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Abstract

Untargeted metabolomics indicates that the number of unidentified small-molecule metabolites 

may exceed the number of protein-coding genes for many organisms, including humans, by orders 

of magnitude. Uncovering the underlying metabolic networks is essential for elucidating the 

physiological and ecological significance of these biogenic small molecules. Here we develop a 

click-chemistry-based enrichment strategy, DIMEN (deep interrogation of metabolism via 

enrichment), that we apply to investigate metabolism of the ascarosides, a family of signaling 

molecules in the model organism C. elegans. Using a single alkyne-modified metabolite and a 

solid-phase azide resin that installs a diagnostic moiety for MS/MS-based identification, DIMEN 

uncovered several hundred novel compounds originating from diverse biosynthetic 

transformations that reveal unexpected intersection with amino acid, carbohydrate, and energy 

metabolism. Many of the newly discovered transformations could not be identified or detected by 

conventional LC-MS analyses without enrichment, demonstrating the utility of DIMEN for deeply 

probing biochemical networks that generate extensive yet uncharacterized structure space.
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INTRODUCTION

Small molecules represent the chemical input, biosynthetic intermediates, and endproducts 

of cellular activity, and thus metabolomics is essential for understanding biological 

processes, complementing proteomics, transcriptomics, and genomics.1 In addition to their 

roles as building blocks and substrates in primary metabolism, many metabolites serve as 

signaling molecules, from the intra- and intercellular level, e.g., as hormones, to signaling at 

the interorganismal level via pheromones. Metabolomics faces challenges that do not apply 

to other members of the -omics family because the structural diversity of metabolites is not 

restricted by a limited number of templates and simple rules for assembly, as in the case of 

DNA, RNA, and proteins, and thus is vast and largely unpredictable. Correspondingly, LC-

HRMS-based surveys of animal and plant metabolomes suggests that the number of distinct 

metabolites in a single species may exceed 100 000.2 Future improvements of analytical 

instrumentation may reveal even greater compound diversity. In parallel, studies of signaling 

networks in C. elegans and other systems indicate that biogenic small molecules can have 

profound biological activity even at femtomolar concentrations, providing a clear rationale 

for systematic structural and functional characterization of low abundance metabolites.3–6 

Given these challenges, there exists a need for methods that facilitate prioritization of 

detection and structural characterization of specific compound families and biosynthetic 

pathways of interest.

We aimed to develop a click-chemistry-based strategy for targeted metabolomics that would 

enable in-depth exploration of specific metabolic pathways and compound families, beyond 

current detection limits, by (i) improving sensitivity through enrichment from overwhelming 

pools of unrelated metabolites, and (ii) facilitating recognition of relevant metabolites by 

means of a specific fragmentation signature in LC-MS/MS (Figure 1a). We envisioned that 

this could be accomplished by alkyne-labeling metabolic precursors or building blocks of 

interest, followed by incubation with the biological system and enrichment of labeled 

derivatives via click chemistry.7 Surprisingly, there are few examples of click chemistry-

based enrichment of tagged metabolites to interrogate metabolism, whereas click chemistry 

has been employed extensively to enrich proteins and peptides.8,9
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To demonstrate the utility of click chemistry-based enrichment for metabolomics, we 

selected a family of signaling molecules, the ascarosides, which play a central role in the life 

history of the model organism, C. elegans, and other nematodes (Figures 1b and S1a). The 

ascarosides form a large, structurally diverse family of compounds that is derived from 

modular assembly of building blocks from carbohydrate, amino acid, nucleoside, and 

cofactor metabolism around a core glycoside derived from the dideoxy sugar ascarylose and 

a variable fatty acid-like moiety.10–12

Ascarosides regulate development, aging, phenotypic plasticity, and many behaviors in C. 
elegans and other nematodes, and furthermore mediate multitrophic interactions of 

nematodes with fungi and plants.13–17 Biological activity has been observed down to 

femtomolar concentrations, and correspondingly ascaroside identification and metabolism 

has been extensively studied.4,12,18,19 Previous studies demonstrated uptake of synthetic 

ascarosides by C. elegans, and that introduction of an alkyne moiety in the fatty acid side 

chain proximal to the glycosidic linkage does not interfere with biological activity (Figure 

1c).20–22 Feeding worms an alkyne-modified ascaroside probe may thus provide deep 

insight into ascaroside metabolism by enabling enrichment and recognition of derived 

metabolites, including derivatives of potential signaling molecules that have remained 

undetectable in conventional LC-HRMS.

