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Ribosomally synthesized and post-translationally modified peptide natural

products have provided many highly unusual scaffolds. This includes the
intriguing alkaloids crocagins, which possess a tetracyclic core structure
and whose biosynthesis has remained enigmatic. Here we use in vitro
experiments to demonstrate that three proteins, CgnB, CgnC and CgnE,
are sufficient for the production of the hallmark tetracyclic crocagin

core from the precursor peptide CgnA. The crystal structures of the
homologues CgnB and CgnE reveal them to be the founding members of
apeptide-binding protein family and allow us to rationalize their distinct
functions. We further show that the hydrolase CgnD liberates the crocagin
core scaffold, which is subsequently N-methylated by CgnL. These insights
allow us to propose a biosynthetic scheme for crocagins. Bioinformatic
analyses based on these dataled to the discovery of related biosynthetic
pathways that may provide access to astructurally diverse family of
peptide-derived pyrroloindoline alkaloids.

Natural products and their derivatives have been vital for modern
medicine and a main contributor to the increase in our quality of life
over the past century'?. Alkaloids are a profoundly important class
of natural products that includes prominent compounds such as
morphine and strychnine. A common motif found in alkaloids is the
hexahydropyrrolo[2,3-blindole, also referred to as pyrroloindoline.
Pyrroloindoline-containing natural products (Fig. 1a) possess diverse
and potentbioactivities, but have presented formidable synthetic chal-
lenges® ™. A better understanding of their biosynthesis may advance
synthetic efforts or provide semi-synthetic routes to access these
valuable molecules. Pyrroloindolines are biosynthetically derived

fromtryptophan, and different enzymatic routes have beenreported.
They all result in bond formation between the tryptophan’s a-amino
group and itsindoles’ C2/8-carbon: in dibrevianamide®, naseseazine®
and (-)-ditryptophenaline biosynthesis’, P450 enzymes create indole
radicals (Supplementary Fig.1).

In the case of okaramine® or himastatin’, a flavin-dependent
monooxygenase or P450 enzyme, respectively, hasbeen proposed to
catalyse the 2,3-epoxidation of the indole, which, after ring-opening
ofthe epoxide, leads to ahydroxylated indole C3 and the formation of
the pyrroloindoline (Supplementary Fig.1). Finally, enzymatic methyla-
tion (cyclic ditryptophan', physostigmine), prenylation (ardeemin',
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Fig.1|Natural products containing pyrroloindoline moieties and the
crocaginBGC. a, Structures of the calabar alkaloid (physostigmine) and
naseseazine. b, Chemical structures of crocagins A (1) and B (2). ¢, Crocagin
BGC found in Chondromyces crocatus CM c5. Genes encoding for putative
biosynthetic proteins are shown in orange (dark orange is part of this study);
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predicted transport proteins, in blue; aregulatory protein, in grey; and the
precursor peptide CgnA, in black, whichis depicted below the BGC. CgnA
is21amino acids long and consists of aleader peptide (grey) and a three-
amino-acid core peptide (green). Relative sizes of genes and intergenic
regions are approximate.

acetylaszonalenin®) or farnesylation (drimentine'*) of theindole C3 can
trigger pyrroloindoline formation (Supplementary Fig.1).

Ribosomally synthesized and post-translationally modified pep-
tides (RiPPs) are a rapidly growing, major class of natural products
and can possess strong and varied bioactivities>'®. Their biosynthe-
sis begins with the ribosomal expression of a short gene to yield a
precursor peptide that usually consists of an N-terminal ‘leader’ and
a C-terminal ‘core’ peptide. While the leader peptide is important for
substrate recognition by the enzyme(s) installing class-defining modifi-
cations, the core peptideis ultimately converted into the final product
and can be extensively modified” ™. Few pyrroloindoline-containing
RiPP classes have been identified to date (for example, omphalotins®,
ComX* and kawaguchipeptin A*?),and ineach case, a prenyltransferase
appears to trigger pyrroloindoline formation as described above™.
Crocagins (1and 2; Fig. 1b)** are very small, intriguing RiPPs that pos-
sessatetracyclic ring system, which consists of apyrroloindoline fused
to a tetrahydropyrimidinone moiety. This rare scaffold, identified
during metabolome mining, is thus far unique among RiPPs**. While
the biosynthetic gene cluster (BGC) for 1and 2 could be identified™,
it does not encode for an enzyme previously associated with pyrro-
loindoline formation. The stepsinvolved inthe biosynthesis of 1and 2
fromthe precursor peptide CgnA are unknown, as are the functions of
the predicted proteins found in their BGC (Fig. 1c) with the exception
of the carbamoyltransferase Cgnl*. It has been demonstrated that
1inhibits the highly conserved, key global regulator of the bacterial
transcriptome, CsrA, in vitro®. CsrA coordinates the expression of a
variety of proteinsincluding specific virulence factors as well as biofilm
formation and represents a novel target> .

We wereintrigued by the novelty of the scaffold of1and 2 and the
possibility of establishing an unprecedented biosynthetic route to
peptide-derived pyrroloindoline alkaloids. Here, we demonstrate that
four proteins, CgnB, CgnC, CgnD and CgnE, are sufficient to produce
the core scaffold of1and 2 in vitro and propose a biosynthetic scheme
for1and 2. We identify CgnB and CgnE as unusual peptide-binding

proteins, which enabled genome mining thatled to theinsilico discov-
ery of putative related and unrelated biosynthetic pathways.

