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NOVEL MULTIPLY BACKBONE N-METHYL TRANSFERASES AND USES THEREOF

The present invention is directed to all aspects of novel methyl transferase enzymes that
methylate backbone amides of (poly)peptides. The present invention also relates to nucleic acids
encoding these enzymes as well as corresponding vectors and host cells comprising these. More-
over, the present invention encompasses the use of said enzymes for modifying (poly)peptides as
well as corresponding methods. Also, the present invention pertains to further novel enzymes for
modifying (poly)peptides derived from the omphalotin gene cluster of O. olearius and the homolo-

gous clusters from D. bispora, L. edodes and F. mediterranea as well as related aspects.

Background of the invention

Multiple backbone N-methylated (macrocyclic) peptides have interesting pharmacodynamic
properties, e.g. increased bioavailability due to increased permeability for oral and intestinal epithe-
lial membranes, increased half-life in vivo due to increased stability towards proteinases, reduced
structural flexibility and the ability to disassemble aggregates and fibrils of their corresponding na-
tive non-methylated sequences (Chatterjee et al., (2008} Accts Chem Res 41:1331-1342, Chatterjee
et al., (2013) Angew Chem Int Ed 52:254-269, Butterfield et al., (2012} J. Mol. Biol. 421:204-236).
The chemical synthesis of such peptides is complicated and therefore very expensive (White et al.,
(2011) Nat Chem Biol 7:810-817). Muitiply backbone N-methylated peptides like cyclosporin A are
produced by architecturally highly complex non-ribosomal peptide synthetases (NRPSs) and N-meth-
ylated during elongation of the peptide by a built-in methyl transferase domain of the respecttive
NRPS (Velkov et al., (2011) Chem Biol 18:464-475). Such a biosynthetic pathway is difficult to modify
e.g. for the production of slightly altered versions, with regard e.g. to the peptide sequence or the
N-methylation pattern, of the respective peptide or the production of peptide libraries because one
has to reengineer the NRPS machinery which is very challenging (Thern et al., (2002} Angew Chem
Int Ed 41:2307-2309, Lawen {2015) Biochem Biophys Acta 1850:2111-2120, Peel and Scribner,
(2015) Biochem Biophys Acta 1850:2121-2144).

Large-scale production of backbone N-methylated (cyclic) peptides requires either fermenta-
tion followed by purification from the respective naturally occurring microbes (bacteria or fungi) or
from recombinant bacteria carrying the respective NRPSs. The only other currently available alter-

native to provide such compounds is complicated chemical synthesis. The methods can also be
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combined e.g. by chemical or enzymatic modification of the fermentation product (Peel and Scrib-
ner (2015) Biochem Biophys Acta 1850:2121-2144).

Ribosomally synthesized and post-translationally modified peptides, so-called RiPPs, also
known as ribosomal peptide natural products, are a diverse class of natural products of ribosomal
origin consisting of more than 20 subclasses that are produced by a variety of organisms, including
prokaryotes, eukaryotes and archaea (Arnison PG et al., (2013) Nat Prod Rep 30:108-160). Riboso-
mally synthesized peptides have the advantage that they can be modified easily by simply changing
the template/coding region of the peptide-encoding gene. So far, only two fungal RiPPs have been
described, the ama/phallotoxins {Hallen et al., {2007) Proc Natl Acad Sci USA 104:19097-19101) and
the ustiloxins (Umemura et al., {2014} Fung Gen Biol 68:23-30), and none of them are backbone N-
methylated.

Omphalotin A was isolated in 1997 from the basidiomycete Omphalotus olearius (O. olearius)
in order to find an active compound against the root-knot nematode Meloidogyne incognita {Maver,
(1997) Nat. Prod. Lett. 10:33-38). The omphalotins are highly backbone N-methylated, cyclic pepti-
des consisting of 12 amino acids (Fig. 1, Atta-ur-Rahman (2015). "Studies in Natural Products Chemi-
stry *, Vol. 44 Chapter 3: 93-110). Due to the high degree of posttranslational modifications in the
omphalotins (e.g. cyclization, hydroxylation's, O-acylation and backbone N-methylation) they are
presently thought to belong to the class of non-ribosomally synthesized fungal peptides.

In view of the above, it is the objective technical problem underlying the present invention to
provide new methylated {poly)peptides, preferably N-methylated (poly) peptides, more preferably
backbone N-methylated (poly)peptides, and novel enzymatic tools for producing these as well as
corresponding methods and uses of these enzymatic tools.

It is a further objective underlying the present invention to provide new enzyme tools for mo-
difying (poly}peptides, in particular methylated (poly)peptides, preferably novel proteases, oxygen-
ases, O-acyl transferases, and oxidoreductases with broad substrate specificity, to manufacture
these enzymatic tools economically, and to provide corresponding {poly)peptide-modifying uses and
methods.

The above objectives are solved in a first aspect by a preferably isolated and purified nucleic

acid, comprising a nucleic acid sequence selected from the group consisting of:
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(i) a nucleic acid sequence selected from the group consisting of nucleic acid sequences listed in
SEQ ID NOs: 1to 14 and 108 to 111, preferably SEQ ID NOs: 2, 4, 6, 8, 10, 12, 14, and 108 (MT
domains), more preferably SEQ ID NOs: 1 and 2;

{ii}  anucleic acid sequence of at least 60 or 70 % identity, 80 or 90 % identity, preferably at least
95 % identity, more preferred at least 98 % identity with the nucleic acid sequence listed in
SEGQ IDNO 1to 14 or 108 to 111, preferably over the whole sequence;

(iii} a nucleic acid sequence that hybridizes to a nucleic acid sequence of (i} or {ii) under stringent
conditions;

(iv) afragment of any of the nucleic acid sequences of (i} to (iii), that hybridizes to a nucleic acid
sequence of (i) or (ii} under stringent conditions; and

(v) anucleic acid sequence, wherein said nucleic acid sequence is derivable by substitution, addi-
tion and/or deletion of one of the nucleic acids of {i) to (iv} that hybridizes to a nucleic acid
sequence of {i) or {ii) under stringent conditions,

wherein the nucleic acid sequence encodes a polypeptide having N-methyl transferase activity.

It was surprisingly found that the above nucleic acids encode the first enzymes to N-methylate
the backbone of (poly)peptides / ribosomally synthesized (poly)peptides. The encoded enzymes
define a new natural product (RiPP} class involved in the biosynthesis of the nematotoxin Omphalo-
tin A,

It was found that the genome of 0. olearius encompasses a gene containing a nucleic acid
sequence that encodes the 12 amino acids of the omphalotin core peptide, followed by an addi-
tional six amino acids at the C-terminus and an N-terminal domain displaying homology to methyl-
transferases (hereinafter the methyl transferase and omphalotin core peptide gene is referred to as
the omphalotin precursor gene, see Fig. 2). The omphalotin precursor gene is part of a gene cluster
encoding a prolyl oligopeptidase (2090, SEQ ID NOs: 29, 30, 36 and 37), which cleaves and cyclizes
the omphalotin peptide. in addition, two P450 monooxygenases (2085, SEQ 1D NOs: 31 and 38; and
2089, SEQ ID NOs: 33, 34, 40 and 41), an O-acyl transferase (2088, SEQ ID NOs: 32 and 39) and an
oxidoreductase (2091, SEQ ID NOs: 35 and 42) reside in the same gene cluster, which contribute to
the further modifications found in omphalotin variants B-I (see Fig. 1 and 3). Similar gene clusters
encoding methyl transferase genes were also identified in other fungi, e.g. D. bispora, L. edodes and

F. mediterranea (Fig. 3 and 4).
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The term “% (percent) identity” as known to the skilled artisan and used herein in the context
of nucleic acids indicates the degree of relatedness among two or more nucleic acid molecules that
is determined by agreement among the sequences. The percentage of “identity” is the result of the
percentage of identical regions in two or more sequences while taking into consideration the gaps
and other sequence peculiarities.

The identity of related nucleic acid molecules can be determined with the assistance of known
methods. In general, special computer programs are employed that use algorithms adapted to ac-
commodate the specific needs of this task. Preferred methods for determining identity begin with
the generation of the largest degree of identity among the sequences to be compared. Preferred
computer programs for determining the identity among two nucleic acid sequences comprise, but
are not limited to, BLASTN (Altschul et al., (1990) 1. Mol. Biol., 215:403-410) and LALIGN {Huang and
Miller, (1991) Adv. Appl. Math., 12:337-357). The BLAST programs can be obtained from the
National Center for Biotechnology Information (NCBI} and from other sources (BLAST handbook,
Altschul et al.,, NCB NLM NiH Bethesda, MD 20894).

The nucleic acid molecules according to the invention may be prepared synthetically by me-
thods well-known to the skilled person, but also may be isolated from suitable DNA libraries and
other publicly available sources of nucleic acids and subsequently may optionally be mutated. The
preparation of such libraries or mutations is well-known to the person skilled in the art.

In a preferred embodiment, the nucleic acid molecules of the invention are cDNA, genomic
DNA, synthetic DNA, RNA or PNA, either double-stranded or single-stranded (i.e. either a sense or
an anti-sense strand). The nucleic acid molecules and fragments thereof, which are encompassed
within the scope of the invention, may be produced by, for example, polymerase chain reaction
(PCR) or generated synthetically using DNA synthesis or by reverse transcription using mRNA from
O. olearius, D. bispora, L. edodes or F. mediterranea.

In some instances, the present invention also provides novel nucleic acids encoding the (poly)-
peptides of the present invention characterized in that they have the ability to hybridize to a speci-
fically referenced nucleic acid sequence, preferably under stringent conditions. Next to common
and/or standard protocols in the prior art for determining the ability to hybridize to a specifically
referenced nucleic acid sequence under stringent conditions (e.g. Sambrook and Russell, (2001)
Molecular cloning: A laboratory manual (3 volumes))}, it is preferred to analyze and determine the

ability to hybridize to a specifically referenced nucleic acid sequence under stringent conditions by
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comparing the nucleotide sequences, which may be found in gene databases (e.g.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide and http://genome.jgi.doe.gov/-
programs/fungi/index.jsf ) with alignment tools, such as e.g. the above-mentioned BLASTN (Altschul
et al., {1990} J. Mol. Biol., 215:403-410}, LALIGN alignment tools and multiple alignment tools such
as e.g. CLUSTALW (Sievers F et al., {2011} Mol. Sys. Bio. 7: 539), MUSCLE {Edgar., (2004) Nucl. Acids
Res. 32:1792-7) or T-COFFEE (Notredame et al., (2000) J of Mol. Bio 302 1: 205-17).

