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Non-ribosomal protein synthesis pigment fusion peptides

The present invention relates to a polypeptide or polypeptide complex, comprising at least one
non-ribosomal peptide synthesis (NRPS) amino acid module functionally connected to at least
one pigment module. The present invention further relates to a labeled oligopeptide
comprising a non-naturally attached NRPS pigment or/and polyketide pigment, to a
polynucleotide encoding a fusion polypeptide, a vector, preferably an expression vector,
comprising the polynucleotide of the present invention and to a host cell comprising the
polypeptide or polypeptide complex and/or the polynucleotide, and/or the vector according to
the present invention. Moreover, the present invention relates to in vitro and in vivo method

of producing a labeled oligopeptide, as well as to methods of optimizing the same.

Non-ribosomal peptides (NRPs) are secondary metabolites produced by microorganisms, e.g.

~ bacteria and fungi. Unlike ribosomal protein biosynthesis, non-ribosomal protein synthesis

(NRPS) does not require mRNA to direct the sequence of monomers incorporated into the
growing peptide chain. In NRPS, this sequence is controlled by the sequence of amino acid
modules within the enzyme, the non-ribosomal peptide synthetase (NRPSase), wherein each

module is specific for one amino acid, respectively.

Every NRPS meodule contains a Thiolation-domain (T-domain), also called PCP-domain
(Peptidyl-carrier-protein-domain). In the synthesis of non-ribosomal peptides, growing
peptide chains are handed from one module to the next one. A new amino acid is first
adenylated by the A-domain and then bound to the T-domain via a thioester bond. The C-
domain catalyzes the condensation of an existing peptide chain - which is bound to the T-
domain of the previous module - and the amino acid of the next module. The T-domain itself
does not exhibit any substrate specificity but is just a carrier domain to keep the peptide
attached to the NRPS module complex. The core of every T-domain is a conserved 4’-
phosphopanthetheinylated (4’-PPT) serine. The 4°-PPT residue is added by a 4'-
Phosphopanthetheinyl-transferase (PPTase), which brings the NRPS apo-enzyme to its active

holo-form.
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NRPSases have been known to have a modular architecture, with single modules being
specific for a specific amino acid as described above. The single modules can be connected
covalently to form large multi-module-proteins. However, single modules can also associate
via protein-protein interactions, mostly via so called communication domains. Both, m
covalently connected modules as well as in non-covalently connected modules, it was shown
that single modules can generally be exchanged for modules having different specificities, and
still the NRPSase is functional. Also, it was found to be generally possible to exchange
domains comprised in a module for another domain conferring the same functionality,
emphasizing the modular architecture of NRPSases on several levels. These approaches have
been used to create new NRPSases synthesizing novel peptides (Mootz et al (2000), PNAS
97(11):5848-53; Nguyen et al. (2006), PNAS 103(46):17462-7; Stachelhaus et al. (1998), J
Biol Chem 273(35):22773-81; Finking & Marahiel (2004), Annu Rev Mibrobiol 53:453-88).

Indigoidine is an insoluble blue pigment probably formed by oxidation of two cyclic
glutamines. There exist several enzymes catalyzing indigoidine synthesis, all of which are
NRPSases and consist of only one single module with an A-Ox- (adenylation and oxidation),

T- and a TE-domain.

Previous publications showed that exchanging the T-domain of the indigoidine synthetase
bpsA from S. lavendulae with other T-domains results in a loss of function, ie. the
indigoidine synthetase loses its ability to produce the blue pigment (Owen et al. (2012),
Environ Microbiol 14: 1198-1209). In the same study a method is described, in which the T-
domain of the E. coli entF gene was inserted into bpsA and afterwards modified using a
random mutagenesis strategy, until blue colonies were obtained. Studies of Marahiel and
Dockel (Doekel & Marahiel (2000, Chem Biol 7(6):373-84) showed that it is possible to
exchange the A-domains of NRPS modules to yield modified nonribosomal peptide products

for some module combinations.

However, peptide production via NRPSases has been hampered by the fact that the peptides
have to be purified from the reaction mixture in order to be able to evaluate the amount and
the quality of the product. Thus, NRPS at present is amenable to high-throughput methods
oniy to a very limited extent. Accordingly, there is a need in the art for improved methods of
allowing detection of peptides produced by NRPS. This Problem is solved by the

embodiments of the present invention described herein.
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Accordingly, the present invention relates to a polypeptide or polypeptide complex,
comprising at least one non-ribosomal peptide synthesis (NRPS) amino acid module

functionally connected to at Jeast one pigment module.

The term "oligopeptide", as used herein, relates to a chemical compound comprising at least
one peptide bond. Preferably, the oligopeptide of the present invention comprises at least one
alpha-amino acid involved in a peptide bond. Preferably, the oligopeptide is a non-ribosomal
peptide synthesis (NRPS) oligopeptide, i.¢. an oligopeptide synthesized by an NRPSase as
described herein. Preferably, the oligopeptide comprises 2 to 25 amino acid units, more
preferably 3 to 20 amino acid units, most preferably 5 to 15 amino acid units. It is understood
by the skilled person that in NRPS, amino acids as well as derivatives thereof, including short
peptides, and other chemical compounds may be added to the growing oligopeptide chain;
moreover, said compounds integrated may subsequently be modified chemically, e.g. by
oxidation, reduction, or isomerization, e.g. epimerization. Accordingly, the term amino acid
unit, as used herein, relates to a subpart of the oligopeptide, which is incorporated in a
condensation step of NRPS as described elsewhere in this specification. Preferably, the
oligopeptide is a peptide, a natural NRPS oligopeptide or a derivative thereof, also preferably,
the oligopeptide is a non-natural NRPS peptide generated by module-shuffling as described

clsewhere herein, or a derivative thereof.

The term "non-ribosomal peptide synthesis" or "NRPS" is known in the art and relates to the
formation of at least one peptide bond in the absence of polynucleotides, preferably mRNA,
catalyzed by a polypeptide or polypeptide complex as defined herein below. Preferably,
NRPS is the enzymatically catalyzed condensation of at least two amino acid units. More
preferably, NRPS is the synthesis of a peptide by one of a group of specific enzymes known
as non-ribosomal peptide synthetases (NRPSases).

As used herein, the term "NRPS amino acid module" relates to a subpart of a NRPSase
catalyzing at least activation of an amino acid and condensation thereof to the growing
oligopeptide chain. Preferably, the NRPS amino acid module comprises at least one
condensation domain, at least one adenylation domain, and at least one thiolation domain.
Examples for NRPS amino acid modules and domains comprised therein are well known in
the art. Preferably, the NRPS amino acid module is specific for activation of a specific amino
acid. NRPS amino acid modules have been covered extensively by databases, e¢.g. "A
database of NonRibosomal Peptide Synthetases" at the New Delhi National Institute of
Immunology” by M.Z.  Ansar, R.S. Gokhale, and D. Mohanty
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(http://linux1.nii.res.in/~zeeshan/webpages/home.html), "NORINE": Caboche et al. (2008),
Nucleic Acids Res. 36 (Database issue): D326-31 (http:/bioinfo.lifl.fr/norine/), and
"ClusterMine360": Conwayet al. (2013), Nucleic Acids Res. 41 (Database 1ssue): D402-7,
(http://www.clustermine360.ca/). Preferably, the NRPS amino acid module is an NRF'S amino
acid module as described herein. As it was detailed herein above, NRPSases are structured
modularly, both in comprising modules typically catalzing the addition of one amino acid
unit, and in that each module itself comprises specific domains. Thus, preferably, the term
NRPS amino acid module also includes to non-natural modules, preferably including
synthetic modules. Also preferably, the NRPS amino acid module of the present invention
may comprise one or more non-natural domain(s), more preferably one or more synthetic

domains(s).