Results
In vitro biosynthesis of the tetracyclic crocagin core
Ithad beenreported that the protein CgnBbindsto the precursor pep-
tide CgnA, and that acgnBknockoutabolished the production of croc-
agins Aand B*. Interestingly, aknockout of the cgnBhomologue cgnE
(38% sequence identity; Supplementary Fig. 2) resulted in areduction
of crocagin productionand the detection of two new species: onehada
mass suggestive of 1unmodified at the Trp Cf3 position, while the other
agreed with a des-N-methyl, des-carbamoyl 1 (Supplementary Fig. 2).
To begin our investigation of the biosynthesis of 1 and 2, we
decided to focus on the operon containing cgnA, which encodes the
precursor peptide CgnA, and putative biosynthetic gene products
CgnB, CgnC, CgnD, and CgnE. CgnC was predicted to be a dioxyge-
nase, and the putative esterase CgnD was a likely candidate for leader
peptide removal. We thus initially focused on CgnB, CgnC and CgnE.
Incubation of CgnA with either CgnB, CgnE or both did not resultinany
observable product peak (Fig. 2a and Supplementary Fig. 3). Expression
of CgnCrequired the use of analternative, upstreamstart codon (Sup-
plementary Fig.4),and incubation with CgnA did notlead to observable
product formation, unless FeCl,, ascorbic acid and a-ketoglutarate
were added (Fig. 2a and Supplementary Fig. 5). The addition of these
cofactors, always implied in CgnC reactions from this point forward,
yielded a new peak with a mass suggestive of hydroxylation (+16 Da),
but the predominant peak remained unmodified CgnA (Fig. 2a and
SupplementaryFig.5). The addition of CgnE to CgnA-CgnCled tothe
formation of an additional, minor peak with a mass shift of +28 Da,
which could indicate two oxidation events, for example, oxidation to
ketones at the Cp atoms of the Tyrand Trp residues of the core peptides
(Fig. 2a and Supplementary Fig. 5). Intriguingly, the addition of the
CgnE homologue CgnB led to a different result, with two additional
product peaks detected when compared to CgnA-CgnE or CgnA-CgnC
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Fig.2|Invitro biosynthesis of the crocagin core structure. a, Extracted ion
chromatograms (EICs) of CgnA (magenta) and reactions of CgnA with CgnB and
CgnE; CgnC; CgnBand CgnC; CgnC and CgnE; or CgnB, CgnC and CgnE (from top
left to right). Addition of CgnC with cofactors to CgnA triggered the formation
of aminor +16 Da species (green). Adding CgnA to CgnB, CgnE and CgnC with
cofactorsresulted in the consumption of CgnA (magenta) and the formation of
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amajor product (+14 Da, blue) as well as minor products (+16 Da, green; +30 Da
(aand b are peaks of the same mass, but with different retention times), orange).
AllEICs reflect the +5 charge state of CgnA (mutants) and products +0.01 Da.
Representative experiments were repeated independently at least three times
with similar results. Details can be found in Supplementary Fig.5.b, NMR
structure of 3a.

reactions (Fig. 2a and Supplementary Fig. 5). One of these had a mass
shift of +14 Da, which could indicate the formation of the tetracyclic
corestructure (3a; Fig. 2aand Supplementary Fig. 5). These data agree
withtheknockout studies, where theinactivation of cgnEled toreduced
product formation, while the inactivation of cgnB abolished the pro-
duction ofland2. The addition of both CgnB and CgnE to CgnA-CgnC
reactions had a profound effect and led to the formation of a major
product with high turnover (Fig. 2a and Supplementary Fig. 5). This
product, 3a, had amass shift of +14 Da, the same retention time as that
observed for the +14 Da product of CgnA-CgnB-CgnCreactions, and
lost its UV absorption at 280 nm, implying loss of aromaticity of the
Trp side chain (Supplementary Fig. 5).

Tandem mass spectrometry (MS?) of the +16 Daspecies suggested
hydroxylation of the core peptide’s Trp (Supplementary Fig. 6). MS? of
the +28 Da species was not possible due to low abundance, but MS? of
the+30 Dapeak placed +14 Daonthe core peptide’s Tyr (keto group) and
+16 Daonthe core peptide’s Trp residue (hydroxylation; Supplementary
Fig. 6). We were able to identify a low abundance +32 Da species, and,
as expected, MS? analysis placed hydroxylations on the core peptide’s
Tyrand Trp (Supplementary Fig. 6). Allmass errors can be foundin Sup-
plementary Table 1. Aminor product with amass shift of +12 Da, 3b, was
alsoobserved. Wereasoned that this could be anintermediate towards
2, with a mass of -2 Da compared to crocagin A due to its additional
double bond (Supplementary Fig. 5). NMR analysis of 3a confirmed
the presence of the hexahydropyrrolo[2,3-b]indole fused to a tetrahy-
dropyrimidinone moiety (Fig. 2b and Supplementary Table 2) and thus
the successfulin vitro biosynthesis of the tetracyclic crocagin core.