Most preferably, the ability of a nucleic acid of the present invention to hybridize to a nucleic
acid, e.g. those listed in any of SEQ ID NOs 1 to 14 or 108 to 111, is confirmed in a Southern blot
assay under the following conditions: 6x sodium chloride/sodium citrate {(SSC) at 45°C followed by a
wash in 0.2x SSC, 0.1% SDS at 65°C. Further preferred stringent conditions are selected from the
group consisting of {a) 0.15 M NaCl/0.0015 M sodium citrate/0.1% SDS at 50 °C for washing, {b) 50%
{vol/vol) formamide with 0.1% bovine serum albumin/0.1% Ficoll/0.1% polyvinylpyrrolidone/50 mM
sodium phosphate buffer at pH 6.5 with 750 mM NaCl and 75 mM sodium citrate at 42 °C during
hybridization, and (c) hybridization in 50% formamide, 5xSSC, 5xDenhardt’s solution, 50 g/mL
sonicated salmon perm DNA, 0.1% SDS, and 10% dextran sulfate at 42 °C, with washes at 42 °Cin
0.2xSSC and 0.1% SDS.

The nucleic acid of the present invention preferably encodes a polypeptide having N-methyl
transferase activity for methylating peptidic backbone amides, preferably for multiply methylating
peptidic backbone amides, more preferably for multiply methylating peptidic backbone amides of
hydrophobic residues, in particular residues valine, glycine, and isoleucine {VGl). A method for con-
firming N-methyl transferase activity for methylating peptidic backbone amides is described further
below.

The term “nucleic acid encoding a polypeptide” as used in the context of the present invent-
tion is meant to include allelic variations and redundancies in the genetic code.

In a preferred embodiment, reflecting the current US patent practice with regard to the pa-
tentability of products by nature, the nucleic acids of the present invention do not encode a na-
turally occurring methyl transferase, preferably do not encode a methyl transferase encoded by an
ompbhalotin gene cluster selected from the group consisting of omphalotin gene clusters from O.
olearius, D. bispora, L. edodes and F. mediterranea. More preferably, the claimed nucleic acids
exclude any nucleic acid sequence selected from the group consisting of nucleic acid sequences SEQ

ID NOs: 1to 14 and 108 to 111, preferably SEQ ID NOs: 1, 3,5,7,9, 11 and 13.
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In a most preferred embodiment, the nucleic acid of the present invention further comprises a
nucleic acid sequence encoding a (poly)peptide for N-methylation by the N-methyl transferase
encoded by the nucleic acid of the invention. It is preferred that the nucleic acid of the present
invention encodes a fusion protein with the methyl transferase domain at the N-terminus and the
(poly)peptide for N-methylation at the C-terminus, optionally together with further amino acids at
the C- and/or N-terminus and/or bridging the methyl transferase and the {poly)peptide for N-
methylation. Preferred examples for fusion proteins comprising a methyl transferase domain
according to the present invention and varying (poly)peptides for N-methylation are provided
below. For example, the omphalotin peptide sequence (i.e. the sequence of the precursor peptide
that is subject to N-methylation) can be exchanged for an omphalotin peptide sequence without
follower sequence, for an omphalotin peptide sequence with an upstream TEV cleavage site or for a
CycA, KenA, R1 and/or DicA peptide sequence. Specific experimental data for the aforementioned
fusion proteins are provided in Example 6 and Figure 8 and 9. Said data demonstrate the robustness
and versatility of the fusion proteins having methyl transferase activity according to the present
invention and show that (i) the substrate for the methyl transferase can be varied largely in size and
amino acid composition, {ii} a cleavage site, e.g. a TEV cleavage site, for separating the fusion
proteins after methylation can be introduced into the fusion protein without hampering the methyl
transferase efficacy, and (iii) that peptides can be methylated without a follower sequence.

The term “{poly)peptide for N-methylation” as used herein encompasses oligopeptides
featuring 2 to 10 amino acids as well as polypeptides featuring more than 10 amino acids. The
{poly)peptides for N-methylation for practicing the present invention preferably have 4 to 24, 6 to
20, or 8 to 16, more preferably 10 to 14, most preferably about 12 amino acids.

The nucleic acid of the present invention is preferably operably linked to a promoter that
governs expression in suitable vectors and/or host cells producing the polypeptides of the present
invention in vitro or in vivo.

Suitable promoters for operable linkage to the isolated and purified nucleic acid are known in
the art. In a preferred embodiment the nucleic acid of the present invention is one that is operably
linked to a promoter selected from the group consisting of the Pichia pastoris AOX1 promoter (see
for example Pichia Expression Kit Instruction Manual, Invitrogen Corporation, Carlsbad, Calif.}, the
Saccharomyces cerevisiae GAL1, ADH1, GAP, ADH2, MET25, GPD, CUP1 or TEF promoter {see for

example Methods in Enzymology, 350, 248, 2002), the Baculovirus polyhedrin p10 or iel promoter
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(see for example Bac-to-Bac Expression Kit Handbook, Invitrogen Corporation, Carlsbad, Calif., and
Novagen Insect Cell Expression Manual, Merck Chemicals Ltd., Nottingham, UK}, the Lentivirus CMV,
UbC, EFla, or MSCV promoter (see for example System Biosciences, Mountain View, CA, USA), the
Adenovirus CMV promoter (see for example ViraPower Adenoviral Expression System, Life Techno-
logies, Carlsbad, CA, USA), the E. cofi T7, araBAD, rhaP BAD, tetA, lac, trc, tac or pL promoter (see
Applied Microbiology and Biotechnology, 72, 211, 2006), the B. subtilis, vegl, vegll, OA, Pyz., Pgy,
manP or P43 promoter (see Applied Microbiology and Biotechnology, 72, 211, 2006), the plant
CaMV35S, ocs, nos, Adh-1, Tet promoters (see e.g. Lau and Sun, Biotechnol Adv. 2009, 27, 1015-22)
or inducible promoters for mammalian cells as described in Sambrook and Russell (2001).

Preferably, the isolated and purified nucleic acid is in the form of a recombinant vector, such
as an episomal or viral vector. The selection of a suitable vector and expression control sequences as
well as vector construction are within the ordinary skill in the art. Preferably, the viral vectoris a
lentivirus vector (see for example System Biosciences, Mountain View, CA, USA), adenovirus vector
(see for example ViraPower Adenoviral Expression System, Life Technologies, Carlsbad, CA, USA),
baculovirus vector (see for example Bac-to-Bac Expression Kit Handbook, Invitrogen Corporation,
Carlsbad, Calif.), bacterial vector (see for example Novagen, Darmstadt, Germany}) or yeast vector
{see for example ATCC Manassas, Virginia). Vector construction, including the operable linkage of a
coding sequence with a promoter and other expression control sequences, is within the ordinary
skill in the art.

Hence and in a further aspect, the present invention relates to a recombinant vector,
comprising one or more nucleic acids of the invention.

A further aspect of the present invention is directed to a host cell comprising a nucleic acid
and/or a vector of the invention and preferably producing polypeptides of the invention. Preferred
host cells for producing the polypeptide of the invention are selected from the group consisting of
yeast cells, preferably Saccharomyces cerevisiae (see for example Methods in Enzmology, 350, 248,
2002), Pichia pastoris cells (see for example Pichia Expression Kit Instruction Manual, Invitrogen Cor-
poration, Carlsbad, Calif.)], bacterial cells preferably E. coli cells (BL21({DE3), K-12 and derivatives)
(see for example Applied Microbiology and Biotechnology, 72, 211, 2006) or B. subtilis cells (1012
wild type, 168 Marburg or WB800N)(see for example Westers et al., {2004) Mol. Cell. Res. Volume
1694, Issues 1-3 P: 299-310), plant cells, preferably Nicotiana tabacum or Physcomitrella patens (see

e.g. Lau and Sun, Biotechnol Adv. 2009 May 18. [electronic publication ahead of print]), NIH-3T3
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mammalian cells (see for example Sambrook and Russell, 2001) and insect cells, preferably sf9 insect

cells (see for example Bac-to-Bac Expression Kit Handbook, Invitrogen Corporation, Carlsbad, Calif.).

Another important aspect of the present invention is directed to a preferably isolated and
purified polypeptide selected from the group consisting of:

{a) polypeptides having an amino acid sequence selected from the group consisting of SEQ ID
NOs: 15-28 and 112 to 115, preferably SEQ ID NO: 16, 18, 20, 22, 24, 26, 28 and 112, more
preferably SEQ ID NOs: 15 and 16.

(b) polypeptides encoded by a nucleic acid of the present invention,

{c) polypeptides having an amino acid sequence identity of at least 50, preferably at least 54, 60,
65, 70, 75, 80 or 85 %, preferably at least 90, 91, 92, 93, 94 or 95 % with the polypeptides of
{(a) and/or (b),

(d}  afunctional fragment and/or functional derivative of (a), (b) or (c),

wherein the polypeptide has N-methyl transferase activity.

The polypeptide of the present invention preferably has N-methyl transferase activity for
methylating peptidic backbone amides, preferably for multiply methylating peptidic backbone
amides, more preferably multiply methylating peptide backbone amides of hydrophobic residues, in
particular residues valine, glycine, and iscleucine (VGI).

The N-methyl transferase activity can be easily assayed and confirmed, e.g. by contacting the

polypeptide suspected of N-methyl transferase activity with a suitable substrate (poly)peptide for N
methylation, e.g. WVIVVGVIGVIG (SEQ ID NO: 63}, under suitable conditions. ldentifying N-methyla-
tion, preferably in the backbone of the (poly)peptide substrate, e.g. by mass spectroscopy, NMR
spectroscopy, etc. confirms enzymatic activity. For example, suitable conditions are presented in
Example 6 below.

The identity of related amino acid molecules can be determined with the assistance of known
methods. In general, special computer programs are employed that use algorithms adapted to ac-
commodate the specific needs of this task. Preferred methods for determining identity begin with
the generation of the largest degree of identity among the sequences to be compared. Preferred
computer programs for determining the identity among two amino acid sequences comprise, but
are not limited to, TBLASTN, BLASTP, BLASTX, TBLASTX {Altschul et al., (1990} J. Mol. Biol., 215, 403-
410), ClustalW {Larkin MA et al., Bicinformatics, 23, 2947-2948, 2007} or PHYREZ (Kelley LA et al.,
(2015) Nature Protocols 10, 845-858). The BLAST programs can be obtained from the National
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Center for Biotechnology Information (NCBI) and from other sources (BLAST handbook, Altschul et
al., NCB NLM NIH Bethesda, MD 208394). The ClustalW program can be obtained from http://www.-
clustal.org and the PHYRE2 program from http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?-
id=index.

