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The realm of natural products of early diverging fungi such as Mortierella species is largely unexplored.
Herein, the nonribosomal peptide synthetase (NRPS) MalA catalysing the biosynthesis of the surface-
active biosurfactants, malpinins, has been identified and biochemically characterised. The investigation of
the substrate specificity of respective adenylation (A) domains indicated a substrate-tolerant enzyme
with an unusual, inactive C-terminal NRPS module. Specificity-based precursor-directed biosynthesis
yielded 20 new congeners produced by a single enzyme. Moreover, MalA incorporates artificial, click-

functionalised amino acids which allowed postbiosynthetic coupling to a fluorophore. The fluorescent
Received 10th February 2022

Accepted 15th July 2022 malpinin conjugate penetrates mammalian cell membranes via an phagocytosis-mediated mechanism,

suggesting Mortierella oligopeptides as carrier peptides for directed cell targeting. The current study
DOI: 10.1039/d25c00860b demonstrates substrate-specificity testing as a powerful tool to identify flexible NRPS modules and

rsc.li/chemical-science highlights basal fungi as reservoir for chemically tractable compounds in pharmaceutical applications.

Introduction

Among natural products, non-ribosomal peptides (NRP) are of A
medicinal importance and include antibiotic, anticancer or
immunomodulating drugs. Attempts have been made to
produce novel NRPs via classical solid-phase peptide synthesis*
or by enzyme engineering within the emerging field of synthetic
biology.> However, most clinically relevant compounds are still
isolated from their microbial producers, i.e. bacteria and higher
fungi. In contrast, basal fungi such as Mortierella sp. have
traditionally been used as a resource for polyunsaturated fatty
acids in the food industry,® but have not been considered as
NRP producers. However, recent investigations of the secondary
metabolism of Mortierella alpina revealed an unexpected
potential for the production of small oligopeptides of pharma-
ceutical interest including the surface-active malpinins A-E (1-
5) (Fig. 1).* Additionally, cyclic pentapeptides such as malpi-
baldins and the antibacterial malpicyclins are produced.” The
biosynthesis of the latter compounds has recently been
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Fig.1 Native malpinins. A. Chemical structures of malpinin A—E (1-5).
The stereoconfiguration of 5 has not been determined. B. UV chro-
matograms (A = 280 nm) of crude extracts of mycelia from M. alpina
ATCC32222 and M. amoeboidea CBS 889.72 grown on YPD.
Compound 1 is the predominant metabolite, whereas compound 5 is
detectable only in traces (not depicted).
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assigned to two bacterial-like nonribosomal peptide synthe-
tases (NRPSs), malpibaldin synthetase MpbA and malpicyclin
synthetase MpcA, respectively.® Both enzymes are composed of
five consecutive modules (C-A-T) each harbouring a condensa-
tion (C) domain, an ATP-dependent adenylation (A) domain and
a thiolation (T) domain, which act in concert to provide a linear
pentapeptide that is subsequently cyclised by a C-terminal
thioesterase domain (TE). Whilst r-amino acids are incorpo-
rated by the action of canonical C domains, p-amino acid
building blocks are introduced by bacterial-like dual
epimerization/condensation (E/C) domains.

In contrast to Mortierella cyclopentapeptides, the biosyn-
thetic origin of the biosurfactant 1-5 is still enigmatic. Malpi-
nins have a surface tension-lowering activity with a critical
micelle concentration (CMC) of 14 pM that is 580-fold lower
than that of the commonly used anionic detergent sodium
dodecyl sulfate (SDS).* Their low cytotoxicity makes these bio-
surfactants valuable candidates for pharmaceutical or medic-
inal applications. However, information on the malpinin
uptake into mammalian cells has been lacking. Malpinins are
acetylated hexapeptides (Ac-p-Leu/Val-p-Arg-p-Leu/Val-L-Phe/
Leu-Dhb-p-Trp) with two striking structural features (Fig. 1): (i)
a non-canonical amino acid, (Z)-dehydrobutyrine (Dhb), at
position 5, and (ii) a C-terminal p-amino acid, p-tryptophan,
that can be oxidised to kynurenine.* Moreover, incorporated p-
amino acids in positions 1, 3 and 4 were variable resulting in the
1-congeners 2-5. Consequently, a hexamodular NRPS with
flexible modules 1, 3 and 4 is expected for the malpinin
biosynthesis matching the above-mentioned catalytic features.

Substrate promiscuity is a key feature of many enzymes
which enables both natural enzyme evolution® and enzyme
engineering” in synthetic biology.® In NRPSs, substrate
promiscuity has been occasionally encountered in A domains®
and harnessed for producing non-natural products’ but has not
been systematically investigated. Several adenylation assays
have been established to measure the activity of A domains.*>"*
Recently, the hydroxamate specificity assay (HAMA) was devel-
oped which unravels specificity profiles of A domains under
competition conditions in a straightforward fashion. HAMA is
based on the quenching of aminoacyl adenylates by hydroxyl-
amine and LC-MS/MS detection of respective hydroxamate
products allowing parallel testing of multiple competing
substrates.'> Hence, we choose HAMA to investigate putatively
substrate tolerant A domains® in the malpinin synthetase.