CgnB and CgnE may have evolved from Zn**-dependent
aminopeptidases
We were very intrigued by the different behaviour of the homologues
CgnB and CgnE in biochemical assays. CgnB and CgnE did not show
similarity to any family in the Pfam database, and a sequence-based
search using the HHpred server® returned only three hits with more
than 50% sequence coverage, which were aminopeptidases (Pfam fam-
ily Peptidase_M29). We did not observe aminopeptidase activity, and
the sequence identities of CgnB and CgnE with the aminopeptidases
were <25% (Supplementary Fig. 7). It was thus apparent that struc-
tural information would be valuable to better characterize these two
proteins. First, the structure of CgnE was determined t0 2.0 A (Fig. 3a
and Supplementary Fig. 8). Details for all reported protein structures
can be found in the experimental section, and all data collection and
refinement statistics can be found in Supplementary Table 3.
CgnBwasrecalcitrant to crystallization until aslight molar excess
of CgnA was added prior to crystallization trials. We determined the
CgnB structure to 2.3 A resolution but observed no electron density
for CgnA, so the peptide may simply have acted as an additive to pro-
mote crystallization. As expected for homologous proteins, the Ca
root-mean-square deviation (r.m.s.d.) between the structures of CgnB
and CgnE was only 1.2 A over 284 residues (Supplementary Fig. 9).
Curiously, CgnB contained a dinuclear metal centre that was partially
occupied. The CheckMyMetal validation server” suggested that either
Zn* or Co* could be bound and inductively coupled plasma mass
spectrometry (ICP-MS) identified the metals as zinc, with only traces
of cobalt found (Supplementary Fig.10). The binding sites comprised
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Fig.3|Structures of CgnB and CgnE, affinity measurements and genome
mining. a, Overall structure of CgnE. Cartoon representation using the rainbow
colour scheme (N terminus, blue; to C terminus, red). b, Metal binding site

found in CgnB (yellow) and CgnE (cyan). Two key residues are mutated in CgnE
(Gluto Lys and His to Tyr). Zn*"ions are numbered 1and 2. ¢, Table of affinities to
investigate substrate binding and complex formation. Components following
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experiments were repeated independently three times with similar results.

d, Sequence of CgnA with residues numbered. Positively charged side chains
are highlighted in blue, while the core peptide isin grey. e, Representatives of
the five distinct BGC types identified. Common genes are colour-coded. White
arrows represent genes with functions not found in all clusters. ABC, ATP-
binding cassette; MFS, major facilitator superfamily. Details are reported in
Supplementary Tables 4 and 5.

CgnB residues Glu161, Glu252 (shared between Zn*" 1and 2), Glu274
and His280 (Zn?*1) and His291and Asp293 (Zn*'2; Fig. 3b and Supple-
mentary Fig.10). In CgnE, the metal binding site of Zn** 1was disrupted
by mutations in two metal-coordinating residues (CgnB numbering),
Glu274Lys and His280Tyr, and no density for metalions was observedin
the CgnE structure (Fig.3b and Supplementary Fig.10). To exclude the
possibility that CgnE may bind Fe**, whichis added as a CgnC cofactor
tothereactionsand could be oxidized and released from CgnE before
structure determination, we incubated the protein with alarge excess
of fresh FeCl, and processed the sample immediately for analysis by
ICP-MS. Noiron could be detected (Supplementary Fig. 10).

A search for structural homologues of CgnB and CgnE using the
DALI server®® returned only three viable hits, which concurred with
the sequence-based results obtained from HHpred®: aminopeptidase
T (Protein Data Bank (PDB) no. 2ayi), aminopeptidase PepS (PDB no.
4ics) and aminopeptidase AMPS (PDB no. 1zjc), which are structural
homologues (Car.m.s.d. 4ics/1zjc = 2.2 A; Car.m.s.d. 4ics/2ayi= 4.3 A
over >90% of residues; Supplementary Fig. 10). The key difference
between CgnB or CgnE and the aminopeptidases was found in the
N-terminal portions of the proteins (Supplementary Fig. 11). The ami-
nopeptidases form an extensive dimer interface, and the residues

involved inits formation are largely missing in CgnB and CgnE, which
rationalizes their monomeric statein the crystals. All three aminopepti-
dases harbour dinuclear metal centres in the same position as CgnB
and contain either Zn?* or Co*". To test the effect of different metal
ions onthe reaction among CgnA, CgnB, CgnC and CgnE, we dialysed
CgnB extensively with ethylenediaminetetraacetic acid and reduced
the Zn* concentration to background (buffer) levels (Supplementary
Fig. 10). Unfortunately, the protein denatured in the process, and
activity could not berestored.

Inference of protein complex formation between CgnB, CgnC
and CgnE

Therequirement for all three components—CgnB, CgnC and CgnE—to
be present for efficient catalysis of the formation of 3a or 3bimplied
that the proteins may interact. We probed each protein’s ability to bind
the substrate CgnA by microscale thermophoresis (MST) and found
that CgnB and CgnE, but not CgnC, were able to bind CgnA (Fig.3cand
Supplementary Fig.12). The equilibrium dissociation constant (Kp,) of
10.5 pM for the CgnA-CgnB interaction is approximately one order of
magnitude lower than that measured by surface plasmon resonance*
and five times weaker than the one we determined for the CgnA-CgnE
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interaction (1.8 pM; Fig. 3c). When we investigated the binding of the
homologues CgnB and CgnE to CgnC, we found the CgnE-CgnC K, to
be ~1 uM (Fig. 3c and Supplementary Fig. 13). The CgnB-CgnC K, was
weaker (-6 tM), and nointeraction could be detected for CgnB-CgnE
(Fig. 3c and Supplementary Fig. 13). We wondered if the presence of
CgnA would change this behaviour and determined the K, of CgnC to
CgnBin the presence of CgnA (400 puM). The effect was an ~-60-fold
improved affinity to ~100 nM (Fig. 3¢ and Supplementary Fig. 13).
Addition of CgnA (400 pM) to CgnC-CgnE had very little effect (2-fold
increase) onthe CgnC-CgnE affinity (Fig. 3c and Supplementary Fig.14).
Ittherefore appeared that CgnB and CgnE might be recruiting the sub-
strate CgnA to CgnC. When we analysed the binding of CgnA to CgnB
inthe presence of alarge excess of CgnE (250 M), we did not observe
binding (Fig. 3c and Supplementary Fig. 13). This implied that CgnB
and CgnE cannotbind simultaneously to the same substrate molecule.
Tosupportour MST data, we attempted pull-down assays. While these
confirmed theinteractions between CgnA and CgnB or CgnE, we could
not find conditions that prevented CgnC from binding non-specifically
to resin materials. The same was observed for surface plasmon reso-
nance measurements (Supplementary Fig. 13).

