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Promiscuity of Omphalotin A Biosynthetic Enzymes Allows
de novo Production of Non-Natural Multiply Backbone N-
Methylated Peptide Macrocycles in Yeast
Emmanuel Matabaro,[a] Luca Witte,[a] Fabio Gherlone,[a] Eva Vogt,[a] Hannelore Kaspar,[a] and
Markus Künzler*[a]

Multiple backbone N-methylation and macrocyclization im-
prove the proteolytic stability and oral availability of therapeutic
peptides. Chemical synthesis of such peptides is challenging, in
particular for the generation of peptide libraries for screening
purposes. Enzymatic backbone N-methylation and macrocycli-
zation occur as part of both non-ribosomal and ribosomal
peptide biosynthesis, exemplified by the fungal natural prod-
ucts cyclosporin A and omphalotin A, respectively. Omphalotin
A, a 9fold backbone N-methylated dodecamer isolated from the
agaricomycete Omphalotus olearius, can be produced in Pichia
pastoris by coexpression of the ophMA and ophP genes coding
for the peptide precursor protein harbouring an autocatalytic
peptide α-N-methyltransferase domain, and a peptide macro-

cyclase, respectively. Since both OphMA and OphP were
previously shown to be relatively promiscuous in terms of
peptide substrates, we expressed mutant versions of ophMA,
encoding OphMA variants with altered core peptide sequences,
along with wildtype ophP and assessed the production of the
respective peptide macrocycles by the platform by high-
performance liquid chromatography, coupled with tandem
mass spectrometry (HPLC–MS/MS). Our results demonstrate the
successful production of fifteen non-natural omphalotin-derived
macrocycles, containing polar, aromatic and charged residues,
and, thus, suggest that the system may be used as biotechno-
logical platform to generate libraries of non-natural multiply
backbone N-methylated peptide macrocycles.

Introduction

Peptide modifications affect the chemical topology of the
peptide and can create novel physicochemical properties and
functionalities.[1] Particularly, backbone N-methylation and mac-
rocyclization are coveted modifications in drug development,
because they provide a rigid architecture that improves
proteolytic stability, oral availability, membrane permeability,
and selective binding to the target.[2]

Macrocyclization of peptides can be achieved enzymatically
or by chemical ligation. Latter method suffers from problems
with peptide epimerization, oligomerization, and solubility,
which often result in very low yields.[3] Natural, enzyme-
mediated peptide macrocyclization strategies, including intra-
molecular cross-linking (C� O, C� C, or C� S bond formation) and
head-to-tail (N-to-C) macrocyclization,[1,4] master such chal-
lenges. N-to-C macrocyclization of linear peptides is generally

catalyzed by the thioesterase (TE) domains embedded in non-
ribosomal peptide synthetases (NRPSs).[5] NRPSs are gigantic
multimodular enzymes that act in an assembly-line fashion to
form non-ribosomal peptides (NRPs). Alternatively, stand-alone
peptide macrocyclases are involved in the synthesis of cyclic
ribosomally synthesized and posttranslationally modified pep-
tides (RiPPs).[4d] In both cases, the enzymes utilize a catalytic Ser
or Cys to attack the peptide substrate to form an acyl-enzyme
intermediate. The structural rearrangement brings the N-
terminal end of the peptide substrate close to the C-terminal
carbonyl, promoting the transamidation reaction that leads to
the formation of a cyclic peptide.[1,5–6] Well-characterized RiPP
macrocyclases include PatG from cyanobacteria, POPB from the
mushroom Amanita sp., and PCY1 and Butelase 1 found in
plants, which are involved in the biosynthesis of cyanobactins,
amatoxins, orbitides and cyclotides, respectively.[6–7] Interest-
ingly, these macrocyclases can accept engineered peptide
substrates with D-, β-, N-methylated, hydroxylated, and other
chemically modified amino acids.[7–8] This promiscuity together
with high kinetic efficiency make them reliable biotechnological
tools for the generation of peptide macrocycle libraries that can
be screened for agricultural or pharmaceutical applications.[8a]