The term "pigment", as used herein, relates to a chemical compound having at least one
absorption maximum at a wavelength of visible light. Preferably, the at least one absorption
maximum is at a wavelength between 380 nm and 750 nm, more preferably between 400 nm
and 650 nm. Methods of determining absorption maxima of chemical compounds are known
in the art. Preferably, the pigment is synthesized as a pro-pigment, requiring further,
spontaneous or catalyzed, modification, including, preferably, oxidation, cyclisation, or
aggregation. Also preferably, the pigment is synthesized as an active pigment, i.e., preferably,
as a pigment having said absorption maximum. Preferably, the pigment is a pigment
generated by a polyketide synthase, i.e. a polyketide pigment. More preferably, the pigment is
a pigment generated by a non-ribosomal peptide synthetase, i.e. the pigment is an NRPS

pigment.

The term "NRPS pigment", as used herein, relates to a chemical compound generated at least
in part by NRPS having at least one absorption maximum at a wavelength of visible light.
Preferably, the NRPS pigment comprises at least two amino acid units. Preferably, the at least
one absorption maximum is at a wavelength between 380 nm and 750 nm, more preferably
between 400 nm and 650 nm. Methods of determining absorption maxima of chemical
compounds are known in the art. Preferably, the NRPS pigment is synthesized as a pro-
pigment in the NRPS process, requiring further, spontaneous or catalyzed, modification,
including, preferably, oxidation, cyclisation, or aggregation. Also preferably, the NRPS
pigment is synthesized as an active pigment, i.c., preferably, as a pigment having said
absorption maximum, in the NRPS. Preferably, the NRPS pigment is actinomycin
(Schauwecker et al. (1998), J Bacteriol. 180(9): 2468-74). More preferably, the NRPS
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pigment is indigoidine (IUPAC Name: (5E)-3-amino-5-(5-amino-2.6-dioxopyridin-3-
ylidene)pyridine-2,6-dione, CAS Registry Number: 2435-59-8). Preferably, the term NRPS
pigment relates to the complete pigment molecule as it is produced by a naturally occurring

NRPS pigment module.

The term "pigment module" relates to a polypeptide or polypeptide complex catalyzing the
synthesis of a pigment according to the present invention. Preferably, the pigment module is a
polyketide synthase module. More preferably, the pigment module is an NRPS pigment

module.

The term "NRPS pigment module” relates to a polypeptide or polypeptide complex
contributing to the synthesis of an NRPS pigment. Preferably, the NRPS pigment module is a
polypeptide or polypeptide complex catalyzing the synthesis of an NRPS pigment. More
preferably, the NRPS pigment module is a polypeptide catalyzing indigoidine synthesis, e.g.
an indigoidine synthetase as shown in Table 1, more preferably the NRPS pigment module is
the indigoidine synthetase encoded by the indC gene of Photorhabdus luminescens (gene:
SEQ ID NO: 1, protein: SEQ IID NO: 25). Preferably, the term NRPS pigment module also
includes to non-natural modules, preferably including synthetic modules. Also preferably, the
NRPS pigment module of the present invention may comprise one or more non-natural

domain(s), more preferably one or more synthetic domains(s).
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The term "polypeptide”, as used herein, relates to a macromolecule comprising at least the
modules and/or domains as defined herein. Preferably, the polypeptide comprises a
cdntiguous chain of peptide bonds forming the backbone of the polypeptide. More preferably,
the polypeptide comprises a contiguous chain of alpha-amino acids interconnected by peptide
bonds. Even more preferably, the polypeptide is synthesized by in vitro protein biosynthesis;
most preferably, the polypeptide is synthesized by in vivo protein biosynthesis. In the context
of the present invention, the term polypeptide, preferably, relates to a polypeptide of between
50 and 30000 amino acids in length comprising at least one domain of an NRPS amino acid
module and/or at least one domain of an NRPS pigment module. The polypeptide may
comprise further amino acids which may serve as a tag for purification or detection, as a
linker, or as a communication domain. In a preferred embodiment of the polypeptide of the
present invention, said polypeptide further comprises a detectable tag. The term “detectable
tag” refers to a stretch of amino acids which are added to or introduced into the polypeptide of
the invention. Preferably, the tag shall be added C- or N- terminally to the polypeptide. The
said stretch of amino acids shall allow for detection of the polypeptide by an antibody which
specifically recognizes the tag or it shall allow for forming a functional conformation, such as
a chelator or it shall allow for visualization by fluorescent tags. Preferred tags are the Myc-
tag, FLAG-tag, 6-His-tag, HA-tag, GST-tag or GFP-tag. These tags are all well known in the
art. The term polypeptide also includes chemically modified polypeptides, e.g., containing
modified amino acids or being biotinylated or coupled to fluorophores, such as fluorescein, or
Cy 3, being conformationally restricted, e.g. by disulfide bridging or by stapling (Walensky
2004, Science 305(5689): 1466-1470), or being linked to cell penetration polypeptides or
protein transduction domains (Snyder 2004, Pharm Res 21(3): 389-393). Such modifications
may improve the biological properties of the polypeptide, e.g., complex formation, binding,

stability, or may be used as detection labels.

As used herein, the term polypeptide, preferably, also relates to a variant of a polypeptide,
including variants characterized by one or more amino acid exchanges or deletions or
additions of amino acids. The term, preferably, also includes fragments of the polypeptides
specifically mentioned, provided that said polypeptide variants still have an activity as

detailed herein.

Preferably, the NRPS amino acid module or modules and the pigment module or modules are
comprised in a fusion polypeptide catalyzing the synthesis of a pigment, more preferably an
NRPS pigment, covalently connected to the amino acid activated by the NRPS amino acid
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module. More preferably, at least two NRPS amino acid modules and a pigment module are
comprised in a fusion polypeptide catalyzing the synthesis of a pigment covalently connected

to the oligopeptide synthesized by the NRPS amino acid modules.

Accordingly, the term "polypeptide complex” relates to a complex comprising at least two
polypeptides of the present invention. In such case, the polypeptides comprised in the
polypeptide complex may be referred to as subunits of the complex. Preferably, polypeptides
of the polypeptide complex are connected by a chemical linkage. It is envisaged by the
present invention that the chemical bond between the subunits is an ester bond, a disulfide
bond, or any other suitable covalent chemical bond known to the skilled artisan. More
preferably, the subunits are connected via non-covalent bonds with a dissociation constant so
low that the subunits will only dissociate to a negligible extent. Preferably, the dissociation
constant for said non-covalent bond is less than 10™ mol/l (as it is the case with the Strep-Tag
- Strep-Tactin binding), less than 10® mol/l (as it is the case in the Strep-Tagll : Strep-Tactin
binding), less than 10 mol/l, less than 10™° mol/l, or less than 107 mol/l (as it is the case for
the Streptavidin : Biotin binding). Methods of determining dissociation constants are well
known to the skilled artisan and include, e.g., spectroscopic titration methods, surface
plasmon resonance measurements, equilibrivm dialysis and the like. In a preferred
embodiment, the polypeptide consists of the components as described herein. Most
preferably, at least one of the polypeptides of the polypeptide complex comprises a

communication domain of an NRPS amino acid domain known in the art.