RESULTS

Development of DIMEN.

Our workflow for deep interrogation of metabolism via enrichment (DIMEN) employs the 

copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) to selectively bind probe-derived 

metabolites (PDMs) to an azide-modified solid support, using unlabeled metabolic samples 

with added probe as controls (Figure 1c,d). The resin-bound PDMs are extensively washed 

to remove unlabeled metabolites and cleaved to yield PDMs including a triazole moiety that 

confers a unique MS/MS signature or reporter-ion. PDMs are detected via comparative 

analysis of LC-HRMS data for the experimental and control samples. Finally, MS/MS 

fragmentation patterns are used to confirm the probe origin of the detected PDMs and 

further to discern structurally distinct families of PDMs via molecular networking software.
23

As the solid support we selected a Rink-amide resin typically used for solid-phase peptide 

synthesis (SPPS) to which we attached a simple azido-valerate linker (“ACER resin” (1), 

Figure 1c).24 Initially we attempted to use more elaborate azide designs integrating a 

copper-chelating moiety in the azide linker attached to the solid support, which accelerate 

click chemistry and improve yields in some situations (Figure S2).25,26 However, in our case 

integration of a copper chelator in the azide linker caused extensive oxidative damage to the 

resin and, in some cases, also reduced stability of the linker (Figure S3). Lastly, the use of 

these more elaborate linkers confounded MS/MS analysis by saturating spectra with linker-

associated fragments.

Screening different azide designs further demonstrated that exposure to CuAAC conditions 

can result in unexpected side reactions. To distinguish such CuAAC side products and 
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probe-derived artifacts from compounds that are the result of biological transformations, 

DIMEN includes an incubation control arm in which the alkyne probe is added to an 

unlabeled metabolome sample (Figure 1d). Both the probe-treated and mock-treated 

metabolomes were then incubated with the ACER resin (1) and subjected to CuAAC, 

resulting in similar artifact profiles for the control and experimental arms and facilitating 

recognitions of “real” PDMs via comparative LC-HRMS analysis (Figure 1d).

Optimization of enrichment conditions was accomplished by doping concentrated C. elegans 
metabolome with a trace amount of the alkyne derivative of ascr#3 (2), ascr#3-YNE (3), and 

monitoring the recovery of the resulting linker-modified ascr#3-LNK (4). ascr#3 is one of 

the major ascarosides produced by C. elegans and can serve as a precursor for other known 

ascarosides.4,27 Different buffers, copper chelating ligands, reagent concentrations, and 

types of SPPS resins were tested (Figure S4). On the basis of these experiments we selected 

a polyethylene glycol acrylamide (PEGA) resin as solid support for the azide linker and 

2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-

yl)acetic acid (BTTAA) as copper chelating ligand.28 Analysis of the resin supernatant 

following enrichment indicated that more than 99% of unlabeled metabolites had been 

removed and that ~80% of added ascr#3-YNE (3) had reacted (Figure 2a).

Triazoles generally ionize well in positive-ion electrospray mode, facilitating mass 

spectrometric detection of PDMs (Figure S4d). Furthermore, use of the azido-valeryl 

modified rink resin resulted in PDMs that produce a diagnostic MS/MS fragment with a 

mass-to-charge of 100.0757 (Figures 2b and S5) that can be employed as a reporter-ion to 

automate PDM detection and corroborate that detected metabolites are in fact derived from 

ascr#3-YNE (Figure 2c and S6).

DIMEN Reveals Novel Metabolites.

