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Non-ribosomal peptide synthetases (NRPSs) are among the
fundamental multienzyme complexes in secondary metabolite
biosynthesis."? A considerable number of antiinfectives and
anticancer drugs, such as penicillins, vancomycin, and bleomy-
cin, are synthesized by NRPSs of bacteria and fungi.” Non-ribo-
somal peptide synthesis is based on an arrangement of catalyt-
ic domains in modules, each of which is responsible for the
activation and coupling of one amino acid. Adenylation (A) do-
mains perform amino acid recognition, activation as aminoac-
yl-AMP, and transfer onto the phosphopantetheinyl residue of
its C-terminal thiolation (T) domain. Subsequently, condensa-
tion (C) domains, connecting A-T didomains, catalyze the con-
densation of the T-domain-bound amino acids to the growing
peptide chain. A thioesterase (TE) domain at the C terminus of
the final module cleaves the peptide from the NRPS multien-
zyme complex. According to the colinearity rule, the sequence
of the synthesized peptide is determined by the sequence of
modules, particularly the amino acid specificity of the A do-
mains, a concept that is basically valid for most peptides of
non-ribosomal origin.?’ Other domains add further structural
complexity to the peptide structures: for example, epimeriza-
tion (E) domains for the synthesis of peptides containing bp-
amino acids. Recent investigations of complex non-ribosomal
biosyntheses have increasingly revealed the involvement of tai-
loring enzymes as interaction partners of NRPSs during peptide
assembly.*

A future biotechnological challenge based on molecular un-
derstanding of NRPSs lies in their engineering for the produc-
tion of peptides containing nonproteinogenic amino acids or
of peptides of increased structural complexity. Pioneering work
in this field has been performed by Marahiel and co-workers
with the NRPSs of surfactin, gramicidin, bacitracin, and tyroci-
din in vitro and in vivo with Bacillus strains."® The in vivo
approaches include site-directed mutagenesis of single amino
acids in A domains, domain exchanges, and module exchanges
on the genomic level, which accordingly led to altered NRPSs
and thus to the synthesis of sequentially altered peptides of
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constant length (Scheme 1A). NRPSs of actinomycetes have
been altered at the example of CDA,” and in an extensive ap-
proach, Baltz's group has performed combinatorial biosynthe-
sis with the NRPSs of the medically relevant lipopeptide antibi-
otic daptomycin.”! In their work, various amino acid exchanges
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Scheme 1. Schematic overview of three different types of NRPS module (M)
manipulations, resulting in: A) an amino acid exchange, B) amino acid dele-
tion, or C) amino acid insertion in the synthesized peptide metabolite.

were achieved by exchanges of one module (Scheme 1A), of
multiple modules, or even complete NRPSs. Following the
logic of further manipulations of NRPS assembly lines leads to
in-frame module deletion (Scheme 1B), an experiment that has
been carried out at the example of Bacillus surfactin synthe-
tase. This module deletion resulted in the deletion of an amino
acid and hence in a downsizing of the surfactin cyclohepta-
peptide to the corresponding cyclohexapeptide.” A third type
of experiment, amino acid insertion by module extension
(Scheme 1C), complements the set of manipulations of NRPSs
and may be regarded as a precursor to the arbitrary lining up
of modules for the synthesis of any arbitrarily chosen amino
acid sequence. To the best of our knowledge, this type of ex-
periment has not previously been reported, although earlier
bioinformatic studies on the nodularin and microcystin synthe-
tases have given strong hints that module deletions and inser-
tions are naturally occurring events.'” Here we present results
of work directed towards the achievement of this third type of
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NRPS manipulation. Furthermore, previous engineering at-
tempts with NRPSs disregarded investigation into the relation-
ship between peptide assembly and tailoring enzymes in post-
or inter-NRPS biosynthesis steps.

A suitable system for exploring the NRPS manipulation dis-
cussed above is the biosynthesis gene cluster of the vancomy-
cin-type glycopeptide antibiotic balhimycin (Figure 1). Charac-

balhimycin: R': oH:N,  R%  OH
H;;Sio‘ L

vancomycin: R":

Figure 1. Chemical structures of the glycopeptide antibiotics balhimycin and
vancomycin that share a common peptide aglycon but differ in their glyco-
sylation patterns (color underlay symbolizes the different amino acids).

teristic structural features of glycopeptides are the nonprotei-
nogenic aromatic amino acids that are conformationally fixed
in their aromatic side chains."" The biosynthetic machinery for
the assembly of balhimycin is coded and clustered in the
genome of the producing strain A. balhimycina.'>'® The seven
modules that perform the non-ribosomal biosynthesis of the
balhimycin heptapeptide backbone are organized into three
NRPS genes: bpsA/B/C. BpsA and BpsB comprise three modules
each, whereas BpsC consists of only one module (Figure 2A).
Recent studies strongly suggest that the oxidative side chain
cross-linkages (AB-, C-O-D-O-E-rings) of the heptapeptide back-
bone performed by P450-type monooxygenases OxyA/B/C
occur on the NRPS thiolester-bound peptides.**! The confor-
mationally constrained peptide backbone carries further deco-
rations—such as chlorination, N-terminal methylation, and gly-
cosylation—performed by post- or inter-NRPS-acting enzymes.
In conclusion, with regard to modification by various tailoring
enzymes, the glycopeptide biosynthesis constitutes a complex
example among non-ribosomal biosyntheses.

