin-α1 was obtained with a two-fold increased overall yield as compared to those
typical for existing industrial processes. The crystal structure of thymoligase was solved to rationalize the
improvement of this particular peptiligase variant.
Due to the lack of methodologies for the efficient synthesis of naturally occurring disulfide-rich multicyclic
peptides, such as cyclotides, the application of peptiligase variants, i.a. omniligase-1, to this class of molecules
and conjugates thereof was studied in depth as described in chapter 4. The prototypic cyclotides MCoTII-II
and kalata B1 as well as the θ-defensin RTD-1 were efficiently cyclized and oxidatively folded in a one-pot
procedure. The chemo-enzymatic one-pot cyclization-folding of MCoTI-II and the clinically relevant kB1
194

Summary
variant [T20K] have been demonstrated on multi-gram scale, therefore representing a promising strategy for
their larger scale manufacture. Several ligation sites for each macrocycle render this approach highly flexible
and, in addition, the combination of two distinct peptiligase variants in a dual enzymatic approach is described
for the preparation of modified cyclotides or dimeric fusion variants thereof.
Novel strategies for the synthesis of disulfide-rich peptides paved the way for the application of enzymatic
ligation using peptiligase variants towards multicyclic peptides containing artificial small molecule scaffolds. For
example, in chapter 5 the combination of enzymatic ligation and CLIPS (Chemical Linkage of Peptides onto
Scaffolds) alkylation is described for the preparation of tricyclic peptides in a one-pot fashion in less than one
hour.
An extension of the tricyclic peptide concept is outlined in chapter 6. Using a unique combination of enzymatic
ligation and CLIPS with copper-catalyzed alkyne azide cycloaddition (CuAAC), termed ‘’triple-C’’ peptide
locking, and the use of T4 small molecule scaffolds tetracyclic peptides were furnished in a one-pot reaction.
We outlined the application of this concept to the preparation of homo- and heterobifunctional peptides, that
exhibited inhibitory activity against the two targets and urokinase plasminogen activator (uPA) and coagulation
factor XIIa (FXIIa).
In chapter 7 we describe a similar concept for the synthesis of tetracyclic peptides containing artificial small
molecule scaffolds. We present a detailed study of the combination of enzymatic cyclization, CLIPS alkylation
and oxime ligation for the preparation of tetracyclic peptides using three newly designed small molecular
scaffolds and differently sized model peptides.
Besides the combination with chemical ligation technologies, chapter 8 describes the combination of two
distinct peptiligase variants, namely omniligase-1 and thymoligase, for the modular N-to-C peptide synthesis
of the therapeutic peptide exenatide from three fragments and the synthesis and cyclization of MCoTI-II from
two fragments. For this, we additionally employed a peptide hydrazide generating enzyme, termed peptide
amidase (PAM). PAM makes C-terminal peptide hydrazides accessible starting from unprotected peptide
carboxamides. Peptide hydrazides are known to be useful intermediates in chemo-enzymatic peptides
synthesis and converted into their corresponding thioesters using established methodologies, these precursors
can be used in enzyme ligations catalyzed by peptiligase variants. In this chapter, besides its application, we
describe a detailed study of PAM-catalyzed hydrazinolysis.
Taken together, the research described provides significant advances in enzyme-mediated ligation
technologies. Novel valuable peptiligase variants have been developed and their use provides general facile
routes for the (modular) synthesis of both linear and cyclic peptides, which will be beneficial to the research
community and for the production of peptide therapeutics. We believe that the potential of enzymatic
strategies may well exceed that of chemical strategies, so that a continued increase of the use of enzymatic
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ligation technologies can be envisaged. Here, novel computational approaches will facilitate the design of
enzymes as synthetic tools and will accelerate future development
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List of Abbreviations
Abz

Aminobenzoic Acid

Ac2O

Acetic Anhydride

acac

Acetylacetone

Acm

Acetamidomethyl

ACN

Acetonitrile

AEP

Aspraginyl Endopeptidase

Aha

Homoazidoalanine

Aib

2-Aminoisobutyric Acid

aq.

Aqueous

Boc

tert-Butyloxycarbony

BSA

Bovine Serum Albumin

calc.