The term “functional derivative” of a polypeptide of the present invention is meant to include
any polypeptide or fragment thereof that has been chemically or genetically modified in its amino
acid sequence, e.g. by addition, substitution and/or deletion of amino acid residue(s) and/or has
been chemically modified in at least one of its atoms and/or functional chemical groups, e.g. by
additions, deletions, rearrangement, oxidation, reduction, etc. as long as the derivative still has at
least some methyl transferase activity to a measurable extent, e.g. of at least about 1 to 10 % me-
thyl transferase activity of the original unmodified polypeptide of the invention, e.g. SEQ ID NOs: 15
to 28 or 112 to 115.

In this context a “functional fragment” of the invention is one that forms part of a polypeptide
or derivative of the invention and still has at least some methyl transferase activity to a measurable
extent, e.g. of at least about 1 to 10 % methyl transferase activity of the original unmodified poly-
peptide of the invention, e.g. SEQ ID NOs: 15to 28 or 112 to 115.

The term “isolated and purified polypeptide" as used herein refers to a polypeptide or a pep-
tide fragment which either has no naturally-occurring counterpart {e.g., a peptide mimetic), or has
been separated or purified from components which naturally accompany it, e.g. in O. olearius, D.
bispora, L. edodes, F. mediterranea or a fraction thereof. Preferably, a polypeptide is considered
“isolated and purified” when it makes up for at least 60 % (w/w) of a dry preparation, thus being
free from most naturally-occurring polypeptides and/or organic molecules with which it is naturally
associated. Preferably, a polypeptide of the invention makes up for at least 80%, more preferably at
least 90%, and most preferably at least 99% (w/w) of a dry preparation. More preferred are
polypeptides according to the invention that make up for at least at least 80%, more preferably at
least 90%, and most preferably at least 99% (w/w) of a dry polypeptide preparation. Chemically
synthesized polypeptides are by nature “isolated and purified” within the above context.

An isolated polypeptide of the invention may be obtained, for example, by extraction from O.
olearius, D. bispora, L. edodes or F. mediterranea; by expression of a recombinant nucleic acid
encoding the polypeptide in a host, preferably a heterologous host; or by chemical synthesis. A

polypeptide that is produced in a cellular system being different from the source from which it
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naturally originates is “isolated and purified”, because it is separated from components which
naturally accompany it. The extent of isolation and/or purity can be measured by any appropriate
method, e.g. column chromatography, polyacrylamide gel electrophoresis, HPLC analysis, NMR
spectroscopy, gas liquid chromatography, or mass spectrometry.

In a preferred embodiment, reflecting the current US patent practice with regard to the
patentability of products of nature, the polypeptides of the present invention are not a naturally
occurring methyl transferase, preferably are not a methyl transferase encoded by an omphalotin
gene cluster selected from the group consisting of omphalotin gene clusters from O. olearius, D.
bispora, L. edodes and F. mediterranea. More preferably the polypeptide does not consist of an
amino acid sequence selected from the group consisting of amino acid sequences of SEQ ID NOs:
SEQ ID NOs: 15to 28 and 112 to 115, preferably 15, 17, 19, 21, 23, 25 and 27.

The methyl transferase of the present invention can, and preferably is present, e.g. expressed,
together with the substrate {poly)peptide for N-methylation. Hence, the enzyme and its substrate
form a fusion polypeptide, wherein the enzyme and its substrate may be separated by further
bridging amino acids and the fusion protein may also comprise further amino acids at the C-
terminus or N-terminus.

In a preferred embodiment, the present invention is also directed to a fusion polypeptide
comprising a first polypeptide sequence encoding a methyl transferase according to the invention,
and at least a second (poly)peptide sequence as substrate for N-methylation by the N-methyl
transferase activity of the first polypeptide sequence.

Of course, the methyl transferase or a corresponding methyl transferase fusion protein of the
present invention can also methylate (poly)peptide substrates without being fused to them, e.g. by
contacting the enzyme and the substrate under typical physiological conditions allowing for enzyme
activity.

Furthermore, in one aspect the present invention relates to antibodies, functional fragments
and functional derivatives thereof or antibody-like binding proteins that specifically bind a polypep-
tide of the invention. As used herein, the term antibody is meant to include whole antibodies, func-
tional fragments and functional derivatives thereof that specifically bind a polypeptide of the invent-
tion. These are routinely available by hybridoma technology (Kohler and Milstein, Nature 256, 495-
497, 1975}, antibody phage display (Winter et al., (1994} Annu. Rev. Immunol. 12, 433-455), ribo-
some display (Schaffitzel et al., (1999} }. Immunol. Methods, 231, 119-135) and iterative colony filter
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screening (Giovannoni et al., (2001) Nucleic Acids Res. 29, E27) once the target antigen is available.
Typical proteases for fragmenting antibodies into functional products are well-known. Other frag-
mentation techniques can be used as well as long as the resulting fragment has a specific high affin-
ity and, preferably a dissociation constant in the micromolar to picomolar range.

A very convenient antibody fragment for targeting applications is the single-chain Fv frag-
ment, in which a variable heavy and a variable light domain are joined together by a polypeptide
linker. Other antibody fragments for identifying the polypeptide of the present invention include
Fab fragments, Fab, fragments, miniantibodies (also called small immune proteins), tandem scFv-
scFv fusions as well as scFv fusions with suitable domains (e.g. with the F¢ portion of an immune-
globulin). For a review on certain antibody formats, see Holliger P, Hudson PJ.; Engineered antibody
fragments and the rise of single domains. Nat Biotechnol. 2005 Sep., 23(9):1126-36].

The term “functional derivative” of an antibody for use in the present invention is meant to
include any antibody or fragment thereof that has been chemically or genetically modified in its
amino acid sequence, e.g. by addition, substitution and/or deletion of amino acid residue(s) and/or
has been chemically modified in at least one of its atoms and/or functional chemical groups, e.g. by
additions, deletions, rearrangement, oxidation, reduction, etc. as long as the derivative has substan-
tially the same binding affinity as to its original antigen and, preferably, has a dissociation constant
in the micro-, nano- or picomolar range.

In a preferred embodiment, the antibody, fragment or functional derivative thereof for use in
the invention is one that is selected from the group consisting of polyclonal antibodies, monocional
antibodies, chimeric antibodies, humanized antibodies, CDR-grafted antibodies, Fv-fragments, Fab-
fragments and Fab,-fragments and antibody-like binding proteins, e.g. affilines, anticalines and
aptamers.

For a review of antibody-like binding proteins see Binz et al. on engineering binding proteins
from non-immunoglobulin domains in Nature Biotechnology, Vol. 23, No. 10, October 2005, 1257-
1268. The term “aptamer” describes nucleic acids that bind to a polypeptide with high affinity. Apta-
mers can be isolated from a large pool of different single-stranded RNA molecules by selection me-
thods such as SELEX (see, e.g., Jayasena, Clin. Chem., 45, p. 1628 — 1650, {1999); Klug and Famulok,
M. Mol. Biol. Rep., 20, p. 97 - 107 (1994); US 5,582,981). Aptamers can also be synthesized and
selected in their mirror form, for example, as the L-ribonucleotide (Nolte et al., {1996) Nat.

Biotechnol., 14, pp.1116 — 1119; Klussmann et al., (1996) Nat. Biotechnol. 14, p. 1112 - 1115).
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Forms isolated in this way have the advantage that they are not degraded by naturally occurring
ribonucleases and, therefore, have a greater stability.

Another antibody-like binding protein and alternative to classical antibodies are the so-called
“protein scaffolds”, for example, anticalines, that are based on lipocaline (Beste et al., (1999} Proc.
Natl. Acad. Sci. USA, 96, p. 1898 - 1903). The natural ligand binding sites of lipocalines, for example,
of the retinol-binding protein or bilin-binding protein, can be changed, for example, by employing a
“combinatorial protein design” approach, and in such a way that they bind selected haptens (Skerra,
{2000) Biochem. Biophys. Acta, 1482, pp. 337 — 350). For other protein scaffolds it is also known that
they are alternatives for antibodies (Skerra, (2000) J. Mol. Recognit, 13, pp. 167 - 287; Hey, (2005)
Trends in Biotechnology, 23, pp. 514-522).

In summary, the term functional antibody derivative is meant to include the above protein-
derived alternatives for antibodies, i.e. antibody-like binding proteins, e.g. affilines, anticalines and
aptamers that specifically recognize a polypeptide, fragment or derivative thereof.

A further aspect relates to a hybridoma cell line, expressing a monoclonal antibody according
to the invention.

The nucleic acids, vectors, host cells, polypeptides and antibodies of the present invention
have a number of new applications.

In a further aspect, the present invention is directed to the use of a vector, a host cell and/or a
polypeptide according to the invention for producing an N-methylated, preferably a backbone N-
methylated {poly)peptide.

In another aspect, the present invention relates to a method for producing an N-methylated
(poly)peptide, preferably a backbone N-methylated (poly)peptide, more preferably a multiply
backbone N-methylated (poly)peptide, most preferably a multiply N-methylated (poly)peptide
backbone of hydrophobic residues (VGl) comprising the steps of:

(a) providing a polypeptide having methyl transferase activity according to the present

invention (termed hereinafter “MT”),

(b) providing a {poly)peptide for N-methylation (termed hereinafter “substrate”),

{c) contacting the polypeptide having methyl transferase activity (MT) of (a) and the

(poly)peptide for N-methylation (substrate) of {(b) under conditions that allow for N-

methylation,

(d) optionally cyclisation of the methylated peptide,
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(e) optionally further modifying the N-methylated (poly)peptide,

{f) optionally cleaving the methylated peptide from the precursor,

{(g) optionally at least partially purifying the N-methylated (poly)peptide.

In a preferred embodiment, the MT of step (a) and/or the substrate of step (b) are provided
by a vector and/or a host cell according to the present invention.

In a further preferred embodiment, the MT of step (a) and the substrate of step {b) are
provided as a single fusion protein according to the present invention or as separate entities,
preferably as a single fusion protein.

In yet another preferred embodiment, the conditions in step (c) allow for in vivo or in vitro N-
methylation.

Preferably, the MT and the substrate are contacted intracellularly, more preferably expressed
as a fusion protein or co-expressed in the same host cell, and the substrate is methylated within the
haost cell, preferably within F. coli or S. cerevisiae.

There are many further enzymes suited for modifying {poly)peptide substrates that can be
used to further modify a substrate for use in the present invention before or after the N-
methylation step.

