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Peptide macrocycles represent an extremely diverse
class of molecules that attract increased attention as
drug leads and prospective pharmaceuticals, with currently over 30 cyclic peptides registered or in clinical
trials.[1–3] Together with linear peptides, they fill the
gap between small-molecule drugs (less than 500 Da)
and biologics (over 5000 Da) and have the potential
to address previously “undruggable” targets. 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. The increasing number of cyclic peptides used as therapeutics is accompanied by the need for efficient and costeffective routes that enable their synthesis on a large
scale. Moreover, efficient synthesis of large libraries
of cyclic peptides (e.g., for screening purposes) or of
cyclic peptides containing non-canonical amino acids
(e.g., d- or unnatural amino acids to increase stability
and diversity) is of importance. However, efficient
cyclization of peptides using traditional synthetic
methods is still a challenge.[4] 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.[5] Native chemical ligation
(NCL)[6] is often used to cyclize unprotected peptides
in aqueous solution. However, not all peptides contain the cysteine needed for this ligation.[7] Thus, due
to their favourable properties such as excellent
chemo-selectivity, the use of enzymes for the head-totail cyclization of peptides has been extensively examined and provides an elegant link between chemistry

Abstract: Strategies for the efficient synthesis of
peptide macrocycles have been a long-standing
goal. In this paper, we demonstrate the use of the
peptide ligase termed omniligase-1 as a versatile
and broadly applicable enzymatic tool for peptide
cyclization. Several head-to-tail (multi)cyclic peptides have been synthesized, including the cyclotide
MCoTI-II. Cyclization and oxidative folding of the
cyclotide MCoTI-II were efficiently performed in
a one-pot reaction on a 1-gram scale. The native cyclotide was isolated and the correct disulfide bonding pattern was confirmed by NMR structure determination. Furthermore, compatibility of chemo-enzymatic peptide synthesis (CEPS) using omniligase1 with methods such as chemical ligation of peptides onto scaffolds (CLIPS) was successfully demonstrated by synthesizing a kinase-inhibitor derived
tricyclic peptide. Our studies indicate that the minimal ring size for omniligase-1 mediated cyclization
is 11 amino acids, whereas the cyclization of peptides longer than 12 amino acids proceeds with remarkable efficiency. In addition, several macrocycles containing non-peptidic backbones (e.g., polyethylene glycol), isopeptide bonds (amino acid sidechain attachment) as well as d-amino acids could be
efficiently cyclized.
Keywords: chemo-enzymatic peptide synthesis
(CEPS); cyclic peptides; cyclization; cyclotide synthesis; cyclotides; enzyme catalysis; head-to-tail
cyclization; ligases; macrocycles; omniligase-1; peptides

Adv. Synth. Catal. 2017, 359, 2050 – 2055

2050

V 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATIONS

asc.wiley-vch.de

and biology.[8] The currently existing set of enzymes
used for peptide cyclization is comprised of enzymes
such as sortases,[9,10] trypsin,[11] asparaginyl endoproteases (AEP) like butelase-1[12,13] or OaAEP1b[14] and
subtilisin variants like peptiligase.[15,16] Most of the enzymatic approaches investigated suffer from incomplete ligation reactions and low catalytic efficiency,
and in addition leave a ligase “footprint”, an unavoidable enzyme recognition sequence at the coupling
site. In contrast, peptiligase based enzyme variants
have recently emerged as a very powerful tool for
traceless (footprint free) enzyme-mediated peptide
bond formation.[8] Peptiligase variants have been reported to efficiently catalyze the head-to-tail cyclization of a linear peptide bearing a C-terminal (glycolate) ester introduced during routine solid-phase peptide synthesis (SPPS).[17] An improved variant of peptiligase, termed omniligase-1, which recently became
commercially available, has a very broad substrate
scope that provides an excellent basis for efficient
head-to-tail peptide cyclization.
Herein, we describe the chemo-enzymatic peptide
synthesis (CEPS) of several (multi)cyclic peptides
using omniligase-1. To investigate the scope and limitations of omniligase-mediated peptide cyclization,
a library of linear model peptides with different
lengths was synthesized, namely SY-(SG)n-FSKLOCam-L, with n being 2–6 for peptides of 10, 12, 14
and 16 amino acids, respectively, and cyclized using
omniligase-1 (Figure 1). The N- (SY) and C-termini
(FSKL) 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
tris(2-carboxyethyl)phosphine (TCEP)] at slightly
basic pH (8.5) with a substrate concentration of
0.5 mg mL@1. The reaction progress was monitored via
RP-HPLC-MS. It was found that cyclic peptides with
a ring size of over 12 amino acids could be generated
with very high efficiency (i.e. > 90% HPLC conversion to peptide cycles of 14 and 16 amino acids,
Figure 1) without the formation of significant
amounts of dimeric or trimeric cyclic by-products.
Peptide esters resulting in ring sizes of 12 amino acids
or less clearly led to an increased formation of multimeric species, predominantly cyclic dimers and trimers. In addition, a decreased cyclization efficiency corresponded to an increased rate of hydrolysis of the Cterminal ester moiety. To investigate the minimal
chain length for (efficient) peptide cyclization, two
peptides were synthesized of 11 and 13 amino acids
length, respectively [SY-G(SG)n-FSKL-OCam-L, with
n being 1 and 2]. It was shown that the minimal
number of amino acids needed for cyclization is 11
(25% HPLC conversion to monocylic product,
Figure 1), but for very efficient cyclization (> 85%
HPLC conversion to monocyclic product) the cyclic
product needs to be at least 13 amino acids long
(Figure 1).
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) b-hairpin motif at
the 4–5 position was investigated [SY-(SG)2p6P5F4S3K2L1-OCam-L, 12 amino acid ring size].
However, using this substrate, the cyclization efficiency could not be improved and with approximately
40% HPLC conversion to monocyclic product the results are similar to the cyclization efficiency without
this turn-inducing template (see the Supporting Information). Even poorer monocyclization results were
obtained when cyclizing an 12-mer peptide with the
pP motif at positions 5–6 directly after the enzymatic
recognition sequence [SY-(SG)2-p5P4S3K2L1-OCamL]. In fact, the reaction was slower and a significant
amount of cyclic multimers (cyclic dimers, trimers)
was formed. We reasoned that the minimal ring size is
pre-determined by the 6 amino acid recognition pockets of omniligase-1 (P4-P1*P1’-P2’, with * being the
coupling position), leading to a minimal ring size of
12 to 13 amino acids because (besides the 6 amino
acids bound to the enzyme pockets) 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-OCamL), which was cy-