Preferably, the polypeptide or polypeptide complex of the present invention comprises a
fusion polypeptide comprising at least a NRPS amino aoid,module condensation domain and
a NRPS pigment module adenylation domain. Preferably, the pblypeptide or polypeptide
complex of present invention is a polypeptide or polypeptide complex comprising the C
domain of the at least one NRPS amino acid module and the at least one NRPS pigment
module as a fusion polypeptide. It is understood by the one skilled in the art that in such case,
preferably, the polypeptide or polypeptide complex comprises the adenylation domain and the
thiolation domain as further components of a fusion polypeptide; more preferably, the
adenylation domain and the thiolation domain are comprised as a subunit or as subunits of a
polypeptide complex. More preferably, the polypeptide or polypeptide complex is a
polypeptide or polypeptide complex comprising the at least one NRPS amino acid module
and the at least one NRPS pigment module as a fusion polypeptide; preferably, the NRPS

amino acid module comprises at least a condensation domain, an adenylation domain, and a
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thiolation domain as detailed herein above. Preferably, the polypeptide or polypeptide
complex comprises at least one NRPS amino acid module. More preferably, the polypeptide
or polypeptide complex comprises at least two NRPS amino acid modules. Most preferably,
the polypeptide or polypeptide complex comprises the number of NRPS amino acid module
corresponding to the number of amino acid units comprised in the oligopeptide to be
synthesized. Since a given NRPS amino acid module is specific for a specific amino acid unit,
it will be appreciated that the selection of the specific NRPS amino acid module or NRPS
amino acid modules and their sequence in the polypeptide or polypeptide complex determines
the sequence of amino acid units in the oligopeptide produced. The NRPS pigment module
can, in principle, be located within the polypeptide or polypeptide complex at any location
deemed appropriate. Accordingly, the NRPS pigment may be included at any position within
the oligopeptide. Preferably, the NRPS pigment module is functionally connected to the
NRPS module mediating the last elongation step. Accordingly, preferably, the NRPS pigment
is the last unit synthesized onto the oligopeptide. Preferably, the NRPS amino acid module
preceding the pigment module is specific for a small, neutral amino acid; more preferably, the
NRPS amino acid module preceding the pigment module is specific for glycine, alanine, or

valine.

Preferably, the polypeptide or polypeptide complex of the present invention comprises NRPS
amino acid modules in an arrangement as it is found in nature. Accordingly, preferably, the
polypeptide or polypeptide complex catalyzes the synthesis of a labeled natural NRPS
oligopeptide. More preferably, the polypeptide or polypeptide complex comprises NRPS
amino acid modules in an arrangement not found in nature. Accordingly, more preferably,
polypeptide or polypeptide complex catalyzes the synthesis of a labeled non-natural NRPS
oligopeptide.

The term "functionally connected” is understood by the skilled person. Preferably, the term
relates to two polypeptides of the present invention being connected in a way that enables
transfer of a growing oligopeptide chain from one polypeptide of a polypeptide complex to
the other, thus permitting condensation of at least one further amino acid unit onto the
oligopeptide after transfer. Preferably, functional connection is mediated by protein-protein
interaction, more preferably by protein-protein interaction between a communication domain
and a polypeptide or between two communication domains present on two different
polypeptides. More preferably, functional connection is mediated by covalent interconnection

of two polypeptides. Most preferably, functional connection is achieved by combining two
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polypeptides as a fusion polypeptide by methods well known to the skilled person and as

described herein.

Advantageously, it was surprisingly found in the work underlying the present invention that
an NRPS pigment module can be functionally connected to a non-ribosomal peptide
synthetase, resulting in the production of labeled NRPS peptides. As will be appreciated,
these tools are especially useful in, e.g., tracking or determining the amount of NRPS
oligopeptides. Moreover, the tools are useful in the optimization of in vitro or in vivo NRPS
peptide production, since they allow for convenient identification of producer cells and for
convenient determination of the amount of NRPS oligopeptide produced, e.g.
semiquantitatively by thin layer chromatography (TLC) or quantitatively by photometric

measurement of culture coloring as described herein in the Examples.

The definitions made above apply mutatis mutandis to the following. Additional definitions
and explanations made further below also apply for all embodiments described in this

specification mutatis mutandis.

The present invention further relates to a labeled oligopeptide comprising a non-naturally

attached NRPS pigment or/and polyketide pigment.

As used herein, the term "labeled oligopeptide” relates to an oligopeptide as described herein
comprising covalently attached at least one NRPS pigment or/and at least one polyketide
pigment. Preferably, the NRPS pigment is a non-naturally attached NRPS pigment, i.e.,
preferably, an NRPS pigment not known to be covalently attached to said oligopeptide in
nature. Also preferably, the polyketide pigment is a non-naturally attached polyketide
pigment, i.e., preferably, a polyketide pigment not known {o be covalently attached to said
oligopeptide in nature. More preferably, the labeled oligopeptide is an indigoidine-labeled
oligopeptide. i.e. the NRPS pigment comprised in the labeled oligopeptide is indigoidine.

Moreover, the present invention relates to a polynucleotide encoding a fusion polypeptide

according to the present invention.

The term ‘“‘polynucleotide”, as used in accordance with the present invention, relates to a
polynucleotide comprising a nucleic acid sequence which encodes a fusion polypeptide as
described herein above having the activity of catalyzing the condensation of an amino acid
unit activated by an NRPS amino acid module adenylation domain with a second amino acid

unit activated by an NRPS pigment module adenylation domain. Suitable assays for
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measuring the activities mentioned before are described in the accompanying Examples or in
Owen et al. (2011), The Biochemical journal, 436(3): 709-17; Owen et al. (2012),
Environmental microbiology, 14(5): 1198-209; Miiller et al. (2012), Metabolic engineering,
14(4): 325-35; Takahashi et al. (2007), JBC 282(12): 9073-9081; Myers et al. (2013), BMC
Biophysics, 6(1): 4).

The polynucleotide, preferably, comprises the nucleic acid sequence shown in SEQ ID NO:
11, 13-19, 23, 24, or, more preferably, SEQ ID NO:26 encoding fusion polypeptides of SEQ
ID NOs: 27, 28-34, 35, 36, and 37, respectively. It is to be understood that a fusion
polypeptide encoded by one of the aforementioned polynucleotides may be also encoded due

to the degenerated genetic code by other polynucleotides as well.

Moreover, the term “polynucleotide” as used in accordance with the present invention further
encompasses variants of the aforementioned specific polynucleotides. Said variants may
represent orthologs, paralogs or other homologs of the polynucleotide of the present
invention. The polynucleotide variants, preferably, comprise a nucleic acid sequence
characterized in that the sequence can be derived from the aforementioned specific nucleic
acid sequences by at least one nucleotide substitution, addition and/or deletion whereby the
variant nucleic acid sequence shall still encode a fusion polypeptide having the activity as
specified above. Variants also encompass polynucleotides comprising a nucleic acid sequence
which is capable of hybridizing to the aforementioned specific nucleic acid sequences,
preferably, under stringent hybridization conditions. These stringent conditions are known to
the skilled worker and can be found in Current Protocols in Molecular Biology, John Wiley &
Sons, N. Y. (1989), 6.3.1-6.3.6. A preferred example for stringent hybridization conditions
are hybridization conditions in 6 ~ sodium chloride/sodium citrate (= SSC) at approximately
45°C, followed by one or more wash steps in 0.2 ~ SSC, 0.1% SDS at 50 to 65°C. The skilled
worker knows that these hybridization conditions ditfer depending on the type of nucleic acid
and, for example when organic solvents are present, with regard to the temperature and
concentration of the buffer. For example, under “standard hybridization conditions” the
temperature differs depending on the type of nucleic acid between 42°C and 58°C in aqueous
buffer with a concentration of 0.1 to 5 ~ SSC (pH 7.2). If organic solvent is present in the
abovementioned buffer, for example 50% formamide, the temperature under standard
conditions is approximately 42°C. The hybridization conditions for DNA:DNA hybrids are
preferably for example 0.1 ~ SSC and 20°C to 45°C, preferably between 30°C and 45°C. The
hybridization conditions for DNA:RNA hybrids are preferably, for example, 0.1 * SSC and
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30°C to 55°C, preferably between 45°C and 55°C. The abovementioned hybridization
temperatures are determined for example for a nucleic acid with approximately 100 bp (=
base pairs) in length and a G + C content of 50% in the absence of formamide. The skilled
worker knows how to determine the hybridization conditions required by referring to
textbooks such as the textbook mentioned above, or the following textbooks: Sambrook et al.,
"Molecular Cloning”, Cold Spring Harbor Laboratory, 1989; Hames and Higgins (Ed.) 1985,
”"Nucleic Acids Hybridization: A Practical Approach”, IRL Press at Oxford University Press,
Oxford; Brown (Ed.) 1991, "Essential Molecular Biology: A Practical Approach”, IRL Press
at Oxford University Press, Oxford. Alternatively, polynucleotide variants are obtainable by
PCR-based techniques such as mixed oligonucleotide primer- based amplification of DNA,
i.e. using degenerated primers against conserved domains of the fusion polypeptides of the
present invention. Conserved domains of the fusion polypeptide of the present invention may
be identified by a sequence comparison of the nucleic acid sequence of the polynucleotide or
the amino acid sequence of the fusion polypeptide of the present invention with sequences of
other non-ribosomal peptide synthetases or non-ribosomal pigment synthetases.
Oligonucleotides suitable as PCR primers as well as suitable PCR conditions are described in
the accompanying Examples. As a template, DNA or cDNA from bacteria, fungi, plants or
animals may be used. Further, variants include polynucleotides comprising nucleic acid
sequences which are at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at
least 95%, at least 98% or at least 99% identical to the nucleic acid sequences detailed herein.
Moreover, also encompassed are polynucleotides which comprise nucleic acid sequences
encoding amino acid sequences which are at least 70%, at least 75%, at least 80%, at least
85%, at least 90%, at least 95%, at least 98% or at least 99% identical to the amino acid
sequences of the fusion polypeptides of the present invention. The percent identity values are,
preferably, calculated over the entire amino acid or nucleic acid sequence region. A series of
programs based on a variety of algorithms is available to the skilled worker for comparing
different sequences. In this context, the algorithms of Needleman and Wunsch or Smith and
Waterman give particularly reliable results. To carry out the sequence alignments, the
program PileUp (J. Mol. Evolution., 25, 351-360, 1987, Higgins et al., CABIOS, 5 1989: 151-
153) or the programs Gap and BestFit [Needleman and Wunsch (J. Mol. Biol. 48; 443-453
(1970)) and Smith and Waterman (Adv. Appl. Math. 2; 482-489 (1981))], which are part of
the GCG software packet [Genetics Computer Group, 575 Science Drive, Madison,
Wisconsin, USA 53711 (1991)], are to be used. The sequence identity values recited above in