In a very preferred embadiment the method according to the present invention is one, where-
in in steps {d) and/or (e) at least one further enzyme and/or protein is added for further modifying
the N-methylated (poly)peptide, preferably further enzymes and proteins selected from the group
consisting of prolyl oligopeptidase (POP), monooxygenase, preferably P450 monooxygenase, O-acyl
transferase, oxidoreductase, aldo/keto reductase, aspartic peptidase, and serine-type peptidase,
more preferably enzymes having an amino acid sequence according to any one of SEQ ID NOs: 36 to
42, and 53 to 58 or functional fragments or functional derivatives thereof.

The method of the present invention can also be varied by modifying the substrate prior to N-
methylation by the polypeptide of the invention, e.g. by the above referenced enzymes.

Preferably, in step (g) the at least partially purifying of the N-methylated (poly)peptide is ac-
complished using ammonium sulfate precipitation or general chromatography procedures such as
anionic and cationic affinity chromatography, hydrophobic interaction chromatography or size-ex-
clusion chromatography (e.g. see: Protein and peptide purification Technique selection guide {GE
Healthcare, UK) or Sterner et al., (1997) Nat. Prod. Let. Volume 10, issue 1}. The peptide can also be

purified exploiting genetically introduced peptide or protein tags using affinity chromatography.
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Preferred affinity chromatography methods are metal affinity chromatography, strep-tag-strepta-
vidin affinity chromatography, glutathione-GST affinity chromatography, maltose-MBP affinity
chromatography or FLAG-antiFLAG affinity chromatography (e.g. see: Affinity Chromatography
Principles and Methods (GE Healthcare, UK) or Terpe et al., {2003) Appl. Microbiol. Biotechnol
60:523-533).

The omphalotin A gene cluster is the first example of a ribosomally synthesized multiply back-
bone N-methylated (cyclic) peptide and founds a novel class of ribosmally synthesized and post-
translationally modified peptides, so-called RiPPs (Arnison PG et al., (2013) Nat Prod Rep 30:108-
160). The structural gene coding for omphalotin A is unique in that the leader peptide is the MT
domain that is responsible for the N-methylation of the backbone amides of the core peptide. MT is
the first example of an enzyme that reliably N-methylates amides of existing peptide bonds in a
ribosomally synthesized peptide or protein.

The proteins and methods of the present invention for N-methylating substrates have utility in
(poly)peptide drug discovery, research and development in that they can be easily and economically
used for modifying the properties of potentially medically active substrates or to disassemble aggre-
gates and fibrils of their corresponding native non-methylated sequences. Next to designing new
(poly)peptide-based drugs the methyl transferase enzymes can modify or attach a methylated pep-
tide to known (poly)peptide-based drugs and lead to improved target-specificity, efficacy, stability,
improved pharmacokinetics and/or improved oral and intestinal membrane permeability.

The substrates for use in the present invention are not limited to specific amino acid sequen-
ces and can be varied widely. All they require is the presence of at least one amide bond in a (poly)-
peptide or (poly)peptide-like compound, e.g. a depsipeptide.

On the nucleic acid level, preferably forming part of the methyl transferase enzyme as a fusion
protein, the substrate can be easily, preferably randomly varied to provide a whole library of poten-
tially suitable substrates that can be screened for medical utility. Hence, the nucleic acids, polypep-
tides, vectors and/or host cells can form part of a screening assay for identifying medically active
(poly)peptides.

In addition, it is a further objective of the present invention to provide new, alternative and/or
improved enzymatic tools for modifying (poly)peptides.

In a further independent aspect, the above objective technical problem is solved by the

provision of new fungal enzymes and proteins, preferably selected from the group consisting of
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prolyl oligopeptidase (POP), monooxygenase, preferably P450 monooxygenase, O-acyl transferase,

oxidoreductase, aspartic peptidase and serine type peptidase.

The enzymes and/or proteins of the present invention are preferably derived from O. olearius,
D. bispora, L. edodes or F. mediterranea. More preferably, these enzymes and/or proteins relate to a
prolyl oligopeptidase (POP) derived from O. olearius, D. bispora, L. edodes or F. mediterranea.

In a first alternative aspect, the present invention relates to a preferably isolated and purified
nucleic acid, comprising a nucleic acid sequence selected from the group consisting of:

(i) a nucleic acid sequence selected from the group consisting of nucleic acid sequences listed in
SEQ ID NOs: 29, 43, 45 and 47 (2090, 765750, 144537, 801057 (complete POP genes);

(i)  anucleic acid sequence of at least 60 or 70, 80 or 90 % identity, preferably at least 95 % iden-
tity, more preferred at least 98 % identity with a nucleic acid sequence listed in SEQ ID 29, 30,
43-48, preferably SEQ {D NOs: 30, 44, 46 and 48, more preferably SEQ ID NOs: 29 and 30,
preferably over the whole sequence;

(iiiy a nucleic acid sequence that hybridizes to a nucleic acid sequence of {i} or (ii) under stringent
conditions;

(iv) afragment of any of the nucleic acid sequences of (i} to (iii), that hybridizes to a nucleic acid
sequence of (i) or (ii) under stringent conditions; and

(v} anucleic acid sequence, wherein said nucleic acid sequence is derivable by substitution,
addition and/or deletion of one of the nucleic acids of (i) to {iv) that hybridizes to a nucleic
acid sequence of (i} or (ii) under stringent conditions,

wherein the nucleic acid sequence encodes a prolyl oligopeptidase (POP).

In a preferred embodiment, the nucleic acid encoding POP is a DNA, RNA or PNA, preferably
DNA or PNA, more preferably DNA.

In a further preferred embodiment, the above nucleic acid encodes a polypeptide having
peptidase and/or cyclase activity for polypeptides, preferably N-methylated (poly)peptides, more
preferably for backbone N-methylated peptides, most preferably for multiply backbone N-
methylated (poly)peptides.

In a preferred embodiment, reflecting the current US patent practice with regard to the
patentability of products by nature, the nucleic acids of the present invention do not encode a
naturally occurring prolyl oligopeptidase, preferably do not encode a prolyl oligopeptidase encoded

by an omphalotin gene cluster selected from the group consisting of omphalotin gene clusters from
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O. olearius, D. bispora, L. edodes and F. mediterranea. More preferably, the nucleic acid does not
consist of a nucleic acid sequence selected from the group consisting of nucleic acid sequences SEQ
ID NOs: 29, 30, 43-48, preferably 29, 43, 45 and 47.

In a further preferred embodiment, the present invention is directed to a recombinant vector
comprising a nucleic acid encoding POP, preferably a viral or episornal vector, preferably a
baculovirus vector, lentivirus vector, adenovirus vector, yeast or bacterial episomal vector.

In a further preferred embodiment, the present invention relates to a host cell comprising a
nucleic acid encoding POP, or a vector of the present invention, preferably a host cell selected from
the group consisting of yeast cells, preferably Saccharomyces cerevisiae, Pichia pastoris cells, F. coli
cells, B. subtilis cells, plant cells, preferably Nicotiana tabacum or Physcomitrella patens cells, NIH-
3T3 mammalian cells and insect cells, preferably sf9 insect cells.

In a further alternative aspect, the present invention is directed to a preferably isolated and
purified polypeptide selected from the group consisting of:

(a) polypeptides having an amino acid sequence selected from the group consisting of SEQ ID

NOs: 36, 37 and 53-58, preferably SEQ ID NOs: 37, 54, 56 and 58, more preferably 36 and 37,
(b} POP polypeptides encoded by a nucleic acid of the present invention,

(c} polypeptides having an amino acid sequence identity of at least 50 or 60 %, at least 70 or 80

%, preferably at least 90 or 95 % with the polypeptides of (a) and/or {b},

(d)  afunctional fragment and/or functional derivative of {(a), (b) or (c),
wherein the polypeptide has prolyl oligopeptidase activity.

In a preferred embodiment, the POP polypeptide has peptidase and/or cyclase activity for
{poly)peptides, preferably N-methylated (poly)peptides, more preferably for backbone N-
methylated peptides, most preferably for multiply backbone N-methylated {poly)peptides.

In a further preferred embodiment, the POP polypeptide is not a naturally occurring prolyl
oligopeptidase, preferably is not a prolyl oligopeptidase encoded by an omphalotin gene cluster
selected from the group consisting of omphalotin gene clusters from O. olearius, D. bispora, L.
edodes and F. mediterranea. More preferably, the polypeptide does not consist of an amino acid
sequence selected from the group consisting of amino acid sequences SEQ ID NOs: 36, 37 and 53 to

58, preferably 36, 53, 55 and 57.
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In a further alternative aspect, the present invention provides an antibody, preferably a
monoclonal antibody, a functional fragment or functional derivative thereof or an antibody-like
binding compound that specifically binds a POP polypeptide of the present invention.

In yet another alternative aspect, the present invention relates to a hybridoma cell line,
expressing a monoclonal antibody that specifically binds a POP polypeptide according to the present
invention.

Also, the present invention is directed to the use of a vector, a host cell and/or a POP polypep-
tide according to the present invention for producing a cleaved and/or cyclized {poly)peptide.

In another alternative aspect, the present invention teaches a method for producing a cleaved
and/or cyclized {poly)peptide, comprising the steps of:

{a) providing a polypeptide having prolyl oligopeptidase activity according to the present
invention (termed hereinafter “POP”),

(b} providing a (poly)peptide for peptide cleavage and/or cyclization (termed hereinafter “POP
substrate”),

{c} contacting the polypeptide having prolyl oligopeptidase activity of (a) and the (poly)peptide
for peptide cleavage and/or cyclization of {b) under conditions that allow for cleavage and/or
cyclization,

(d)  optionally further modifying the cleaved and/or cyclized {poly)peptide,

(e) optionally at least partially purifying the cleaved and/or cyclized {poly)peptide.

Preferably, the POP of step (a) and/or the POP substrate of step (b) are provided by a vector
and/or a host cell of the invention.

Preferably, in step (c), the conditions allow for intra- or extracellular cleavage and/or cycli-
zation.

In a preferred embodiment the invention relates to a method, wherein in step (d) at least one
further enzyme and/or protein is added for further modifying the cleaved and/or cyclized (poly)pep-
tide, preferably further enzymes and proteins selected from the group consisting of methyl trans-
ferase (MT), preferably N-methyl transferase, more preferably backbone N-methyl transferase,
monooxygenase, preferably P450 monooxygenase, O-acyl transferase, oxidoreductase, aldo/keto
reductase, more preferably one or more enzymes having an amino acid sequence according to any

one of SEQ ID Nos: 15 to 28, 112 to 115 and 38 to 42 or functional fragments or derivatives thereof.
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In step {e), the at least partially purifying of the cleaved and/or cyclized (poly)peptide prefera-
bly comprises the same procedures identified above for at least partially purifying methyl trans-
ferase products.

