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Abstract: The increasing number of available genomes, in
combination with advanced genome mining techniques, un-
veiled a plethora of biosynthetic gene clusters (BGCs) coding
for ribosomally synthesized and post-translationally modified
peptides (RiPPs). The products of these BGCs often represent
an enormous resource for new and bioactive compounds, but
frequently, they cannot be readily isolated and remain cryptic.
Here, we describe a tunable metabologenomic approach that
recruits a synergism of bioinformatics in tandem with isotope-
and NMR-guided platform to identify the product of an
orphan RiPP gene cluster in the genomes of Nocardia
terpenica IFM 0406 and 0706". The application of this tactic
resulted in the discovery of nocathioamides family as a founder
of a new class of chimeric lanthipeptides I.

Introduction

RiPPs outline a significantly expanding category of
peptide-based natural products with multiple classes covering
a vast chemical space. Such a broad scope of structural
modifications translates into different biological activities,
ranging from antibacterial, antifungal to antiviral potencies,!!
which can be therapeutically exploited. However, intriguing
ecological and physiological roles are also reported for
RiPPs.””! Lanthipeptides, the most prevalent and exhaustively
mined class of RiPPs, are structurally branded by their
unifying installation of the thioether-bridged amino acids
lanthionine (Lan) and methyllanthionine (MeLan) as one of

the frequent post-translational modifications (PTMs) of
RiPPs.”! The typical introduction of sulfur and oxygen
heterocycles within the core peptide comprising thazol(in)e
and (methyl)oxazol(in)e moieties has also been perceived in
several RiPP variants, such as linear azoline scaffolds (LAPs),
head-to-tail monocyclic skeletons (cyanobactins), and multi-
cyclic frameworks with a nitrogen-containing heterocycle
(pyritides)."! Among the rare alterations of RiPPs, thioami-
tides arise in which thioamide(s) can be exceptionally
incorporated into the peptide backbone to leverage their
structural diversification and bioactive potential.”) With the
explosion of affordable sequencing technologies in orchestra-
tion with improved bioinformatics algorithms for biosynthetic
gene cluster (BGC) identification and defined motif annota-
tion,’® the quest has been paved towards the discovery of
a hidden arsenal of novel RiPP-based molecules across
various bacterial (meta)genomes. Nevertheless, connecting
the RiPPs genetic locus of interest to the cognate metabolite-
(s) is yet a challenging task? due to the production of
complex metabolite mixtures, the silence of many BGCs
under laboratory cultivation conditions or if the source
organism is considered uncultivable. The latter two hurdles
are nowadays overcome by the application of heterologous
expression and synthetic biology, while analytical problems
are foremost addressed by the integration of mass spectrom-
etry (MS)-based metabolomics techniques.®

Bacteria from the genus Nocardia are foremost known in
a medical context since they cause severe infections to
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humans and animals via nocardiosis. However, they have
emerged over the last two decades also as talented producer
strains of structurally diverse and highly bioactive natural
products.”) Beside nonribosomal peptides and polyketides,
Nocardia spp. are also privileged producers of RiPPs, such as
nocathiacins and nocardithiocin as thiopeptides!”’ besides
nocavionin! as lipolanthines. Within the course of our
genome-driven investigations of Nocardia strains,*!! we noted
that the highly similar genomes of Nocardia terpenica IFM
406 and 706" both contain, beside nocavionin,'”! a further
RiPP-BGC which codes for a core ribosomal peptide co-
localized with a unique combination of post-translational
enzymes that have not been observed so far for lanthipep-
tides. Here, we report a genome-guided identification,
isolation and characterization of three structurally novel
RiPPs, designated as nocathioamides A—C, from these strains,
which represent the first members of a new class of chimeric
lanthipeptides.