Natural peptide macrocycles often carry additional chemical
modifications such as oxidation, acylation, C- and N-meth-
ylation.[2b,9] Particularly, N-methylation of the amide bond (α- or
backbone N-methylation) has been reported in highly bioactive
non-ribosomal peptides such as the immunosuppressant cyclo-
sporin A,[10] the antibacterial verrucamides,[11] and the mycotoxin
enniatin B.[12] Thus far, the bacterial and fungal peptide natural
products of the RiPP family of borosins are the only reported
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cases in which backbone N-methylation is introduced as a
posttranslational modification (PTM).[13] Borosins are distinctively
defined by multiple α-N-methylations (α-N-Me) installed by an
S-adenosyl methionine (SAM)-dependent peptide α-N-meth-
yltransferase (α-N-MT). In fungal borosin precursors (types I–III),
the α-N-MT domain is fused to the N-terminal substrate (core
peptide) via a clasp domain (Figure 1).[6,14] Conversely, for
bacterial borosin precursors (split borosins, or type IV borosins),
the α-N-MT and the short peptide substrate are encoded by
separate genes.[13e,f] After translation, they form a complex
(heterodimer) that facilitates intermolecular α-N-methylation of
the core peptide.[13d] The omphalotins, 9fold backbone N-
methylated macrocyclic dodecapeptides produced by the
agaricomycete Omphalotus olearius, are the founding members
of the borosin RiPP family and exert a strong and selective
toxicity towards the plant-parasitic nematode Meloidogyne
incognita.[15] The omphalotin precursor protein OphMA forms a

catenane-like homodimer that efficiently promotes intermolec-
ular α-N-methylation of nine residues in the C-terminal 12-
residue core peptide region.[13c,14] Since the sequence of the
peptide is genetically encoded, it can easily be engineered to
extend the chemical space and diversity of this peptide family.
Indeed, biochemical studies have demonstrated that OphMA is
relatively promiscuous, accepting peptide substrates containing
both canonical and non-canonical amino acids.[13a,16]

The ophMA gene is located within a gene cluster encoding
a serine peptidase of the S9A family, OphP, as well as putative
peptide-modifying enzymes of the monooxygenase (OphB) and
O-acyltransferase (OphD) families and some proteins of un-
known function (OphC, OphE).[13b,c] Recent biochemical and
structural characterization of OphP shows that the enzyme is
able to macrocyclize C-terminal peptides derived from OphMA
but not intact OphMA.[17] The study further shows that OphP is
promiscuous for the core and follower sequences of the peptide

Figure 1. Proposed omphalotin A biosynthetic pathway. Multiple backbone N-methylations are installed in the core peptide (and one residue of the follower
sequence) by the peptide α-N-methyltransferase domain (Peptide-α-N-MT) of OphMA. Upon completion of methylation, OphMA is proteolytically degraded
but the omphalotin A precursor (core plus follower) peptide withstands degradation due to its multiple backbone N-methylations. This step is still
hypothetical as the responsible proteolytic activity has not been identified. The methylated glycine residue of the precursor peptide is then recognized by
OphP, the C-terminal (follower) peptide is removed upon formation of a covalent peptide-enzyme intermediate and the intermediate is finally resolved by
nucleophilic attack of the free N-terminus of the peptide resulting in the peptide macrocycle. Methylated residues are highlighted in green.
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substrates but prefers hydrophobic and/or multiply backbone
N-methylated core residues and is selective for an α-N-meth-
ylated glycine residue at the P1 site of macrocyclization. Despite
the lack of activity of OphP towards intact OphMA, omphalotin
A and homologous peptides from the agaricomycetes Lentinula
edodes (lentinulin A) and Dendrothele bispora (dendrothelin A)
can be produced in P. pastoris by coexpression of the ophMA
(ledMA, dbiMA) and ophP genes[13b,18] suggesting the presence of
a yet to be identified proteolytic activity capable of processing
OphMA in fungi.[17] Recombinant omphalotin A and its natural
variant lentinulin A, produced in this way, demonstrated high
potency against the plant parasite M. incognita (LC50<