percent (%) are to be determined, preferably, using the program GAP over the entire sequence
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region with the following settings: Gap Weight: 50, Length Weight: 3, Average Match:
10.000 and Average Mismatch: 0.000, which, unless otherwise specified, shall always be used

as standard settings for sequence alignments.

A polynucleotide comprising a fragment of any of the aforementioned nucleic acid sequences,
preferably, is also encompassed as a polynucleotide of the present invention. The fragment
shall encode a fusion polypeptide which still has the activity as specified above. Accordingly,
the fusion polypeptide may comprise or consist of the domains of the polypeptide of the
present invention conferring the said biological activity. A fragment as meant herein,
preferably, comprises at least 50, at least 100, at least 250 or at least 500 consecutive
nucleotides of any one of the aforementioned nucleic acid sequences or encodes an amino
acid sequence comprising at least 20, at least 30, at least 50, at least 80, at least 100 or at least

150 consecutive amino acids of any one of the aforementioned amino acid sequences.

The polynucleotides of the present invention either essentially consist of the aforementioned
nucleic acid sequences or comprise the aforementioned nucleic acid sequences. Thus, they
may contain further nucleic acid sequences as well. The fusion proteins encoded may
comprise as additional part other enzymes, polypeptides for monitoring expression {e.g.,
green, yellow, blue or red fluorescent proteins, alkaline phosphatase and the like) or so called
“tags™ which may serve as a detectable marker or as an auxiliary measure for purification

purposes as detailed elsewhere herein.

The polynucleotide of the present invention shall be provided, preferably, either as an isolated
polynucleotide (i.e. isolated from its natural context) or in genetically modified form. The
polynucleotide, preferably, is DNA, including cDNA, or RNA. The term encompasses single
as well as double stranded polynucleotides. Moreover, comprised are also chemically
modified polynucleotides including naturally occurring modified polynucleotides such as
glycosylated or methylated polynucleotides or artificial modified one such as biotinylated

polynucleotides.

The present invention also relates to a vector comprising the polynucleotide according the

present invention.

The term “vector”, preferably, encompasses phage, plasmid, viral or retroviral vectors as well
artificial chromosomes, such as bacterial or yeast artificial chromosomes. Moreover, the term
also relates to targeting constructs which allow for random or site- directed integration of the

targeting construct into genomic DNA. Such target constructs, preferably, comprise DNA of
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sufficient length for either homologous or heterologous recombination. The vector
encompassing the polynucleotide of the present invention, preferably, further comprises
selectable markers for propagation and/or selection in a host. The vector may be incorporated
into a host cell by various techniques well known in the art. For example, a plasmid vector
can be introduced in a precipitate such as a calcium phosphate precipitate or rubidium
chloride precipitate, or in a complex with a charged lipid or in carbon-based clusters, such as
fullerenes. Alternatively, a plasmid vector may be introduced by heat shock or electroporation
techniques. Should the vector be a virus, it may be packaged in vitro using an appropriate

packaging cell line prior to application to host cells.

More preferably, in the vector of the invention the polynucleotide is operatively linked to
expression control sequences allowing expression in prokaryotic or eukaryotic cells or
isolated fractions thereof. Expression of said polynucleotide comprises transcription of the
polynucleotide, preferably into a translatable mRNA. Regulatory elements ensuring
expression in prokaryotic or eukaryotic cells are well known in the art. They, preferably,
comprise regulatory sequences ensuring initiation of transcription and, optionally, poly-A
signals ensuring termination of transcription and stabilization of the transcript. Additional
regulatory elements may include transcriptional as well as translational enhancers. Possible
regulatory elements permitting expression in prokaryotic host cells comprise, e.g., the lac, trp
or tac promoter in E. coli, and examples for regulatory elements permitting expression in
cukaryotic host cells are the AOX1 or GALI promoter in yeast or the CMV-, SV40-, RSV-
promoter (Rous sarcoma virus), CMV-enhancer, SV40-enhancer or a globin intron in
mammalian and other animal cells. Moreover, inducible expression control sequences may be
used in an expression vector encompassed by the present invention. Such inducible vectors
may comprise tet or lac operator sequences or sequences inducible by heat shock or other
environmental factors. Suitable expression control sequences are well known in the art.
Beside elements which are responsible for the initiation of transcription such regulatory
elements may also comprise transcription termination signals, such as the SV40-poly-A site
or the tk-poly-A site, downstream of the polynucleotide. In this context, suitable expression
vectors are known in the art such as Okayama-Berg cDNA expression vector pcDV1
(Pharmacia), pBluescript (Stratagene), pCDMS8, pRc¢/CMYV, pcDNAT1, pcDNA3 (InVitrogene)
or pSPORT1 (GIBCO BRL). Preferably, said vector is an expression vector and a gene
transfer or targeting vector. Expression vectors derived from viruses such as retroviruses,
vaccinia virus, adeno-associated virus, herpes viruses, or bovine papilloma virus, may be used

for delivery of the polynucleotides or vector of the invention into targeted cell population.
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Methods which are well known to those skilled in the art can be used to construct
recombinant viral vectors; see, for example, the techniques described in Sambrook, Molecular
Cloning A Laboratory Manual, Cold Spring Harbor Laboratory (1989) N.Y. and Ausubel,
Current Protocols in Molecular Biology, Green Publishing Associates and Wiley Interscience,

N.Y. (1994).

The present invention further relates to a host cell comprising the polypeptide or polypeptide

complex and/or the polynucleotide and/or the vector according to the present invention.

The term "host cell”, as used herein, relates to any bacterial, archeal, or eukaryotic cell.
Preferably, the cell is a eukaryotic cell, more preferably an insect or mammalian cell; more
preferably, the eukaryotic cell is a fungal cell, most preferably a yeast cell, e.g. a cell of
Saccharomyces cerevisiae. More preferably, the cell is bacterial cell, even more preferably an
Escherichia cell (e.g. E. coli) or a Bacillus cell (e.g. B. subtilis) (Zhang et al. (2011), Nat Prod
Rep 28: 125-151). Preferably, the host cell further comprises a broad-specificity
phosphopantetheinyl transferase (PPTase), more preferably an Sfp-type PPTase.

