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Pyrrole groups are found in nature in two primary metabolites
(heme and tryptophan) and in a large variety of secondary
metabolites (e.g. pyoluteorin, clorobiocin, congocidine, and
prodigiosins). The diversity of these metabolites is mirrored
in the multiple biosynthetic pathways leading to pyrrole
groups. Six different biosynthetic pathways have been char-
acterized to date, %! involving various primary metabolite
precursors, such as amino acids (glycine, proline, serine,
threonine, and tryptophan),''% dicarboxylic acids (malonate,
oxaloacetate, and succinate),>”# or N-(5'-phosphoribosyl)-
anthranilate.™

Pyrrolamides are a family of natural products, synthesized
by Streptomyces and related actinobacteria, that all contain
one or more pyrrole-2-carboxamide moieties in their struc-
ture. Most pyrrolamides, such as the well-characterized
congocidine (1, also called netropsin; Figure 1) and distamy-
cin, bind noncovalently in the DNA minor groove with some
sequence specificity,'!! but pyrronamycin B has been sug-
gested to bind DNA covalently.'”! This capacity to bind DNA
confers on them a variety of biological activities, such as
antiviral, antibacterial, antitumor, and anthelmintic activities,
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but also renders them too toxic for clinical use. Nonetheless,
because molecules binding to DNA at specific positions can
manipulate the expression of genes involved in various
diseases (such as cancer), congocidine and distamycin have
prompted the synthesis of many structurally related mole-
cules that bind in the minor groove of DNA at various defined
sequences.™!

The nature and biosynthetic origin of the pyrrolamide
pyrrole precursor are unknown. A retrobiosynthetic analysis
of pyrrolamide structures suggests 4-aminopyrrole-2-carbox-
ylate as the potential pyrrole precursor common to all
pyrrolamides. However, this remains to be established and
no biosynthetic pathway has been reported for the synthesis
of this molecule. We report herein that 4-acetamidopyrrole-2-
carboxylate (10) is the true precursor of congocidine and
propose for this compound a biosynthetic pathway starting
from N-acetylglucosamine-1-phosphate (2), involving carbo-
hydrate metabolizing enzymes, and differing entirely from
known pyrrole biosynthetic pathways.

We recently reported the identification, analysis, and
heterologous expression of the first pyrrolamide gene cluster;
the cgc gene cluster directs congocidine biosynthesis in
Streptomyces ambofaciens.'" Sequence analyses of the pro-
teins encoded by the cgc cluster led us to propose a pathway
for congocidine biosynthesis involving a noncanonical non-
ribosomal peptide synthetase (NRPS) and three putative
precursors: guanidinoacetate, 3-aminopropionamidine, and 4-
aminopyrrole-2-carboxylate. However, the biosynthetic ori-
gins of these precursors could not easily be inferred from the
analysis of the cgc gene cluster. In particular, we could not
identify any gene encoding homologues of known pyrrole
biosynthetic enzymes, suggesting that the pyrrole groups in
pyrrolamides could be synthesized through an entirely new
pathway.

The cgcl8 gene encodes an NRPS module that has been
proposed to recognize 4-aminopyrrole-2-carboxylate and
catalyze its ATP-dependent activation as the corresponding
peptidyl carrier protein (PCP)-bound thioester. To inves-
tigate whether 4-aminopyrrole-2-carboxylate is indeed a pre-
cursor of congocidine, we used HPLC to compare the profile
of metabolites in the culture supernatants of the “wild type”
SPM110 Streptomyces ambofaciens strain and the CGCA004
mutant strain, in which cgcl8 has been disrupted.'! A new
compound accumulated in the culture supernatant of
CGCAO004 (retention time =12.3 min, Figure 2a), which we
expected to be 4-aminopyrrole-2-carboxylate. This metabo-
lite peak was not detected in the CGCA004 chromatogram of
our previous report and on average, it was detected in
approximately half of the cultures of strains deleted in cgc
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Figure 1. Congocidine gene cluster (a) and proposed pathway for biosynthesis of 4-acetamidopyrrole-2-carboxylate (10) from fructose-6-phosphate
by way of an intermediate 2 (b). [U-">C|Glycerol is proposed to be converted into [U-"*C]glyceraldehyde-3-phosphate, which undergoes
transaldolase-catalyzed condensation with seduheptulose-7-phosphate with loss of erythrose-4-phosphate to yield fructose-6-phosphate bearing
3C labels at C-4, C-5, and C-6. The positions of the '*C labels are highlighted in red. The primary metabolic enzymes GImSMU catalyze conversion
of fructose-6-phosphate into 2. Genes involved in 10 biosynthesis are indicated in green.