We then employed the optimized enrichment protocol to investigate metabolic 

transformations of ascr#3-YNE (3) in C. elegans. LC-HRMS/MS-based comparison of 

experimental and incubation control samples revealed more than 10 000 features, of which 

585 were present only in the experimental samples and thus classified as likely PDMs 

(Figure 3a,b). Molecular networking revealed 27 clusters in which three or more nodes 

represent likely PDMs, most of which formed defined subclusters due to the shared reporter-

ion fragment (Figure 3a).

Detailed analysis of MS/MS spectra representing likely PDMs revealed expected derivatives 

of known metabolites as well as a large number of features that appeared to represent novel 

metabolic transformations. PDMs representing known metabolites (e.g., PDMs 5–9) include 

the linker analogues of side chain-shortened ascarosides, e.g., the linker derivative of the 

dauer pheromone component ascr#1 (10), ascr#1-LNK (7) (Figures 3c and S1, Table S1).29 

Formation of ascr#1-LNK (4) and other chain-shortened derivatives of ascr#3-YNE (3) 

indicates that, similar to unmodified ascr#3 (2), the added ascr#3-YNE (3) enters 

peroxisomal β-oxidation, which is known to iteratively shorten ascaroside side chains, in 

two-carbon steps, e.g., from 9 carbons as in ascr#3 to 7 carbons as in ascr#1.12,30 Another 

example for a PDM representing a known metabolite is icas#9-LNK (8), the linker-analogue 

of the aggregation pheromone icas#9 (Figure 3b and S1).20,31 The detection of icas#9-LNK 
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(8) suggests that metabolism of the probe ascr#3-YNE (3) closely mimics that of natural 

ascr#3 (2), which had previously been shown to undergo chain shortening and 4′-
modification, e.g., attachment of an indolecarboxy moiety.4 Several other PDMs also 

represented known 4′-modified ascarosides, e.g., icas#3-LNK (5), mbas#3-LNK (9), and 

others (Figures 3a and S1, Table S1). Quantitation of PDMs representing known metabolites 

(5–9, 11–15) in a typical DIMEN experiment indicated a signal-to-noise gain of over 2 

orders of magnitude, as a result of the enrichment and generally better ionization of PDM-

LNK derivatives compared to the PDM-YNE precursors (Figure 3c and S4d).

Among PDMs representing novel metabolic transformations, we prioritized identification of 

the three largest subclusters in the MS/MS network, which revealed previously unreported 

ascarosides derived from amino acid ligation and phosphorylation, as well as di- and 

trisaccharides derived from attachment of fucose derivatives to the ascarylose. For each of 

these groups of PDMs, we proposed structures based on MS/MS analysis and subsequently 

reanalyzed the metabolome of unsupplemented C. elegans for candidate compounds that 

could constitute the corresponding naturally occurring ascaroside derivatives. To corroborate 

that such candidate compounds represent ascaroside derivatives, we confirmed their absence 

in the metabolome of daf-22 mutants, which are known to be defective in ascaroside 

biosynthesis.12,32,33 Finally, the structures of representative members for each of the 

identified new families of C. elegans metabolites were confirmed by synthesis (see SI 

Methods).

Amino Acid-Ligated Ascarosides.

Analysis of MS/MS spectra of one of the largest clusters of PDMs suggested that they 

represent amino acid conjugates of ascr#3-YNE (3) (Figure 4a). PDMs representing putative 

conjugates of glycine, alanine, and serine (16–18, Figures 3a,b, and 4a) were most abundant, 

although trace amounts of almost all proteinogenic amino acids could be detected (Figure 

S7). LC-HRMS analysis of the metabolome of unsupplemented C. elegans revealed several 

low abundance peaks for the expected m/z values that could plausibly represent amino acid 

conjugates of ascarosides as their production was abolished in daf-22 mutants (19–21, 

Figure 4b), but peak intensities were too low to obtain MS/MS data to confirm structures. 