In another aspect, the present invention is also directed to the (poly)peptide-modifying enzy-
mes having nucleic acid and amino acid sequences listed in SEQ ID NOs: 31 to 35 and 38 to 42,
respectively.

In a preferred embodiment, this aspect relates to a preferably isolated and purified nucleic
acid, comprising a nucleic acid sequence selected from the group consisting of:

{i) a nucleic acid sequence selected from the group consisting of nucleic acid sequences

listed in SEQ ID NOs: 31 to 35;

(ii) a nucleic acid sequence of at least 60 or 70, at least 80 or 90 % identity, preferably at
least 95 % identity, more preferred at least 98 % identity with a nucleic acid
sequence listed in SEQ ID NO 31 to 35, preferably over the whole sequence;

(iii) a nucleic acid sequence that hybridizes to a nucleic acid sequence of (i} or {ii}) under
stringent conditions;

{iv) a fragment of any of the nucleic acid sequences of (i) to {iii}, that hybridizes to a
nucleic acid sequence of (i} or {(ii) under stringent conditions; and

{v) a nucleic acid sequence, wherein said nucleic acid sequence is derivable by
substitution, addition and/or deletion of one of the nucleic acids of (i) to (iv) that
hybridizes to a nucleic acid sequence of (i) or (ii) under stringent conditions,

wherein the nucleic acid sequence encodes a polypeptide having monooxygenase (SEQ ID NO: 31),
O-acyl transferase (SEQ ID NO: 32}, monoxygenase (SEQ ID NO: 33, 34), or oxidoreductase {SEQ ID
NO: 35) activity.

In a second preferred embodiment, the present invention relates to an isolated and purified

polypeptide selected from the group consisting of:

(a) polypeptides having an amino acid sequence selected from the group consisting of
SEQ ID NOs: 38to 42,

{b) polypeptides encoded by a nucleic acid of any of claims 1 to 5,

{c) polypeptides having an amino acid sequence identity of at least 50 or 60 %, at least
70 or 80 %, preferably at least 90 or 95 % with the polypeptides of (a) and/or (b),

{d) a functional fragment and/or functional derivative of (a), {b) or (c),
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wherein the polypeptide has monooxygenase (SEQ ID NO: 38), O-acyl transferase (SEQ ID NO: 39},
monoxygenase (SEQ ID NO: 40, 41), or oxidoreductase (SEQ ID NO: 42) activity.

Preferably, reflecting the current US patent practice with regard to the patentability of pro-
ducts by nature, the nucleic acids and amino acids of the present invention do not encode a natu-
rally occurring {poly)peptide-modifying enzyme and/or protein, preferably do not encode an enzy-
me encoded by an omphalotin gene cluster selected from the group consisting of omphalotin gene
clusters from O. ofearius, D. bispora, L. edodes and F. mediterranea. More preferably, the nucleic
and amino acid does not consist of a nucleic acid or amino acid sequence selected from the group
consisting of nucleic acid and amino acid sequences SEQ ID NOs: 31-35 and 38-42.

The here-described novel monooxygenase (SEQ ID NO: 31), O-acyl transferase (SEQ ID NO:
32), monoxygenase (SEQ ID NO: 33, 34), and oxidoreductase (SEQ ID NO: 35) and their nucleic and
amino acid derivatives can form part of a recombinant vector, a host cell, a fusion protein or have
utility in methods as described above for the inventive MT and POP enzymes for modifying (poly)-
peptides, preferably for modifying methylated and/or cyclized (poly)peptide substrates.

In this regard, it is noted that the definitions provided in the context of the methyl transferase
(MT) enzymes above and generally relating to the nature of nucleic acids, polypeptides and (poly)-
peptides, antibodies, hybridoma cells, vectors, host cells, nucleic acid and amino acid sequence
identity, hybridization conditions, etc. are also valid for the prolyl cligopeptidase (POP) enzymes, the
monooxygenase, O-acyl transferase, monoxygenase, and oxidoreductase enzymes. Moreover, the
promoters, vectors, host cells, method parameters, etc. mentioned as preferred embodiments in
the context of MT enzymes also form preferred embodiments for practicing the present invention
with regard to the other enzymes.

In the following, the invention is illustrated by figures and specific examples, none of which
are to be interpreted as limiting the scope of the invention as taught in the appended claims.
Figures

Fig. 1 is a schematic overview of the natural N-methylation pattern of the nematicidal cyclic
peptide omphalotin A {left) and its omphalotin variants B to | (right) {(adapted from Blichel et al.,
(1998) Tetrahedron 54:5345-5352).

Fig. 2 shows a schematic bar (top) and corresponding sequence listing {below) illustrating the
amino acid sequence of the omphalotin precursor according to SEQ ID NO: 15. The amino acids of

the methyl transferase domain (underlined) show homology towards the tetrapyrrole (Corrin
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/Porphyrin) methylases (pfam: 00590), the amino acids in italic letters show weak homology
towards the conserved domains of unknown function TrbG and YabN (PRK13885 and COG3956) and
the amino acids in bold letters form omphalotin. Bold and underlined residues are involved in §-
Adenosyl methionine (SAM) binding and compromise methylation when mutated to an alanine. For
the protein sequence, see SEQ ID NO 15 and protein ID number: 2087 on the IGl website (http://-
genome.jgi.doe.gov/Ompoll/Ompoll.home.html)

Fig. 3A is a comparative schematic overview of the OmpA gene cluster of O. olearius with
further fungal homologous omphalotin gene clusters in D. bispora. The gene cluster of O. olearius
consists of (i) the methyltransferase {MT) encoding the omphalotin peptide (2087, SEQ 1D NOs: 1
and 15}, the prolyl oligopeptidase (POP) (2090, SEQ ID NO: 29 and 36), which is involved in cleavage
of the omphalotin peptide from the precursor and the cyclisation reaction. In addition, two
monooxygenases (2085, SEQ ID NOs: 31, 38; and 2089, SEQ ID NOs: 33, 40; and 2089Late start, SEQ
ID NOs: 34, 41}, an O-acyl transferase (2088, SEQ ID NOs: 32, 39}, and an oxidoreductase (2091, SEQ
ID NOs: 35, 42} are shown that are involved in the modifications of omphalotin variants B to I. The
protein sequence of the OmpA gene cluster with the respective protein ID numbers can be found on
the JGI website {http://genome.jgi.doe.gov/Ompol1/Ompoll.home.html). Fig. 3B is a tabular
overview of the details of genes located in the O. olearius and D. bispora borosin gene clusters. The
asterisk denotes that the protein sequences corresponding to the respective protein ID numbers can
be found on the IGl website (http://genome.jgi.doe.gov/Ompol1/Ompoll.home.htmi and
http://genome.jgi.doe.gov/ Denbil/Denbil.home.html).

Fig. 4 is a comparative schematic overview of the OmpA gene cluster of O. olearius with
further fungal homologous omphalotin gene clusters in F. mediterranea. The protein sequences
corresponding to the respective protein 1D numbers can be found on the JGI website
(http://genome.jgi.doe.gov/programs/fungi/index.jsf).

Fig. 5A shows an alignment of the methyltransferase domain of the omphalotin precursor
with other fungal homologues. Residues in black boxes highlight conserved residues and residues
with similar properties are high-lighted in bolt. Sequence identity with the omphalotin precursor
{2087) ranges from 89.42% (765759) to 54.36% {32310). Sequences of all homologues are according
to SEQ ID NO: 15, 17, 19, 21, 23, 25 and 27 (aa MT only). Fig. 5B shows an alignment of the
peptidase domain of the omphalotin prolyl oligopeptidase with the prolyl oligopeptidase of D.

bispora. Sequence identity of the prolyl cliopeptidase from omphalotin with the peptidase from D.
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bispora is 87.86%. Sequences according to SEQ ID NOs: 37 and 54 (aa protease domains only).
Alignment created with clustal Omega (Sievers F et al., {2011) Mol. Sys. Bio. 7: 539) and visualized
using ESPript 3 (Robert X et al,, (2014) Nucl. Acids Res. 42{W1}:W320-W324).

Fig. 6 shows SDS-PAGE gels and immuno detections for confirming the expression and solu-
bility of the omphalotin precursor in E. coli BL21. Gel A shows a whole cell extract (WCE) of E. coli
BL21 that was not induced (lane 1), expressing the non-tagged omphalotin precursor {lanes 2, 4 and
6), or the N-terminally HiS-tagged omphalotin precursor (lanes 3, 5 and 7}, when separated on a
12% SDS PAGE gel. Lanes 2 and 3 show the WCE before centrifugation, lane 4 and 5 the WCE after
low spin (LS) centrifugation (5000xg 5min) and lanes 6 and 7 after high spin (HS) centrifugation
{15000xg 30min). Gel B shows immuno-detection of the omphalotin precursor with an anti-HIS
antibody (Qiagen, Switzerland). A WCE of E. coli BL21 expressing an empty vector (EV) was used as a
control. Lane 2 shows the WCE after low spin centrifugation and lane 3 after high spin
centrifugation. E. coli BL21 was induced for 24hr with 0.2mM IPTG at 16°C.

Fig. 7 shows SDS-PAGE gels and immuno detections for confirming the expression and
solubility of the omphalotin precursor in S. cerevisiae. Gel A shows WCEs of S. cerevisiae W303
MATa (lane 1-3) or MATa/a {lane 3-6) grown for 3 hrs on YP galactose to induce expression of the N-
terminally HIS-tagged omphalotin precursor. Lanes 1 and 4 show the WCE before centrifugation,
lanes 2 and 5 the WCE after high spin centrifugation {16000g for 30min) and lanes 3 and 6 the
purified protein after HIS tag purification. Gel B shows the immuno-detection of the omphalotin
precursor with an anti-HIS tag antibody on a WCE of S. cerevisioce W303 MATa/a grown for 24hr on
galactose at 25°C (lane 2). S. cerevisiage W303 MATa/a grown on glucose was used as a control {lane
1).

Fig. 8A, 8B, 8C and 8D lists methylated fragments of different variants of the omphalotin
precursor (SEQ ID NOs: 99, 101 and 102} and the ten times methylated fragment of the D. bispora
765750 homologue {SEQ ID NO 100} observed by MS/MS data after different expression times in E.
coli BL21. The omphalotin precursor was expressed for 1 or 5 days in £. cofi BL21. The purified
protein was digested by trypsin and subjected to LC-MS/MS. The MS-identified trypsin fragments
containing the omphalotin core peptide are listed. The top fragment shows where methylations
(underlined) are expected in the peptide (bold) of the naturally isolated omphalotins. The fragments

below were found experimentally, the third fragment (italic letters) was the most abundant after 1
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day of expression. Underlining means that this amino acid was found to be methylated according to
the MS/MS data.

