
  

 

UNCOVERING THE HIDDEN METABOLOME IN 

CAENORHABDITIS ELEGANS 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

by 

Henry Hoan Le 

December 2019



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2019 Henry Hoan Le



 

iii 

UNCOVERING THE HIDDEN METABOLOME IN 

CAENORHABDITIS ELEGANS 

 

Henry Hoan Le, Ph. D. 

Cornell University 2019 

 

An organisms’ metabolism is fundamental to its survival. Metabolism, which 

is principally an organisms’ collection of biochemical transformations, inherently 

requires the development of reactive metabolites for transformations to occur. 

Metabolites such as adenylated acids and coenzyme A thioesters, biochemical 

moieties found in all living systems, only persist with half-lives on the order of 

minutes to days. Standard metabolomic methods lack the ability to detect reactive 

metabolites which ultimately remain invisible to typical analytical techniques. Current 

specialized techniques for detecting reactive metabolites usually require laborious, 

technically challenging protocols, and ubiquitously lack the capacity to enable 

untargeted applications. Modern advances in high-resolution mass spectrometry can 

detect hundreds of thousands of features in a single sample, adding to the complexity 

of deconvoluting signatures of the reactive metabolome. 

This dissertation explores the development of tools to reveal metabolites that 

were either difficult or impossible to previously detect. Coupling high-resolution 

tandem mass spectrometry to untargeted metabolomic tools reveals a multitude of 

metabolites, many of which reveal new biology, biosyntheses, and biochemistries. 

Although the model organism Caenorhabditis elegans is predominantly utilized in this 

body of work, the tools developed in this dissertation can be applied to virtual any 

living system. 
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INTRODUCTION 

The Metabolome 

Inherent to all known life forms are the genomic, transcriptomic, proteomic, and 

metabolomic identities that describe them.1 The metabolome is the vast ocean of biological small 

molecules, also known as metabolites, which an organism generates to elicit form and function in 

nearly all facets of biology.2  Monomeric metabolites give rise to the macromolecular structures 

of DNA, RNA, and protein. Some metabolites, with stored chemical potential, provide energy 

and drive life processes.3 And other metabolites elicit messages near and far, both within and 

throughout to an organism, propagating chemical signals which transform behavior and may 

transcends an organism, a population, and even a species.4 This elaborate perfume of metabolism 

has no boundaries, and although distinctions are made, metabolites may simultaneously provide 

structure, signal, and energy. 

The DNA sequencing revolution has uncovered the genomic, transcriptomic, and perhaps 

partially the proteomic levels of organization. Unlike the nuclear tenet, the metabolome is guided 

by all three proceeding creeds, and with increasing complexity at each stage, the diversity of 

metabolism cannot simply be annotated from A-T-C’s and G’s. Current methodologies, 

including mass spectrometry, have dramatically advanced our understanding of the 

metabolome.5,6 However, even the most superficial examinations of metabolomic data suggests a 

huge reservoir of uncharacterized metabolites. It’s estimated that less than 2% of all detectable 

features in a metabolomic dataset have known identities.7 

The metabolomic portrait of living systems is even more perplexing given that many 

metabolites are inherently reactive. The biochemical logic is obvious when one appreciates that 

organisms transfer chemical potential onto metabolites to perform work.8 This reactivity then 

imposes a problem for metabolite detection. Reactive metabolites decompose or react with water, 

dioxygen, or other reactive metabolites, rendering their detection difficult or impossible.9,10 To 

limit unwanted transformations of reactive metabolites, organisms compartmentalize different 

chemistries. Sheltered redox states, acidities, and enzyme specific transformations are segregated 
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into organelles where system-wide incompatible biochemistries are insulated from each other.4 

Standard analytical protocols lack robust methodologies to detect reactive metabolites or location 

specific chemistries. In addition, the application of untargeted tools to rapidly deconvolute status 

changes and reveal novel structures are underutilized. The work in this dissertation seeks to 

demonstrate methodologies to reveal novel metabolic structures and status changes applicable to 

nearly any living system. 