Results and Discussion

Genome Mining of the Nocathioamide Biosynthetic Gene
Cluster in Nocardia terpenica IFM 0406 and 0706

Mining the genomes of N. terpenica IFM 406 and 706,
employing the bioinformatic tools antiSMASH 5.1 and
RODEO!®™ ! readily revealed the presence of a putative
lanthipeptide BGC (Table S1). The comparatively large nta
gene cluster (17.1 kb) consists of 14 open reading frames
(ORFs), annotated as ntaA-ntaN (Figure 1). NtaA-ntaJ are
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transcribed in one direction, while ntaK-ntaN are translated
in the opposite orientation. The gene ntaA encodes a 51-aa
precursor peptide which showed no sequence similarity to any
known RiPPs. The leader peptide possessed the conserved
FDLN motif and towards its C-terminal end two proline
residues (Figure 1), which typically occurs in prepeptides of
class I lantibiotics and suggest, with P commonly located at
position —2, two putative cleavage sites.” To complicate
matters further, NtaA contains in addition one characteristic
tandem alanine “AA” and two “PA” cleavage sites!' which
give rise to multiple possibilities for dividing the precursor
peptide into an N-terminal leader peptide and a C-terminal
core peptide. Application of the automated web-based tool
RIPPMiner™ corroborated these findings and predicted the
formation of a 12 or 14mer. At this stage of the study, we
assumed that the cleavage site is located within the “PAA-
PAC” sequence (residues —4 to +2) of the NtaA precursor
peptide, which culminates in 12 to 15mer. We additionally
expected that the dehydratases NtaF (Protein family
PF04738) and NtaG (PF14028) catalyze up to three dehy-
drations (on Thr4, Ser6 and Ser7), enabling thereby, in
conjunction with the LanC-like enzyme NtaB, the formation
of up to three (methyl)lanthionine bridges (with Cys2, Cys10
and Cysl1). Moreover, the nta cluster contained two YcaO-
encoding genes (ntaJ and ntal) which would lead, depending
on their type and partner protein, either to (methyl)azoline(s)
formation or conversion of an amide(s) into a backbone
thioamide(s)."?! The partner proteins were readily identified
employing the RODEO!"? algorithm: the set of ntaK/ntal
was predicted to code for a pair of TfuA/YcaO proteins
(PF07812/PF02624),! and ntalinta] to encode the tandem

ntaN 1Kb

ntakK ntal  ntaM

ntaC  ntaB

Core Peptide
+13

Figure 1. Top: Biosynthetic gene cluster coding for nocathioamides A-C. Bottom: Chemical structures of nocathioamides.
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Ocin-ThiF/YcaO (TIGR03693/ PF02624). Thus, we hypothe-
sized that at the resultant RiPP would be thioamidated by
NtaK/NtaLL and that at least one Ser/Thr/Cys residue is
converted into a (methyl)azoline catalyzed by Ntal/Ntal.
Notably, the application of RRE-Finder implemented in
antiSMASH 6.017 unveiled that the RiPP recognition ele-
ment (RRE), which binds specifically to the precursor peptide
(NtaA) guiding the post-translationally modifying enzymes to
their substrates, is fused to Ntal (Table S1). Taking into
account the presence of a SagB-dehydrogenase-encoding
genel™ (ntaE, PF0O0881), it is conceivable that (methyl)azo-
line would be oxidized to (methyl)azole during the matura-
tion of the RiPP. Consequently, the presence of a (methyl)-
azole ring system reduces, in turn, the maximum number of
possible (methyl)lanthionine-bridges from three to two. The
analysis of the remaining ORFs of the nta BGC revealed
genes for two GNAT-N-acetyltransferases (ntaH, PF13527
and ntaN, PF00583), a CYP,s, oxygenase (ntaM, PF00067),
a hydrolase (ntaD, PF01738) and a methyltransferase (ntaC,
PF01135). Thus, we anticipated that the final peptide to be
twice N-acetylated and harbors an additional hydroxyl or
keto-group. Since methyltransferases catalyze a diverse spec-
trum of chemical reactions ranging from actual methyl
transfer over epimerization to C—C crosslinking reac-
tions, ™! no reliable prediction can be currently performed.
In summary, the bioinformatic analysis suggested the produc-
tion of a RiPP, formed by 12-15 amino acids featuring one to
two (methyl)lanthionine bridges, thioamide bond(s), (meth-
yl)azole ring(s) and possibly oxygenated in addition to
acetylated amino acid residues. Due to the unprecedented
peptide sequence and the predicted modifications of the
resultant peptide, we embarked on the screening for the
product(s) of the nta BGC.