In this report, we use a combination of state-of-the-art
genome sequencing techniques and UHPLC-MS/MS-based
metabolite screening to identify the malpinin synthase MalA.
A thorough substrate specificity analysis of the complete set of
its NRPS modules led to the identification of 20 novel malpinin
congeners, among them unusual methionine-containing
compounds. Using substrate profiling by HAMA, the enzyme's
relaxed substrate tolerance was determined and exploited to
incorporate non-natural, “clickable” amino acid substrates. The
bioorthogonally labelled fluorescent Mortierella oligopeptide
permeates membranes of mammalian cells in a phagocytose-
dependent process. Hence, malpinins represent potential
carrier peptides for drugs in macrophage-associated diseases.
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Results and discussion
Identification of the malpinin synthetase MalA

The published genome of M. alpina™ does not provide appro-
priate NRPS candidate genes for malpinin biosynthesis.
Therefore, a comparative genome analysis of M. alpina
ATCC32222 and its close relative Mortierella amoeboidea
CBS889.72 (ref. 14) was used to identify the malpinin synthetase
gene. Both species produce 1-5 as determined by UHPLC-MS
and ESI-MS/MS (Fig. 1, and ESI, S1f) and were subjected to
genome sequencing (Table S17). Subsequent analysis of both
genomes using the antiSMASH" platform lead to the identifi-
cation of at least 16 potential NRPS and NRPS-like genes in both
species (Table S2t). Consistent with the metabolite screening
(Fig. S1t), either genome encodes the two cyclopentapeptide
NRPSs MpbA (85% amino acid identity between both species)
and MpcA (90%), which catalyse the production of malpibaldins
and malpicyclins, respectively. In addition, both species share
three large genes encoding one hexamodular (Nps5, 89%
identity), one heptamodular (Nps3 [MalA], 90% identity) and
one octamodular NRPS (Nps2, 73% identity), which are plau-
sible candidates for malpinin biosynthesis (Tables 1, S2 and
Fig. S21). An expression analysis by qRT-PCR revealed that the
nps2 gene is hardly expressed under laboratory conditions,
whilst transcripts of both nps3 (malA) and nps5 are highly
abundant (Fig. S3t). However, solely malA expression levels
correlated with titers of 1, i.e. the major metabolite in Mortier-
ella metabolite extracts, according to LC-MS-based metabolite
quantification (Fig. S31). Moreover, the candidate enzyme MalA
shows the required distribution of C and E/C domains (Table 1),
although the 7™ module seems to be obsolete for the produc-
tion of a hexapeptide.

MalA modules 1, 3 and 4 are highly promiscuous

The full-length 24.5 kb transcript of malA has been verified by
Sanger sequencing and encodes a heptamodular NRPS MalA
spanning over 7760 aa (853 kDa). As described for NRPSs of
other basal fungi,®*® the A domains of MalA cluster phyloge-
netically with bacterial counterparts (Fig. S47). Since knock-out
strategies are hardly applicable for early diverging fungi,"” we
used in vitro specificity profiling to assign all A domains of MalA
to a particular adenylation step in the malpinin biosynthesis.
Heterologous production of all seven C-A-T modules (M1-7) as
bi-terminal His¢-tagged fusion proteins was accomplished in
Escherichia coli (Fig. S2, S5 and Table S37). The formation of
aminoacyl adenylate during the adenylation reactions was
tracked by conversion to stable aminoacyl hydroxamates that
were quantified using multiplexed LC-MS/MS measurements
(HAMA, Fig. 2 and Table S4})."> HAMA revealed that both M1
and M3 have relaxed specificity towards aliphatic amino acids
(t-Leu > 1-Met > 1/p-Val > 1-Cys), explaining Val at position 1 and
3 in 1-congeners 2-4 (Fig. 1). The incorporation of .-Leu, but not
N-acetyl-i-Leu by module 1 was also confirmed (Fig. S6t) sug-
gesting the N-terminal acetylation occurs at a later stage of
biosynthesis. Similar to M1 and M3, M4 has a broad substrate
spectrum showing the highest activity with 1-Phe followed by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Multi-module NRPSs in M. alpina. For domain abbreviations refer to Fig.
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Domain architecture of the enzyme
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Fig. 2 Specificity profiles of the NRPS modules of MalA. (A) Adenyla-
tion reaction and hydroxamate formation during HAMA. Modules and
substrates were mixed at a final concentration of 1 uM and 1 mM,
respectively, and were incubated for 60 min at 37 °C. The resulting
aminoacyl hydroxamates (HA) were subsequently analysed by UHPLC-
MS. (B—H) Specificity profiles of the complete set of NRPS modules 1-
7 (M1-M7) of MalA determined by the HAMA assay. Note that M7
shows lowest activity.

other hydrophobic amino acids (1-Phe > 1-Met = -Trp). In
contrast, M2, M5 and M6 are highly specific for t-Arg, 1-Thr, and
L-Trp, respectively (Fig. 2). Solely, M7 converted its preferred
substrate (1-Phe) with a 15 000-fold reduced turnover rate
compared to the most active module M6, indicating that its A

