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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
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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.
46

Omniligase-1: Design of a Broadly Applicable Ligase for Peptide Ligation and Cyclization
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.

50

Omniligase-1: Design of a Broadly Applicable Ligase for Peptide Ligation and Cyclization
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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