We then surveyed available metabolic data for other ascaroside biosynthetic mutants, 

including mutants of acyl-CoA oxidase acox-1.1, in which production of saturated 

ascarosides with a side chain of 9 carbons is greatly increased (Figure S8).4,34 We found that 

acox-1.1 mutants produce larger amounts of compounds that have MS/MS spectra consistent 

with amino acid conjugates of saturated ascarosides with 9 carbon and longer side chains 

(19–21, Figures 4b,c and S9), e.g., ascr#10-Phe (22), whose structure was independently 

confirmed by synthesis (Figures 4c and S10). These data established amino acid conjugates 

as a new family of ascaroside derivatives which under standard laboratory conditions are 

produced only in very low concentrations in wild-type (Figure S9b).

Phosphorylated Ascarosides.

MS/MS spectra of a second family of PDMs suggested that they represent phosphorylated 

ascarosides, including phascr#31-LNK (23) and phicas#31-LNK (24) (Figures 3a, 5a,b). 

Their structures were inferred primarily from analysis of positive ion MS/MS spectra, since 

Hoki et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



negative ion MS/MS spectra were dominated by phosphate fragments (Figures 5b and S11). 

LC-HRMS analysis of the metabolome of unsupplemented C. elegans revealed a daf-22-

dependent compound whose MS/MS spectra and retention time were consistent with a 

phosphorylated ascr#3, (phascr#31, 25). Subsequent targeted analysis of the C. elegans 
metabolome revealed a series of abundant compounds whose MS/MS spectra and retention 

times suggested that they represent phosphorylated ascaroside derivatives (Figures 5c–f). To 

confirm these assignments and determine the site of phosphorylation, we synthesized the 2′- 
and 4′-phosphorylated derivatives of ascr#15 (26), phascr#151 (27), and phascr#152 (28), 

respectively (Figures 5e and S12). Comparison of retention times of natural and synthetic 

samples demonstrated that natural phosphorylated ascr#15 carries the phosphate in the 2′-
position and further indicated that C. elegans produces a series of 2′-phosphorylated 

derivatives (29–32) of almost all known simple ascarosides (2, 10, 33–35) (Figure 5d).

To estimate the concentrations of phosphorylated ascarosides relative to their 

nonphosphorylated counterparts, we established standard curves for ascr#15 (26) and 

phascr#151 (27) (Figure S13). Quantification across different life stages and different 

nutritional conditions revealed that production of phosphorylated ascarosides is greatly 

increased in L2, L3, and L4 larvae under starved conditions (Figure 5f). In fact, over 50% of 

some ascarosides, e.g., ascr#3 (2), were phosphorylated in starved larvae. Levels of 

ascaroside phosphorylation in adults do not appear to change significantly upon starvation; 

however, phosphorylated ascarosides still account for a significant fraction of total 

ascaroside production.

Although mass features we identified here as phosphorylated ascarosides have been 

previously shown to be daf-22 dependent, their uninformative MS/MS spectra prevented 

their recognition as an abundant class of ascarosides.12 As pointed out above, negative-ion 

MS/MS spectra of phosphorylated ascarosides are dominated by phosphate fragments and 

lack the m/z 73.0295 fragment that usually is diagnostic for ascarosides (Figure S14).4

Fucosylated Ascarosides.

A third family of PDMs was identified from the largest reporter-ion cluster for which 

MS/MS spectra suggested addition of one or two deoxyhexose moieties (Figure 6a,b, and 

S15–S17). These deoxy sugar moieties appeared to be decorated with up to two methyl 

groups each, resulting in a total of 11 observed combinations of methylated carbohydrate-

modified PDMs (e.g., 36a–c, 37, also see Table S1).

Similar to the amino acid conjugate PDMs, candidate metabolites corresponding to the 

deoxyhexosylated PDMs were detected only at very low abundances in wild-type C. elegans, 

with intensities that were too low for extensive MS/MS analysis. However, inspection of the 

exo-metabolome of acox-1.1 mutants revealed much larger amounts of putative 

deoxyhexosylated ascr#10 derivatives, likely because of the very high abundance of ascr#10 

(34) in this mutant (Figure S8).4 MS/MS analysis indicated the presence of 

deoxyhexosylated ascr#10 with 0, 1, and 2 additional methyl groups (38–40, Figure 6c). 