© 2022 The Author(s). Published by the Royal Society of Chemistry

Cs-A-T-E/C-A-T-C-A-T-E/C-A-T-E/C-A-T-C-A-T-TE

domain cannot contribute to the malpinin biosynthesis due to
low activity. The residual activity for L-Phe may indicate that
a 7™ residue was present in an evolutionary precursor to the
malpinin family. An inactive terminal module has been shown
for the indanomycin synthase in Streptomyces antibioticus.*®
Since the last T domain in MalA is apparently not loaded with
an amino acid, either the TE domain must offload the oligo-
peptide from the preceding T domain or the dual E/C domain of
M7 must transfer the final peptide chain to the free acceptor T
domain of M7 prior to release. In any case, this E/C domain is
required for the stereo inversion of the C-terminal .-Trp to p-Trp
in 1-5. A similar mechanism is proposed for the epimerase (E)
domain of the 8-(t-a-aminoadipyl)-.-Cys-p-Val (LLD-ACV)
synthetase from f3-lactam producing fungi.”** Building on
our expression analysis and HAMA-based in vitro activity assays,
a biosynthetic pathway for malpinins by MalA is proposed,
which includes (i) a canonical successive peptide biosynthesis,
(ii) epimerizations of r-amino acids by dual E/C domains, if
required, and (iii) an early peptide offloading at module 7 after
five condensation steps (Fig. 3).

In bacteria, N-terminal acylation of peptides is catalysed by
C-starter (C;) domains that transfer various acyl chains from
acyl-CoA, a standalone acyl carrier protein (ACP) or an acylated
C-A-T module selectively to the N-terminus of the nascent
NRP.?>** Recently, a fungal C; domain has been described to N-
terminally acetylate the NRP aspergillicin A from Aspergillus
flavus.>® However, the C; domain of MalA is truncated and lacks
the essential C1-C4 core motifs at its N-terminal region
including the highly conserved tandem His-His motif in the
active site of C3 (Fig. S7 and S8t). An acetylation of L- or p-leucyl-
SNAC, that mimics the thiotemplated leucyl moiety,** could not
be determined for MalA-C; (Fig. S9t) suggesting an inactive Cg
domain. The presence of such truncated, non-functional, but
structurally required C; domains have been demonstrated for
fungal NRPSs, e.g. in cyclosporine and penicillin biosyn-
thesis.”**” However, N-acetylation of leucyl-SNAC thioesters was
detectable in M. alpina protein crude extracts when incubated
with acetyl-CoA (Fig. S91). These findings and the observation
that no acetyl transferase gene is co-expressed in the malpinin A
gene cluster (Fig. S107), point to a co- or post-synthetic acety-
lation in trans by an acetyltransferase encoded elsewhere in the
genome - a phenomenon that has recently been described for
the erinacine biosynthesis in the mushroom Hericium erina-
ceus.?® Indeed, the precursor deacetyl-1 (m/z 817.4716 [M + H]")
is detectable in M. alpina with moderate abundance (Fig. S11
and S127).

Remarkably, malpinins contain (Z)-Dhb as non-
proteinogenic amino acid. Dhb is present in a variety of

Chem. Sci., 2022, 13, 9091-9101 | 9093
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Fig. 3 Biosynthesis of malpinins by MalA shown for 1. Involved domains are: A, adenylation domain; C, canonical condensation domain; C,
starter condensation domain (inactive); C*, dual dehydration/condensation domain; E/C, dual epimerization/condensation domain; T, thiolation
domain; TE, thioesterase domain. Note, that the final adenylation domain (in M7) is inactive and offloading occurs either by the final dual E/C

domain or the C-terminal T or TE domain.

cyanobacterial NRP.?*"*? To incorporate Dhb in ribosomally and
post-translationally modified peptides (RiPPs) such as the lan-
tibiotic precursor prenisin or the lacticin-481 propeptide, Thr
residues are post-translationally dehydrated by a downstream
processing dehydratase (NisB)** or by a bifunctional
dehydratase/cyclase (LctM),* respectively. However, no homol-
ogous genes are encoded in the genomes of M. alpina and M.
amoeboidea. During malpinin biosynthesis, Thr is most likely
incorporated by M5 (Fig. 2) and is then dehydrated by the
subsequent dual E/C domain of M6 to give the a,B-unsaturated
amino acid (Z)-Dhb (Fig. 3). In dual E/C domains, the a-C atom
is first deprotonated resulting in an enolate intermediate and
the epimerisation is achieved through addition of a proton from
the opposite side.*® However, the latter step is apparently avoi-
ded by M6 and a hydroxyl group is eliminated instead. Recently,
the origin of such a,B-unsaturated amino acyl moieties in the
NRP albopeptide from Streptomyces albofaciens has been
assigned to a novel class of dual B-elimination/condensation
domains (C*) in the NRPS AlbB.** Consistently, the amino
acid sequence of the dual E/C domain of M6 shows the same
conserved motifs as the C* domains of AlbB, i.e. the catalytic
BBSHHXXXD'*! condensation motif and a E**” residue, which is
discussed to be involved in the dehydration reaction.*® Hence,
our findings imply a similar mechanism of incorporation of (2)-
Dhb in malpinins. This assumption is further supported by the

9094 | Chem. Sci,, 2022, 13, 9091-9101

fact that Thr- and Dhb-specific A domains from bacteria and
Mortierella share the same residues in the specificity deter-
mining binding pocket (Table S57).