Nematodes as model organisms 

Caenorhabditis elegans, a free-living nematode, is best known for being one of the first 

organisms to have its genome completely sequenced, revealing numerous homologous systems 

to higher order organisms, including humans.11,12 These revelations make the nematode an ideal 

platform for studying aging, disease, development, and chemical signaling.11 For instance, 

insulin and insulin-like signaling is found in both human and C. elegans, along with serotonin 

signaling, two important biologies which will be discussed further in this dissertation. In 

addition, its rapid development, robust genomic characterization, low cost, and its “chemist-

friendly” ease of use make it an ideal platform for method development.  

Caenorhabditis elegans make modular metabolites known as ascarosides.13-18 Central to 

an ascaroside is the dideoxy monosaccharide, ascarylose, attached to a fatty acid derived side 

chain. Additional modularity arises from chemical attachments to the 4’-position of the sugar, 

known as a head group, along with carboxy additions to the fatty acid side chain.16,19,20 Known 

4’-attachments include indole-3-carbonoyl (icas), 4-hydroxybenzoyl (hbas), (E)-2-methyl-2-

butenoyl (mbas), and N-succinoyl octopamine (osas). Known carboxy terminus additions include 

indole and anthranilic acid glucosides (uglas & anglas, respective), p-aminobenzoic acid 

(ascr#8), among many others.15,18 Although knowledge of ascaroside biosynthesis is sparse, 

current understanding involves enzymes that engage in chain shortening of the side chain via 

peroxisomal beta-oxidation (pβo) of the Coenzyme A (CoA)-attached ascarosides.15,21-23 

Additionally, genome-wide association studies in the related nematode Pristionchus pacificus 

showed that a hydrolase-like gene ablated the formation of a P. pacificus specific 4’-modified 
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ascaroside.24 Finally, null GLO-1 mutants, a gene responsible for the formation of lysosome 

related organelles, lack all modular ascarosides.25  

Although precedent lends us many clues, the biosynthetic space of ascarosides is heavily 

uncharacterized. In additional, although the existence of CoA-attached ascarosides has been 

inferred via in vitro activity, in vivo characterizations have gone unexplored. Finally, although 

compartment specific biosynthesis of ascarosides and other metabolites in C. elegans have been 

suggested, no direct evidence exists to validate these loosely held hypotheses. This dissertation 

seeks to explore the specialized metabolic space of C. elegans with novel methods, and along the 

way elucidates both novel structures and biochemistries. 

 

Preview of chapters 

Each chapter in this dissertation represents progression of work building on the theme of 

detecting metabolites that are difficult or impossible to detect. In chapter 1, a tool is developed 

for the unambiguous detection of unstable metabolites. In chapter 2, the tool is utilized to 

elucidate novel activated versions of modular metabolites, some of which are connected to the 

vitamin niacin and longevity. Chapter 3 explores enzymes responsible for building modular 

metabolites, three of which are responsible for metabolites connected to vastly different known 

biologies, and a fourth enzyme engaged in constructing glucose derived metabolites, include a 

novel class of serotonin-based glucosides. Chapter 4 probes the metabolites of lysosomes in 

long-lived worms, revealing signatures of longevity, some of which are metabolic precursors to 

metabolites identified in chapters 2 and 3. Author contributions for each chapter will be 

described here and not within each chapter. 

 

In chapter 1, hydroxylamine is developed as a tool to reveal reactive metabolites. In C. 

elegans, we identified the accumulation of certain activated ascarosides, suggesting a storage 

platform to quickly mobilize certain ascaroside signals. In addition, we noted strong down 

regulation of activated ascarosides in an acox-1.1 mutant, suggesting upregulation of a 
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hydrolase. Transcriptomic analysis followed by RNA interference revealed two thioesterase 

responsible for hydrolyzing certain ascaroside coenzyme A conjugates. By adding isotopically 

enriched hydroxylamine in our pipeline, thousands of features in C. elegans could be detected 

which previously may have been difficult or impossible to observe. 