Additionally, we detected several series of features that appeared to represent 

deoxyhexosylated derivatives of other ascarosides with different side chain lengths (Figures 

S18–S20).
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On the basis of previous reports of mono- and di-O-methylated L-fucose as a component of 

C. elegans N-glycans,35 we hypothesized that the deoxyhexose in the ascr#3-YNE-derived 

PDMs may be fucose. To confirm the identity of the deoxyhexose, the mixture of PDMs 

obtained from the ascr#3-YNE (3) enrichment experiment was subjected to acidic hydrolysis 

to cleave all glycosidic bonds and then permethylated.36,37 The permethylated sample 

showed features with the same retention times and molecular weight as a synthetic mixture 

of the α- and β-isomers of permethylated fucose, supporting the assignment of the 

deoxyhexose as fucose (Figure S21). To confirm this assignment and to determine whether 

the fucose is attached to the 2′- or 4′-position of the ascarylose, we synthesized 

monofucosylated ascr#10 (fucosas#10, 38), one of the most abundant fucosylated 

ascarosides, using a thioglycosylation strategy (see SI Methods).38 Fucosas#10 (38) matched 

the retention time and MS/MS fragmentation pattern of the natural compound (Figures 6d 

and S22). Lastly, we quantified production of fucosylated ascarosides in the exo-

metabolome in different life stages of wild-type C. elegans. Unlike ascr#10 (34), which is 

excreted in different amounts depending on life-stage, fucosas#10 (38) is excreted 

consistently at all life stages (Figure 6e). Additionally, we found that starvation reduced 

production of fucosas#10 to levels below the detection limit of LC-MS, suggesting that this 

compound may function in mediating starvation-associated metabolic responses (Figure 6e).

DIMEN in E. coli Bacteria.

To test applicability of DIMEN to other biological systems, we performed a simple 

experiment in E. coli OP50 bacteria, feeding 17-octadecynoic acid (C18-YNE) as a probe, 

using the conditions we had developed for C. elegans without further optimization. Analysis 

of MS/MS data for the reporter-ion at m/z 100.0757 revealed a series of chain shortened 

PDMs, indicating extensive metabolism of C18-YNE via β-oxidation (Figure S23). In-depth 

analysis of the data obtained for C18-YNE-treated E. coli is beyond the scope of this study; 

however, the preliminary results suggest that DIMEN is broadly applicable.

DISCUSSION

Untargeted metabolic studies between different mutants, life stages, or other biological 

conditions result in large and often overwhelming data sets that nonetheless capture only 

part of the structural diversity of metabolomes, given the limitations of current MS 

instrumentation and data processing capabilities.12,39–41 On the other hand, targeted studies, 

which often take advantage of reactive functional groups (i.e., acids, amines, thiols, etc.),
42–44 may fail to discover novel metabolites with unexpected structural features. DIMEN 

enables discovery-oriented analyses in a highly sensitive, pathway-targeted manner by 

leveraging the advantages of both untargeted comparative metabolomics and enrichment 

strategies. As we demonstrated here, using a single alkyne-modified metabolite uncovered a 

large number of novel biosynthetic transformations that reveal unexpected intersection with 

amino acid metabolism, glycan chemistry, and phosphorylation.

Although click-chemistry mediated enrichment strategies have been used extensively for 

proteins, few studies employ click-chemistry-enabled enrichment of small molecules. 

Examples include a cleavable azide reactive resin (CARR) that was used to isolate azide-
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labeled fatty acids and phenylethylamines, as well as an azide-reactive cyclooctyne (ARCO) 

resin that was used to enrich azide-labeled peptides.8,9 In both cases, the strain-promoted 

azide–alkyne cycloaddition (SPAAC) click reaction was employed to enrich azide-labeled 

compounds.45 These strategies have the advantage of not requiring any copper, reducing 

agent, or chelating ligands when compared to CuAAC. However, the requirement of a 

strained alkyne for enrichment results in relatively large and bulky linkers that may confer 

undesirable chromatographic or MS/MS properties. One of few examples of CuAAC to 

isolate small molecules employed an azido-coumarin loaded resin to detect alkyne-

containing natural products.46 The resulting fluorescence was then used to guide isolation of 

alkynated plant metabolites.