Enzymatic promiscuity facilitates the production of diverse
malpinin congeners

The substrate specificity data confirmed MalA as malpinin
synthetase and disclosed substrate tolerance of its modules M1,
M3, and M4. In-depth analysis of kinetic parameters of the A
domain for M3 by MesG activity assays'' revealed highest
specificity for 1-Leu (keai/Ky = 61 mM ' min ) followed by 1-Val
(keat/Kny = 4.8 mM™' min™') and v-Met (kea/Ky = 0.47
mM " min~") which matches the probability of occurrence of
Leu over Val at position 3 in native malpinins 1-5 (Fig. 1 and
S13t). However, Met-containing malpinins have never been
detected. Surprisingly, the turnover number for the three tested
substrates is similarly high (k¢ ~ 2.2 min~") and seems suffi-
cient to support a typical rate of peptide formation (approx.
1 min~") with all of them.*” In other words, the adenylation
kinetics suggest that the amino acid composition of malpinins
can be simply altered by providing elevated concentrations of
alternative substrates such as 1-Met and 1-Cys (for M1, M3, and
M4) or 1-Trp (for M4). To test this hypothesis, fungal cultures
were supplemented with six different canonical amino acids (-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Leu, 1-Val, 1-Met, 1-Trp, 1-Cys, 1-Phe) in a precursor-directed
biosynthesis approach. While 1-Leu feeding resulted in
production of 1 and 5 as main metabolites, 1-Val feeding
enlarged the metabolite variety mainly to 2-5, which is consis-
tent with a previous report.* In accordance to the predictions
made by the HAMA assay, L-Met supplementation strongly
increased the metabolic diversity by at least 12 additional
compounds (malpinins F-Q, 6-17), according to EIC-based
quantification by two independent UHPLC-MS methods
(Fig. 4A and Tables S6-S8, Fig. S141). Subsequent ESI-MS/MS-
fragmentation confirmed their 1-derived lead structures and
suggested a replacement of Leu and/or Phe by one, two or three

View Article Online

Chemical Science

Met moieties at the expected flexible positions 1, 3, and/or 4
(Fig. S15-5231).

Two metabolites (malpinin F and G, 6 and 7) show nearly the
same molecular weight (m/z 877.4368 and 877.4374 [M + HJ")
and are most likely constitutional isomers (Fig. 4B). They were
purified from upscaled fungal cultures by preparative HPLC
subjected to extensive 1D and 2D NMR analyses (Table S9 and
Fig. S24-S347). "*C NMR spectra of 6 and 7 revealed seven
signals above 160 ppm, accounting for seven carbonyl moieties.
Fifteen signals in the aromatic range of the spectrum were
identified. Five signals ranging from 6 50 to 55 ppm hinted to
five a-carbon atoms, that could be confirmed by HSQC spectra,
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Fig.4 Precursor-directed biosynthesis of novel malpinins. (A) Distribution of native (1-5) and novel malpinins (6—-20) by feeding canonical amino
acids predicted by HAMA. For detailed HR-ESI-MS/MS analysis see Table S6 (properties of metabolites) and Fig. S14-S23 and S37-S39.1
Experiments were carried out in Aspergillus minimal medium without supplementation (AMM) or amended with 5 mM L-Leu, L-Val, L-Met, or L-
Trp. Amino acid sequences of 1-20 are shown schematically as stings of beads with variable amino acids highlighted in colour (indigo, Leu; light
blue, Val; green, Phe; brown, Met; dark green, Trp). (B) NMR-verified novel malpinins F (6) and G (7). For structure elucidation refer to Tables S7,
S9, S10 and Fig. S24-S34.+ (C) Distribution of native (1-5) and novel malpinins with non-natural amino acids (21-25) after feeding S-propargyl-L-
Cys (pCys) or 4-bromo-L-Phe (BrPhe). Amino acid sequence of 1-5 and 21-25 are shown schematically as a string of beads with variable amino
acids highlighted in colour (indigo, Leu; light blue, Val; green, Phe; gold, pCys; ochre, Br-Phe). For detailed HR-ESI-MS/MS analysis see ESI (Table
S7 and Fig. S41-S45¢1). (D) NMR-verified, clickable malpinin W (23). For structure elucidation refer to Tables S10, S11 and Fig. S46-S51.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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linking them to their respective a-C protons (6y 4.20-4.70 ppm).
As expected, the eight amide protons (6y 7.54-9.18 ppm) did not
show any scalar couplings in HSQC spectra. The final peptide
backbone was constructed using COSY couplings between
amide and o-C protons as well as HMBC correlations between o-
C protons and the following carbonyl C atoms (Fig. S34%).
Starting from the a-C proton signals, the amino acid side chains
were elucidated by COSY, HSQC and HMBC. In 6 and 7, the "*C
signal of the terminal methylene group in the aliphatic side
chains of Met (6¢ 29.0 ppm and ¢ 29.5 ppm, respectively)
correlated with a highly abundant 'H singlet signal derived
from the lone-standing methyl group (6y 1.92 ppm and 2.00
ppm). With a chemical shift of ¢ 156.6 ppm as part of the
guanidinium group of Arg, dc 128.0 as double signal of Dhb,
and 3 and 4 double bond signals each for Phe and Trp,
respectively, a total number of eight C=X double bonds and
eight C=C double bonds were identified. The stereo configu-
ration of 6 and 7 was finally determined by advanced Marfey's
analysis®® (Table S107) and revealed incorporation of p-config-
ured Met in both metabolites.