Targeted Identification and Isolation of Nocathioamides using
a Configured Metabologenomic Approach

Counting on the bioinformatically predicted structural
features and the limitation of formulating only a very broad
mass range of the mature peptide, a three-layered metab-
olomic workflow was designed to track down the resultant
RiPP using OSMAC-mass spectrometry (OSMAC-MS), sta-
ble isotope labeling and 'H-"C HMBC NMR (Figure S1). A
panel of extracts, prepared under different culture conditions
(30 different culture recipes, while temperature and fermen-
tation periods were kept constant), was screened by liquid
chromatography-high resolution (LC-HR)-MS/MS with par-
ticular attention given to nitrogen-containing metabolites
with a mass higher than 1000 Da. The pharma media-based
extracts offered a reproducible candidate set of structurally
related ions (m/z 1315, 1331 and 1347) with a peptidic nature
inferred via their molecular formula predictions, and the
intense formation of doubly charged species (Figures S2,-
S2A). Initial attempts to interpret the peptides sequence
using the MS/MS technique were not successful, which were
attributed by then to the processing degree of the substrates
under investigation.
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To corroborate the candidate compounds, three feeding
experiments, employing isotopically labeled (*NH,),SO,
[’H,)] L-leucine and [*H,] L- proline, respectively, were
carried out on a small scale with strain IFM 0406. As
postulated, the *N-labelling experiment led to uniformly *N-
labeled peptides. In agreement with our hypothesis, each of
the three candidate compounds showed in their correspond-
ing LC/MS spectra a characteristic '"N-isotope-envelope
pattern that pointed to the presence of 12 to 13mer
(Figures 2 A and S3,S4A). In order to prove that the targeted
peptides are indeed the product of the nta gene cluster, [*H,]
L-leucine was fed, which was expected to be incorporated
twice and to produce a+9/10 and a+ 18/19/20 Da pattern.
Strikingly, mass shifts of + 6, + 9, and + 15 Da were observed
for all candidate compounds’ pseudomolecular ions (Figur-
es 2 A and S5,S6A), which readily hinted on the crude level
prior to any isolation steps that one Leu residue must have
undergone an unusual modification. Within the same context
and driven by the numerous predicted possible cleavage sites,
the labeled substrate [*H,] L-proline was supplemented into
IFM 0406 cultures to validate more the features in question
and the probable hydrolytic site within the prepeptide.
Notably, the proline experiment exhibited an extra 7 Da as
a clear indication of a single encoded proline residue within
the peptides under investigation (Figures 2A and S7,S8A),
which on the one hand validated that we are tracking down
the products of interest and on the other hand automatically
shrank the cleavage position from the “PAAPAC” to the
“AC” sequence (residues + 1 to +2) which corroborates, in
turn, the formation of a 12 to 13mer.

At this point and motivated by the suggested molecular
formula which showed no fit with any known compound
derived from a natural resource using SciFinder” (Figures S9—
S11), IFM 0406 was fermented on a large scale (22L). Upon
Cig-vacuum liquid chromatography (RP-VLC), we took
advantage of the in silico predicted rare thioamide and
common (methyl)azole moieties, which produce distinctive
downfield resonances in NMR spectra.

Guided by LC-MS of RP-VLC fractions, a series of 'H-"*C
HMBC NMR experiments were complementarily executed
on the (sub)fractions exhibiting masses > m/z 1300 (Fig-
ure S23). Cross correlations, typical for oxazole and/or
thiazole entities (Opyc 8.18/148.32 and Oy 8.18/174.91) were
exclusively observed in the VLC-fraction, eluting with 70 %
MeOH which was, beside the known secondary metabolite
brasilicardin A, mainly enriched with the unknown peptides
in pursuit (Figures 2B and S23A). In contrast, pronounced
downfield 'H-*C HMBC cross-peaks (J¢>200 ppm) were
not detectable at all in any fractions, thusly crippling the
envisioned thioamide-based NMR screening scheme. How-
ever, upon further purification and having this molecular
family in hand, the thioamide motif was found to reveal
weaker resonances under the applied standard NMR con-
ditions. Using Sephadex LH-20 column chromatography, and
followed by sequential rounds of RP-HPLC (Figures S13-
S15), pure nocathioamides A (1), B (2) and traces of C (3)
were obtained.
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Figure 2. Details of the labeling experiments and decisive NMR key correlations, vital for the metabologenomic approach. A) HR-MS profiles of
labeled nocathioamide A [M+H]"; B) "H-"*C HMBC screening of azole(s) on (sub)fractions.