DIMEN’s use of CuAAC with the ACER resin results in a relatively small and polar linker-

derived modification of the enriched PDMs, which benefits ionization and limits 

chromatographic perturbation. However, since we observed some undesired TFA-induced 

cleavage of the glycosidic bond in enriched ascr#3-LNK (4), future iterations of this DIMEN 

could benefit from implementation of other established chemo-orthogonal cleavage 

strategies (Figure 2c).42

Among the three newly identified compound classes, the amino acid conjugates reveal a 

direct connection between ascaroside signaling and amino acid abundance and thus 

nutritional status. Correspondingly, the previous identification of indole-carboxy- and p-

hydroxybenzoyl-modified ascarosides (icas and hbas, respectively) connect ascaroside 

signaling to amino acid catabolism.11 Among the identified ascaroside amino acid 

conjugates, the glycine derivatives are by far the most abundant (Figure 4c), although free 

glycine is among the less abundant amino acids in C. elegans.47,48 This suggests that, like 

other types of modular ascarosides, amino acid-conjugated ascarosides are products of 

specific biosynthetic pathways and may serve specific signaling functions.19,49 Under 

laboratory conditions, the amino acid-conjugated ascarosides are barely observable by LC-

HRMS in the exo-metabolome of wildtype C. elegans, whereas they accumulate in the 

acox-1.1 mutant (Figure 4b). Their identification highlights the potential of DIMEN for the 

discovery of low-abundance metabolites that may represent potent signaling molecules, even 

at low femtomolar concentrations, as shown for the case of hbas#3.4

In contrast, the phosphorylated ascarosides identified here are among the most abundant 

ascarosides in C. elegans, but had remained unidentified, despite the central role ascaroside 

signaling plays in the life history of this model organism. Although several compounds 

identified here as phosphorylated ascarosides had been observed previously via LC-MS 

based comparative metabolomics, they remained unidentified as their ascaroside origin 

could not be confirmed (Figure S14).12 DIMEN enabled structure elucidation by (i) 

demonstrating that these compounds must be derived from an ascaroside probe and (ii) 

providing robust fragmentation patterns that extended beyond phosphate fragments.

Small molecule phosphorylation regulates diverse biological processes, e.g., signal 

transduction through phosphorylated nucleosides, inositols, and lipid-linked inositides, and 

importantly, energy metabolism.50–52 Phosphorylation is often highly site-specific, e.g., in 

the case of inositol pyrophosphates.53 In the case of ascarosides, phosphorylation is specific 
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for the 2′-position. Our observation that starvation increases the percentage of excreted 

phosphorylated ascarosides relative to their nonphosphorylated counterparts, particularly 

during the larval stages of C. elegans (Figure 5f), suggests that phosphorylated ascarosides 

have distinct signaling properties.

Like the phosphorylated and amino acid conjugated PDMs, fucosylated ascarosides 

produced an MS/MS subcluster that enabled their quick recognition as a novel compound 

family (Figures 3a and 6a). Fucose is obtained by mammals from food sources via a salvage 

pathway and through a highly conserved 3-step transformation of GDP mannose.54 Once 

acquired, fucose may be incorporated into N- and O-glycans or glycolipids through the 

activity of fucosyltransferases, with the most well-known example being the ABO antigens 

found on human blood cells.54 Because fucose is integral for cell–cell communication and 

signaling, disturbances of fucosylation result in developmental disease and autoimmune 

disorders.55 Fucosylation also plays an important role for chemical signaling involving 

bacteria, for example in host-commensal symbiosis in the human intestine.56,57 The C. 
elegans genome includes a partially annotated fucose biosynthetic pathway and over 30 

predicted fucosyl transferases, indicating that fucose may play an important role in 

nematodes.58,59 Similar to other organisms, C. elegans incorporate fucose in the architecture 

of N- and O-glycans of glycoproteins. These fucose units can be O-methylated analogously 

to the enriched PDMs of this study.35,59,60 Surprisingly, there are few examples of 

fucosylated small molecules from other organisms, though our identification of fucosylated 

ascarosides and the prevalence of fucosyl transferases may suggest that fucosylated 

metabolites could be widespread.