Figure 1. Conversion after full consumption of ester starting
material vs. peptide length. The library of model peptides
[SY-(SG)n-FSKL-OCam-L 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-OCam-L were used with n being
1–2. The reaction was carried out in 1 M potassium phosphate buffer pH 8.5 containing 3.5 mM tris(2-carboxyethyl)phosphine (TCEP) and 10 mg mL@1 of omniligase-1. The
linear precursor Cam-ester peptides were cyclized at a concentration of 0.5 mg mL@1 and the cyclizations were followed
by HPLC (l = 220 nm). 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.
Adv. Synth. Catal. 2017, 359, 2050 – 2055
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clized in an efficiency of 94% (Figure 1). This clearly
shows that virtually any amino acid sequence can be
cyclized efficiently and that the deliberately used
model recognition sequence (SY…FSKL-OCamL) is
not a prerequisite. Many other sequences can be used
as previously reported for peptiligase.[16,18]
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 [i.e.,
polyethylene glycol, SY-NH-CH2-CH2(-O-CH2-CH2)nCH2-CH2-CO-FSKL-OCam-L, with n = 11,Figure 2],

creased conformational rigidity of such constrained
cyclic peptides offers the opportunity to amplify the
affinity to a pharmaceutical target by reducing entropy and to increase target specificity. Such peptide derivatives can be used for the mimicry of protein surfaces in order to address protein-protein interactions
as a pharmaceutical target. Based on the potent bicyclic inhibitor UK18 of the human urokinase-type plasminogen activator (uPA)[20] the sequence was extended by a 6 amino acid spacer sequence to enable formation
of
the
tricyclic
product
(SYACSRYEVDCRGRGSACGFSKL-OCam-L; the N- and
C-terminal linker sequences are shown in italics and
the underlined cysteines are linked to TBMB). The
linear precursor peptides were dissolved in aqueous
solution (500 mM potassium phosphate pH 8.5,
3.5 mM TCEP). The respective reactions were started
by sequential addition of omniligase-1 or the small
molecule scaffold TBMB. The reaction was followed
via RP-HPLC-MS. The open chain precursor 1 was
head-to-tail cyclized with > 95% efficiency to 3 using
omniligase-1, followed by addition of the small molecule ligand TBMB to quantitatively yield the final tricyclic peptide construct 2 (Figure 3B). Neither hydrolysis of the ester moiety nor formation of multimeric
species were observed. Thus, with CEPS followed by
the CLIPS reaction, the final product 2 was obtained
with almost quantitative HPLC peak to peak conversion.
Reversely, CLIPS reaction followed by CEPS (Figure 3C), resulted in an only 43% conversion (HPLC)
to the final tricyclic product 2 and 57% hydrolysis byproduct 5. The CLIPS reaction proceeded efficiently
to yield intermediate 4, 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,[21] such
that the flexibility of the termini to be ligated by omniligase-1 is restricted, thus resulting 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 3B) is preferred as a generally
applicable strategy. In comparison, a previously described approach using a microbial transglutaminase
for such reactions suffers from low yields, the generation of a non-native backbone and specific sequence
requirements.[22]
Next, we embarked on the synthesis of a member
of the complex family of multicyclic peptides, termed
cyclotides. Cyclotides contain a cyclic cystine knot
(CCK) scaffold, a configuration of three conserved disulfide bonds in a knotted structure, which enhances
the topological complexity as well as the chemical, enzymatic and thermal stability of the cyclic back-