Size-exclusion chromatography data suggested that CgnB and
CgnE were monomers in solution (as observed in the crystal struc-
tures), while CgnCwas adimer (Supplementary Fig.13). Unfortunately,
putative CgnB-CgnC-CgnE complexes were unstable in size-exclusion
chromatography, and experiments to stabilize them for structure
elucidation and detailed mechanistic studies are currently underway.
The question we then asked was whether binding of CgnB and CgnE
would occur at the same binding site on CgnC, as might be expected
for homologues. We thus determined the affinity of CgnB-CgnCin the
presence of a constant, large excess (250 pM) of CgnE. We obtained a
Kp of 28 uM, which was approximately five times weaker than in the
absence of CgnE, but these data still suggested that CgnB and CgnE can
concurrently bind to CgnC (Supplementary Fig. 13). Taken together,
our dataimply thatacomplex may form during crocagin biosynthesis.
If CgnCbound CgnB and CgnE at the same time, as MST measurements
suggest it could, the dimeric nature of CgnC would likely result in a
complex with the stoichiometry CgnB,/CgnC,/CgnE, and have the
ability to bind up to four CgnA molecules.

Genome mining using CgnB and CgnE reveals crocagin-like
BGCs
Theunique features of CgnB and CgnE prompted us toinvestigate their
evolution. Sequence similarity searches in bacterial whole-genome
sequencing contigs revealed that CgnB and CgnE homologues can be
foundin-~100 genomes from Actinobacteria, Cyanobacteria, Betapro-
teobacteria, Gammaproteobacteria and Deltaproteobacteria. In all
cases, the similarity stretched over almost the entire protein length,
and the homologues did not contain any additional domains, which
makes CgnB and CgnE the founding members of anew protein family.
In all genomes containing only one copy of a CgnB or CgnE
homologue, the metal binding site was intact, despite an overall low
sequence identity (between 21% and 42%). Finding two CgnB and/
or CgnE homologues in the same genomic contig was much rarer
(Supplementary Table 4), and in all cases, these two copies lie at a
distance <2.1kbp. To investigate the evolution of the duplicated CgnB
and CgnE homologues, we constructed a bootstrapped maximum
likelihood phylogenetic tree (Supplementary Fig.14 and Supplemen-
tary Information). Low bootstrap values did not allow many internal
branches to be resolved with certainty, but it appears probable that
three to five duplication events occurred during the evolution of this
protein family. In every case, the second copy of the protein acquired
deleterious mutations in the metal binding site that were differentin
each case. Mutations designed to restore metal binding in CgnE or
disrupt metal binding in CgnB led toinsoluble protein for allmutations
tested. Itisremarkable that atleast three duplication events happened

independently, which may be a sign of strong evolutionary pressure to
acquire asecond, mutated copy of the protein.

Genome mining for novel RiPPs using instances of a single copy of
CgnB or CgnE with the program RiPPER* resulted in the discovery of a
number of putative precursor peptides (Supplementary Data), which
were used to create a sequence similarity network (Supplementary
Fig.15). In genomic contigs harbouring two CgnB or CgnE copies, we
searched for a potential precursor and were able to find a candidate
within <1.5 kbp in all cases (Supplementary Table 4). Aligning these
candidate peptides at their C termini revealed a strong conservation
pattern for the Tyr and Trp positions of the core peptide (lle-Tyr-Trp
for crocagin; Supplementary Table 4). Thelle positionis variable, and
we found an Ile to Gly mutation to be a very good substrate for CgnB,
CgnCor CgnE (Supplementary Fig.16). Two other single leader peptide
point mutations in highly conserved positions also had no effect on
processing (Lys2Glu and Gly17Phe; Supplementary Fig. 16).

The leader peptide is enriched with positively charged amino
acids, and both CgnB and CgnE show a large, strongly negatively
charged patch near the possible binding site (Supplementary Fig.16).
Ofthesix positively charged residues in the 18-amino-acid-long CgnA
leader peptide (CgnA"), three are found in the N-terminal half, while
the otherthreeareclosetothe core peptide (Fig. 3d). Deleting residues
1-5 of CgnA (and thus two lysines; Fig. 3d) had no effect on turnover,
but removing residues 1-10, which include a third lysine, abolished
processing (Supplementary Fig.17). To analyse the importance of the
positively charged residues, we reacted a CgnA variant with the three
N-terminal lysines mutated to alanine (CgnA™*; Lys2Ala, Lys3Ala and
Lys6Ala) with CgnBCgnC-CgnE and found the reaction to be somewhat
impaired (Supplementary Fig. 17). Exchanging the three C-terminal
positively charged residues to alanine (CgnA®**; Arg13Ala, Lys15Ala
and Lysl6Ala), onthe other hand, severely reduced product formation
(Supplementary Fig.17). These dataimply that essential CgnA residues
for substrate recognition are located after position five and include
four positively charged residues.