In addition to the three compound classes we selected for follow up, the DIMEN MS/MS 

network (Figure 3a) contains many yet uncharacterized nodes that likely represent additional 

unknown structures and metabolic pathways. Using other alkyne-functionalized ascarosides

—all data shown here were generated using a single probe—and application of DIMEN to 

biosynthesis mutants may reveal additional facets of ascaroside metabolism and help 

delineate biosynthetic pathways. Our partial analysis provides evidence for an extensive 

metabolic network beyond existing biochemical models in C. elegans and highlights the 

potential of click-chemistry-based enrichment and tagging approaches for uncovering 

hidden metabolites and biosyntheses in diverse biological systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ARCO azide-reactive cyclooctyne
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BTTAA 2-(4-((Bis((1-(tert-butyl)-1H-1,2,3,-triazol-4-

yl)methylamino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid

CARR cleavable azide-reactive resin

CuAAC copper catalyzed azide alkyne cycloaddition

DIMEN deep interrogation of metabolism via enrichment

GDP guanosine diphosphate

LC liquid chromatography

m/z mass to charge ratio

MS mass spectrometry

MS/MS tandem mass spectrometry

PDM probe-derived metabolite

PEGA polyethylene glycol acrylamide

SPPS solid phase peptide synthesis
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Figure 1. 
Development of DIMEN. (a) Schematic representation of metabolomes and purpose of 

DIMEN for the characterization of known, LC-MS visible (light gray) and LC-MS invisible 

(dark gray) molecules. (b) Glycosides of the dideoxy sugar ascarylose are combined with 

diverse primary metabolic building blocks in C. elegans. (c) Structure of solid-support, 

alkyne capture for enrichment and reporter-ion installation (ACER) resin (1), and alkyne 

probe ascr#3-YNE (3), which mimics ascr#3 (2), a precursor upstream of the biosynthesis of 

diverse signaling molecules. (d) Schematic overview of DIMEN analysis. C. elegans are 

grown with and without alkyne-labeled probe (blue star) and extracted. Probe is added to 

unlabeled samples before enrichment using the ACER resin. Enriched metabolomes are 

analyzed via LC-HRMS/MS to detect PDMs, e.g., ascr#3-LNK (4) and icas#3-LNK (5).

Hoki et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Enrichment of PDMs with DIMEN. (a) LC-HRMS chromatograms for a typical enrichment 

experiment. Peaks of highly abundant nontarget metabolites (red) are absent following 

enrichment and remain in the flow-through (intensities adjusted for sample volumes). (b) 

MS/MS of PDMs in positive mode produces a reporter-ion at m/z 100.0757. (c) Extracted-

ion-chromatogram (EIC) for the reporter ion m/z 100.076 of a DIMEN-enriched sample, 

showing peaks representing known metabolic transformations (annotated in blue), novel 

transformations (examples annotated red), and unmodified probe and nonbiological cleavage 

products (annotated in green). See Figure S1 for structures.
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Figure 3. 
DIMEN of ascr#3-YNE-fed C. elegans. (a) Molecular network resulting from DIMEN 

analysis of ascr#3-YNE-treated C. elegans cultures. The blue node is ascr#3-LNK and the 

red nodes are differential between probe-fed and incubation control data sets. These include 

analogues of known ascarosides such as mbas#3-LNK (9) as well as several new compound 

families, e.g., a set of fucosylated PDMs, amino-acid ligated ascarosides, and 

phosphorylated ascarosides. (b) Example EICs for probe-derived artifacts detected in both 

the probe-fed and incubation control data sets that originate from abiological 

transformations (e.g., [O]-ascr#3-LNK, a product of nonenzymatic oxidation of ascr#3), 