 

Chapter 1 author contributions: Henry H. Le carried out initial method development, 

constructed plasmids, designed research, made the figures, and wrote the manuscript. Yan Yu 

optimized experimental methods, developed the untargeted protocol, and designed research. 

Chester J. J. Wrobel performed RT-qPCR. Aude Bouagnon and Kaveh Ashrafi made and 

supplied the cpt-6 mutant strain. Frank C. Schroeder designed research and provided valuable 

intellectual input. 

 

In chapter 2, we explore novel activated metabolites identified in C. elegans. 

Hydroxylamine labeling of the activated metabolome revealed three new classes of C. elegans 

ascarosides, including those of niacin-, pyrrol-3-carbonyl-, and benzoyl-based signing 

metabolites. The niacin-based metabolites were strongly upregulated in long lived daf-2 worms. 

After accessing this niacin metabolite synthetically, treatment of nanomolar concentrations to 

wildtype worms increased their lifespan by over 28%.  
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Chapter 2 author contributions: Henry H. Le performed experiments, identified all 

compounds, designed experiments, made the figures, and wrote the manuscript. Brian J. Curtis 

and Judy Pan synthesized ncas#3. Andreas Ludewig performed aging assays. Chester J. J. 

Wrobel, Yan Yu, and Danielle N. Maxwell grew cultures. Frank C. Schroeder designed 

experiments and provided valuable intellectual input. 

 

Chapter 3 identifies four different acetylcholinesterase-like enzymes responsible for the 

biosynthesis of modular metabolites in C. elegans. The first enzyme, cest-1.1, a gene implicated 

for longevity, is an enzyme responsible for assembly of uglas#1, an ascaroside-based metabolite 

attached to a uric acid glucoside.  
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Chapter 3 author contributions: Henry H. Le grew cultures, analyzed data, identified 

all novel compounds, designed experiments, selected mutagenic targets, made the figures, and 

wrote the manuscript. Jingfang Yu synthesized all cest-4 associated compounds, grew cultures, 

and analyzed data. Chester J. J. Wrobel grew cultures, analyzed data, and performed biological 

assays. Maximillian Helf designed software to performed differential analysis. Brian Curtis 

synthesized compounds associated with cest-1. Pedro R. Rodriguez contributed valuable 

intellectual information. Sarah M. Cohen and Heenam Park performed CRISPR/Cas9 

mutagenesis. Frank C. Schroeder analyzed data, made figures, wrote the manuscript, and 

provided valuable intellectual input. Paul Sternberg designed experiments and edited the 

manuscript. 
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Chapter 4 probes the metabolome of C. elegans lysosome. Utilizing a recently 

developed method, lysosomes are enriched with magnetic beads by expressing lmp-1 with an 

affinity tag. HRMS analysis identified enriched amino acids, modified peptides, acyl carnitines, 

and various lipids. By applying this technique to long-lived insulin-signaling deficient a daf-2 

mutant worms, vast lysosome metabolomic differences were identified. Metabolites include 

proline-containing metabolites, 7-methylguanine, asymmetric dimethylarginine, nicotinamide, 

uric acid, glutathione, and ethanolamides, all of which add up to the lysosomal signatures of 

longevity. 

 

 

 

Chapter 4 author contributions: Yong Yu constructed plasmids, injected worms, 

isolated lysosomes, and performing aging assays. Henry H. Le prepared samples, analyzed 

metabolomic data, performed biological assays for RT-qPCR analysis, made figures, and wrote 

the manuscript. Frank C. Schroeder and Meng Wang designed research and provided valuable 

intellectual input. 
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CHAPTER 1 

A RAPID UNTARGETED TECHNIQUE FOR 

REVEALING UNSTABLE METABOLITES IN LIVING SYSTEMS 

 

Abstract: Countless biological pathways generate unstable electrophilic intermediates difficult 

or impossible to detect with standard strategies. Here we utilize hydroxylamine (NH2OH)-

labeling of electrophilic metabolites to generate stable versions of reactive species easily 

detectable via LC-MS. Utilizing NH2OH-labeling on the model organism C. elegans, we 

determined that wildtype (N2) worms accumulate the pheromone ascr#10 in activated form. 