The structures of the putative crocagin-like BGCs identified
here differ in all genomes, but one can identify five key architectures
(Fig. 3e). The crocagin BGC is an outlier, and intriguingly all other
clusters contain a predicted glycosyltransferase instead of the car-
bamoyltransferase present in the crocagin BGC. This suggests that
crocagin-like natural products may be glycosylated, which has thus far
beenaveryrare modificationin RiPPs. Some BGCs contain a predicted
decarboxylase, which may remove the negative charge of crocagin-like
molecules and thus improve membrane permeability in addition to
providing biosynthetic access to new structural variants.

Protease CgnD releases the crocagin core scaffold

The product of the CgnB-CgnC-CgnE reaction, 3a, contained the
crocagin tetracyclic ring system, and we thus suspected that proteo-
lytic removal of the leader peptide by CgnD might be possible. When
CgnDwas added to the product of CgnA-CgnB-CgnC-CgnE reactions
containing3aand 3b, we observed the slow production of 4a ([M]" cal-
culated, 495.2238; observed, 495.2239; mass error (4) = 0.2 ppm), which
represents the crocagin core scaffold (des-methyl and des-carbamoyl)
and also corresponds to the mass produced by the cgnE knockout
(Fig. 4a and Supplementary Figs. 2 and 18). Interestingly, we again
observed a minor peak of -2 Da (4b; [M]" calculated, 493.2082;
observed, 493.2083; A = 0.2 ppm), which may be the core scaffold of
crocagin B (Supplementary Fig. 18). Slow proteolytic processing of
modified precursor peptides has been observed in a number of RiPP
biosynthetic pathways and may be linked to biosynthetic timing*~.
In an attempt to accelerate the production of 4a, we replaced the
Asnresidue preceding the core peptide with a Lys. This mutant was
avery poor substrate for CgnB-CgnC-CgnE, possibly because the
introduced positive charge interfered with native substrate bind-
ing. The addition of trypsin did lead to the formation of traces of 4a
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Fig. 4 |Processing of 3aand 3b by CgnD and CgnlL. a, Invitro biosynthesis of the
crocagin A core scaffold, 4a, using CgnD. m/zrepresents mass divided by charge
number and the horizontal axis in a mass spectrumis expressed in units of m/z.

b, Surface representation of the CgnD dimer. Active sites are highlighted by dashed

boxes. ¢, N-methylation of 4a by CgnL toyield 5a.d, Cartoon representation of the
CgnLstructure. S-adenosylhomocysteine is shown as black sticks. Details of

aand c can be found in Supplementary Figs. 18 and 21. Representative experiments
were repeated independently at least three times with similar results.

(Supplementary Fig.18). Rapid production of crocagin-like molecules
will thus require the selection of alternative proteases or enzyme engi-
neering of CgnD. To rationalize the slow turnover, we attempted to
determine the affinity of CgnD for 3a, CgnA and the leader peptide,
butwere unable to detect binding by microscale thermophoresis (Sup-
plementary Fig.19). We hoped that the crystal structure of CgnD might
yield additional insights and determined the structure to 2.35 Aresolu-
tion (Supplementary Fig. 20). The two protomers found in the asym-
metricunit formanintricate dimerinterface (Supplementary Table 6),
whichis unlike that of the closest structuralhomologues identified by
aDaliserver®*search. Intriguingly, it appeared as if the dimer provides
two antiparallel channels for substrate binding that terminated at the
respective active sites (Fig. 4b). The catalytic triad comprised Asp325,
His328 and Ser79, and the distance observed between the Asp325atom
082 and His328 atom H52 was within the expected range (1.8 A). The
distance between His328 atom Ne2 and Ser79 atom Hy could not be
determined because a sulfate ion was bound at the active site, which
led to a rotation of the Ser side chain. Removal of the sulfate in silico
and subsequent rotation of the Ser side chain did not allow the distance
todecrease below2.8 A (Supplementary Fig. 20). The resulting lack of
nucleophilicity appeared a probable cause for the slow turnover and
was supported by our inability to label CgnD with phenylmethylsulfonyl
fluoride (Supplementary Fig.20). This situation is reminiscent of PatA
from the patellamide pathway, which also turns over very slowly>.

N-methylation of 4aand 4bis catalysed by CgnL

The final unresolved step in the biosynthesis of 1 and 2 was the
N-methylation of 4a and 4b, as the carbamoyltransferase function
of Cgnl had been determined previously*. Based on sequence align-
ments, Cgnl, named ‘MT’ in the original crocagin publication®, was
the likely candidate. Indeed, incubation of 4a and 4b with CgnL and
S-adenosylmethionine led to the formation of 5a ([M]" calculated,
509.2395; observed, 509.2391; 4 = -0.8 ppm) and the -2 Da 5b ([M]*

calculated, 507.2238; observed, 507.2239; 4 = 0.2 ppm; Fig. 4c and Sup-
plementary Fig.21). The massincrease of +14 Dasuggested methylation
and thus the production of des-carbamoyl1and 2.