genes not involved in the biosynthesis of 10. It is likely that
this variability is related to the variability of secondary
metabolite production often seen in Streptomyces.') LC-MS
analysis of the CGCAO004 culture supernatant showed that
this metabolite produces an m/z 168.9 ion rather than the
expected m/z 127.1 ion (Supporting Information, Figure S1 a).
MS/MS analyses suggested that the accumulated metabolite
was 10 (Supporting Information, Figure S1 a). This hypothesis
was confirmed by the preparation of a standard of 10, whose
retention time (Figure 2b), UV/Vis spectrum, and MS/MS
fragmentation pattern (Supporting Information, Figure S1b)
were identical to those recorded for the metabolite accumu-
lated in the CGCAO004 culture supernatant.

We next confirmed that 10 is an intermediate in con-
gocidine biosynthesis and investigated the pathway for its
assembly. Among the 22 genes constituting the cgc gene
cluster, 13 could not be assigned a function in regulation of
gene expression, congocidine resistance, or assembly of the
putative precursors, guanidinoacetate, 3-aminopropionami-
dine, and 10." These 13 genes encode proteins with similarity
to enzymes of known function (with the exception of cgc7)
and are likely to be involved in the biosynthesis of congoci-
dine precursors. Six of the genes encode proteins that are
similar to enzymes involved in carbohydrate biosynthesis or
transfer (Cgc8, putative NDP-hexose dehydrogenase; Cgc9,
putative NDP-hexose epimerase/dehydrogenase; CgclO,
putative glycosyltransferase; Cgcll, putative hexose nucleo-
tidyltransferase; Cgcl2, putative DegT/DnrJ/EryC1/StrS

2 www.angewandte.org

&&These are not the final page numbers!

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

aminotransferase; Cgcl3, putative glycoside hydrolase). The
presence of these genes in the cgc cluster is intriguing because
congocidine does not contain a carbohydrate moiety. Yet, we
have previously shown that at least one of these genes, cgcl0,
is involved in congocidine biosynthesis.'"! To determine
whether the other five genes are also involved in congocidine
biosynthesis, we constructed in-frame deletions of each within
a bacterial artificial chromosome (BAC; pCGC002) contain-
ing the entire cgc cluster. The resulting constructs were
heterologously expressed in S. lividans TK23. None of the
S. lividans strains with the genetically modified BACs pro-
duced congocidine, which would elute at 15.1 min, (Fig-
ure 2dand Supporting Information, Figure S3, left panels)
except the CGCLO047 strain (dcgcl3), which produced
residual congocidine (15% of the “wild type” strain
CGCLO006). This indicates that the genes encoding putative
carbohydrate biosynthesis/transfer enzymes are involved in
congocidine biosynthesis and, therefore, are likely to partic-
ipate in biosynthesis of a congocidine precursor.