1.0 μM).[18] Since both OphMA and OphP exhibited significant
peptide substrate promiscuity,[16a,17] coexpression of ophMA and
ophP in P. pastoris may be used as a biotechnological platform
for the generation of de novo libraries of multiply backbone N-
methylated peptide macrocycles. In this study, we assessed the
promiscuity of this platform to produce various de novo variants
of omphalotin A. For this purpose, we expressed ophMA
mutants with alterations in the core peptide along with ophP
and analyzed the production of the respective peptide macro-
cycles by HPLC–MS/MS. Our results demonstrate that the P.
pastoris OphMA� OphP platform can indeed be exploited for the
de novo production of non-natural peptide macrocycles with
multiple backbone N-methylations.

Results and Discussion

We have previously shown that coexpression of OphP and
OphMA variants, where the omphalotin core peptide sequence
was replaced by the related sequences of dendrothelin and
lentinulin, leads to the production of the respective peptide
natural products in the P. pastoris omphalotin production
platform (Table 1).[18]

In order to further explore the promiscuity of the platform
regarding the OphMA core peptide sequence, we set out to
produce some non-natural variants of omphalotin A. We first
replaced all residues individually by Ala (Table 1). The results of
this Ala scan were expected to reveal any critical positions
within the core peptide regarding the activities of the
unidentified proteolytic activity, OphMA or OphP. Intriguingly,
Ala was accepted at every position and the overall methylation
pattern of the core peptide was unchanged compared to
omphalotin A (Table 1). The produced 9fold α-N-methylated
peptide macrocycles were detected using HPLC–MS (Figure 2A;
Figure S1A) and their identity was confirmed by HPLC–MS/MS
analysis of the respective linear core peptides (Figure S2A).
These results suggest that every position of omphalotin A can
be substituted, at least by Ala, and showcase the production of
twelve non-natural multiply backbone N-methylated peptide
macrocycles.

Second, in order to check which types of core peptide
residues would be tolerated by the P. pastoris peptide
production platform, we substituted the OphMA residues at
positions 407, 410 and 411 by apolar (Ala, Val, Leu, Ile), polar
(Thr), charged (Glu, Arg) and bulky (Phe, Pro, Trp, Tyr) residues

(summarized in Table 1). Some of these substitutions were
previously analyzed in E. coli regarding the promiscuity of the
α-N-methyltransferase activity of OphMA.[16a] Substitution of
residue Ile407 by Thr, in OphMA(I407T), resulted in the
respective 9fold backbone N-methylated peptide macrocycle,
including methylation of the introduced Thr residue (Figure 2B
and Figures S1B and S2B). This result is in line with previous
data demonstrating that Thr is accepted by OphMA peptide α-
N-methyltransferase activity at many positions of the core
peptide resulting in a methylation pattern similar to the
wildtype core peptide.[16a] In contrast, substitution of the same
residue with charged residues, in OphMA(I407E) and
OphMA(I407R), did not result in any cyclic or linear full-length
core peptides. Instead, short linear core peptides with six and
five α-N-methylations and terminal Glu and Arg, respectively,
were observed (Figures S1C and S2C). In accordance, OphMA
variants carrying the I407E and I407R substitutions were
previously shown to be significantly impaired in methylation,
yielding 5fold and 3fold methylated species, respectively, as the
most abundant species.[16a] Surprisingly, the introduction of a
bulky hydrophobic (aromatic) Phe residue at the same position,
in OphMA(I407F), yielded trace amounts of a mixture of
respective 8fold and 9fold α-N-methylated cyclic peptides
despite the fact that the core peptide methylation in this
OphMA variant is similarly affected (Figure 2B, Figures S1B and
S2B).[16a] This result suggests that aromatic residues affect the α-
N-methylation but not the macrocyclization of the core peptide.
In contrast, OphMA(I407P), which yielded a mixture of 2fold to
7fold methylated OphMA species,[16a] did not lead to any cyclic
peptide but a mixture of linear core peptides of up to seven
methylations (Figures S1C and S2C). According to previous
results, Pro causes steric hindrance by adopting a trans
conformation in the active site of OphMA, which also precludes
methylation of the residue directly upstream (n-1 from Pro).[16a]

As a consequence, the most abundant OphMA(I407P) species
was 4fold methylated (data not shown). In addition, the
reduced conformational flexibility of the core peptide is
apparently not compatible with its macrocyclization by OphP.