The crystal structure of CgnL in complex with
S-adenosylhomocysteine was determined to a resolution of 1.96 A and
appeared monomeric, which was consistent with the closest structural
homologues of CgnL identified ina Dali search®. The overall shape of
CgnlL was typicalfor class1S-adenosylmethionine-dependent methyl-
transferases withaRossman fold (Fig. 4d and Supplementary Fig. 22).
The electron density for S-adenosylhomocysteine was unambiguous
as expected for a well-coordinated ligand (Supplementary Fig. 22).
Interestingly, the closest structural homologues with a defined func-
tionareinvolved in natural product biosynthetic pathways: Ccb) (PDB
no.4hh4) N-methylates the antibiotic celesticetin®, while KedSS (PDB
no. 5bsz) N-methylates the chromophore of the anticancer chromo-
proteinkedaricidin®*.

A proposed mechanism for the biosynthesis of 3a and 3b

The precise molecular mechanismof the initial step in crocagin biosyn-
thesis, leading to the formation of 3aand 3b, will require further study.
We favour the following sequence of events based on the knockout,
biochemical and binding data (Fig. 5a): CgnA binds to CgnE, which may
either be part of aCgnC-CgnE complex, or bind to CgnC after binding
CgnA.Wefoundthebinding of CgnE tothe CgnA™ tobe almost 300 times
weaker than binding to CgnA (K;, = 514 pM; Supplementary Fig. 23).
The maindriver for binding thus appears tobe the core peptide, and it
is tempting to suggest that CgnE’s role may be to recruit the substrate
peptide to CgnC and present the core peptide in a particular way that
enablesoraccelerates correctly timed catalysis. This would agree with
our knockout andin vitro biochemical data, which show that the pres-
ence of CgnE without CgnB does not enable formation of the croc-
agin core structure. When we tested the mutant CgnA Y20F, we could
only detect trace amounts of a +14 Da species, and the major product
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Fig. 5| Biosynthetic proposal leading to the formation of crocagins A (1) and
B (2). a, Proposed mechanism for installation of the tetracyclic crocagin core.
b, CgnB, CgnC and CgnE install two 3-hydroxylations and facilitate the two ring-
closure reactions. CgnD cleaves the core scaffold off the leader peptide, which

is subsequently methylated and carbamoylated. Crocagin B, the low abundance
crocaginin extracts from the natural producer, appears to originate from
oxidation before ring closure during the biosynthesis of 3a toyield 3b.

peak had amassincrease of 16 Da. (Supplementary Fig.23). Unlike the
+16 Da product of a CgnA-CgnC-CgnE reaction (Trp hydroxylation;
Supplementary Fig. 6), MS?analysis of this intermediate revealed a mix-
ture with hydroxylation of either Phe or Trp (Supplementary Fig. 24).
Hydroxylation at the Tyr20 Cf3 position allows CgnB to catalyse an
elimination reaction via its bound Zn* (or Co*") ions, which resultsin
adouble bond between the Tyr20 Ca and Cf3 atoms, creating a con-
jugated amine. The transition state, in which the Tyr20 Ca hydrogen
would possess alowered pK;, could be stabilized by the Tyr side chain,
rationalizingwhy a Tyr20Phe mutationis detrimental to turnover (Sup-
plementaryFig. 23). Tyr20 then undergoes conjugate addition with the
Trp2lindole nitrogen, and subsequent proton transfer completes the
first ring-forming reaction. The second ring-closure reaction between
the Trp a-nitrogen and 6, carbon atom could then occur spontaneously
to complete the formation of the tetracyclic ring system. It is unclear
at which point hydroxylation of the Trp21 Cf3 position occurs, but the
inferred biosynthetic complex would enable fast transfer from one
substrate binding site to the next. Interestingly, CgnA binding by CgnB
is not dependent on the core peptide to the same extent as observed
for CgnE, with an 8-fold reduction in affinity for CgnA"* compared to
CgnA (Supplementary Fig. 23).

It has been observed in anumber of RiPP systems that the leader
peptide can activate the processing enzymes when it is supplied
intrans®. This was not the case for CgnB-CgnC-CgnE reactions, where
turnover of the core peptide was marginal when the leader peptide was
added in trans (Supplementary Fig. 23). This suggests that a physical
connectionbetween leader and core peptide is essential for catalysis,

perhaps to enable efficient transfer of the substrate between CgnE
and CgnB.

Discussion

Itisintriguing to see how the world of small alkaloids merges with that
of ribosomal natural products. Therecentdiscovery that the pyrrolo-
quinoline alkaloids ammosamides are in fact RiPPs* and crocagins may
justbethe beginning. We propose the following biosynthetic scheme
for crocagins (Fig. 5b): After expression of CgnA, the precursor peptide
is processed by the proteins CgnB, CgnC and CgnE and undergoes
hydroxylationat the Tyr20 and Trp21 Cp positions, which triggers the
two ring-closing reactions. Itis possible that pyrroloindoline formation
isthefirstring-closurereaction, but we think that the seeming absence
of anindole “activator’ (for example, C3 prenylation; Supplementary
Fig.1) and the disfavoured nature of 5-endo-trig ring-forming reactions
makes it more likely that the pyrroloindoline forms second. In a small
fraction of CgnA, the hydroxylated Tyr20 CB is oxidized to the ketone,
whichresultsinadoublebond betweenthe Tyr20 Cacand CB uponring
closure and thus ultimately the formation of 2. This reaction would not
be catalysed by CgnB, butrather be spontaneous and slow. In our view,
itis likely that the observed CgnA +28 Da peak is a shunt product and
anartefact of asystem missing either CgnB or CgnE. Itis unclearifthe
CgnA+16 Dapeakisashunt productor true intermediate, because we
do not observe it when CgnB and CgnE are both present. The +30 Da
peak, whichwe observe onlyinreactions where 3aand 3bare formed,
appearsto be anintermediate towards 2, because MS? analysis placed
theketogroup onthe core peptide’s Tyr, while the Trpis hydroxylated
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(SupplementaryFig. 6). The intermediates 3aand 3b are then cleaved
by CgnDtorelease the core scaffold and make the N terminus available
for methylation by CgnL. It remains unclear if N-methylation or carba-
moylation occursfirst, or whether both modifications areindependent
of each other, since the des-carbamoyl1canbe observed after knocking
outcgnl/invivo™. Itisalso possible that carbamoylation occurs prior to
leader peptide cleavage, which would offer an alternative explanation
for the slow turnover of CgnD that we observed.