In sum, the NMR analysis confirmed the incorporation of p-
Met in position 1 and 3 in 6 and 7, respectively, as suggested by
the previous ESI-MS/MS experiments. Among the proteogenic
amino acids, Met is underrepresented as building block in
NRPs.* Met-containing peptides have been extracted from
cyanobacteria®* or marine sponges** and harbour diverse
biological activities including anti-cancer and phosphatase-
inhibitory properties. However, 6 and 7 do not show any anti-
microbial activity (Fig. S357), but have a similar critical micelle
concentration (CMC) as 1 (Fig. S367).

Aside from the Met-containing metabolites 6-17, but to
a lower extent, three Trp-containing 1-congeners (malpinin R-T,
18-20) were produced by 1-Trp feeding (Fig. 4A and S37-S397).
In all cases, Trp was incorporated at position 4 in agreement
with the relaxed specificity observed in the HAMA profile of M4
(Fig. 2). However, no altered metabolite profiles were obtained
by feeding 1-Cys or 1-Phe (Fig. S407).

The first A domain of the hexamodular anabaenopeptin
synthetase accepts the chemically divergent amino acids Arg
and Tyr.”** Similarly, substrate flexibility led to the biosynthesis
of up to 16 structural variants of microcystins in the cyano-
bacterium Phormidium.*> Here, promiscuity of A domains 2 and
4 has been assigned to altered residues in positions 236, 239
and 278 in the substrate binding pockets. Similar to cyano-
bacteria, relaxed substrate specificity is the major driver of
metabolic diversity in Mortierellaceae resulting in 20 natural
malpinins (1-20). Modules M1, M3, and M4 of MalA incorporate
hydrophobic amino acids such as 1-Met or L-Trp - in addition to
their native substrates 1-Leu, 1-Val or 1-Phe in vitro and in vivo.
This raised the question, if non-natural clickable amino acids
would be accepted as well.

Clickable amino acids enable synthesis of malpinin
conjugates

Malpinins possess surface-active properties, but marginal
cytotoxicity, and are hence promising for medicine and material
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science. Despite the Dhb moiety, the bottleneck in chemical
tractability is the availability and accessibility of coupling
moieties for “click” chemistry within the molecules. To inves-
tigate a potential incorporation of non-proteinogenic, but click-
functionalised amino acids, fungal cultures were fed with the
Met-congener S-propargyl-i-cysteine (pCys) or the Phe-homolog
4-bromo-i-phenylalanine (BrPhe) and malpinin derivative
production was quantified by UHPLC-MS (Fig. 4C).

Feeding with pCys led to poor growth of the fungus and
moderate incorporation (24%) into malpinins: the Leu moieties
in positions 1 and 3 were replaced by pCys in malpinin U (21),
m/z 887.4224 [M + H]' and malpinin V (22), m/z 887.4224 [M +
H]', respectively (Fig. S41, S42 and Tables S6, S77). In contrast,
BrPhe was incorporated in suitable amounts (47%) in place of
Phe in position 4: the 1-congener malpinin W (23, m/z 937.3920
[M + H]J"), and the two minor 2- and 3-congeners malpinin X (24,
m/z 923.3766 [M + H]') and malpinin Y (25, m/z 923.3767 [M +
H]") were detected (Fig. 4D, S43-S45 and Tables S6, S71). This
relaxed substrate specificity is a remarkable feature of MalA,
since acceptance of non-natural amino acids by A domains of
other enzymes required time-consuming, systematic mutagen-
esis of residues in the substrate binding pocket.” Preferred
incorporation of halogenated and other Phe analogs has been
previously accomplished by a Trp-to-Ser point mutation in
module 1 of the gramicidin S synthetase GrsA and module 4 of
the tyrocidine synthetase TycA.*>*” However, MalA M4 contains
the respective Trp (W***?) and the intrinsic substrate flexibility
must be due to other reasons (Table S57).

We isolated 12.8 mg of 23 from a 3 L culture and confirmed
its structure by NMR (Table S11 and Fig. S46-S511) and Marfey's
analysis (Table S107). The inspection of the "H-NMR spectrum
revealed the absence of the 6y 7.17 signal corresponding to the
replacement of the C4 proton by a bromine atom in the Phe
moiety at position 4 when compared to the "H-NMR spectrum of
1 (Fig. S46 and Table S117). The high field chemical shift of C4
from 6¢ 126.3 ppm (in 1) to 6 119.5 ppm (in 23) in the "*C-NMR
spectrum confirmed the successful 4-bromo-r-Phe integration
(Fig. S47%).