The following methods of the present invention may, preferably, comprise further steps in
addition to those explicitly mentioned. E.g., in all methods, a further step may be detecting or
determining the amount of labeled oligopeptide. Further examples of preferred additional
steps are described for the respective methods. Moreover, one or more of the steps of the

methods of the present invention may be performed by automated equipment.

The present invention also relates to an in vitro method of producing a labeled oligopeptide,
comprising:
a) incubating a polypeptide or polypeptide complex according to present invention with
appropriate amino acid substrates,

b) thereby producing a labeled oligopeptide.

The present invention further relates to a method for optimizing in vitro production of a
labeled oligopeptide by improving incubation conditions, comprising
a) incubating the polypeptide or polypeptide complex according the present invention
under modified conditions suspected to improve production of said labeled
oligopeptide,
b) comparing the amount of labeled oligopeptide produced to the amount produced by
said polypeptide or polypeptide complex under unmodified conditions, and, thereby

¢) optimizing in vitro production of a labeled oligopeptide.
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Moreover, the present invention relates to a method for optimizing in vitro production of a
labeled oligopeptide, comprising
a) incubating a variant of a polypeptide or polypeptide complex according to the
present invention under conditions suitable for production of said labeled
oligopeptide,
b) comparing the amount of labeled oligopeptide produced to the amount produced by
the unmodified polypeptide or polypeptide complex, and, thereby

¢) optimizing in vitro production of a labeled oligopeptide.

Further steps preferably included in the in vitro methods of the present invention may relate,
e.g., to including further compounds in the incubation step, or to purifying the labeled
oligopeptide. It 1s understood that the definitions below apply to variants of the polypeptides

or polypeptide complexes mutatis mutandis.

The term "incubating the polypeptide or polypeptide complex", as used in the context of the
in vitro methods of the present invention, is understood by the skilled person. Preferably, the
term relates to bringing a polypeptide or polypeptide complex according to present invention
in physical contact with amino acids and thereby, e.g. allowing the polypeptide or polypeptide
complex and the amino acids to interact. As will be appreciated, incubating, preferably,
relates to mixing the polypeptide or polypeptide complex of the present invention with at least
the other components as defined herein in an appropriate solvent under appropriate
conditions, e.g. temperature. Appropriate solvents, preferably, are water-based buffers known
in the art. As will also be appreciated, the incubation mixture may, preferably, comprise
further ingredients, e.g. an energy source, e.g. ATP, or ions required by the polypeptide or
polypeptide complex of the invention, e.g. magnesiurﬁ ions. Preferably, the composition of
the incubation solution is one of the compositions known in the art, (e.g. in Doekel &
Marahiel (2000}, Chem. Biol. 7(6): 373-84; Stein et al. (2006), Chembiochem 7(11): 1807~
14; Owen et al. (2011), Biochem. J. 436(3). 709-17). Preferably, the term relates to
maintaining the polypeptide or polypeptide complex under conditions allowing production of
labeled oligopeptide by said polypeptide or polypeptide complex. Appropriate conditions,
including, without limitation, buffers, ion concentrations, temperature, and the like, depend on
the polypeptide or polypeptide complex selected and are known in the art. The summary of
the conditions used in incubating a host cell is known as "incubation conditions", Thus,
"modified incubation conditions", as used herein, relates to incubation conditions wherein at

least one parameter has been modified as compared to the incubation conditions used before
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optimization. Accordingly, the term "improving incubation conditions” relates to modifying
one more incubation parameters for a polypeptide or polypeptide complex such that the

production of labeled oligopeptide is improved.

The term "amino acid substrate" relates to a chemical compound corresponding to the amino
acid unit activated by a NRPS amino acid module or pigment module included in the
polypeptide or polypeptide complex used. Accordingly, appropriate amino acid substrates are
the compounds corresponding to the amino acid units activated by the NRPS amino acid
modules or pigment modules included in the polypeptide or polypeptide complex used in the

method.

The term "optimizing" as used herein, relates to improving the yield of labeled oligopeptide
obtainable by a process. Preferably, the term relates to improving the yield of full-length
oligopeptide.

“Comparing,” as used herein, relates to a comparison of corresponding parameters or values,
e.g., an absolute amount is compared to an absolute reference amount; a concentration
compared to a reference concentration; an intensity signal obtained is compared to the same
type of intensity signal. The comparison referred to in the methods of the present invention
may be carried out manually or computer assisted. For a computer assisted comparison, the
value of the determined amount or ratio may be compared to values corresponding to suitable
references which are stored in a database by a computer program. The computer program may
further evaluate the result of the comparison by means of an expert system. Accordingly, the
result of the comparison referred to herein may be automatically provided in a suitable output

format.

The term "conditions suspected to improve production”, as used herein, preferably relates to
any conditions not known not to improve production. As will be appreciated by the skilled
person, factors affecting in vitro production of oligopeptides are difficult to predict.
Accordingly, in principle, any modification of incubation conditions is suspected to improve
production, unless it is known that this is not the case. More preferably, incubation conditions
are suspected to improve production if said improvement appears to be a reasonable
conclusion in view of what is known on the production process, or if an improvement was

found by applying said conditions in a similar case.

Moreover, the present invention relates to an in vivo method of producing a labeled

oligopeptide, comprising:
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a) incubating a host cell comprising the polypeptide or polypeptide complex and/or the
expression vector according to the present invention,

b) thereby producing a labeled oligopeptide.

Also, the present invention relates to a method for optimizing in vivo production of a labeled
oligopeptide by improving culture conditions, comprising
a) incubating a host cell comprising the polypeptide or polypeptide complex and/or the
expression vector according to the present invention under modified conditions
suspected to improve production of said labeled oligopeptide,
b) comparing the amount of labeled oligopeptide produced to the amount produced by
said host cell under unmodified conditions, and, thereby

¢) optimizing in vivo production of a labeled oligopeptide.

Further, the present invention relates to a method for optimizing in vivo production of a
labeled oligopeptide, comprising
a) incubating a host cell comprising a polypeptide or polypeptide complex variant
and/or an expression vector comprising a polynucleotide variant according to the
present invention under conditions suitable for production of said labeled
oligopeptide,
b) comparing the amount of labeled oligopeptide produced to the amount produced by a
host cell comprising an unmodified polypeptide or polypeptide complex and/or an
unmodified expression vector according the present invention, and, thereby

¢) optimizing in vivo production of a labeled oligopeptide.

The term "incubating a host cell", as used in the context of the in vivo methods of the present
invention, is understood by the skilled person. Preferably, the term relates to maintaining the
host cell comprising the polypeptide or polypeptide complex and/or the expression vector
under conditions allowing proliferation of said host cell and/or production of labeled
oligopeptide by said host cell. Appropriate conditions, including, without limitation, medium,
temperature, oxygen and/or carbon dioxide tension, and the like, depend on the host cell
selected and are known in the art. The summary of the conditions used in incubating a host
cell is known as "culture conditions". Thus, "modified culture conditions”, as used herein,
relates to culture conditions wherein at least one parameter has been modified as compared to
the culture conditions used before optimization. Accordingly, the term "improving culture
conditions" relates to modifying one more incubation parameters for a host cell such that the

production of labeled oligopeptide is improved.
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The term "conditions suspected to improve production”, as used herein, preferably relates to
any conditions not known not to improve production. As will be appreciated by the skilled
person, factors affecting in vivo production of oligopeptides are difficult to predict.
Accordingly, in principle, any modification of culture conditions is suspected to tmprove
production, unless it is known that this is not the case. More preferably, culture conditions are
suspected to improve production if it said improvement appears a reasonable conclusion in
view what is known on the production process, or if an improvement was found by applying

said conditions 1n a similar case.

The present invention further relates to a labeled oligopeptide obtainable by one of the

methods of producing a labeled oligopeptide according to the present invention.