We examined which of the carbon atoms of congocidine
are carbohydrate-derived using incorporation experiments
with labeled precursors. Cultures of S. ambofaciens SPM110
were pulse-fed with uniformly *C-labeled glycerol ([U-
BClglycerol; 4 x 100 umol) and congocidine was purified by
cation exchange chromatography. The DEPTQ-135 NMR
spectrum (Supporting Information, Figure S4) of the isolated
congocidine showed coupled doublets flanking the natural
abundance signals for C-2/C-3, C-6/C-9, and C-12/C-15,
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Figure 2. LC analysis of culture supernatents of mutants with deletions
in congocidine biosynthetic genes. Chromatograms from a) CGCA004
(disruption of cgc18); b) synthetic 10; c) CGCL048 (Acgc14);

d) CGCLO54 (Acgc9), and e) CGCLO45 (Acge3).

showing that a two-carbon fragment of glycerol was incorpo-
rated intact into C-2/C-3, C-6/C-9, and C-12/C-15 (see
Figure 1 for carbon atom numbering). The guanidinoacetate
precursor of congocidine has been suggested to originate from
glycine by way of transguanylation."” This is consistent with
the incorporation pattern seen for C-2/C-3 (Supporting
Information, Figure S5). More significant, however, is the
incorporation of two carbons from glycerol into the same
position (C-2 and the carboxamide group) in both 4-amino-
pyrrole-2-carboxamide units of congocidine. This incorpora-
tion pattern is consistent with derivation of the 4-amino-
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pyrrole-2-carboxamide units from fructose-6-phosphate by
way of a 2 intermediate (Figure 1).'"1 To verify this hypoth-
esis, we next attempted to feed cultures of S. ambofaciens with
[°N,C-1] N-acetylglucosamine. Unfortunately, the addition
of N-acetylglucosamine strongly suppresses congocidine pro-
duction (presumably because of DasR-mediated regula-
tion)."® Thus, we were not able to obtain enough congocidine
to determine whether N-acetylglucosamine was incorpo-
rated.!”!

Taken together these data suggest that the putative
carbohydrate-processing enzymes encoded within the cgc
cluster are responsible for the assembly of 10 from 2. To
further investigate this hypothesis and examine whether 10 is
an intermediate in congocidine biosynthesis, we fed chemi-
cally synthesized 10 to cultures of the cgcl1, cgc8, cgc9, cgcl2,
and cgcl0 deletion mutants. LC-MS analyses showed that
production of congocidine was restored in all of the mutants
(Supporting Information, Figure S3, central and right panels),
indicating that 10 is a congocidine precursor and that cgcli,
cgc8, cgc9, cgel2, and cgcl0 are all involved in its biosynthesis.
When the cgcl3 deletion mutant was fed with 10, congocidine
production was increased by a factor of 2.5 (Supporting
Information, Figure S3h). This result suggests that the
reduced congocidine production in the cgcl3 deletion
mutant is due to impaired synthesis of 10.

To determine whether other cgc genes are involved in 10
biosynthesis, the six cgc genes with no assigned function (cgc3,
cgcd, cges, cgeo, cge7, and cgel7) were individually deleted in
frame within the pCGC002 BAC and the resulting BACs
heterologously expressed in S. lividans TK23. The cgc4 dele-
tion mutant produced residual congocidine, whereas congo-
cidine production was abolished in the other deletion mutants
(Supporting Information, Figure S3 f, g, left panels; Figure S6,
left panels). The cgc4, cgc5, cgc6, and cgc7 deletion mutants
accumulated 10 (confirmed by MS analyses, Supporting
Information, Figure S6, right panels), indicating that these
genes are not involved in 10 biosynthesis. The cgc3 and cgcl7
deletion mutants, however, did not produce 10. The involve-
ment of Cgc3 (a putative aldehyde dehydrogenase) and
Cgcl7 (a putative alcohol dehydrogenase)™ in 10 biosynthe-
sis was confirmed by feeding 10 to the mutant strains, which
restored congocidine production (Supporting Information,
Figure S3f, g, central and right panels).