Fig. 9 shows the N-methylation pattern of therapeutic peptides produced with the methyl-
transferase of 0. olearius. The top line {1) illustrates the natural N-methylation pattern of the cyclic
non-ribosomal immunosuppressant cyclosporine A, and the natural N-methylation pattern of the
cyclin-dependent kinase 4 inhibitor dictyonamide A. Line {7} shows the natural N-methylated
synthetic antimalarial R1 peptide and kendarimide which reverses P-glycoprotein-mediated
multidrug resistance in tumor cells. The following bottom columns (2) to {6) and (8) to (10) show the
patterns of N-methylation observed after 5 days of in vivo E. coli expression at 16°C when the
omphalotin encoding peptide in the precursor was exchanged with the peptide sequences that
resembled cyclosporin A (line (1) left, SEQ ID NO: 103}, dictyanomide A (line (1) middle, SEQ ID NO:
104}, R1 (line (7} left, SEQ ID NO: 105) or kendarimide, (line (7} right, SEQ ID NOs: 106} thus

demonstrating general substrate applicability for methylation by the methyl transferase.
Examples

Example 1 - cDNA synthesis and cloning of the omphalotin precursor

0. olearius strain DSM3398 (DSMZ, Germany) was used for RNA extraction and cDNA
synthesis. O. ofearius mycelium was grown on cellophane disks {Celloclair, Switzerland) on 1.5%
{(w/v) agar plates containing yeast maltose agar (0.4% {w/v) yeast extract (Oxoid AG, England), 1%
{(w/v) malt extract (Oxoid AG, England), 0.4% (w/v) glucose) for 5 days at 28°C in the dark. To extract
RNA, 8.2 mg of lyophilized mycelium was lysed with 8 mg of 0.5 mm glass beads in three FastPrep
steps of 45 s at 4.5, 5.5 and 6.5, cooling the sample for 5 min on ice between each step. RNA was
extracted with 1 mi Qiazol {Qiagen, Germany) and 0.2 ml chioroform. After a centrifugation at
12000xg and 4 °C for 15 min, RNA was recovered in the aqueous phase, washed on-column using
the RNeasy Lipid Tissue Mini Kit {Qiagen, Germany) and eluted in RNase-free water. cDNA was
synthesized from 1 pg of extracted RNA using the Transcriptor-first strand c¢DNA synthesis kit {(Roche
Applied Science, Germany) following the instructions of the manufacturer. The coding sequence of
the omphalotin precursor was amplified from ¢DNA by PCR using Phusion high-fidelity DNA
polymerase using standard protocols (Sambrook J, Russell D, 2001, Molecular cloning 3" edition)
using primers:

Forward primer: 5 -ATGGAGACTTCCACTCAGAC-3" (SEQ ID NO: 64)
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Reverse primer: 5-TTATTCCGTGCTCATGACTG-3 . {SEQ 1D NO: 65)
An A-tailing reaction was performed on the PCR product after which it was cloned into the pGEM-T-
easy vector {Promega, USA) and transformed to E. coli DH5a. A PCR on a plasmid containing the
right cDNA sequence was performed using primers:

Forward primer: 5-GGGGGGCATATGGAGACTTCCACTCAGAC-3" {(SEQ ID NO: 66)

Forward primer: 5-TTTTTTCATATGGAGCATCATCATCATCATCATCATCATACT

TCCACTCAGACCAAAGCTGGCTCA-3" (SEQ ID NO: 67)

Reverse primer: 5 -CCCCCCGCGGCCGCTTATTCCGTGCTCATGACT-3™ {SEQL ID NO: 68)
after which the PCR products were cloned into pET24 (Novagen, Germany) using the restriction sites
Ndel and Notl {Thermo Scientific, USA) and transformed to E. co/i BL21 or cloned into the S.
cerevisioe expression vector pR5426 (Sikorski R. S. el al., (1989) Genetics 122: 19-275) using the

restriction sites Spel and EcoRl.

Example 2 Cloning of the CycD, DicA, KenA and no follower omphalotin variants

An adapter ligation was performed to introduce a Bsal restriction site in the omphalotin
precursor gene using primers:

Forward primer: 5"-CATGAGACCTAGTCATGAGCACGGAATAAGC-3" (SEQ ID NO: 69)

Reverse primer: 5"-GGCCGCTTATTCCGTGCTCATGACTAGGTCT-3™ (SEQ ID NO: 70)
10 wl of each primer (100uM) was added to 80ul of 10mM Tris pH 7.5. Primer annealing was
performed with the following program: 5min at 98°C with cooling rate at 4°C/s, 30 seconds at 80°C
with cooling rate 0.01°C/s and 30 seconds at 40°C with cooling rate 0.02°C/s. The annealed primers
were phosphorylated and ligated into a pET24 vector containing the omphalotin precursor restricted
with Ncol and Noti (Thermo Scientific, USA) at a vector-to-insert molar ratio of 1:7. To introduce the
sequence encoding for CycD, DicA, KenA and to remove the follower an adapter ligation was
performed with the following primers:
CycD forward primer:
5 -AGGTCTCACCCACTGGTGCTGGCTGCACTGCTCGTCATCGTTGGTTCAGTCATGAGCACGGAATAAGCGGC
CGCA-3" (SEQ ID NO: 71)
CycD reverse primer: 5°-TGCGGCCGCTTATTCCGTGCTCATGACTGAACCAACGATGACGAGCAGTGCAGLCC
AGCACCAGTGGGTGAGACCT-3" (SEQ ID NO: 72)

DicA forward primer:

23



WO 2017/174760 PCT/EP2017/058327

5 -AGGTCTCACCCAGCAACGACCGTAGTAGTTGTTGTTATTGTGGGTTAAGCGGCCGCA-3™ (SEQ ID NO: 73)
DicA reverse primer:
5-TGCGGCCGCTTAACCCACAATAACAACAACTACTACGGTCGTTGCTGGGTGAGACCT-3" {SEQ ID NO: 74)
Ken A forward primer:
5 -AGGTCTCACCCACAGTTCATTGCCGTTGTAGTTGTGGCAGTCGTGTGCTGTTTCTAAGCGGCCGCA-3°
{SEQ 1D NO: 75}
Ken A reverse primer:
5 -TGCGGCCGCTTAGAAACAGCACACGACTGCCACAACTACAACGGCAATGAACTGTGGGTGAGACCT-3" (SEQ
ID NO: 76)
No follower forward primer:
5-AGGTCTCACCCATGGGTCATCGTCGTTGGTGTTATCGGTGTCATCGGATAAGCGGCCGCA-3 ™ (SEQID NO:
77)
No follower reverse primer:
5-TGCGGCCGCTTATCCGATGACACCGATAACACCAACGACGATGACCCATGGGTGAGACCT-3" (SEQID
NQO: 78)

Primer annealing was performed as described above, restricted using Bsal and Notl, purified
using a Nucleospin gel and PCR cleanup kit (Macherey Nagel, Switzerland) and ligated in pET24

containing the omphalotin precursor that was restricted with Bsal.

Example 3 Cloning of OMP TEV, R1 and 765759

For replacement of the omphalotin peptide with that of R1 and to introduce a TEV cleavage
site the following sequences were synthesized by Genscript (USA}:
OMP TEV
5°-GGATCCCAAGGCACTCGCCGACTACAAAGCTGATCACCGCGCCTTTGCTCAATCTGTCCCCGACTTGACGC
CTCAGGAGCGTGCGGCTTTGGAGCTCGGTGATTCGTGGGCTATTCGTTGCGCGATGAAGAATATGCCCTCGT
CGCTCTTGGACGCTGCTCGTGAATCCGGCGAAAACTTGTACTTCCAAGGTTTCCCATGGGTCATCGTCGTTGG
TGTTATCGGTGTCATCGGATAAGAATTC-3" (SEQ ID NO 79)
OMP R1
5°-GGATCCCAAGGCACTCGCCGACTACAAAGCTGATCACCGCGCCTTTGCTCAATCTGTCCCCGACTTGACGC
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CTCAGGAGCGTGCGGCTTTGGAGCTCGGTGATTCGTGGGCTATTCGTTGCGCGATGAAGAATATGCCCTCGT
CGCTCTTGGACGCTGCTCGTGAATCCGGCGAAGAGGCATCCCAAAACGGTTTCCCAGTCTTTGCAGAATTTCT
GCCTCTGTTCAGCAAATTCGGTTCGCGGATGCACATTCTGAAATAAGCGGCCGEC-3™ (SEQ ID NO 80)

The synthesized sequences were restricted with BamH! and EcoR! for OMP TEV and BamH|
and Notl for R1, purified using a Nucleospin gel and PCR cleanup kit (Macherey Nagel, Switzerland)
and ligated into pET24 containing the omphalotin precursor.

The sequence of 765759 from D. bispora was codon optimized for expression in E. coli and
synthesized by Genscript (USA) SEQ ID NO 107. The synthesized sequence was restricted with Hindlll
and Ndel, purified using a Nucleospin gel and PCR cleanup kit (Macherey Nagel, Switzerland) and

ligated into pET24 containing the omphalotin precursor.

Example 4 - Expression and purification of the omphalotin precursor and variants from E. cofi BL21
The omphalotin precursor, the different variants and the N-terminal HiS-tagged precursor
were expressed in £. co/i BL21 in TB medium (2.4% {w/v) yeast extract (Oxoid AG, England), 1.2%
(w/v) tryptone {Oxoid AG, England), 0.4% (w/v) glycerol, 0.17 M KH,PO,4 and 0.72 M K;HPO,)
containing 50 pug/ml kanamycin. For protein purification of the HiS-tagged precursor cultures were
grown at 37°C to an ODge nmM between 1.5-2 after which cultures where cooled down on ice for
30min and 0.2 mM IPTG was added. Further incubation was performed at 16°C for the indicated
expression times. Bacterial cell pellets were resuspended in ice-cold buffer (50mM HEPES pH8, 0.1%
triton X-100, 10% glycerol) containing 20 mM Imidazole and lysed using a French press. Cell debris
was removed by centrifugation at 16000 g for 30 min. For protein purification the supernatant was
incubated with Ni-NTA beads (Thermo Scientific, USA) at 4 °C for 1 h and the protein was finally
eluted in buffer containing 400 mM Imidazole. Purified protein was concentrated on an Amicon
Ultra-4 centrifugal filter device (Millipore, USA} with a molecular weight cut off of 30 kDa, desalted
using a PD-10 column {Amersham Biosciences, UK) and flash frozen with liquid nitrogen before
storage at -20°C. Protein concentrations were measured using the Pierce BCA protein assay {Thermo

Scientific, USA) using a standard curve derived from bovine albumin.
Example 5 - Expression and purification of the omphalotin precursor from $. cerevisiae

S. cerevisicge W303 MATa and W303 MATa/a containing the omphalotin precursor or the N-

terminal HIS-tagged precursor were grown at 30°C in synthetic dropout (SD) media containing
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raffinose and without histidine to the exponential phase. Cells were harvested and washed once
with YP containing galactose and diluted to ODgpe=0.2. Cells were grown till OD=1, washed with ice-
cold buffer (50mM HEPES pHS8, 0.1% triton X-100, 10% glycerol} and lysed using glass beads. Cell
debris was removed by centrifugation at 16000xg for 30 min, Ni-NTA beads (Thermo Scientific, USA)
were added and the protein was purified according to the instructions of the manufacturer. Proteins

were desalted and stored as described in example 4.