The present invention also relates to a kit for in vivo synthesis of a labeled oligopeptide
comprising an expression vector according to of the present invention and an expression

vector encoding at least one further NRPS amino acid module.

Moreover, the present invention relates to a kit for in vitro synthesis of a labeled oligopeptide
comprising a polypeptide or polypeptide complex according to the present invention and at

least one further NRPS amino acid module.

The term “kit”, as used herein, refers to a collection of the aforementioned means, preferably,
provided separately or within a single container. The container, also preferably, comprises
instructions for carrying out the method of the present invention. The components of the kit
are provided, preferably, in a “ready-to-use” manner, e.g., concentrations are adjusted

accordingly, etc.
Summarizing the findings of the present invention, the following embodiments are preferred:

Embodiment 1: A polypeptide or polypeptide complex, comprising at least one non-
ribosomal peptide synthesis (NRPS) amino acid module functionally connected to at

least one pigment module.

Embodiment 2: The polypeptide or polypeptide complex of embodiment 1, wherein the
at least one NRPS amino acid module and the at least one pigment module are
comprised in a fusion polypeptide catalyzing the synthesis of a pigment covalently

connected to the amino acid activated by the NRPS amino acid module.
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Embodiment 3: The polypeptide or polypeptide complex of embodiment 1 or 2,
comprising the C domain of the at least one NRPS amino acid module and the at least

one pigment module as a fusion polypeptide.

Embodiment 4: The polypeptide or polypeptide complex of any one of embodiments [
to 3, comprising the at least one NRPS amino acid module and the at least one pigment

module as a fusion polypeptide.

Embodiment 5: The polypeptide or polypeptide complex of any one of embodiments 1
to 4, wherein the polypeptide or polypeptide complex comprises at least two NRPS

amino acid modules.

Embodiment 6: The polypeptide or polypeptide complex of embodiment 5, wherein the
pigment module is functionally connected to the NRPS module mediating the last

elongation step.

Embodiment 7: The polypeptide or polypeptide complex of any one of embodiments 1
to 6, wherein the pigment module is an NRPS pigment module.

Embodiment &: The polypeptide or polypeptide complex of any one of embodiments 1

to 7, wherein the pigment module is an indigoidine synthetase.

Embodiment 9: The polypeptide or polypeptide complex of any one of embodiments 1
to 8, wherein the pigment module is an indigoidine synthetase encoded by one of the
genes specified in Table 1, preferably the indC gene of Photorhabdus luminescens,

more preferably the indC gene of Photorhabdus luminescens laumondii TTOT.

Embodiment 10: The polypeptide or polypeptide complex of any one of embodiments 1
to 9, wherein the NRPS amino acid module or the NRPS amino acid modules is/are
selected from the NRPS amino acid modules encoded by any one of SEQ IID NO: 11 to
24,

Embodiment 11: A labeled oligopeptide comprising a non-naturally attached NRPS
pigment or/and polyketide pigment.

Embodiment 12: The labeled oligopeptide of embodiment 10, wherein the pigment is

indigoidine.

Embodiment 13: A polynucleotide encoding a fusion polypeptide according to any one of

embodiments 3 to 10.
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Embodiment 14: A vector comprising the polynucleotide according to embodiment 13.
Embodiment 15: The vector of embodiment 14, wherein the vector is an expression

vector.

Embodiment 16: A host cell comprising the polypeptide or polypeptide complex
according to any one of embodiments 1 to 10 and/or the polynucleotide according to

embodiment 13, and/or the vector according to embodiment 14 or 15.

Embodiment 17: An in vitro method of producing a labeled oligopeptide, comprising:
a) incubating a polypeptide or polypeptide complex according to any one of
embodiments 1 to 10 with appropriate amino acid substrates,

b) thereby producing a labeled oligopeptide.

Embodiment 18: An in vivo method of producing a labeled oligopeptide, comprising:
a) incubating a host cell comprising the polypeptide or polypeptide complex according
to any one of embodiments 1 to 10 and/or the expression vector according to
embodiment 15,

b) thereby producing a labeled oligopeptide.

Embodiment 19: A labeled oligopeptide obtainable by the method according to

embodiment 17 or by the method according to embodiment 18.

Embodiment 20: A method for optimizing in vivo production of a labeled oligopeptide

by improving culture conditions, comprising

a) incubating a host cell comprising the polypeptide or polypeptide complex according
to any one of embodiments 1 to 10 and/or the expression vector according to
embodiment 15 under modified conditions suspected to improve production of said
labeled oligopeptide,

b) comparing the amount of labeled oligopeptide produced to the amount produced by
said host cell under unmodified conditions, and, thereby

¢) optimizing in vivo production of a labeled oligopeptide.

Embodiment 21: A method for optimizing in vitro production of a labeled oligopeptide
by improving incubation conditions, comprising

a) incubating the polypeptide or polypeptide complex according to any one of |

embodiments 1 to 10 under modified conditions suspected to improve production of

said labeled oligopeptide,
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b) comparing the amount of labeled oligopeptide produced to the amount produced by
said polypeptide or polypeptide complex under unmodified conditions, and, thereby

¢) optimizing in vitro production of a labeled oligopeptide.

Embodiment 22: A kit for in vivo synthesis of a labeled oligopeptide comprising an
expression vector according to embodiment 15 and an expression vector encoding at

least one further NRPS amino acid module.

Embodiment 23: A kit for in vitro synthesis of a labeled oligopeptide comprising a
polypeptide or polypeptide complex according to any one of embodiments 1 to 10 and

at least one further NRPS amino acid module.

Embodiment 24: A method for optimizing in vivo production of a labeled oligopeptide,
cOmprising

a) incubating a host cell comprising a polypeptide or polypeptide complex variant
and/or an expression vector comprising a polynucleotide variant according to the
present invention under conditions suitable for production of said labeled
oligopeptide,

b) comparing the amount of labeled oligopeptide produced to the amount produced by a
host cell comprising an unmodified polypeptide or polypeptide complex according to
any one of embodiments 1 to 10 and/or an unmodified expression vector according to
embodiment 15, and, thereby

¢) optimizing in vivo production of a labeled oligopeptide.

Embodiment 25: A method for optimizing in vitro production of a labeled oligopeptide,
comprising
a) incubating a variant of a polypeptide or polypeptide complex according to any one of
embodiments 1 to 10 under conditions suitable for production of said labeled
oligopeptide,
b) comparing the amount of labeled oligopeptide produced to the amount produced by
the unmodified polypeptide or polypeptide complex, and, thereby

¢) optimizing in vitro production of a labeled oligopeptide.

All references cited in this specification are herewith incorporated by reference with respect to
their entire disclosure content and the disclosure content specifically mentioned in this

specification.
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Figure Legends

Figure 1: Constructs encoding fusion NRPSs consisting of one module from the Tyrocidine-
cluster (incorporating the indicated amino acids), a linker C-domain and the Indigoidine-

module. NRPS expression was driven from an [PTG-inducible promoter.

Figure 2: Restriction digest (EcoRI) of three different NRPSs that are putative synthetases for

respective Indigoidine-fusion peptides.

Figure 3: SDS-PAGE of three different NRPSs that are putative synthetases for respective
Indigoidine-fusion peptides. Annotation: pPW03 = Phe-Ind, pPW04 = Asn-Ind, pPWO05 =
Val-Ind. Arrows indicate the position the expected bands indicating expression of the

different synthetic NRPSs.

Figure 4: Comparison of Valine-Indigoidine fusion NRP and Indigoidine-control by Thin
Layer Chromatography (TLC). 3 different biological replicates of the fusion peptide and
technical replicates of the indigoidine control are shown, alongside with the
DiMethylSulfoxid (DMSO)-control Note: All samples were solved in DMSO during the
purification prior to the TLC.

Figure 5: TLC of three technical replicates of Orn-Val-Ind with two technical Indigoidine
controls. Om-Val-Ind shows a slower migration behavior compared to Indigoidine control on

silica-gel with Dichloromethane as mobile phase.