Structure Elucidation of Nocathioamides A-C

In combination with extensive NMR analyses, the sug-
gested elemental composition of 1, possessing m/z 1315
[M4+H]" and 658 [M42H]*", was deduced to be
CsH,,N;4045S, with 26 degrees of unsaturation (RDB) (Fig-
ure S9). The observation of a doubly charged species in the
mass spectrum with a large number of exchangeable amide
NH protons (Jy 6.5-10.5 ppm) and carbonyl carbons (6 160
185 ppm) from 1D NMR assured the peptidic nature of
1 (Figures S34,535). The *C-NMR spectra in the differently
applied solvents (d,-, d;-CH;OH) showed the presence of two
major conformers (ratio: 3:1) (Figures S25 and S49). Al-
though a high degree of spectral overlap existed, 11 spin
systems were assembled from the HSQC, COSY, TOCSY,
and HSQC-TOCSY data. Briefly, among the deduced partial
structures were the amino acids 2 x Ala, 1 x His, 1 x a-amino-
butyric acid (Abu), 1 x Leu, 1 x 4-methylglutamate (4-Meglu),
3xAlaS, 1xPro and 1xAsn. 'H-P’N and 'H-"C-based
HMBC cross correlations between the side chain hydrogens
with the remaining nitrogen and carbon atoms completed
each amino acid moiety. Notably, one low-relaxing quarter-
nary atom . 207.99 ppm), indicative for a thiocarbonyl

functional group, showed cross-peaks with H,-f (His) in the
HMBC spectrum, which allowed the definition of thiocar-
bonyl-histidine (Figure 3A). This fact was unequivocally
apparent from a significant downfield shift of the nitrogen
of Abu, involved in the thioamide bond formation (Fig-
ure 3B). Moreover, HMBC resonances from a carbonyl
group to H,-f, H-y and H;-d of a Leu residue proved it to
be oxidized at the remaining C-8 in the form of 4-Meglu.
Further interpretation of the 'H-"N- and 'H-"*C HMBC data
also revealed the presence of a thiazole (Thz) and a dehy-
droalanine (Dha) residues and acetylation of the N-terminal
Ala moiety (Ala-1). The defined subunits were step-wise
connected using a combination of foremost 'H-*C HMBC
correlations from o-hydrogen resonances to the (thio)amide
carbonyls of the adjacent amino acid and the observed
H*P(i)— H (i + 1) cross-peaks in the 'H-'"H NOESY spectra
to give the primary linear sequence of 1 (Figure 4). The so far
delineated structure accounted only for 23 out of the 26
RDBs, indicating that the final three degrees of unsaturation
must arise from three cyclization events. Analysis of "H-'H
NOESY and '"H-"C HMBC spectra, recorded either in ds- or
d;-MeOH and d-DMSO, proved that residues 4-10 (Abu-—
AlaS-10) and 6-11 (AlaS-6-AlaS-11) were connected via f3-
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Figure 3. Key NMR correlations: A) 'H-"*C HMBC NMR spectrum highlighting cross-peaks between C=S and 2 H, 3Hb and the amidic hydrogen
of His; B) "H-"N HSQC NMR spectra highlighting the chemical shifts of the NH of Abu connected to C=S and the macrocyclic imide NH of Asn;
C) 'H-"N HMBC NMR spectrum showing the key cross-peaks between 3Ha, and 3Hb of Asn with the amidic and imidic NH of Asn.
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Figure 4. NMR key correlations of nocathioamide A (1).

thioether bonds while 5-13 (4-Meglu-Asn) were interlinked
with an imide functional group (Figures 4, and S16-S21). The
finding of the unprecedented imide fragment was essentially
gleaned from "H-""N HSQC spectrum of 1 (Figures 3B, and
S97), which provoked the reinspection of 'H-"N HMBC
couplings, disclosing that H,-f (Asn) were correlated to

a nitrogen atom at 172.8 ppm, consistent with reported N
shift values for imides (Figures3C, and S114A).*" Since
literature about "N-NMR shift values is scarce, and the listed
values strongly depend on the referencing method, we
furthermore validated the "N shift readings by the measure-
ment of the commercially available glutarimide, as an imide
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model compound, whose imide nitrogen resonated at
172.3 ppm (Figure S100), thereby corroborating our conclu-
sion and completing the 2D structure of nocathioamide A (1).
Using the results from the initial labeling studies, we were also
able to define the absolute configuration of three amino acids.
Thus, the interpretation of the MS-shift patterns showed that
both leucine residues are D-configurated, while the proline
unit possesses the L-configuration.!