Example 6 - Confirmation of backbone N-methylation of omphalotin peptide and variants by LC-
MS/MS

An Amicon ultra column {30 kDa cutoff} was washed 2 times with ddH,0. 100 pg protein and
ddH,0 to a final volume of 400 ulL was added. The sample was centrifuged (11000xg for 5 min) and
washed with 500 pl of ddH,0. 50 mM NH,HCO; pH 8 was added and the sample was concentrated to
4 pg/ul. 25 pl was transferred to a glass vial, trypsin (Promega, USA) was added to a molar ratio of
1:70 and the sample incubated for 3 h at 37°C. 3ul of each sample was used for mass spectrometry
analysis. Electrospray ionization-LC-MS data was recorded on a Thermo Scientific Q Exactive mass
spectrometer equipped with a Dionex Ultimate 3000 UHPLC system using a Phenomenex Kinetex 2.6
pm C18 100 A (150 x 4.6 mm) column heated at 50°C. Elution was performed with a linear gradient
using water with 0.1% (v/v) formic acid (solvent A) and acetonitrile with 0.1% (v/v} formic acid
(solvent B) at a flow rate of 0.8ml/min. The column was equilibrated with 5% solvent B for 2 min
followed by a linear increase of solvent B to 85% over 15 min and a final elution step with 98%
solvent B for 5 min. Mass spectra were acquired in positive ion mode with the following settings;
spray voltage 3500V, capillary temperature at 268.75°C, probe heater at 437.5°C and an S-lens level
at 50. Full MS was done at a resolution of 35000 (AGC target 1e6, maximum IT 100 ms, range
between 500-1800 m/z) and data-dependent MSMS was performed at a resolution of 17500 (AGC
target at 2e5, maximum IT of 300ms isolation window 1.2} using a stepped NCE of 16, 20 and 24.
The inclusion list contained the mass of the trypsin fragment encoding for the omphalotin peptide

(or one of the variants) and its different methylation states.
Example 7 - in vitro methylation of the omphalotin precursor and variants

Omphalotin precursor and variants were purified from E. coli induced for only 4 hours to

obtain non-methylated protein. To 5uM of protein 1uM S-adenosyl methionine (Sigma-Aldrich, USA)
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was added and samples were incubated overnight at room temperature. Reactions were performed
in 50l of 50mM HEPES pH8, 0.1% triton X-100 and 10% glycerol. Methylation of the omphalotin

precursor or variants were asses by LC-MS as described in example 6.

Example 8 - In vitro methylation of omphalotin peptide with and without follower

The syntheses of peptides were performed by automated Fmoc solid-phase peptide synthesis using
the following conditions. Fmoc deprotections were performed using 20% piperidine in DMF for 8
min, repeated another cycle to ensure complete removal. For each coupling, Fmoc-amino acid (4.0
equiv), HCTU (3.9 equiv), and NMM (8.0 equiv) in DMF were coupled to free amine on-resin for 45
min. After coupling, resin was treated with 20% acetic anhydride in DMF and NMM (1 equiv to
acetic anhydride) for 10 min to cap any unreacted free amine. Synthesis of omphalotin A: Due to the
highly hydrophobic sequence of omphalotin A, the synthesis was performed on ChemMatrix Rink
amide resin using hexa-arginine tag with a base labile linker at the C-terminal. The first arginine
coupling was performed manually on ChemMatrix Rink amide resin {0.1 mmole scale). Afterwards,
five subsequent arginine residues and the basic-labile linker (4-hydroxymethyl-benzoic acid, HMBA)
were coupled on synthesizer to form the Argg tag (SEQ ID NO: 108) to enhance the solubility. The C-
terminal residue (Glu™® or Gly™) was introduced by pre-formed symmetrical anhydride of the
corresponding Fmoc-amino acid (5.0 equiv) in the presence of DMAP (0.1 equiv) for 6 hours. The
rest of the sequence was introduced by standard automated Fmoc SPPS protocol resulting in the

following peptides:

With follower, 1a: WVIVWGVVGVYIGSVMSTE *JHMBAHRRRRRR|SEQ ID NO: 83
Without follower, 1b: WVIVVGWGV'IG*{HMBAHRRRRRR| SEQ ID NO: 84

Upon the completion of synthesis, the full peptide on-resin with the final Fmoc was cleaved by
treatment with a mixture of 94:2:2:2 TFA/TIPS/DODT/H,0 for 1a and 95:2.5:2.5 TFA/TIPS/H,0 for 1b
respectively for 2.5 hours. The solid support was filtered off and the filtrate was evaporated under
vacuum. The residue was triturated with Et,0 and centrifuged to obtain the crude peptides. The
crude peptides were purified by reverse phase HPLC (RP-HPLC) using a gradient of 40% CHsCN to
90% CH5CN over 30 min. The fractions containing the product was pooled and lyophilized. The final
Fmoc was removed by treatment the peptides with 5% diethylamine in DMSO (2 mM) for 5 min. The

solution was neutralized with equal volume of cold TFA (10% in 1:1 CH3CN/H,0) and the resulting
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mixture was purified by RP-HPLC and lyophilized to obtain N-terminal free amine of 1a and 1b. For
the final removal of the Argg tag, 1a and 1b were dissolved in DMSO/H;0 (9:1) to the concentration
of 10 mM and treated with one-tenth volume of 1.0 M NaOHg, for 90 min. The reaction mixture
was cooled in an ice bath, neutralized with TFA, purified by RP-HPLC, and lyophilized to afford the

final products:
Omphalotin A (with follower): WVIVWGVWGV'IGSVMSTE™ SEQ ID NO: 85
Omphalotin A (without follower): WVIVWGVVGV™IG™ SEQ ID NO: 86

5uM of omphalotin precursor, 1M S-adenosyl methionine (Sigma-Aldrich, USA) and 1mM
peptide was added to 200ul of 50mM HEPES pH8, 0.1% triton X-100 and 10% glycerol. Samples were
incubated overnight at room temperature after which they were run over an Amicon ultra column
(30 kDa cutoff). The supernatant was collected and methylation of the peptide was assessed by LC-

MS as described in example 6.

Example 9 In vitro cleavage of omphalotin precursor by TEV protease
TEV protease {Sigma-Aldrich, USA} was added to purified omphalotin precursor containing a
TEV cleavage site at a molar ratio of 1:100 and incubated overnight at 4°C. Cleavage of the precursor

was assessed by LC-MS/MS as described in example 6.

Example 10 In vitro proteolysis and cyclisation of the omphalotin precursor by the prolyl
oligopeptidase

Proteolysis of the peptide from the omphalotin precursor and cyclisation reactions were
performed as described by Luo et al., {2014} Chemistry and Biology 21, 1610-1617. In short, 2ug of
omphalotin precursor together with 10ug of POP was dissolved in 50mM Tris-HCl (pH7.5) in a
reaction volume of 50ul and incubated at 37°C for 4hr. For POP activity on peptides, 1mM of
omphalotin peptide with or without follower (see above) were dissolved in 50mM Tris-HCl {pH7.5)
containing 1mM dithiothreitol, or 0.1% trifluoroacetic acid and incubated together with 2pg of POP.
After the incubation reactions were quenched with 50ul of methanol and the samples were
centrifuged for 5 min. The supernatant was analyzed by HPLC (see Luo et al.,, (2014) Chemistry and
Biology 21:1610-1617) or LC-MS as described in example 6.
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Example 11 In vivo proteolysis and cyclisation of the omphalotin precursor by the prolyl
oligopeptidase

STREP-tagged POP and HIS-tagged OMP where co-expressed in E. coli BL21 using the
pCDFDUET-1 vector (Merck Millipore, Germany) and brought to expression as described in Example
4. For analysis of proteolysis of the omphalotin precursor protein was purified as described in
Example 4 and send for analysis by whole protein LC/TOF-MS by the Functional Genomics Center
(University Zirich). To assess cyclisation and cleavage the supernatant of the whole cell extract after
high spin centrifugation was run over an Amicon Ultra-4 centrifugal filter device (Millipore, USA)
with a molecular weight cut off of 10 kDa. The supernatant was analyzed by HPLC (see Luo et al.,

(2014) Chemistry and Biology 21:1610-1617) or LC-MS as described in example 6.
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Claims

An isolated and purified nucleic acid, comprising a nucleic acid sequence selected from the

group consisting of:

(i) a nucleic acid sequence selected from the group consisting of nucleic acid sequences
listed in SEQ ID NOs: 1 to 14 and 108 to 111, preferably SEQ ID NOs: 2, 4, 6, 8, 10, 12,
14, and 108, more preferably SEQ ID NOs: 1 and 2;

(ii) a nucleic acid sequence of at least 80 or 90 % identity, preferably at least 95 %
identity, more preferred at least 98 % identity with a nucleic acid sequence listed in
SEQ ID NO 1 to 14 or 108 to 111, preferably over the whole sequence;

(iii) a nucleic acid sequence that hybridizes to a nucleic acid sequence of (i) or (ii) under
stringent conditions;

(iv) a fragment of any of the nucleic acid sequences of (i) to (iii), that hybridizes to a
nucleic acid sequence of (i) or (ii) under stringent conditions; and

(v) a nucleic acid sequence, wherein said nucleic acid sequence is derivable by
substitution, addition and/or deletion of one of the nucleic acids of (i) to (iv) that
hybridizes to a nucleic acid sequence of (i) or (ii) under stringent conditions,

wherein the nucleic acid sequence encodes a polypeptide having N-methyl transferase

activity.