Figure 6: Quantitative indigoidine assay by Optical Density measurements. For quantitative
assessment of indigoidine production OD values at two wavelengths are considered: the
sensitive OD value at 590 nm is superposed by the absorption by cell matter as well as
indigoidine accumulating in the culture media. For this reason a second robust OD value is
taken at 800 nm which is only affected by absorption from cell matter. a) Absorption spectra
for a positive indigoidine producing strain of TOP10 carrying the indigoidine synthetase
indC_T12 (pRB23_T12) and the PPTase sfp (pRB15) as well as for two different types of
negative controls: TOP10 without additional plasmids and with an unfunctional indigoidine
synthetase indC_T16 (pRB23 T16) and sfp. The arrow marks a peak between 550 nm and
650 nm for the indigoidine producing stain. b) When the sensitive OD at 590 is analyzed with
respect to the robust OD at 800 nm. For non indigoidine producing control strains TOP10 and

TOP10 with pRB23_T16 and with pRB15 these values depend proportionally on each other.
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Thereby a specific delta value can be derived which is used for the calculation of the
indigoidine produced. ¢) The derived concentration of indigoidine in the inspected culture
volume over time is shown. Both negative results show no indigoidine production whereas
TOP10 with pRB23 T12 and pRB15 show a increase in indigoidine within the first 16.5 h
after incubation leading to a steady state. All plots are derived from measurements taken

under similar conditions (37 °C, Luria Broth media, 200 pl culture volume).

The following Examples shall merely illustrate the invention. They shall not be construed,

whatsoever, to limit the scope of the invention.
Example 1: Generation of NRPS peptide - indigoidine fusions

In order to create fusion-NRPSs consisting of a module derived from the Tyrocidine-cluster
and the IndC-module that is responsible for the formation of Indigoidine, we assembled the

three constructs as depicted in Fig. 1.

Some days after Gibson Assembly of the constructs and Transformation of E. coli BAP1-cells
(BAP1 cells express the Sfp, a PPTase with broad substrate specificity necessary for NRPS
activation) with the NRPS-expressing plasmids, we could detect blue colonies on our plates
for all three different synthetic NRPS expression constructs (Phe-Ind, Asn-Ind and Val-Ind);
Occurance of blue colonies directly on plates without any IPTG-induction is due to the
leakiness of the IPTG-inducible promoter used for driving NRPS expression). Successful
assemblies of NRPS-expressing plasmids present in the blue colonies were further confirmed

by restriction digest and sequencing.

A) Validation of the genotype

All constructs were digested with EcoRI, which should lead to fragments of the following

expected sizes:

- Phe-Ind: 5858 and 3183
- Asn-Ind: 5858 and 3582
- Val-Ind: 5858 and 3105
Restriction digest was carried out with Ipul enzyme (EcoRI from New England Biolabs) and
200ng to 1000ng DNA per reaction, reaction volume was 20ul with 2ul 10x CutSmart buffer
from New England Biolabs. Samples were mixed with 4pl 6x loading dye and electrophoresis
was conducted in 0.8% agarose gel, with 10pl Ethidiumbromide, at 100V for 40 minutes. As

standard, 1kb+ gene ruler from Fermentas was used.
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As one can clearly see in figure 2, clones A, B, C and D for Phe-Ind, samples B, C and D for

Asn-Ind and all samples for Val-Ind show the expected restriction pattern.

B) Validation of Expression

Blue colonies were subsequently inoculated in LB media and NRPS-expression was induced
using 1 mM IPTG. Expression of the full-length, fusion NRPS-Protein was confirmed by
SDS-PAGE followed by coomassie staining. Figure 3 shows the coomassie staining for the
fusion-NRPSs that are capable of synthesizing the Indigoidine-labelled NRPs. According to
calculated protein mass, the expected full-length-NRPS bands would appear at (IndC alone
has a size of 145kDa):

- Phe-Ind-NRPS: 247kDa
- Asn-Ind-NRPS: 261kDa
- Val-Ind-NRPS: 242kDa
As the gel in figure 3 shows, the obtained bands match well with what has been expected. As
pPWOS5 containing clones showed both, the clearest band at the expected size on the SDS
page indicating successful expression of the Val-IndC NRPS as well as a dark-blue coloring

of the corresponding liguid culture, we analyzed these clones further.

C) Characterization of the synthetic Val-Ind NRPS encoded on pPWO03

As mentioned beforechand, liquid cultures containing BAP1 cells expressing the Val-Ind
fusion NRPS turned blue after induction with 1mM IPTG. On plates colonies turned blue

after several days without induction, due to leaky expression of the IPTG inducible promoter.

In order to show that NRPS expression and NRP production can be performed in different E.
coli strains, we transformed the pPWO05 plasmid in TOP10 cells and co-expressed the Sip

plasmid in trans from a separate construct.

Finally, we wanted to show that Indigoidine labeled NRPs can easily be characterized by thin-
layer chromatography in order to show functioning of the corresponding, synthetic NRPS.

Therefore, the Valine-Indigoidine NRP was purified from BAP1 cells. 1ml of induced, blue
culture was therefore spun down at full speed (14,000rpm) for 20 minutes. The blue pellet
was washed in 1ml of methanol and centrifuged once more for 5 minutes at 14,000rpm.
Methanol was discarded and the blue pellet dissolved in 200-400pl DMSO (Yu et al. (2013),
J Ind Microbiol Biotechnol 40: 159-168).
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Valine-Indigoidine has a bigger mass than indigoidine alone, the Valine-Indigoidine fusion
NRP is expected to migrate slower on the TLC. Using three different biological replicates of
the produced NRP and technical replicates of an Indigoidine control (Figure 4), we could

show that the produced NRP indeed shows a slower migration behavior.

D) Confirmation with an Om-Val-Ind oligopeptide

With the aforementioned protocols for purification and TLC, we were able to confirm the
successful expression of an Orn-Val-Ind fusion peptide, which shows slower migration on the

TLC compared to Indigoidine control (Figure 5).

Example 2: Quantitative Indigoidine Assay
OD Measurement

We prepared a pre-culture in 96 well plates with 100 pl of LB-media with the respective
antibiotics (chloramphenicol and kanamycin} and picked colonies from every positive plate
from a cotransformation experiment.where an indC-expression construct was transformed
alongside with a PPTase-expression construct. We incubated the pre-cultures for 24 hours at
37 °C and inoculated the measurement plate with 20 ul of the pre-culture and 180ul of LB-
medium. We measured the absorbance from 400 nm to 800 nm in intervals of 10 nm. for each
well every 30 minutes for 30 hours at 30 °C in a Tecan infinite M200 plate reader. For the

measurement, we used Greiner 96 well flat black plates with a clear lid.
Data Analysis

Indigoidine has a maximum absorption at a wavelength about 590 nm. Since usually the cell
density is measured at 600 nm we had to find another method to be able to track both the
optical density of the liquid culture and the contribution of indigoidine to the absorption at
590 nm.

For the analysis we basically used the OD values at two wavelengths: The OD590 for the
absorption of indigoidine and liquid culture and the OD800 as a robust wavelength to measure
the cell density without the influence of the indigoidine absorption spectrum. Assuming that
in a normal liquid culture without indigoidine OD590=6*0D800 (Myers et al. (2013), Bmc
Biophysics 6: 4), we used a negative control (TOP10 cotransformed with a PPTase and an
unfunctional indigoidine synthetase variant) to determine 8. If we now take the OD590 of our
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indigoidine producing liquid cultures and substract 6*OD800 we get the absorption of
indigoidine without the background of the liquid culture. We are now able to quantitatively
observe the indigoidine production of a liquid culture over time as well as the indigoidine
production in relation to the cell growth when comparing the OD590 of indigoidine with the
0ODS00 of the cells.

Example 3: N,N'-dodecylindigoidine synthetase

In a recent study by Kobayashi et. al. (“New violet 3,3"-bipyridyl pigment purified from deep-
sea microorganism Shewanella violacea DSS12.)” Exiremophiles: life under extreme
conditions, vol. 11 (2007):245--50), an mdigoidine derivative in Shewanella violacea was
characterized. It was found that this bacterium produces a pigment which has organic dodecyl

chains attached to the indigoidine core structure (N,N'-dodecylindigoidine, formula (I)).