Nocathioamide B (2) gave a prominent doubly charged
[M+2H]*" peak by HRESIMS for Cs,H;N;OyS, (Fig-
ure S10), with an additional 16 mass units translated into an
extra oxygen-atom relative to nocathioamide A (1). Further-
more, the NMR spectra of 2 were nearly identical with those
of 1 (Figures S51, and S83), except that the a- and -carbons
of the lanthionine-bridge forming residues 6 and 11 (AlaSO-6,
and AlaSO-11) showed a stark change in their chemical shifts
where the a-carbons shifted upfield whilst the (-carbons
resonated strongly downfield while the hydrogen values were
merely not affected (Tables S3 and S6). Since such a diagnostic
change in chemical shifts typically occurs upon the oxidation
of the thioether functionality,” 2 was deduced to be the S-
monooxidized product of 1. Unlike 1 and 2, nocathiamide C
(3) was solely analyzed by HR-ESI-MS for Cs,H;,N;;O,,S,
(Figure S11), exhibiting 32 additional Da (2 x O) in compar-
ison with 1. Thus, this difference could be readily accounted
for two S-oxide groups instead of the typical thioether bridges
present in 1.

To expedite further the molecular family, the recruitment
of a Global Natural Products Social (GNPS)-based molecular
networking analysis seamlessly unveiled an additional suite of
nocathioamide variants (Figure S124 and Table S8).*!

Evaluation of the Biological Activity

In antibacterial, antifungal and cytotoxicity assays com-
pounds 1 and 2 were both found to be inactive up to the
highest concentration tested (MIC >32pgmL™', ICs,
> 64 ugmL !, Table S9). Since 1 and 2 did not exhibit the
classic biological activity of RiPPs, we assume that noca-
thioamides might possess an ecological or physiological
function.”! The identification of this function will be the
subject of further studies.

Biosynthetic Considerations and Classification of
Nocathioamides

The performed bioinformatic prediction of the final
product was largely correct but was, owing to the novelty of
the involved genes cocktail, not able to predict a) the exact
cleavage site, and therefore the length of the peptide, b) the
imide ring closure, c) the catalytic activity of the methyl-
transferase NtaC and d) that only one acetylation reaction
will take place despite the presence of two acetyltransferase
encoding genes (ntaH and ntaN). Regarding the latter issue,
only one acetyltransferase is apparently contributing in the
biosynthesis. We hypothesize that NtaH is the decisive
enzyme for the N-acetylation of the Ala-1 residue due to
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the analysis of the very recently sequenced genome of
Longimycelium tulufanense CGMCC 4573724
(NZ_BMMKO01000000) which also contained the nta cluster
(Table S1). Strikingly, all annotated nta genes exhibited a high
identity and similarity score, except for NtaN which showed
no significant similarity with all proteins of strain CGMCC
4.5737. Since the nocathioamides A-C (1-3) bear no C- or N-
methylated groups, but instead carries two D-configured
leucine residues, the methyltransferase, NtaC, was hypothe-
sized to be involved in the amino acid epimerization process,
which is well established in a RiPP biosynthetic context.”

From a PTM point of view, nocathioamides represent
a hypermodified RiPPs. 11 out of its 13 residues underwent
different and specific enzymatic modifications to deliver
unique chemical alterations [(Me)Lan, thioamidation, azole
formation, N-acetylation, (C and S) oxidation, dehydration,
epimerisation, and macroimidation]. Most intriguing is the
unusual oxidation of the d-carbon atom of Leu5 to deliver 4-
Meglu, possibly mediated by the action of the cytochrome P,
enzyme (CYP,,) NtaM, which prepares the molecule for
a macrocylic imide ring closure. To the best of our knowledge,
such a regio-specific CYP,5,-based oxidation reaction of Leu
was formerly reported so far for only seven NRPS-derived
natural products, such as echinocandins, nostopeptolide,
polyoxypeptin B, griselimycin, perthamide C, monamycin D
and ilamycin,? but never in a RiPP context (Figure S123).
Moreover, the involved oxidative reactions never led to an
imide macrocyclization, but rather to acyclic 4-methylgluta-
mate or five- and six-membered heterocycles such as 4-
methylproline or cyclic hemiaminal substructures, respective-
ly. Imide moieties themselves exist in several secondary
metabolites, however either as succinimide or glutarimide
units and not as a key element for ring closures of macro-
cycles, highlighting the uniqueness of nocathioamides again.