Since OphP was previously suggested to represent a bona
fide prolyl oligopeptidase, we substituted the last residue,
Gly411, of the core peptide by proline. This construct,
OphMA(G411P), did not yield any respective full-length but
only short linear core peptides (Figure S1C). These results are in
agreement with the in vitro analysis of OphP[17] and demon-
strate that Oph-mediated macrocyclization cannot be triggered
by Pro at the P1 site of the peptide substrate. The crystal
structure of OphP reveals that the residue has to be small and
α-N-methylated to be recognized.[17] Accordingly, the charged
Arg and Glu residues at the same position in OphMA(G411R)
and OphMA(G411E), respectively, did also not yield any cyclic
full-length core peptides (Figures S1C and S2C). Mutation of
Ile410 to Glu in OphMA(I410E), on the other hand, resulted in
full-length peptide macrocycles with nine α-N-methylations
(Figure 2B, Figures S1B and S2B). Substitution of the same
residue by Trp in OphMA(I410W) resulted in respective linear
undecameric peptides with eight methylations possibly due to
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interference of the bulky residue with the methylation of the
subsequent Gly residue (Figures S1C and S2C).

In order to assess the promiscuity of the P. pastoris peptide
production platform regarding the length of the core peptide,
we duplicated or deleted the last three residues of the core

Table 1. Chemical diversity of backbone N-methylated peptides produced. Mutations of the core peptide sequence in the respective OphMA variants are
indicated in red. Backbone N-methylated residues of the produced peptides are indicated in green. In all OphMA core peptide variants, the leader and
follower sequences were unchanged compared to the wildtype protein. Brackets indicate low levels of the respective peptide (see main text for details).
Paragraph symbols indicate constructs that were previously analyzed regarding OphMA� OphP promiscuity.[18] Asterisks indicate constructs that were
previously analyzed regarding OphMA promiscuity.[13c,16a] CycA: cyclosporin A, DicA: dictyonamide.
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peptide (VIG) in OphMA variants OphMA+VIG and OphMAΔ-
VIG, respectively. In case of OphMA+VIG, no peptides of full or
extended length were observed. Instead, 7fold methylated
short linear core peptide was the only detectable peptide
(Table 1). We suspect that the extension of the core peptide
interferes with the terminal methylation of OphMA similar to
OphMA(G411P). This peptide is also produced by OphMAΔVIG
demonstrating that methylated Gly408 is recognized by OphP
also if it is followed by a Ser rather than a Val residue. Lack of
cyclization of this nonameric multiply backbone N-methylated
peptide by OphP in vivo is consistent with the in vitro analysis
of OphP[17] and possibly due to steric hindrance. Similarly, the
most closely related macrocyclase, GmPOPB (44% identity),
shows a significant decrease in macrocyclization efficiency
towards peptide substrates shorter than the native octamer
core peptide.[8a]

Finally, we swapped the core peptide of OphMA with
unrelated sequences resembling the immunosuppressant cyclo-
sporin A in OphMA(CycA)[19] and the cyclin-dependent kinase 4-
inhibiting dictyonamide in OphMA(DicA)[20] as done previously
for assessing the promiscuity of the α-N-MT activity of
OphMA.[13c] In none of these cases, we could detect OphMA-
derived peptides even though these proteins were previously
shown to carry five and nine α-N-methylations in the core
peptide region, respectively.[13c] These results are in accordance
with the selectivity of the peptide macrocyclase OphP i. e. the
absence of a methylated Gly residue in the respective precursor
peptides.[17]

Taken together, these results suggest that there is signifi-
cant freedom to operate for the production of multiply back-
bone N-methylated peptide macrocycles using this platform
but that composition, conformational flexibility and length of
the core peptide are important factors for efficient proteolytic