H O
N
i NH
i O
O
HN l
N
0 H

formula (T)

However, the researchers of this study did not identify the genetic locus in the genome of
Shewanella violacea or the biochemical pathway responsible for pigment synthesis.
Acccordigly, a bioinformatics approach was used in order to identify the genes and
biochemical pathway leading to synthesis of N,N'-dodecylindigoidine (formula I) in
Shewanella violacea. The Shewanella violacea genome assembly was completed in 2010 and

is available under Genbank Acc. No: NC _014012.1, GI:294138771.
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A) Methods

The amino acid sequence of the indigoidine synthetase indC from Photorhabdus luminescens
was used for a DELTA-BLAST query (Boratyn et al. (2012), “Domain enhanced lookup time
accelerated BLAST.,” Biology direct 7:12) against a non-redundant database restricted to the
organism Shewanella violacea DSS12 (taxid: 637905). The 10 most significant hits were
evaluated by their query coverage and identity with the query. In order to further validate
possible candidate genes we subjected the whole genome sequence of Shewanella violacea to
antiSMASH 2.0 (Blin et al. (2013), “antiSMASH 2.0--a versatile platform for genome mining
of secondary metabolite producers.,” Nucleic acids research, 41:W204), a web server which
helps researchers to predict second metabolite pathways in microbial genomes. The identified
clusters were cvaluated for presence of putative NRPSs focusing on the candidate genes
obtained from the previous step. For the domain prediction for indC as well as for SVI_3984,
two different services were used: the NCBI Conserved Domains Database (CDD) (Marchler-
Bauer et al. (2013), “CDD: conserved domains and protein three-dimensional structure.,”
Nucleic acids research 41:D348) and Pfam (Finn et al. (2014), “Pfam: the protein families
database.,” Nucleic acids research 42:D222). For each protein the amino acid sequence was
used to query the respective tool. In order to predict the specificity of the identified A
domains of SVI 3984 the tool NRPSPredictor2 (Réttig et al. (2011), “NRPSpredictor2--a
web server for predicting NRPS adenylation domain specificity.,” Nucleic acids research

39:W362) was used.

B) Identification of a candidate in the Shewanella violacea

In a BLAST search against the Shewanella violacea genome using indC (SEQ ID NO:25) as
query, hypothetical protein SVI 3984 was identified as the most promising hit (69% query
covery, 31% identity, E-value: le-124; Genbank Acc. No.: NC_014012.1 GI:294138771 /
SEQ ID NO: 39 (gene), Genbank Acc. No.: YP_003558733.1 gi 294142755 / SEQ ID NO:38
(protein). The antiSMASH webserver identified 13 biosynthetic clusters for Shewanella
violacea DSS12. Within these, only the gene SVI 3984 encodes for a putative NRPS.

Figure 7 graphically summarizes the results of the CDD and Pfam predictions in tables 3 to 6.
The indigoidine synthetase indC from Photorhabdus luminescens (SEQ ID NO:25) is a one-
module NRPS with an adenylation domain with embedded oxidation domain, a PP-binding

carrier domain and a thioesterase domain (Reverchon et al. (2002), “Characterization of
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indigoidine biosynthetic genes in Erwinia chrysanthemi and role of this blue pigment in
pathogenicity.,” Journal of bacteriology 184:054; Takahashi et al. (2007), “Cloning and
characterization of a Streptomyces single module type non-ribosomal peptide synthetase
catalyzing a blue pigment synthesis.,” The Journal of biological chemistry 282:9073;
Brachmann et al. (2012), “Triggering the production of the cryptic blue pigment indigoidine
from Photorhabdus luminescens.,” Journal of biotechnology 157:96). The hypothetical protein
SVI 3984 is apparently a two-module NRPS and it has the composition: adenylation domain,
carrier domain, NAD binding protein, then again an adenylation and a carrier domain and
finally a thioesterase domain. The NAD binding domain (PF07993) is also denoted as male
sterility protein which again is associated with reductases in condensation reactions (Aarts et
al. (1997), “The Arabidopsis MALE STERILITY 2 protein shares similarity with reductases
in elongation/condensation complexes.,” The Plant journal : for cell and molecular biology

12:615).
The predicted domain specificities for SVI3984 are shown in Table 7.
C) Result

It is found that N,N'-dodecylindigoidine is synthesized by a 2-module NRPS encoded by gene
SVI 3984 (Genbank Acc No: NC 014012.1 GI:294138771). The NRPS is composed of a C-
terminal indigoidine synthetase and an N-terminal module carrying an NAD-binding domain,
mediating the covalent attachment of the indigoidine pigment to the organic dodecyl chain.
Preferably, SVI_3984 represents an interesting scaffold NRPS for potential fusion of NRPs or
other organic molecules with NRPS-derived pigments.
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Claims

10.

11.

A polypeptide or polypeptide complex, comprising at least one non-ribosomal peptide
synthesis (NRPS) amino acid module functionally connected to at least one pigment

module.

The polypeptide or polypeptide complex of claim 1 or 2, wherein the pigment module is
an NRPS pigment module.

The polypeptide or polypeptide complex of claim 2, comprising the C domain of the at
least one NRPS amino acid module and the at least one NRPS pigment module as a

fusion polypeptide.

The polypeptide or polypeptide complex of any one of claims 1 to 3, wherein the

pigment module is an indigoidine synthetase.

A labeled oligopeptide comprising a non-naturally attached NRPS pigment or/and
polyketide pigment.

The labeled oligopeptide of claim 6, wherein the pigment is indigoidine.
A polynucleotide encoding a fusion polypeptide according to claim 3.

A vector, preferably an expression vector, comprising the polynucleotide according to

claim 7,

A host cell comprising the polypeptide or polypeptide complex according to any one of
claims 1 to 4 and/or the polynucleotide according to claim 7, and/or the vector

according to claim 8.

An in vitro method of producing a labeled oligopeptide, comprising:

~ a) incubating a polypeptide or polypeptide complex according to any one of claims 1 to

3 with appropriate amino acid substrates,

b) thereby producing a labeled oligopeptide.

An in vivo method of producing a labeled oligopeptide, comprising:
a) incubating a host cell comprising the polypeptide or polypeptide complex according
to any one of claims 1 to 3 and/or the expression vector according to claim 8,

b) thereby producing a labeled oligopeptide.
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13.

14.

15.
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A labeled oligopeptide obtainable by the method according to claim 10 or by the

method according to claim 11.

A kit (1) for in vivo synthesis of a labeled oligopeptide comprising an expression vector
according to claim 8 and an expression vector encoding at least one further NRPS
amino acid module, or (ii) for in vitro synthesis of a labeled oligopeptide comprising a
polypeptide or polypeptide complex according to any one of claims 1 to 3 and at least

one further NRPS amino acid module.

A method for optimizing in vivo production of a labeled oligopeptide, comprising

a) incubating a host cell comprising a variant of a polypeptide or polypeptide complex
according to any one of claims 1 to 3 and/or an expression vector comprising a
variant of a polynucleotide according to claim 7 under conditions suitable for
production of said labeled oligopeptide,

b) comparing the amount of labeled oligopeptide produced to the amount produced by a
host cell comprising an unmodified polypeptide or polypeptide complex according to
any one of claims 1 to 3 and/or an unmodified expression vector according to claim
8, and, thereby

¢) optimizing in vivo production of a labeled oligopeptide.

A method for optimizing in vitro production of a labeled oligopeptide, comprising

a) incubating a variant of a polypeptide or polypeptide complex according to any one of
claims 1 to 3 under conditions suitable for production of said labeled oligopeptide,

b) comparing the amount of labeled oligopeptide produced to the amount produced by
the unmodified polypeptide or polypeptide complex, and, thereby

¢) optimizing in vitro production of a labeled oligopeptide.
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