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Abstract

In the nematode model organisms Caenorhabditis elegans and Pristionchus pacificus, a new class
of natural products based on modular assembly of primary-metabolism-derived building blocks
control organismal development and behavior. We report identification and biological activities of
the first pentamodular metabolite, pasa#9, and the 8-oxoadenine-containing npar#3 from £
pacificus. These structures suggest co-option of nucleoside and tryptophan metabolic pathways for
the biosynthesis of endogenous metabolite libraries that transcend the dichotomy between
“primary” and “secondary” metabolism.
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Small molecules play a central role for many aspects of inter-and intraorganismal signaling;
however, the chemical structures of small-molecule signals in animal model systems have
remained largely uncharacterized. Recent studies have shown that in the model organisms
Caenorhabditis elegans and Pristionchus pacificus, a novel family of signaling molecules
based on the dideoxy sugars ascarylose and paratose, play a central role for almost any
aspect of life history, including lifespan, development, reproduction, and a wide range of
behaviors.1= Their structures appear to be derived from modular assembly of building
blocks from major primary metabolic pathways, including lipid, amino acid, and nucleoside
metabolism, using ascarylose- and paratose-derived glycosides as central scaffolds (Figure
1).

These nematode-derived modular metabolites (NDMMs) exert their diverse biological
functions via conserved signaling cascades, including insulin signaling, TGF-£signaling,
and steroid biosynthesis converging on the nuclear hormone receptor DAF-12, a liver-X and
vitamin D receptor homologue.8.7 While the first NDMMs were identified from C.
elegans,3-11 subsequent studies revealed even greater structural diversity in the satellite
model organism P, pacificus, a nematode known for its necromenic association with scarab
beetles.22 Small molecules in 2 pacificus not only exhibit greater structural complexity but
also revealed additional functional diversity. As in C. elegans, specific NDMMs, including
the xylopyrano-adenosine-derived paratoside npar#1, trigger formation of dauer larvae, a
state of metabolic diapause adapted to survival under conditions of environmental stress and
starvation.® Other NDMMs, for example the dimeric ascaroside dasc#1, affect adult body
shape and physiology, triggering development of an alternate mouth form optimized for
predacious feeding on other nematodes instead of bacteria.13-14

Although several dozen NDMMs have been identified, it is unclear whether the so-far
detected structures are representative of the full chemical diversity of nematode-signaling
molecules. For example, all known NDMMs are derived from attachment of primary
metabolism-derived modules directly to the ascaroside or paratoside scaffold, as opposed to
attachment to other parts of the structures.! Moreover, recent studies demonstrated that
small-molecule-based nematode signals often consist of several different NDMMs, with
additive or sometimes synergistic activities that can vary significantly between different
genotypes of C. efegans or P. pacificus.1>16 As a result, NDMMs are often missed by
identification efforts based on activity-guided fractionation. Therefore, we conducted a
targeted metabolomic screen for additional ascaroside and paratoside derivatives in the 2
pacificus metabolome, using 2D NMR spectroscopy and high-resolution HPLC-MS/MS,
which revealed the first pentamodular nematode metabolite, pasa#9, suggesting integration
of building blocks from five different primary metabolic pathways as well as the 8-
oxoadenine-containing paratoside npar#3 (Figure 1).

To survey the P pacificus metabolome for ascaroside-based NDMMs, we employed HPLC-
MS/MS in negative ionization mode, monitoring the formation of the fragment m/z73.03
(C3H50,7; caled m/z73.0294), which has been shown to be highly characteristic for
ascarosides and paratosides.* In addition to previously reported compounds,® we detected
two prominent peaks with molecular ions at m7/2525.1963 (C»1H29NgO107; calcd miz
525.1951) and /m/z585.2453 (C3gH37N201¢7; calcd m/2585.2454), which appeared to
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represent novel metabolites (Figure 2A). We named these compounds npar#3 and pasa#9,
respectively (see Supporting Information section 1.1 and www.smid-db.org for NDMM
nomenclature). For further characterization of npar#3 and pasa#9, the £ pacificus
metabolome was minimally fractionated via reversed-phase chromatography and HPLC
followed by 2D NMR spectroscopic analysis of npar#3- and pasa#9-containing fractions.
This approach relies on the demonstrated utility of high-resolution 2D NMR spectra for
characterizing novel structures from complex mixtures and thereby avoids extensive
chromatographic fractionation, which is particularly advantageous for the characterization of
highly potent signaling molecules that are often produced only at nanomolar (or lower)
concentrations.17:18