The cgc3 deletion mutant accumulated a new metabolite
in the culture medium that was not found in the other mutants
(Supporting Information, Figure S3g). MS and NMR spec-
troscopic analyses of the purified metabolite (Supporting
Information, Figure S7) showed that it was 4-acetamidopyr-
role-2-carboxaldehyde (9), which is likely to be the substrate
of Cgc3 (Figure 3).

The cgcl7 gene encodes a putative alcohol dehydrogenase
possibly involved in the oxidation of 4-acetamidopyrrole-2-
methanol (8) to yield 9 (Figure 1). To verify this hypothesis,
cultures of the cgcll, cgc8, cgc9, cgcl2 cgcl0, cgcl7, and cgc3
deletion mutants were fed with chemically synthesized 8
(Supporting Information, methods and Figure S8). Produc-
tion of congocidine was restored for the first five mutant
strains (Supporting Information, Figure S9). In contrast,
feeding of 8 to the cgcl7 and cge3 deletion mutants did not

www.angewandte.org

These are not the final page number

g2

3


http://www.angewandte.org

Angewandte

4
R

Communications
N
PR CHg ‘
,~H AN ./ === COSY correlations

> \‘O ~—\ HMBC correlations

¥~ NOESY correlations

(]
\\O_’/H<"

Figure 3. Summary of COSY, HMBC, and NOESY correlations recorded
for 9 purified from the culture supernatant of the cge3 mutant.

restore congocidine production. These results are consistent
with 8 being the substrate of Cgcl7. Accumulation of 8 in the
cgcl7 deletion mutant could not be detected using standard
LC-MS analysis because this compound is unstable and
poorly retained on reverse-phase HPLC columns.

Based on our data, we suggest the following pathway for
10 biosynthesis from 2 (Figure 1). Cgcl1 catalyzes nucleotide
triphosphate (NTP)-dependent conversion of 2 into the
nucleotide diphosphate (NDP) derivative 3, which undergoes
Cgc8-catalyzed oxidation of the C-6 hydroxy group to
a carboxy group to yield NDP-2-acetamido-2-deoxygluco-
pyranuronic acid (4). Cgc9 catalyzes the decarboxylation of 4
to afford NDP-threo-2-acetamido-2-deoxy-pentopyran-4-
ulose (5). Reductive amination of the C-4 keto group of 5 is
catalyzed by the putative pyridoxal-5-phosphate-dependent
aminotransferase Cgcl2. The next step involves intramolec-
ular nucleophilic attack of the C-4 amino group on C-1 to
displace the NDP and afford 4-acetamido-2,3-dihydropyr-
role-2-methanol (7). This conversion of a carbohydrate into
a pyrrole molecule is proposed to be catalyzed by Cgcl0, an
enzyme that resembles a glycosyltransferase. Loss of water
from 7 to form 8 could then occur spontaneously (the
formation of the resulting pyrrole aromatic ring is expected
to be thermodynamically favorable). Finally, oxidation of the
hydroxy group of 8 to the aldehyde 9 and subsequently the
carboxylic acid 10 is catalyzed by Cgcl7 and Cgc3, respec-
tively.

The initial steps of our proposed pathway are catalyzed by
enzymes (Cgcll, Cgc8, Cgc9, and Cgcl2) that are homolo-
gous to enzymes catalyzing similar reactions in the biosyn-
thesis of aminodeoxypentose sugars found in enediyne
natural products such as maduropeptin, calicheamicin, and
AT?2433 (Supporting Information, Figure $10).?**! Carbohy-
drates incorporated in these natural products can be activated
using UTP or TTP. By analogy, it appears likely that UTP or
TTP is the NTP used to activate 2. UDP-N-acetylglucos-
amine, derived from 2, is an intermediate in the biosynthesis
of bacterial peptidoglycan.”>* As the cgcll deletion mutant
does not produce any congocidine, it is unlikely that UDP-N-
acetylglucosamine is an intermediate in congocidine biosyn-
thesis. Indeed, activation of 2 by a nucleotide triphosphate
other than UTP (most likely TTP) could constitute the first
committed step of 10 biosynthesis.