To test the suitability of malpinins as cell-permeating
compounds, 23 was coupled to the fluorescent dye 5-carboxy-
fluorescein (5-FAM). To this end, the aryl-halide (23) was
substituted by an aryl-azide (26, m/z 900.4836 [M + HJ',
Fig. S52%) via an Ullmann-type copper catalysed nucleophilic
aromatic substitution*® (Fig. 5A). The clickable 26 was success-
fully coupled to the 5'-FAM-alkyne by a Cu(i)-catalysed azide-
alkyne click reaction (CuAAC) to finally yield 24 mg of 27 (m/z
1313.5734 [M + H]', Fig. S537). The structure of the product was
confirmed by 1D- and 2D-NMR (Fig. S54-S59 and Table S127).

Consistently with *C-NMR data from 1,2,3-triazole ring
systems,* the chemical shifts of C1’ and C2' (6¢ 73.1 ppm and
0c 80.9 ppm in the alkyne) were altered towards 6¢ 120.9 ppm
and 6¢ 145.9 ppm in 27. The bond between malpinin and 5-FAM
was established by inspection of the HMBC spectra through
a weak coupling between C1’ (6 120.9 ppm) of 5-FAM and the
C21 proton (g 7.81) of Phe in malpinin. Similarly to 5-FAM, the
malpinin-conjugate 27 showed fluorescent properties, i.e. an
emission maximum at A = 526 nm (Fig. S607).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Phagocytosis-triggered uptake of the fluorescent malpinin-conjugate 27. (A) Synthesis of the triazole-linked 5-FAM conjugate 27. (B and
C) Microscopy of human macrophages (B) or neutrophils (C) after fluorophore treatment. Cells were incubated with 30 uM 5-FAM, 27 (MAL-FAM)
or pure DMSO (negative control) for 3 h (macrophages) or 1 h (neutrophils) prior to microscopy. Pictures were taken using the green fluorescent
channel (Aex = 492 Nm, Aem = 518 nm, left panels) or light field (right panels). Scale bar = 10 um.

Malpinin-conjugates penetrate phagocytic cells

Malpinins show surface-active properties concomitant with low
cytotoxicity. To test their potential pharmaceutical application,
malpinin trafficking into human cells was studied. 5-FAM and
27 were incubated with human monocyte-derived macrophages
and fluorophore localization was determined by fluorescence
microscopy. Whilst pure 5-FAM was not able to penetrate the
cell membrane, the fluorescent 27 was taken up by the cells
(Fig. 5B). In contrast to our expectations, 27 did not attach to the
cell membrane, but persisted in the cytoplasm. Hence, we
concluded that malpinins enable the uptake of coupled
compounds of interest, for which FAM serves as a proof of
principle. To study the mechanism of uptake more profoundly,
also human neutrophils and embryonic kidney cells (HEK293)
were tested. Phagocytic neutrophils share a similar intracellular

© 2022 The Author(s). Published by the Royal Society of Chemistry

fluorescence pattern when incubated with 27 (Fig. 5C). In
contrast, nonphagocytic HEK293 cells* hardly showed fluores-
cence signals, when 27 was applied (Fig. S611). Hence, uptake of
malpinin conjugates appears specific for phagocytotic cells. The
use of macrophage-targeting agents is a promising prospect in
cancer immunotherapy by modulation of the recruitment and
survival of macrophages or by inhibition of their tumor-
promoting function.®® Moreover, macrophages are used as
“trojan horses” to carry drug-loaded nanoparticles to a source of
infection or into a tumor environment.”> Hence, malpinin-
conjugates may provide a small-molecular alternative with low
cytotoxicity. Future studies will reveal the effectiveness of this
approach. In this respect, the high production titers of malpi-
nins up to 10% of the fungal dry biomass® provide an envi-
ronmentally sustainable alternative to solid-phase peptide
biosynthesis.
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Conclusions

The current study demonstrates the potential of substrate
profiling of A domains for biosynthetic diversification of NRPs.
Feeding alternative substrates to a flexible NRPS of a basal
fungus strongly shifted product profiles and enabled the
production of click-functionalised compounds. The final
bioorthogonal-labelling of malpinins uncovered its new phar-
maceutical application as peptide carriers for phagocyte-
specific drugs.

In the current study, a complete determination of substrate
specificities of an NRPS system was carried out, which in turn
led to the identification of a wealth of new metabolites
(Fig. S627). Promiscuity-based broadening of product diversity
is a common strategy in nature to switch the biosynthesis from
one compound to another with a higher selective advantage
(screening hypothesis).** The synthetic biology can benefit from
this evolutionary-driven approach: In the past ten years,
tremendous progress has been made to reconstitute and engi-
neer trajectorial NRP biosynthesis in vitro by combining several
NRPS modules by either an inter-domain peptide linker or
docking domains®* or, alternatively, a DNA template as
binding platform.*® The substrate tolerant A domains of NRPSs
from basal fungi bear excellent prospects for combinatorial
enzyme engineering® in the future.