Considering the type of module for insertion into the balhi-
mycin NRPS assembly line, we decided upon a p-hydroxyphe-
nylglycine-coding (p-Hpg-coding) module, for several reasons.
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Firstly, the biosynthesis genes for the nonproteinogenic amino
acid Hpg are an integral part of the balhimycin biosynthesis
gene cluster, thus guaranteeing a sufficient supply of Hpg. Sec-
ondly, the substrate specificities of the domains have to be
taken into account. Whereas the T, E, and TE domains have
low to almost no substrate specificity, the A and C domains
show moderate to high substrate specificities."” Consequently,
the amino acid selected by its corresponding A domain must
also match with the substrate specificity of the acceptor site of
the upstream C domain. In contrast, the specificity of the
donor site of a C domain for the upstream growing peptide
chain is comparatively low."” Inserting a p-Hpg module be-
tween the two already existing b-Hpg modules 4 and 5 satis-
factorily respects these regularities. Thirdly, Hpg is a central
amino acid of the glycopeptide structure and is involved in
reactions of intermediate and post-NRPS tailoring enzymes, so
the insertion of a Hpg-coding module should probe the func-
tionality of these enzymes.

The nature of the newly introduced module having been de-
cided upon, the question of the origin and composition of the
module had to be clarified. Finally, since NRPS manipulations
are delicate with regard to loss of enzymatic function, it was of
utmost importance to leave the sequential and conformational
context of the NRPS as untouched as possible. We therefore
decided to construct an Hpg module from balhimycin NRPS
composed of the C-A didomain of Hpg-module 5 and the T-E
didomain of Hpg-module 4 to yield module C5A5T4E4. In this
case, module transitions to the neighboring modules 4 and 5
are kept natural, while the only nonnatural transition is located
between the domains A5 and T4 of the artificial module
C5A5T4E4 (Figure 2D).

The cloning strategy accomplished this plan through the
design of a transformation plasmid pC5A5T4E4 containing the
hybrid module C5A5T4E4 described above between flanking
regions of the designated introduction site in the genome of
A. balhimycina. With a double crossover strategy, C5A5T4E4
was integrated between modules 4 and 5 of bpsB to yield the
strain A. balhimycina C5A5T4E4 (Figure 2B and Q).

After verifying the correct integration of the C5A5T4E4
module in the A. balhimycina genome by means of PCR and
Southern blot hybridization analyses (Figure 3A and Support-
ing Information) we demonstrated the module insertion on
the proteinogenic level (Figure 3B and Supporting Informa-
tion). Most importantly, enzymatic activity of the module-ex-
panded NRPS had to be demonstrated on the metabolite level
as final confirmation of a successful module expansion strat-
egy. A. balhimycina C5A5T4E4 was therefore cultivated under
standard conditions. Subsequently, the glycopeptide metabo-
lite spectrum was analyzed by HPLC-ESI-MS and -MS/MS (Fig-
ures 3C and 4 and Supporting Information).

An octapeptide (1) and a heptapeptide (2) that both con-
tained the new triple-Hpg motif were detected and their se-
quences were assigned from their MS/MS spectra. In addition,
compounds 1 and 2 are both halogenated, but lack N-methyla-
tion of 'Leu, glycosylation, and oxidative crosslinking in their
side chains. Furthermore, the detection of metabolites 3 and 4,
with a mass difference of Am=2 amu, shows a certain sub-
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Figure 2. A) Non-ribosomal peptide synthetase enzymes and genes of balhimycin biosynthesis and the corresponding amino acid building blocks. B) Double
crossover strategy for the insertion of one additional Hpg-coding module between modules 4 and 5 of bpsB. C) New arrangement of the modules in the

A. balhimycina C5A5T4E4 mutant. D) Alignment of the wild-type linker regions A4-T4 and A5-T5 between the A and T domains of module 4 and the A and T
domains of module 5 of BpsB with the artificial linker region A5-T4 constructed in the mutant strain A. balhimycina C5A5T4E4. The artificial linker region is

based on fusion of the A5-T5 linker region and of the A4-T4 linker region.

strate tolerance of P450-type monooxygenases for this new
peptide backbone. Interpretation of the MS/MS spectra of 3
and 4 clearly localizes the ring between amino acids *Hpg and
’B-hydroxytyrosine (B-Hty), which corresponds nicely to the
first side chain crosslink (C-O-D) in balhimycin biosynthesis
(Figure 1). In addition, we identified two compounds with mo-
lecular masses indicating bi- and tricyclic octapeptide struc-
tures, but their low concentrations impeded unambiguous as-
signment of the rings. In addition to compounds 1-4, related
derivatives were also detected (mass shift Am=162 amu). The
MS/MS spectra of compounds 5 and 6—derivatives of 1 and
2—indicate unspecific glycosylation at B-*Hty (Supporting In-
formation). In addition to these hepta- and octapeptides we
also identified the chlorinated, C-terminally truncated hexa- to
dipeptides 7-11, all of which lack side chain cyclizations, N-
methylation, and glycosylation.