Our data show that Cgc13 is not essential for congocidine
biosynthesis. Nonetheless the reduction of congocidine pro-
duction in the cgcl3 deletion mutant, and the partial
restoration of the production when the mutant is fed with
10, indicates that Cgcl3 may participate in the supply of 10.
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The similarity of Cgcl3 with glycoside hydrolases suggests
that Cgc13 could be involved in providing 2.

Our proposed pathway results in the biosynthesis of 10.
Yet, before condensation with the other congocidine precur-
sors can occur, this molecule must be de-acetylated to yield 4-
aminopyrrole-2-carboxylate. Among the proteins encoded by
the cgc gene cluster, we identified Cgcl4, a predicted
amidohydrolase, as the enzyme likely to catalyze the de-
acetylation. Therefore, we constructed a cgcl4 in-frame
deletion mutant (CGCLO048). This mutant did not produce
congocidine but accumulated 10 (Figure 2¢), consistent with
the proposed role for Cgcl4. However a mutant strain
impaired in congocidine assembly (CGCA004) also accumu-
lates 10 and not 4-aminopyrrole-2-carboxylate. These obser-
vations suggest that 10, rather than 4-aminopyrrole-2-carbox-
ylate, may be the substrate of the Cgcl8 adenylation domain
and that de-acetylation occurs after 10 has been loaded onto
the Cgcl8 and Cgcl9 PCPs (Figure 1). Consistent with this
hypothesis, feeding of the cgcl4 deletion mutant with
commercially available 4-aminopyrrole-2-carboxylate did
not restore congocidine production (Supporting Information,
Figure S11). N-acetylation is a well characterized mechanism
of arylamine detoxification and maintaining the 4-amino-
pyrrole-2-carboxylate in its N-acetylated form when free in
solution would avoid the cytotoxic effects associated with
arylamines.”"

In conclusion, we have shown that 10 is the true
intermediate in the biosynthesis of congocidine. Interestingly,
the biosynthesis of 10 described herein is unprecedented in
that it involves enzymes and precursors from carbohydrate
metabolism. In particular, it bears no resemblance to the
biosynthesis of other pyrrole-2-carboxylates incorporated
into secondary metabolites such as clorobiocin,” coumermy-
cin,®  pyoluteorin,**!  and  undecylprodiginine.’:*
Although this pathway is likely to be involved in the
biosynthesis of other members of the pyrrolamide family of
metabolites, it is not currently known whether it is also
utilized in the biosynthesis of other pyrrole-containing natural
products. However, database searches identified a putative 10
biosynthetic gene cluster in the genome of Micromonospora
carbonacea var. Africana ATCC 39149 (MCAG_05565 and
MCAG_05568 to MCAG_05575). Moreover, it is interesting
to note that this pathway, with the reductive amination
reaction replaced by a ketoreduction, would be perfectly
adapted to the biosynthesis of the furan precursors of
proximicins, analogues of congocidine recently isolated from
marine actinomycetes."]
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CH,OH NHA
Biosynthetic Pathway z o ¢
OH — I\ — Congocidine
S. Lautru,* L. Song, L. Demange, HO ” —> HOOC H I
T. Lombeés, H. Galons, G. L. Challis, AcHN OPO;
J-L. Pernodet —__ §ilE-HINN
Feeding (Streptomyces) frenzy: Natural scheme) through feeding studies using
A Sweet Origin for the Key Congocidine products belonging to the pyrrolamide Streptomyces ambofaciens. The biosyn-
Precursor 4-Acetamidopyrrole-2- family are defined by their pyrrole-2- thetic pathway of congocidine starts with
carboxylate carboxamide moiety. 4-acetamidopyrrole-  the carbohydrate N-acetylglucosamine
2-carboxylate is identified as the key and involves carbohydrate-processing
pyrrolamide congocidine precursor (see enzymes.
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