Besides their use in food industry, basal fungi are a prom-
ising resource of antibiotic and anticoagulating peptide
compounds.®** With this report, we add a new, third level of
application: The malpinins can be used as carrier peptides
triggering the uptake of compounds into human macrophages.
Macrophages are common drug targets for several disease
treatments, because they are involved in cancer and inflam-
mation processes.”® Mesoporous silica nanoparticles are
currently being investigated as drug carrier, but their metabo-
lism is still a problem that hinders successful clinical trans-
lation.® In this respect, malpinins represent a natural, small
molecular weight alternative.

Experimental section

Organisms and culture maintenance

The fungal strains Mortierella alpina ATCC 32222 and Mortier-
ella (syn. Linnemannia) amoeboidea CBS 889.72 were purchased
from the American Type Culture Collection (ATCC) and the
Westerdijk Fungal Biodiversity Institute (CBS), respectively
(Table S131). Cultures were maintained on malt extract peptone
(MEP) agar plates (30 g L™ " malt extract, 3 g L™ soy peptone,
18 g L™ " agar) for 7 days at 25 °C.

Liquid cultures (100 mL) for metabolite quantification and
expression analyses were inoculated with five agar blocks (2 x 2
mm) and incubated at 25 °C and 140 rpm for 3, 7 or 14 days
(depending on the experiment). Media were MEP, potato
dextrose broth (PDB, Sigma Aldrich), yeast extract peptone
dextrose medium (YPD; 20 g L™ " peptone, 10 g L™ " yeast extract,
20 g L™ " glucose), lysogeny broth (LB; 10 g L™ " tryptone, 5 g L™*
yeast extract, 10 ¢ L' sodium chloride), or hay medium (HM,
25 g L' hay, extracted with hot water, 100 mM phosphate
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buffer, pH 5.6). For the precursor-directed biosynthesis, 100 mL
Aspergillus minimal medium® supplemented with 100 mM b-
glucose and 20 mM ammonium nitrate was amended with 5 to
10 mM of the respective amino acid.

Escherichia coli strains (Table S131) used for plasmid prop-
agation or heterologous protein production were maintained in
LB medium amended with carbenicillin (50 pg L™') or kana-
mycin (100 pg L), if required.

Molecular biological techniques and microscopy

Details on isolation of nucleic acids, genome sequencing,
genome annotation, cloning of DNA in expression vectors, gene
expression analysis and fluorescence microscopy are provided
in the ESL.{ Constructed plasmids and oligonucleotides are
listed in Tables S14 and S15.1

Protein purification

Heterologous protein production in Escherichia coli and purifi-
cation by affinity chromatography were carried out as previously
described.® For details on the purification procedure, protein
yields and SDS polyacrylamide gels, see ESI (Fig. S3 and Table

531).

Adenylation enzyme activity assays

Multiplexed hydroxamate assay (HAMA). The HAMA was
carried out as previously described.'* The hydroxamate samples
were quantified on a Waters ACQUITY H-class UPLC system
coupled to a Xevo TQ-S micro (Waters) tandem quadrupole
instrument with ESI ionisation source in positive mode
(method A, Table S16t), by external calibration using a serial
dilution of synthetic hydroxamate standards.

MesG assay. The determination of kinetic parameters for
MalA module 3 was conducted as previously described™ using
a continuous kinetic adenylation assay using the enzyme-
coupled conversion of the chromogenic substrate 7-methyl-6-
thioguanosine (MesG) in the presence of hydroxylamine." The
enzymatic reaction was started by addition of 4 uM enzyme to
a final reaction volume of 100 uL. Absorbance of released 7-
methyl-6-thioguanin was monitored at Aj,.x = 355 nm on
a Synergy H1 (BioTek) microplate reader at 30 °C.

Acetylation assay. The determination of the acetylation
activity of the C; domain of MalA-M1 and M. alpina protein
crude extracts was carried out using a previously published
protocol® and is described in detail in the ESIL.}

Chemical analysis of metabolites

General. Metabolite samples were routinely measured on an
Agilent 1290 Infinity II UHPLC coupled with an Agilent 6130
single quadrupole mass spectrometer (positive ionisation
mode) using method B (Table S161). Metabolite preparation
was conducted on an Agilent 1260 and 1200 HPLC chromato-
graphs. HR-MS/MS spectra of identified compounds were
recorded on a Q Exactive Plus mass spectrometer (Thermo
Scientific). NMR spectra were recorded on a Bruker Avance III
600 MHz spectrometer at 300 K using ds-DMSO as solvent and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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internal standard (6c 39.5 ppm). Residual non-deuterated
solvent was used as standard for 'H NMR spectra (0g 2.50 ppm).

Precursor-directed biosynthesis and metabolite quantifica-
tion. After 7 days of cultivation in 100 mL AMM with 5 mM of
the respective amino acid, mycelia were harvested and the
culture broth was extracted three times with an equal volume of
ethyl acetate. After solvent evaporation to dryness, the residue
was dissolved in 5 mL methanol, and 10 puL were subjected to
UHPLC-MS analysis (method B for 1-5 and 18-27, method C for
1-4 and 6-17, Table S16T). Metabolites were quantified by
integration of the area under the curve (AUC) of the extracted
ion chromatograms (EIC) (Fig. S14, S37, S42 and S45%). A cali-
bration curve of an authentic standard of 1 ranging from 0.005
to 5 mg mL™" served as reference. Calculated metabolite
amounts were were correlated to the fungal dry biomass and
were finally expressed as ratios relative to 1 in each sample.