Figure 2. LC–MS analysis of all fifteen non-natural multiply α-N-methylated peptide macrocycles produced in P. pastoris. (A) Macrocycles from the Ala scan of
the OphMA core peptide. In total, 12 different macrocycles were obtained, by substitution of the only Trp residue, by substitutions of the three Gly residues,
by substitutions of the three Ile residues, and by substitutions of the five Val residues. The protonated forms [M+H] + are shown together with sodium and
ammonium adducts [M+NH4]

+ and [M+Na]+, respectively. Blue allows shows that replacement of the same residue at different positions results in the same
peptide mass. However, respective cyclic peptides have different hydrophobicity (Figuress S1A). (B) Mass spectra of omphalotin derivatives I417T, I407F and
I410E. Asterisks denote the substitution in the core peptide.
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processing and macrocyclization as it is the case for other RiPP
macrocyclases.[8a,21] Two additional caveats of the current
version of the platform are the low yield and the localization of
the peptides. Based on the previous production of omphalotin
A and its natural variants lentinulin A and dendrothelin A using
the same platform, the yields of the non-natural variants are
estimated to be in the range of hundreds of μgs per L of P.
pastoris culture[19] and the peptides have to be extracted from
cell lysates as they are not secreted.[23]

Experimental Procedures

Plasmid construction

The ophMA gene was obtained from either plasmid PMA1004
(pET24-His8-OphMA_cDNA) or PMA1315 (pPICZA-His8-OphMA) de-
scribed earlier.[13c,18] For the mutants OphMA(I407E), (I407R), (I407F)
and (I407T), sequences were PCR-amplified from our plasmid
libraries (PMA), 1483, 1479, 1487 and 1475, respectively, using
primers OphMA_Fw and OphMA_Rv.[18] DicA was amplified from
PMA140 using primers OphMA_DicA-fl and OphMA_Fw. For
OphMA(G411A) and OphMA(CycD), the C-terminal part was
obtained by digestion of previously constructed plasmds PMA1518
and PMA1138, respectively, with XhoI and NotI. For the Ala scanning
of the core, OphMA_Fw was used together with primer sequences
listed in Table S1. In all cases, genes were inserted into NotI and
EcoRI of the pPICZA vector. The constructs were then used to
transform E. coli DH5α. The selection was performed on Luria-
Bertani (LB) medium zeocin-containing 30 μg/ml zeocin.

Pichia transformation

P. pastoris strain GS115-strepII-SUMO*OphP (SMA2903) was pre-
viously used to produce omphalotin A variants. This strain
expresses ophP from an AOX1 driven cassette that is inserted into
the HIS4 locus. For transformation and selection, the methods
described in[18,22] were followed. Briefly, the SMA 2903 strain was
transformed by electroporation with PmeI-linearized plasmids for
integration into the AOX1 locus. Transformants were selected on
the synthetic complete dextrose medium without histidine (SD-His)
containing 400 μl/ml zeocin. Single colonies were verified for gene
integration by colony PCR using AOX1 standard primers (Table S1).
Gene expression was checked by first cultivating selected clones
into BMMY medium for three days. Protein production was
analyzed by western blot of respective cell lysate supernatants as
previously described.[18]

Peptide extraction

For peptide extraction, recommendations from[22] were followed.
Briefly, positive clones were cultivated into 25 ml BMMY medium in
250 ml baffled flasks, 200 rpm, 30 °C, for three days, with 0.5%
methanol (v/v) supplied every 24 hours. The culture medium and
cells were separated by centrifugation at 12000xg for 30 min, 4 °C.
Cells were washed twice with cold PBS and then resuspended into
2x PBS containing protease inhibitor cocktail (PIC) (EDTA free,
Roche). Cells were lysed with 0.5 mm diameter glass beads using
the FastPrep FP120 kit (Thermo Fisher Scientific). Peptides were
extracted from cell-lysate supernatant either by phase separation
using ethyl acetate or by solid-phase extraction using 1 ml or 3 ml
C18 and MCX cartridges (SepPak, Waters). For OphMA(I407F), a
mixture of ethyl acetate and n-hexane (1 :1, v/v) was used. After

extraction, the organic phase was evaporated and the cell extract
dissolved in 1 ml MeOH, and kept in a glass vial at � 20 °C until use.