Figure 2. Cyclization of linear peptide esters using omniligase-1. The backbone (outside the enzyme recognition sites)
can contain isopeptide bonds, non-peptidic moieties as well
as d-amino acids.

d-amino acids (see d-Pro peptides above) or isopeptide bonds (e.g., attachment of the following amino
acids sequences via the e-amino side chain of K*, HSYG-K*-SGSGFSKL-OCam-Leu-OH, Figure 2) outside the enzymatic 6 amino acid recognition sequence.
The recognition motif needs to consist exclusively of
l-amino acids. The results support the finding that the
backbone between the N- and C-terminal recognition
sequences is not crucial for efficient peptide cyclization. In summary, omniligase-1 can serve as a tool for
almost quantitative head-to-tail cylization of peptides
over 12 amino acids in size, without the formation of
multimers. This underlines the fact that intramolecular ligation is much faster than the corresponding intermolecular ligations.
The above results encouraged us to attempt the
synthesis of even more complex peptides. For instance, omniligase-1 was used for the synthesis of
a constrained tricyclic peptide bound to a small molecule scaffold via three thioether bonds (Figure 3A).
The 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). The inAdv. Synth. Catal. 2017, 359, 2050 – 2055
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Figure 3. A) Reaction scheme for the synthesis of the 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. The tricyclic peptide was generated using a combination of CEPS (SPPS + omniligase1 mediated cyclization) and CLIPS (TBMB scaffold). The purified linear precursor was dissolved at a concentration of
0.15 mM (0.5 mg mL@1) in 500 mM potassium phosphate buffer pH 8.5 containing 3.5 mM TCEP. Cyclization was performed
using omniligase-1 (0.95 mM, 20 mg mL@1). TBMB was added as a 5 mM solution in acetonitrile to a final concentration of
1 mM. B) HPLC chromatogram (l = 220 nm) of the linear precursor peptide 1. After 1 was efficiently cyclized to yield 3, the
organic small molecule scaffold (TBMB) was added directly to the reaction mixture in order to obtain the tricyclic product
2. C) HPLC chromatogram (l = 220 nm) of the linear precursor 1 that was first reacted with the organic scaffold (TBMB) to
yield the bicyclic precursor 4, followed by omniligase-1 mediated head-to-tail cyclization (same molarities as in B). The enzymatic cyclization reaction was started by adding the enzyme to the CLIPS reaction mixture, resulting in the formation of the
tricyclic product 2 (43% HPLC conversion) and the hydrolysis by-product 5 (57% HPLC conversion, bicyclic open chain
product).

bone.[23,24] Due to their excellent properties (e.g., oral
bioavailability[25]), cyclotides have gained increasing
attention for their application as molecular scaffolds
in drug design.[26,27] A well described example is
MCoTI-II, a 34-mer head-to-tail cyclic trypsin inhibitor isolated from Momordica cochinchinensis.[28]
Although several synthetic protocols for cyclotides
are well established,[29–32] efficient head-to-tail cyclization still remains a challenge, especially at a larger
scale. However, a CEPS approach for the synthesis of
cyclotides bears great potential. The linear open chain
(oc-) MCoTI-II precursor peptide Cam-ester was assembled using standard Fmoc-SPPS (Figure 4A). The
coupling position was chosen with a hydrophobic
amino acid in the P4 position, which is important for
an efficient ligation, and in addition, proline was
avoided in positions P1’ and P2’. Subsequently, at
Adv. Synth. Catal. 2017, 359, 2050 – 2055

a concentration of 1 mg mL@1 the purified precursor
peptide ester could be efficiently cyclized (> 90%
HPLC conversion, Figure 4B) to reduced cyclic (c-)
MCoTI-II within 30 minutes using omniligase-1. Stirring the reaction mixture for another 14 hours in 1 M
potassium phosphate solution (pH 8.5) containing
5 mM reduced glutathione resulted in the formation
of the intact, native (cf-) MCoTI-II. The final product
was isolated using preparative HPLC.
Although MCoTI-II is known to efficiently fold
into its correct, naturally occurring structure,[31] the
correct disulfide connectivity as well as the correct
overall structure was confirmed via NMR (see the
Supporting Information). Both chemical shifts and
NOESY spectra indicate the same native structure of
MCoTI-II as determined before by means of X-ray
crystallography[33] and NMR spectroscopy.[28,33,34] One
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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 in an overall yield of 8.0% based on the
loading of the first amino acid on the resin with over
95% HPLC purity. For a peptide of this length (34
amino acids) and complexity this yield is good and
may be improved even further by optimizing the
SPPS, cyclization/folding and purification protocol.
In conclusion, the efficiency of omniligase-1 combined with its broad substrate scope, that allows
a traceless ligation, makes CEPS technology a flexible
and generally applicable tool, which provides a viable
and economically attractive route for the synthesis of
cyclotides and other head-to-tail cyclic peptides.
Moreover, since other processes using CEPS technology have been successfully performed on the multigram scale[16] we believe that omniligase-1-mediated
cyclization could serve as a general methodology for
the head-to-tail cyclization of peptides at a large
scale.