Concomitantly with these peptides, balhimycin was detected
by mass spectrometry. This finding can be explained by a re-
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version of bpsB’ to bpsB by homologoues recombination. How-
ever, we did not observe this reversion to wild-type BpsB in
the SDS-PAGE at the protein level (Figure 3B). It is conceivable
that wild-type BpsB is more active than BpsB’ and therefore
that even traces of BpsB, below the detection limit in silver-
stained SDS-PAGE gels, might effect a production level of bal-
himycin in the range of the mutant metabolites. Module skip-
ping™ as an alternative explanation seems less likely. The de-
termination of the absolute yields of the peptide metabolites
was impeded by the lack of appropriate standard substances,
and so we estimated the relative yields on the basis of ioniza-
tion yields in HPLC-ESI-MS. Hence, the linear heptapeptide 2 is
the main product and the linear octapeptide 1 and the mono-
cyclic heptapeptide 4 are detected at five times and three
times lower concentrations, respectively. All the other metabo-
lites were found at concentrations < 10% of the main metabo-
lite 2. In addition, the productivity of the mutant was estimat-
ed as ~10% of the wild-type A. balhimycina.'® The production
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Figure 3. Characterization of the A. balhimycina C5A5T4E4 mutant. A) Southern blot analysis of the genome. Both the wild type and the two crossover states
show Pstl-digested DNA fragments of 3192 bp and 1236 bp. The crossover states are characterized by the additional 903 bp fragment, while the single cross-
over state additionally shows a 5529 bp band (see Supporting Information). B) Comparative SDS-PAGE gel from Sephadex fractions of wild-type and mutant

proteins. The increase in molecular mass of BpsB’ versus BpsB is shown. The expected molecular masses are 432 kDa for BpsB and 591 kDa for BpsB’ (enniatin
synthetase 346 kDa). The identification of the gel bands was done by mass fingerprinting (tryptic digest and ESI-MS/MS). C) The metabolite profile of A. balhi-
mycina C5A5T4E4 mutant was analyzed by HPLC-ESI-MS and -MS/MS. The MS/MS spectra of the linear and the monocyclic octapeptide 1 and 3, verifying the

new peptide backbone, are shown representatively.

of balhimycin in the mutant strain was found in same range as
the linear heptapeptide 2.

In summary, we have shown that module extension of NRPS
assembly lines is a possible means to generate new peptide
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backbones. Furthermore, tailoring enzymes are widely able to
tolerate the elongated peptide backbone as a substrate. The
epimerization of the additional Hpg (Supporting Information),
together with B-hydroxylation and chlorination reactions,"”'®
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Figure 4. Overview of the peptide metabolite profile synthesized by A. balhimycina C5A5T4E4 (characterized by HPLC-ESI-MS/MS,).

are constitutively found in all metabolites. These modifications
occur before (B-hydroxylation) or during (epimerization and
chlorination) NRPS assembly and are not affected by the
module extension. In contrast, of three specific side-chain
crosslinking oxygenases acting on NRPS-bound hexa- and hep-
tapeptides™> only OxyB is clearly functional and tolerates the
new substrates generated by module extension. Because of
high substrate specificity, the subsequent oxygenases OxyA
and OxyC are practically incapable of substrate recogni-
tion.>"'? Consequently, subsequent N-methylation and glyco-
sylation as late- or post-NRPS biosynthetic steps are absent.
This can be explained in terms of a significant structural differ-
ence between the linear and monocyclic compounds and the
aglycon as the natural substrate. The observed glycosylation
pattern of 5 and 6 is different from that in wild-type balhimy-
cin and is therefore considered unspecific. Truncated peptide
metabolites detected in minor amounts likely correspond to
hydrolysis products of the NRPS assembly line as described
previously.” As already suggested earlier, manipulation in
NRPS assembly lines leads to a decrease in turnover, concomi-
tantly promoting hydrolysis of biosynthetic intermediates.”

The feasibility of this module extension approach should en-
courage future attempts to line up modules for the directed
synthesis of complex peptides of arbitrarily composed sequen-
ces. It is obvious that manipulations in NRPSs remain delicate,
as subtle changes may lead to immediate loss of biosynthetic
activity. However, the strategy of combining modules with
highly similar sequential contexts might prove successful in
this respect.
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