CgnE appearsto recruit the substrate peptide CgnA to CgnC and
assistin catalysis, perhaps by presenting the core peptide in a specific
conformation or by ensuring appropriate timing of the hydroxylation
reactions, but does not seem to possess catalytic activity itself. The
CgnE homologue CgnB on the other hand appears to possess cata-
lytic activity. Unfortunately, all attempts to obtain crystal structures
of CgnA-CgnB or CgnA-CgnE complexes, which would reveal more
details of the interactions, failed. A search for CgnB and CgnE in avail-
able genomic data places them in a variety of genomes that warrant
further investigation. In all cases where two copies were found, they
were placed in a crocagin-like BGC with a CgnC homologue, and we
thus expect them to install the hallmark tetracyclic core. While these
BGCsalso contained amethyltransferase, likely to cap the N terminus
asobservedin crocagins, we were surprised by the variety of different
putative modifying enzymes. These may be used for the modification
of the hydroxyl group found at the Trp Cp (glycosylation), the Trp
carboxy group (decarboxylation) or the Tyr hydroxyl group. Further
studies will be required toidentify the natural products of these BGCs,
explore their bioactivities and link predicted open reading frames to
biosynthetic functions. Interestingly, the gene annotated as G in the
BGCidentified in Anabaena (Fig. 3d) shares 61% sequence identity with
abifunctional 6’-aminoglycoside-N-acetyltransferase/aminoglycoside-
2’-phosphotransferase”, which confers broad-spectrumresistance to
aminoglycoside antibiotics. It may serve as a self-resistance gene and
hint at the bioactivity of glycosylated crocagin derivatives.

It will be fascinating to investigate the crocagin biosynthetic
system in more detail, as these data could then be used in conjunc-
tion with enzymes from the newly discovered crocagin-like BGCs to
accessastructurally diverse family of peptide-derived pyrroloindoline
alkaloids.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data for the sequence similarity net-
work, supplementary information, acknowledgements, peer review
information; details of author contributions and competing interests;
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Methods

The Supplementary Methods contain additional information on pro-
tein purification, production, crystallography and biophysical and
biochemical methods, as well as bioinformatics.

Protein purification of CgnB, CgnC, CgnD, CgnE and CgnL

For protein purification, the cell pellets were resuspended in the
respective lysis buffers (for CgnD and CgnE, 500 mM NaCl, 20 mM
Tris buffer with pH 8.0, 20 mM imidazole, 3 mM 3-mercaptoethanol;
for CgnB, CgnC and CgnL, 200 mM NaCl, 20 mM Tris, 20 mM imida-
zole, 10% glycerol, 3 mM B-mercaptoethanol). For every 25 g of wet
cell mass, 100 ml of lysis buffer was added and supplemented with
two cOmplete ethylenediaminetetraacetic-acid-free protease inhibi-
tor tablets (Sigma-Aldrich) and 4 mg g™ DNase (Sigma-Aldrich). Cell
lysis was carried out via passage through a cell disruptor (30 kpsi,
Constant Systems), and the cell debris was removed by centrifuga-
tion (43,000g, 15 min, 4 °C). The supernatant was decanted, filtered
through a 0.45 pum filter and applied to a HisTrap HP 5 ml column (GE
Healthcare) pre-equilibrated in lysis buffer at a flow rate of 5 ml min™.
The column was extensively washed with 150 ml lysis buffer, and the
target protein was eluted using lysis buffer supplemented with 250 mM
imidazole. The proteins were passed over a desalting column (16/10,
GE Healthcare) at a flow rate of 10 ml min™, pre-equilibrated in lysis
buffer. To remove the His-SUMO tag, the desalted protein was incu-
bated with TEV protease for 14 h and 4 °C at a 1:10 mass ratio of TEV/
target-protein. Subsequent passage of the solution over a5 ml HisTrap
HP column allowed for a separation of the digested target proteinand
the His,-tagged SUMO. The proteins were then passed over a Superdex
20016/600 size-exclusion column (GE Healthcare) at a flow rate of
1mlmin’, pre-equilibrated in gel filtration buffer (150 mM NaCl, 10 mM
HEPES buffer, 0.5 mM TCEP reducing agent, pH7.4). The resulting peak
was collected and concentrated to the desired concentration using a
30 kDa cut-off filter (Thermo Scientific). The protein concentration
was determined using photometric analysis (Nanodrop 2000, Thermo
Scientific) and subsequently analysed by sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis. Selenomethionine variants of CgnD
and CgnE were purified analogously to the native proteins.