The nucleic acid according to claim 1, wherein said nucleic acid is a DNA, RNA or PNA,

preferably DNA or PNA, more preferably DNA.

The nucleic acid according to claim 1 or 2, wherein said nucleic acid encodes a polypeptide
having N-methyl transferase activity for methylating peptidic backbone amides, preferably for
multiply methylating peptidic backbone amides, more preferably for multiply methylating

peptidic backbone amides of hydrophobic residues.

The nucleic acid according to any one of claims 1 to 3, wherein the nucleic acid further
comprises a nucleic acid sequence encoding a (poly)peptide for N-methylation by the N-

methyl transferase encoded by the nucleic acid according to any one of claims 1 to 4.
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A recombinant vector comprising a nucleic acid of any of claims 1 to 4, preferably a viral or
episomal vector, preferably a baculovirus vector, lentivirus vector, adenovirus vector, yeast or

bacterial episomal vector.

A host cell comprising a nucleic acid according to any one claims 1 to 4, or a vector according
to claim 5, preferably a host cell selected from the group consisting of yeast cells, preferably

Saccharomyces cerevisiae, Pichia pastoris cells, Bacterial E. coli or B. subtilis cells, plant cells,

preferably Nicotiana tabacum or Physcomirella patens cells, NIH-3T3 mammalian cells and

insect cells, preferably sf9 insect cells.

An isolated and purified polypeptide selected from the group consisting of:

(a) polypeptides having an amino acid sequence selected from the group consisting of
SEQ ID NOs: 15 to 28 and 112 to 115, preferably SEQ ID NOs: 16, 18, 20, 22, 24, 26,
28, and 112, more preferably SEQ ID NOs: 15 and 16,

(b) polypeptides encoded by a nucleic acid of any of claims 1 to 5,

(c) polypeptides having an amino acid sequence identity of at least 70 or 80 %,
preferably at least 90 or 95 % with the polypeptides of (a) and/or (b),

(d) a functional fragment and/or functional derivative of (a), (b) or (c),

wherein the polypeptide has N-methyl transferase activity.

The polypeptide according to claim 7, wherein said polypeptide has N-methyl transferase
activity for methylating peptidic backbone amides, preferably for multiply methylating
peptidic backbone amides, more preferably for multiply methylating peptidic backbone

amides of hydrophobic residues.

Fusion polypeptide comprising a first polypeptide sequence according to any one of claims 7
to 8, and at least a second polypeptide sequence for N-methylation by the N-methyl trans-

ferase activity of the first polypeptide sequence.

An antibody, preferably a monoclonal antibody, a functional fragment or functional derivative
thereof or antibody-like binding proteins that specifically binds a polypeptide of any of claims
7 to 8.
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Use of a vector according to claim 5, a host cell according to claim 6 and/or a polypeptide
according to any of claims 7 to 8 for producing an N-methylated, preferably a backbone N-

methylated (poly)peptide.

Method for producing an N-methylated, preferably a backbone N-methylated (poly)peptide,

more preferably a multiply backbone N-methylated (poly)peptide comprising the steps of:

(a) providing a polypeptide having methyl transferase activity according to any of claims 7
to 8,

(b) providing a (poly)peptide for N-methylation,

(c) contacting the polypeptide having methyl transferase activity of (a) and the
(poly)peptide for N-methylation of (b) under conditions that allow for N-methylation,

(d) optionally cyclisation of the methylated peptide,

(e) optionally further modifying the N-methylated (poly)peptide,

(f)  optionally cleaving the methylated peptide from the precursor, and

(g) optionally at least partially purifying the N-methylated (poly)peptide.

Method according to claim 12, wherein the polypeptide having methyl transferase activity of
step (a) and/or the (poly)peptide for N-methylation of step (b) are provided by a vector

according to claim 5 and/or a host cell according to claim 6.

Method according to claim 12 or 13, wherein the polypeptide having methyl transferase
activity of step (a) and the (poly)peptide for N-methylation of step (b) are provided as a single
fusion protein according to claim 9 or separately, preferably as a single fusion protein

according to claim 9.

Method according to any of claims 12 to 14, wherein in steps (d) and/or (e) at least one
further enzyme and/or protein is added for further modifying the N-methylated (poly)peptide,
preferably further enzymes and proteins selected from the group consisting of prolyl
oligopeptidase (POP), monooxygenase, preferably PA50 monooxygenase, O-acyl transferase
and oxidoreductase, more preferably one or more enzymes having an amino acid sequence

according to any one of SEQ ID Nos: 36 to 42, and 53 to 58.
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METSTQTKAGSLTIVGTGIESIGOMTLQALSYIEAAAKVEYCVIDPATEAFILTKNKNCVDLYQYYD
NGKSRLNTYTQMSELMVREVRKGLDVVGVFYGHPGVFVNPSHRALAIAKSEGYRARMLPGVS
AEDCLFADLCIDPSNPGCLTYEASDFLIRDRPVSIHSHLVLFQVGCVGIADFNFTGEDNNKFGVLY
DRLEQEYGAEHPVVHYIAAMMPHQDPVTDKYTVAQLREPEIAKRVGGVSTEYIPPKARKASNLD
IIRRLELLPAGQVPDKKARIYPANQWEPDVPEVEPYRPSDQAAIAQLADHAPPEQYQPLATSKA
MSDVMTKLALDPKALADYKADHRAFAQSVPDLTPQERAALELGDSWAIRCAMKNMPSSLLDA
ARESGEEASQNGFPWVIVVGVIGVIGSVMSTE

(SEQ ID NO: 15)
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Fig. 3A
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ophB2 2089 169 13183 15046 1497 7 1864 458
ophF 2080 189 18016 19348 2172 21 3331 723
ophE 2091 169 20170 21484 1251 1 1315 418
D. bispora ophA gene cluster
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dbophE 871164 621 18236 20583 1278 1 1278 313
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12) 25794 - Haem peroxidase
13) 25795 - Unknown

14) 25796 - Unknown

15) 25797 - Unknown

20000

A

4) 30902 - AMP dependent
synthetase and ligase

5) 30903 - VPS28 protein

6) 30904 - Methyltransferase

‘FI

7) 30905 - Aspartic peptidase
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15,17, 27, 23, 25, 19, 21)

WO 2017/174760
Fig. 5A (SEQ ID NOs
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Fig. 6
A B
WCE LS HS
kDa
Unind. Notag HIS Notag HIS Notag HIS
kDa
EV LS HS

MATa MATo/a

kDA WCE HS EL WCE HS EL ompHIS
kDA Glc Gal
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Fig. 8A
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Fig. 8B

1 Day + Trypsin:

+ o+ + o+ o+ o+

+ + o+ o+ o+

Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:
Trypsin:

Trypsin:

Trypsin:

= N-Me detected
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Omp SEQ ID NO: 99

ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMSTE
ESGEEASQNGFPWVIVVGVIGVIGSVMST

ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST

ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST

Minor components
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST
ESGEEASQNGFPWVIVVGVIGVIGSVMST

N = expected N-Me N = major species
observed

D. bispora 765750 (SEQ ID NO: 100)

NMPSSLLEAASQSVEEASMNGFPWVIVTIGIVGVIGSVVSSA
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Fig. 8C
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Omp no follower (SEQ ID NO: 101)

ESGEEASQNGFPWVIVVGVIGVIG

ESGEEASQNGFPWVIVVGVIGVIG
ESGEEASQNGFPWVIVVGVIGVIG

PCT/EP2017/058327

Omp TEV cleavage site (SEQ ID NO:102)

ESGENLYFQGFPWVIVVGVIGVIG

ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG
ESGENLYFQGFPWVIVVGVIGVIG

Minor component observed

[ESGENLYFQGFPWYIYVQVIGVIGJ

=4 - =

= N-Me detected

= expected N-Me

= Major species
observed
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Fig. 9

cyclosporin A

PCT/EP2017/058327

9/9

dictyonamide A

(1) i ]
I_ I__VI__KALLVT-E J ATTVVVVWVIVG-Abz
T
R
(SEQID NO: 103) (SEQ ID NO: 104)
IMe 1Me 1IMe 1Me 2Me 1Me
(2) LVLAALLVIVG ATTVWWIVG ATTVVWWVVIVG
- 1Me 1Me 1Me 1Me 1Me
(3) LVLAALLVIVG ATTVWVWIVG ATTVVVWVIVG
1Me
(4) LVLAALLVIVG ATTVVWWWIVG ATTVVVVVIVG
- 1Me1Me 1Me
(5) LVLAALLVIVG ATTVWWVIVG ATTVVVVVIVG
(6) LVLAALLVIVG ATTVVWWWIVG ATTVVVWIVG
R1 kendarimide A
(7) VFAEFLPLFSKFGSRMHILK R3-FIAVVVVAVVcc-R4
(SEQID NO: 105) (SEQID NO: 106)
(8) VFAEFLPLFSKFGSRMHILK QFIAVVVVAVVccF
(9) VEAEFLPLFSKFGSRMHILK QFIAVVVVAVVccF
(10) 6Me/5Me/4Me/3Me
QFIAVVVVAVVccF
N = N-Me detected * = D- R3= L-pyroMeGlu
N = N-Me detected R1= butenyl-methyl R4=L-Phenylalaninol

position not defined

R2= L-alpha-aminobutyric acid
Abz= anthranilic acid cc= disulphide bridge

between two cysteines
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acid sequence encoding a protein having an amino acid
sequence selected from the group consisting of SEQ ID NOs:
15 to 18, 27-28, 112.

2. claims: 1-15(partially)

An isolated and purified nucleic acid, comprising a nucleic
acid sequence encoding a protein having an amino acid
sequence selected from the group consisting of SEQ ID NOs:
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3. claims: 1-15(partially)

An isolated and purified nucleic acid, comprising a nucleic
acid sequence encoding a protein having an amino acid
sequence selected from the group consisting of SEQ ID NOs:
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4. claims: 1-15(partially)

An isolated and purified nucleic acid, comprising a nucleic
acid sequence encoding a protein having an amino acid
sequence selected from the group consisting of SEQ ID NOs:
23-26.

5. claims: 1-15(partially)

An isolated and purified nucleic acid, comprising a nucleic
acid sequence encoding a protein having an amino acid
sequence selected from the group consisting of SEQ ID NOs:
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6. claims: 1-15(partially)

An isolated and purified nucleic acid, comprising a nucleic
acid sequence encoding a protein having an amino acid
sequence selected from the group consisting of SEQ ID NOs:
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7. claims: 1-15(partially)

An isolated and purified nucleic acid, comprising a nucleic
acid sequence encoding a protein having an amino acid
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

sequence selected from the group consisting of SEQ ID NOs:
115.
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