Another feature of the nocathioamide family is the single
and double sulfoxidation of Lan and MeLan bridges. Sulfoxi-
dated variants are described still in only a few RiPPs?®*?" and
the process is either enzymatically mediated by a clustered
monooxygenase”?! or occurs spontaneously under alkaline
conditions.”

For the classification of nocathioamides, according to the
rules of the RiPP community,'® we consulted the nta BGC.
Concerning the precursor peptide we found a hitherto
unknown new AP cleavage site. Furthermore, we observed
the presence of a split lanB-like dehydratase (ntaF/ntaG)
beside a lanC like cyclase (ntaB), which clearly categorized
the nocathioamides as a member of the class I lanthipeptides.
Notably, the co-occurrence of a split lanB with lanC was singly
reported for class I lantibiotics of the antifungal pinensins
despite its frequent existence in LAPs and thiopeptides.**! It
is also noteworthy to mention the thioamidation, which
exclusively occurs at the His residue. In contrast to the few so
far discovered thioamide containing RIPPs, recent genome
mining efforts commenced to leverage and expand this
chemical space with new thioamidated candidates either as
thioviridamide-similar entities® or as thiopeptides, exempli-
fied by saalfelduracin and thiopeptin.'” Interestingly, the
associations of lanthionine synthetases with either F-depen-
dent and/or TfuA-paired YcaOs were bioinformatically
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projected before by the teams of Mitchell and van der Donk
to chart novel multi-biosynthetic systemsP” which were
followed up by their engineering efforts through combinato-
rial biosynthesis to mix and match new-to-nature hybrid
RiPPs as thiazolinyl-lanthipeptides (I, IT).*Y Along the same
lines, the nocathioamide family elegantly symbolises the first-
in-nature combinatorial tribrid RiPPs hovering over three
different class-defining biosynthetic machineries of lanthi-
peptides, LAPs and thioamitides, decorated with an addi-
tional unique PTM.

Conclusion

In this study, we demonstrated the utility of a newly
optimized metabologenomic approach through its application
to an orphan gene cluster found in the genomes of N.
terpenica IFM 0406 and 0706". This approach led to the
isolation of three novel peptides, nocathioamides A-C (1-3),
which would have been overlooked by regular LC/MS
screening due to peak overlapping and/or the appearance as
a minor peak (Figure S12). We achieved the isolation by the
bioinformatic prediction of the resulting peptide and used this
information, after a round of media optimization, to screen
for specific mass shifts of some amino acid residues upon
labeling besides particular NMR features after fractionation.
The benefit of the isotopic labeling experiments was three-
fold: They early connected the suspected chemotypes with the
BGC of interest, narrowed down the cleavage site and
allowed the determination of the absolute configuration of
the involved amino acids. Such a developed hybrid MS/NMR
tactic represents a valuable complement to the existing
genome mining strategies, particularly for RiPPs lacking
predictable bioactivity or mass ranges. Albeit the adopted
approach applied in this study resulted in characterizing
a thiazole-containing RiPP, it still could be modulated to
target other rare functional groups of RiPPs. For example, the
integration of a '"H-"N-HSQC NMR screening component
can enable to delve more RiPPs featuring imide moieties or
unusual nitrogen crosslinks. Furthermore, with a refocused
'"H-"C-HMBC sequence that takes into account the low-
relaxing quarternary atoms of thioamide carbonyl groups, it
could be implemented to unearth further thioamidated
RiPPs.

While the discovery of nocathioamides brings up several
firsts into RiPPs, the nta BGC sets the stage for studying the
interplay of the involved enzymes to elucidate the currently
enigmatic biosynthetic events. This will possibly allow to
expand the biobricks toolbox in synthetic biology towards
engineering customized hybrid RiPPs exploiting the rare
PTMs and the exceptional combinations of the different
biogenesis machineries offered by nocathioamides chimeric
gene cluster.
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