PDMs only present in probe-fed data sets representing known ascaroside derivatives (e.g., 

icas#9-LNK (8), a derivative of the known icas#9), and PDMs only present in probe-fed data 
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sets that represent novel metabolites (e.g., ascr#3-Ala-LNK (17)). (c) EICs filtered for 

alkyne-functionalized PDMs (PDM-YNE) in exo-metabolome (green), and linker-bound 

PDMs (PDM-LNK) in enriched exo-metabolome (black). DIMEN improves signal intensity 

>200-fold between pairs of PDM-YNE and PDM-LNK, due to enrichment and improvement 

of ionization efficiency (Figure S4d).
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Figure 4. 
PDMs from amino acid ligation of ascr#3-YNE. (a) MS/MS fragmentation of ascr#3-Ser-

LNK (19). (b) EICs [M–H]− for ascaroside glycine conjugates 19–22 in acox-1.1, wildtype, 

and daf-22 exo-metabolomes. (c) Relative abundances for PDMs representing ascr#3-amino 

acid-LNK conjugates as detected by DIMEN (black) as well as for natural ascr#10-amino 

acid conjugates in acox-1.1 mutants and wild-type worms (purple and green, respectively), 

normalized to the abundance of the corresponding glycine conjugate. Absolute abundances 

of the ascaroside-glycine conjugates are shown in the inset. (d) EICs for ascr#10-Phe (23) in 

acox-1.1 exo-metabolome, synthetic ascr#10-Phe, and coinjection confirm its identification.
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Figure 5. 
Identification of phosphorylated PDMs. (a) EICs for features representing phosphorylated 

PDMs in probe-fed and incubation control data sets. (b) MS/MS analysis of phicas#31-LNK 

(24). (c) Structures of simple ascarosides and their phosphorylated derivatives. (d) EICs for 

compounds in panel (c) in wildtype and daf-22 exo-metabolomes reveal extensive 

phosphorylation of ascarosides. Phosphorylated and corresponding nonphosphorylated 

ascaroside species are highlighted with red and blue shading, respectively. (e) EICs for 

synthetic phascr#151 (27), synthetic phascr#152) (28), and the phosphorylated ascr#15 in 

wild-type exo-metabolome indicates phosphorylation at the 2′-position. (f) Abundances of 

phosphorylated ascarosides relative to corresponding nonphosphorylated ascarosides in 

different life stages.
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Figure 6. 
Identification of PDMs representing fucosylated ascarosides. (a) EICs for PDMs bearing one 

or two deoxyhexose moieties that are further decorated with additional methyl groups in 

enriched probe-fed and control data sets. (b) MS/MS analysis of fucosylated ascr#3-LNK 

decorated with up to two methyl groups (36a–c, also Figures S15–S17). (c) EICs for m/z 
values corresponding to fucosas#10 (38) and derivatives with one or two additional methyl 

groups (fucosas#101 (39) and fucosas#102 (40), respectively) in acox-1.1, wildtype, and 

daf-22 exo-metabolomes. Fucosylated ascr#10 derivatives are observed in wild-type C. 
elegans, are more abundant in acox-1.1 mutants, and not detected in daf-22 mutant worms. 

Additional isomers of fucosylated ascr#10 derivatives represent fucosyl-ascarosides with 

shorter side chains and mono- and di-O-methylation of the fucose, as suggested by MS/MS 

analysis (Figures S18–S20). (d) EICs for fucosas#10 (38) in acox-1.1 exo-metabolome 

(black), a synthetic sample (green), and in a sample where synthetic fucosas#10 is added to 

acox-1.1 exo-metabolome (purple) confirm identification of fucosas#10. (e) Ascr#10 (34) 

and fucosas#10 (38) were quantified in the exo-metabolome of wildtype worms. Production 

of fucosas#10 is dependent on nutritional conditions, but not strongly dependent on life 

stage, unlike ascr#10.
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