Experimental Section
Peptide Cyclization and Mass Spectrometric Analysis
of Products

Figure 4. A) Reaction scheme for the cyclization and oxidative folding of open chain (oc)-MCoTI-II in a one-pot reaction to yield cyclic folded (cf)-MCoTI-II. B) HPLC chromatograms (l = 220 nm) after 0 min (oc-MCoTI-II), 30 min
[cyclic (c)-MCoTI-II] and after 14 hours (cf)-MCoTI-II).
The correct folding of cf-MCoTI-II was confirmed via NMR
structure determination.

Peptides were dissolved in phosphate buffer (1 M, pH 8.5,
3.5 mM TCEP) to the desired concentration (0.5 mg mL@1 to
4 mg mL@1) and omniligase-1 (10 mg omniligase/mg peptide)
was added. The ligation was carried out at room temperature (20 8C). The reaction was followed at l = 220 nm using
an HPLC-MS system (Agilent 1260 Infinity coupled with an
Agilent 6130 quadrupole mass spectrometer, Agilent, Santa
Clara, USA). Separation was performed using a Luna RPC18 10 mM, 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@1.
As a mobile phase a binary mixture of A (water + 0.05%
MSA) and B (acetonitrile + 0.05% MSA) was used. An appropriate gradient was chosen for each sample individually
(see the Supporting Information). The purity of peptides
and the conversion rates of the enzymatic cyclization were
calculated by automatically integrating the area of the corresponding peaks in the HPLC spectrum (l = 220 nm).
Omniligase-1 is commercially available via Iris Biotech
(Art. No. EZK2020.0000, Marktredwitz, Germany).

single set of amide and amino resonances was observed, and most resonances appeared sharp in the
various spectra. Exceptions are NH Lys10 and NH
Lys13, positioned in the inhibitor region of MCoTI-II,
that exhibit increased dynamic line broadening at low
temperature.
After the successful formation of native cf-MCoTIII in a one-pot reaction, the process was further simplified. For example, crude, non-HPLC purified, ocMCoTI-II ester was cyclized and oxidatively folded in
a one-pot reaction (Figure 4A). The scalability of the
one-pot CEPS approach was demonstrated by the
preparation of the native cyclotide cf-MCoTI-II at
a 1 gram scale. At a concentration of 4 mg mL@1 of
the crude substrate the reduced intermediate cMCoTI-II was formed efficiently (see the Supporting
Information). Upon subsequent oxidative folding for
20 hours in 250 mM potassium phosphate buffer containing 5 mM reduced glutathione the final, native cfMCoTI-II was obtained. Thus, the number of steps required could be significantly reduced, that is, only one
final preparative HPLC run was required instead of
Adv. Synth. Catal. 2017, 359, 2050 – 2055

Solid-Phase Peptide Synthesis
Peptides were assembled on Fmoc-Leu-Wang resin using
standard Fmoc-SPPS. Cam-esters were introduced as FmocAAx-glycolic acid according to Nuijens et. al.[35] For experimental details see the Supporting Information.

NMR Spectroscopy on cf-MCoTI-II
The NMR sample of MCoTI-II was prepared as a 2.3 mM
solution in 160 mL of 25 mM NaAc-d3 buffer (3 mm NMR
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tube, pH 3.5), containing 0.1 mM EDTA, 0.2 mM sodium
azide, 3 mM DSS-d6 as chemical shift reference and 2% (v/v)
D2O for deuterium lock. NMR spectra (1D 1H and 13C,
DIPSI 80 ms, NOESY 200 ms, natural abundance 13C-1H
HSQC, 13C-1H HMBC and 15 N-1H HSQC)[36] were recorded
on a Bruker Avance III HD 700 MHz spectrometer,
equipped with a TCI cryoprobe. Spectra were recorded at
both 12 8C and 23 8C to allow comparison to known resonance assignments of MCoTI-II.[28,34] Processing was done
by Topspin 3.2, spectral analysis and resonance assignment
was carried out by Sparky 3.115.[37] Our final complete 1H,
13
C, and 15 N assignments of MCoTI-II are listed in the Supporting Information, Table SH1.
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