Peptide detection and identification by HPLC–ESI-MS/MS

For LC–MS/MS analysis, the method that was previously used for
omphalotin and homologs analysis was applied.[18,22] Briefly, 10 μl of
the sample was used for analysis via the Dionex Ultimate 3000
UHPLC coupled to mass spectrometer Q Exactive (Thermo
Scientific). The Phenomenex Kinetex®μm XB-C18 100 Å
(150×2.1 mm) column was first heated at 50 °C. Solvent A (water)
and solvent B (acetonitrile) containing 0.1% formic acid (v/v) were
used as mobile phases. The HPLC gradient started with equilibrat-
ing the column with 30% B for 5 min, a linear gradient to 95% B
for 15 min, column wash with 100% B for 7 min, and final
equilibration at 30% B for 5 min. HESI and data-dependent MS/MS
were not changed. Normalized collision energy (NCE) for cyclic
peptides was set at 30%, for linear peptides between 16–25%. Data
analysis was performed using the Thermo Fisher Xcalibur 4
software.

Conclusions

Chemical synthesis of multiply backbone N-methylated peptide
macrocycles is challenging. Thus, biotechnological production
platforms are welcome as environmentally friendly and cost-
effective alternatives. The biosynthetic pathway of the riboso-
mal peptide natural product omphalotin A offers the possibility
to produce such peptides in fungal hosts, such as the yeast P.
pastoris, in a streamlined fashion by employing only two
enzymes, OphMA and OphP. Previous studies have shown that
OphMA displays considerable substrate promiscuity, accepts
almost all canonical amino acids and even tolerates some non-
proteinogenic amino acids.[16] Recent biochemical and structural
characterization of OphP revealed that (1) the omphalotin A
biosynthetic pathway relies on a yet unidentified proteolytic
activity for the degradation of OphMA, and that (2) the peptide
macrocyclase OphP shows significant promiscuity with regard
to the length, sequence and the degree of α-N-methylation of
the core peptide.[17]

This study provides insight into the promiscuity of ompha-
lotin A production in P. pastoris and led to the successful
production of fifteen non-natural multiply backbone N-meth-
ylated peptide macrocycles based on the scaffold of omphalotin
A (Figure 3). The platform tolerates single substitutions in the
core peptide with a preference for small hydrophobic residues,
but also accepts bulky, polar or even negatively charged amino
acids at some positions. Substitutions with Arg and Pro,
however, were not compatible with macrocycle production. We
suspect that the positive charge and the reduced conforma-
tional flexibility, respectively, of the respective core peptides are
not compatible with the substrate channels of OphMA and
OphP.[14,17] Similarly, the produced 7fold methylated nonameric
peptides were not macrocyclized. Apparently, the reduced
length of these core peptides negatively affect the macro-
cyclization efficiency by OphP as has been shown for the
related enzyme GmPOPB.[23] Our results show that, OphP is,
similar to PCY1, slightly promiscuous regarding the P1 site of
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macrocyclization in that it accepts both Gly and Ala at
position 411. Finally, it is important to note that the system
proposed here as a biotechnological platform for the produc-
tion of multiply backbone N-methylated peptide macrocycles
has three mechanisms which ensure that the produced peptide
macrocycles are uniform regarding the degree of backbone N-
methylation, a feature that will be crucial when it comes to
screening of peptide libraries produced de novo by the
platform. First, methylation of the core peptide occurs proc-
essively from the N- to the C-terminus.[13c] Second, only
maximally methylated versions of OphMA appear to be
processed by the unidentified proteolytic activity.[17] Third,
OphP needs a methylated Gly or Ala residue at the P1 site
followed by any unmethylated residue (P1’ site) to cleave and
does not macrocyclize peptides shorter than 12 residues.[17] The
molecular basis of these mechanisms is (except for the P1� P1’
specificity of OphP), however, not understood. For the develop-
ment of the system into a useful biotechnological platform,
future research will focus on the identification of the proteolytic
activity responsible for the degradation of OphMA and the
maximization of the peptide yield, as well as the development
of screening systems for the bioactivity of the peptides given
their intracellular localization in yeast.
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