Calculated

Cam

Carboxamidomethyl

Cbz

Benzyloxycarbonyl

CEPS

Chemo-Enzymatic Peptide Synthesis

Cit

Citrulline

CLIPS

Chemical Linkage of Peptides onto Scaffolds

CTC

2-Chlorotrityl

CuAAC

Copper-catalyzed Alkyne Azide Cycloaddition

CV

Column Volume

DCM

Dichloromethane

DDE

Dead-End Elimination

Dde

1-(4,4-Dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl

DHCE

Double-Headed Cam-Ester

DIC

Diisopropylcarbodiimide

DIPEA

N,N-Diisopropylethylamine

DIPSI

Decoupling In the Presence of Scalar Interactions

DMAP

Dimethylaminopyridine

Dmb

N-(2,4-Dimethoxybenzyl)glycine

DMF

Dimethylformamide

DMSO

Dimethyl sulfoxide

Dnp

2,4-Dinitrophenol

DRP

Doped Reversed Phase

DTT

Dithioerithreitol

EPL

Expressed Protein Ligation
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Exn

Exenatide

exp.

Experimental

FITC

Fluorescein Isothiocyanate

Fmoc

Fluorenylmethyloxycarbonyl

FRET

Förster Resonance Energy Transfer

FXIIA

Coagulation Factor XIIa

Gdn.HCl

Guanidine Hydrochloride

GFP

Green Fluorescent Protein

GLP-1

Glucagon-Like Peptide 1

GmPOPB

Prolyl Oligopeptidase B from Galerina marginata

GSH

Reduced Glutahione

GSSG

Oxidized Glutathione

HBTU

2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate

HEPES

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

HFIP

Hexafluoroispropanol

HMBA

Hydroxymethylbenzyl

HMBC

Heteronuclear Multiple Bond Correlation

HPLC

High Performance Liquid Chromatography

HSQC

Heteronuclear Single Quantum Coherence Spectroscopy

KAHA ligation

α-Ketoacid-Hydroxylamine ligation

kB1

Kalata B1

Ki

Inhibition Constant

LB

Luria Bertani

Lys(N3)

Azidolysine

MCA

4-Methyl-Coumaryl-7-Amide

MD

Molecular Dynamics

MMBA

Mercaptomethylbenzoic Acid

MPAA

Mercaptophenylacetic Acid

MS

Mass Spectrometry

MSA

Methanesulfonic Acid

MTBE

Methyl tert-Butyl Ether

Mtt

Methyltrityl

MW

Molecular Weight

MWCO

Molecular Weight Cut-Off

NCL

Native Chemical Ligation

NMR

Nuclear Magnetic Resonance
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NOESY

Nuclear Overhauser Effect Spectroscopy

OGp

4-Guanidinophenyl

pAcF

para-Acetylphenylalanine

PAM

Peptide Amidase

PatGmac

Macrocyclase Domain of PatG

PBSL

Proximity-Based Sortase-Mediated Ligation

PDB

Protein Data Bank

PhAcm

Phenylacetamidomethyl

PITC

Phenylisothiocyanate

PPI

Protein-Protein Interaction

Ptl

Peptiligase

r.m.s.d.

Root Mean Square Deviation

RTD-1

Rhesus-θ-Defensin

S/H ratio

Synthesis/ Hydrolysis Ratio

SAL

Salicylaldehyde

SDS-PAGE

Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis

SML

Sortase-Mediated Ligation

SPAAC

Strain-Promoted Alkyne-Azide Cycloaddition

SPPS

Solid Phase Peptide Synthesis

StBu

tert-Butylthio

TATA

1,3,5-Triacryloyl-1,3,5-triazinane

TB

Terrific Broth

TBMB

1,3,5-Tris(bromomethyl)benzene

tBu

tert-Butyl

TCEP

Tris(2-carboxyethyl)phosphine

TFA

Trifluoroacetic Acid

TFE

Trifluoroethanol

TIS

Triisopropylsilane

Trt

Trityl

Trz

Triazole

UK18

Urokinase Inhibitor 18

uPA

Urokinase Plasminogen Activator

UV

Ultraviolet

VIS

Visible

For the nomenclature of amino acids standard one and three-letter codes were used.
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