Biochemical reactions

All biochemical reactions were performed in 150 mM NacCl, 10 mM
HEPES, 0.5 mM TCEP, pH 7.4. For CgnA-CgnB-CgnC reactions, a mix-
ture of 50 uM CgnA, 10 uM CgnB, 5 uM CgnC, 4 mM ascorbic acid,
2.5 mM FeCl, and 1 mM 2-oxoglutaric acid was incubated at 37 °C for
2 h.For CgnA-CgnB-CgnC-CgnEreactions, a mixture of 50 uM CgnA,
10 utM CgnB, 5 pM CgnC, 5 uM CgnE, 4 mM ascorbicacid, 2.5 mMFeCl,
and1 mM2-oxoglutaricacidwasincubated at 37 °Cfor2 h. The standard
reaction volume was 50 pl. Proteins were precipitated by adding 50%
acetonitrile and freezing the mixture at =80 °C for 2 h prior to liquid
chromatography and mass spectrometry (LC-MS) analysis.

CgnD activity was analysed by adding 20 pM CgnD to a 100 pM
solution of purified 3a and 3b and incubating this mixture at 37 °C
for up to 96 h. Remaining enzyme was precipitated by adding 50%
acetonitrile and freezing the mixture at —-80 °C for 2 h prior to LC-MS
analysis. CgnlL reaction was performed by adding 20 uM CgnL to
100 pM4aand 4b (product of CgnDreaction), supplemented by 1 mM
S-adenosyl-L-methionine and 1 mM MgCl,. The mixture was incubated
atroomtemperature for 24 h. Remaining enzyme was precipitated by
adding 50% acetonitrile and freezing the mixture at —80 °Cfor 2 h prior
to LC-MS analysis.

For large-scale purification of 3a and 3b, three 9 ml reactions
of the aforementioned condition were pooled and precipitated by

addition of 50% acetonitrile and the mixture being frozen at -80 °C for
16 h. Thawed samples were centrifuged at 3,000g for 20 min at room
temperature. The supernatant was removed and sent to Protein Peptide
Research for high-performance liquid chromatography purification.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data supporting the main findings of this work are available within the
Article and Supplementary Information. Diffraction data and refined
structural models (Supplementary Table 3) have been deposited to the
PDB: CgnB (6zsv), CgnD (8a2n), CgnE (6zsu) and CgnL (7pd7). The very
large raw mass spectrometry data files are available from the authors
uponrequest.

Code availability
The code/scripts used for genome mining are available in Supplemen-
tary Codel.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection NMR data were acquired and processed using Bruker TopSpin 3.5.
SPR data were collected using the Biacore™ X100 Plus Package Software version 2.0.2.
Crystal diffraction data were collected on the following plateforms: the European Synchrotron Radiation Facility (ESRF) at beamline ID-23-1,
the Swiss Light Source (SLS) Beamline X10SA, the Swiss Light Source Beamline XO6DA or the Deutsches Elektronen Synchrotron (DESY) at
beamline P11.
MST data were collected using MO.Control v1.6 on a Monolith NT 115 system (Nanotemper Technologies).
MS data were acquired using Xcalibur, version 2.2 service pack 1.48 from Thermo Scientific OR LC software was controlled by Eksigent control
software v4.3 and the acquisition software were from Analyst TF1.8.1 from AB Sciex OR Bruker Compass HyStar 5.1.8.1 (Bruker Daltonik
GmbH), Bruker Compass 4.1.0.839 (Bruker Daltonik GmbH), Bruker OtofControl Version 5.2 (Build 0.8) (Bruker Daltonik GmbH) and Thermo
Chromeleon 7.2.10 Build 23925 (Thermo Fisher Scientific Inc.). Protein masses were deconvoluted by using the Maximum Entropy algorithm.
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Data analysis NMR data were assigned using CCPNMR analysis assign v3.
SPR Data were analysed using Biacore X100 software version 2.0.2
Crystal data processing, structure determination, refinement and structural analysis were done using CCP4 Program suite V7.0.001, Phenix
Version 1.20-4459 and COOT Version 0.9.6 under Xquartz 11 version 2.8.2. Final coordiante were checked using Molprobity website, PISA
server and DALI server. All structural images portrayed were rendered in PyMOL (The PyMOL Molecular Graphics System Version 1.8.6.0,
Schrodinger, LLC). Sequences comparison were done using TBBLASTN. Phylogenetic trees were constructed with RAXML[23] using the
PROTGAMMAJTT model. ORF prediction was done with Geneious, Pfam families similarity with HMMer and genomic region pairs with
MUSCLE
MST data were analysed using MO.Affinity Analysis v2.3 software for kD determination along the standart error evaluation.
MS data was analyzed with Xcalibur, version 2.2 service pack 1.48 from Thermo Scientific OR the display software Peakview Software 1.2.0.3,
AB Sciex, OR DataAnalysis 4.4 (Bruker). Bioinformatics software that is freely available has been used as published and cited accordingly.
Custom scripts are available are available as part of the supplementary online files

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Diffraction data and refined structural models (See Supplementary Table 3) were deposited to the PDB: CgnB (6zsv), CgnD (8a2n), CgnE (6zsu), CgnlL (7pd7). The
very large raw mass spectrometry data files are available from the authors upon request.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed.
Data exclusions | No data were excluded from the analysis.

Replication All experiments were repeated at least three times with independent samples and the results could be fully replicated. The use of freshly
prepared co-factor solutions was required for reproducibility of the biochemical experiments. The protein CgnB may aggregate if put through
repeated freeze-thaw cycles.

Randomization | No experiments that were part of this study required randomization.

Blinding No experiments that were part of this study required blinding.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods
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