dgfCOSY spectra of metabolome fractions containing pasa#9 revealed a 4-hydroxypentanoic
acid based ascaroside as well as phenylethanolamine, anthranilic acid, and succinate
moieties (Figure 2B). 1H chemical shift and spin-spin coupling data suggested that the
succinyl moiety linked the anthranilate and phenylethanolamine units as a diamide and that
the 4-hydroxypentanoic acid based ascaroside is attached to the phenylethanolamine as an
ester. Stereochemical assignments were made on the basis of comparison of dqfCOSY
crosspeaks of the ascaroside moiety of pasa#9 to those of previously reported ascarosides.
To confirm the proposed structure and to obtain pure samples for bioassays, we adapted
previously published syntheses of ascr#9 and pasc#9 (Scheme 1). Starting from
commercially available A-succinyl methyl anthranilate 1, we successively added modules in
a biomimetic fashion, first connecting the phenyl ethanolamine moiety, which was
subsequently linked to bis-TBS protected ascaroside 3. Following TBS deprotection and
hydrolysis of the methyl ester, comparison of dgfCOSY spectra (Figure 2B) and HPLC
retention times of the synthetic compound with those of natural pasa#9 confirmed our
assignments (Supporting Information, Table S1).

In addition to signals representing pasa#9, 2D NMR spectra of pasa#9-containing
metabolome fractions consistently showed signals representing another ascaroside derivative
(Figure 2B). This compound, named pasy#9, was identified as the imide variant of pasc#9
(Figure 1 and 2B) and thus lacks a carboxy group, explaining that it was not detected in the
mlz73.03 MS/MS screen which uses negative ionization. pasc#9 and pasa#9 do not
spontaneously cyclize to form pasy#9; however, pasy#9 could be derived from cyclization of
pasc#9-coenzyme A ester, a plausible biosynthetic precursor of pasa#9.

Analysis of 1H NMR and dgqfCOSY spectra of fractions containing npar#3 suggested a
paratose sugar attached to a 4-hydroxypentanoic acid, a threonine-derived moiety, as well as
a 2- or 8-hydroxyadenine derivative (Supporting Information, Figure S3). Like many other
nematode-signaling molecules, npar#3 is produced only in minute quantities, which were
insufficient to obtain carbon NMR spectroscopic data via HSQC and HMBC. Moreover, the
exact structure of the putative oxoadenine is difficult to determine by NMR spectroscopy
alone because of the scarcity of protons in this moiety. Therefore, we synthesized both the 2-
and 8-hydroxyadenine variants (Scheme 1 and Supporting Information sections 4.3 and 4.4).
Protected 2- and 8-hydroxyadenine (5 and 6) were converted into the corresponding phenyl
carbamates 7 and 81° and then linked to threonine benzyl ester 9. The remaining free
hydroxy group in the threonine moieties of 10 and 11 was then coupled to benzyl-protected

Org Lett. Author manuscript; available in PMC 2016 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yim et al.

Page 4

paratoside 12. Following deprotection, comparison of spectroscopic data and HPLC
retention times of the two synthetic isomers with those of natural npar#3 unambiguously
demonstrated that natural npar#3 corresponds to the 8-oxoadenine-based isomer (see the
Supporting Information, Figures S2-S4).5