Advanced Marfey's analysis. Compound hydrolysis and
amino acid derivatization were carried out as described.>*® In
brief, 0.1 mg of 6 or 7 were hydrolysed in 6 M HCI at 100 °C
overnight. The hydrolysate was neutralised (6 M KOH), evapo-
rated to dryness and dissolved in 100 pL H,O. In a total reaction
volume of 100 uL, 25 pL of the hydrolysate (approx. 1 uM) were
derivatised with 15 mM 1-fluoro-2,4-dinitrophenyl-5-L-leucine-
amid (.-FDLA). For authentic standards, 10 pL of 1- or b-
configured amino acids (100 mM) were used. Finally, the reac-
tion was stopped by addition of 25 uL methanol and measured
by UHPLC-MS with method D (Table S167). Retention times of
respective coupling products were determined from extracted
ion chromatograms (EIC).

Metabolite extraction and isolation

Extraction and isolation of 6 and 7. Ten flasks, each con-
taining 1 L AMM medium amended with 100 mM b-glucose,
20 mM ammonium nitrate and 8 mM 1-Met, were inoculated
with M. alpina and cultivated for 7 days. Freeze-dried, ground
mycelium was extracted three times using a mixture of meth-
anol, butanol and DMSO (12 : 12 : 1, 400 mL). The culture broth
was extracted three times using the same amount of ethyl
acetate. Extracts were pooled, dried under vacuum and dis-
solved in 50 mL methanol. For initial separation, crude extracts
were submitted to preparative HPLC using method E (Table
S16%). Fractions containing 6 and 7 were then transferred to
a semipreparative HPLC and a separation from 1 as main
contaminant was achieved by method F (Table S167). Method G
(Table S16%) was applied to purify 6 and 7 from 2 and 3 using
a methanol gradient. Final separation of the isomers 6 (9 mg)
and 7 (16 mg) was accomplished on a C; reverse phase column
using an acetonitrile gradient (method H, Table S167).

Extraction and isolation of 23. 23 was produced in 15 flasks,
each containing 200 mL AMM medium and 5 mM 4-bromo-
phenylalanine, inoculated with M. alpina as described above.
The cultures were harvested and extracted as described for 6
and 7. After the first preparative separation step by HPLC
(method E, Table S167), fractions containing 23 were submitted
to further purification using method F (Table S167) yielding
12.8 mg pure 23.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Synthesis and purification of 26. A total of 360 mg crude
extract containing 23 were dissolved in 1 mL reaction solvent
(EtOH : water = 7 : 3). 2 eq. NaNj, 0.1 eq. Cul (catalyst), 0.1 eq.
N,N'-dimethylethylenediamine (DMEA, ligand) and 0.2 eq.
sodium ascorbate were added to a final reaction volume of 5 mL
as described elsewhere.*® After incubation at 95 °C for 1 h under
argon atmosphere, the reaction was evaporated in vacuo, dis-
solved in methanol and 26 was purified using method E (Table
S16t), yielding 38 mg (85%). The structure of 26 was verified by
HR-MS/MS (Tables S6, S7 and Fig. S527).

Synthesis of malpinin-coupled 5-FAM dye (27). The synthesis
was accomplished by mixing 20 umol (18.3 mg) 26 and 16.9
umol (7 mg) 5-FAM-alkyne (Jena Bioscience) in 13 mL reaction
solvent (EtOH : water = 7 : 3). 50 pL of 0.5 M CuSO, and 150 UL
of 0.5 M sodium ascorbate (both Jena Bioscience) were added
immediately and after a reaction time of 24 h.*® After 42 h at RT
under gentle agitation (100 rpm) the reaction mixture was dried
by lyophilisation and dissolved in methanol. Separation was
performed by HPLC using method E (Table S16t). 24 mg of 27
were recovered and submitted to NMR and HR-MS/MS structure
verification (Tables S6, S7, S12 and Fig. S53-S597).

Physicochemical and antimicrobial properties of 6 and 7

Determination of surface tension and critical micelle concen-
tration (CMC) was conducted by the ring tear off method using
a De Noily ring tensiometer (Kriiss Processor Tensiometer K12,
Kriiss, Hamburg, Germany) in a concentration range from 1000
to 1.95 ug mL ™" as described previously.* Antimicrobial activity
testing was carried out by agar diffusion tests.® Ciprofloxacin
dissolved in water (5 ug mL™') and amphotericin B in DMSO/
methanol (1 : 1) (10 pg mL ~ ') served as controls.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 7
software. Pearson correlation was calculated assuming
Gaussian distribution with a confidence interval of 95% and
a significance level of 5%.

Data availability

The draft genomes of M. alpina ATCC32222 and M. amoeboidea
CBS 889.72 are accessible under Genbank accession numbers
JALIRG010000000 and JALIGY010000000, respectively. The
sequences of the malA genes from M. alpina and M. amoeboidea
are deposited under Genbank accession numbers MW984675
and MW984676, respectively.
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