Next, we tested the biological activity of the newly identified NDMMs in the dauer larva
formation assay. In P, pacificus and other nematodes, dauer larvae represent a stage of
developmental arrest adapted to survival under harsh environmental conditions,?° and
specific NDMMs, e.g., npar#1 and pasc#9 in the case of 2. pacificus, have been shown to
induce the transitioning of developing larvae into the dauer stage.516 This dauer formation
assay is highly reproducible and thus most appropriate for the comparison of the activity of
the newly identified compounds with that of known NDMMs. Because recent studies have
revealed strong natural variation of the potency of signaling molecules between different
wild-type strains of 2. pacificus,' we performed dauer induction assays in six different
wild-type strains, spanning three of the four 2 pacificus clades. We found that the newly
identified compounds induce dauer larva formation in some, but not all strains (Figure 3A).
For example, npar#3 strongly induces dauer in the clade C strain RS5380, whereas it is
largely inactive in strain RS5399, another clade C strain. Overall, dauer-inducing activity
was markedly dependent on molecular structure as well as genetic background, suggesting
that the receptors involved in perception of these NDMMs have significantly diverged
between different 2 pacificus strains. Previous studies in C. elegans have shown that dauer-
inducing ascarosides bind to G protein-coupled receptors (GPCRs) that are expressed in
several chemosensory neurons in the head of the worm,21.22 and ascaroside-sensing GPCRs
have been shown to evolve rapidly even under laboratory conditions,?® providing a rationale
for the starkly divergent responses observed for the set of £ pacificus wild-type strains
tested here.

The structures of pasa#9 and npar#3 suggest that these compounds are derived from
straightforward assembly of conserved primary metabolic building blocks, whereby the
anthranilate and hydroxyadenine moieties in pasa#9 and npar#3 likely originate from
tryptophan?® and nucleoside?6:27 metabolism, respectively (Figure 3B).24 Although enzymes
that link different building blocks via ester and amide bonds have not been identified,
assembly of pasa#9 and npar#3 is remarkably specific, strongly suggesting that these
compounds are the products of enzyme-controlled biosynthesis. For example, neither pasa#9
nor npar#3 is accompanied by homologues with longer or shorter fatty acid like side chains,
although the previously identified pasc#9, which differs from pasa#9 only in that it lacks the
anthranilate moiety, is consistently accompanied by large quantities of pasc#12, a
homologue including 5-hydroxyhexanoic acid instead of 4-hydroxypentanoic acid (Figure 1
and 2A).> With regard to incorporation of 8-hydroxyadenine in npar#3, it should be noted
that 8-hydroxyadenine is produced primarily as a result of oxidative damage to nucleic
acids,26:27 although similar oxidized derivatives of the tRNA nucleoside t®A, from which the
6-threonylcarbamoyladenine moiety in npar#3 may be derived (Figure 3B), have not been
described.

In conclusion, we report the identification, synthesis, and biological activities of the first
pentamodular NDMM, pasa#9, its derivative pasy#9, and the nucleobase-derived paratoside
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npar#3. These compounds function as dauer-inducing signaling molecules in 2. pacificus,
and their structures suggest that NDMMs may be more structurally diverse than previously
suspected, with pasa#9 demonstrating that additional modules are not only incorporated via
attachment to the ascaroside scaffold, but may also get incorporated via linkages to other
modules. Since the chemical structures of pasa#9 and other multimodular NDMMs appear to
integrate input from several primary metabolic pathways, more detailed analysis of the
biological functions of NDMMs and their biosyntheses may reveal how nematode metabolic
state is transduced into a “language” of signaling molecules that transcend the dichotomy
between “primary” and “secondary” metabolism. Given the suspected primary metabolic
origin of the NDMMs, the discovery of additional structural diversity that does not require
the nematode-specific sugar ascarylose may provide additional motivation for a
comprehensive reanalysis of vertebrate metabolism and associated small-molecule signaling
pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) HPLC-MS analysis of £ pacificus exometabolome showing ion chromatograms for

npar#3 and pasa#9 as well as previously described pasc#9, which is accompanied by two
homologues, pasc#12 and pasc#1, with longer fatty acid side chains. In contrast, no
homologues of pasa#9 were detected. (B) Analysis of dqfCOSY spectra of £ pacificus
metabolome fractions (“natural””) containing pasa#9 and pasy#9 and comparison with
spectra of synthetic compounds.
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