Intriguingly, the null acox-1.1 mutant revealed significant loss of activated ascr#10, suggesting 

upregulated hydrolytic mechanism of activated ascr#10. RNAi of thioesterase K05B2.4 and 

W03D8.8 showed partial recovery of activated ascr#10, suggesting K05B2.4 and W03D8.8 

contribute to ascr#10-CoA hydrolysis. Employing 15NH2OH for untargeted analysis, thousands 

of reactive features were detected in C. elegans. MS2-based molecular networking revealed 

many metabolites and metabolite-classes that remain to be elucidated, providing the first step in 

the discovery of a vast portion of the metabolome which so far has remained largely 

uncharacterized. Successfully applying this tool in both human- and fungal-derived systems, this 

tool establishes itself as a simple systems-agnostic strategy for uncovering the hidden reactive 

metabolome in virtually any living system. 

 

Introduction: Living systems have vast metabolomes generated from numerous biochemical 

pathways. Each pathway is descriptively a series of chemical transformations, some of which 

rely on the generation of electrophilic intermediates.1 Examples such as phosphorylation and 

thioesterification, reactions found in glycolysis and fatty acid metabolism, generate intermediates 

with half-lives on the order of minutes to days.2 Spontaneous hydrolysis of metabolites 

containing mixed anhydrides or thioesters yield by-products indistinguishable from native 

precursor pools. In addition, natively promiscuous biological nucleophiles such as amines and 
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thiols, moieties found on virtually all proteins, rapidly deplete reactive metabolites during 

extraction.3 To alleviate this problem, methods such as low temperature isolation coupled to 

rapid detection have been employed.4 Not only can this be laborious, but significantly, reactive 

species degrade rapidly and thus prepared samples cannot be stored for in-depth analysis. Other 

methods make use of labeling strategies, utilizing innate reactivities of certain metabolites that 

succumb to predictable modification.5 As of this writing, there are no robust, untargeted 

approaches for the discovery of unstable metabolites. In this work, we couple the rapid 

nucleophilic labeling capacity of hydroxylamine (NH2OH) to the recently developed 

comparative metabolomics software METABOseek, which integrates the XCMS package, for 

comprehensive untargeted analysis.6,7 By doing so, we seek to develop a tool for global 

characterization of electrophilic metabolites capable of revealing hidden metabolic states, novel 

metabolites, and uncharacterized biosyntheses. 

 

Results: Our development strategy began with the laboratory friendly nematode Caenorhabditis 

elegans, a well-establish model organism for aging, disease, development, and more recently 

chemical signaling.8,9 Previous work has established that C. elegans pheromones, the 

ascarosides, exist as Coenzyme A-attached thioesters which are crucial intermediates in the 

peroxisomal β-oxidation (pβo) cycle responsible for fatty acyl chain shortening (Fig. 1a).10-16 We 

then utilized NH2OH-labeling on C. elegans to monitor activated forms of ascarosides. Worm 

cultures from individual strains are grown and split into two portions. One portion receives 100 

mM NH2OH, and the other receives buffer control (Fig. 2a). Paired samples are then sonicated, 

immediately frozen with liquid nitrogen, and then lyophilized to dryness. Dried samples are then 

methanol extracted, clarified by either centrifugation or filtration, and supernatants are 

concentrated and then re-constituted in minimal solvent before analysis via high performance 

liquid chromatography (HPLC) coupled to high-resolution mass spectrometry (HRMS). The 

appearance of novel features in the NH2OH sample absent in control represent candidate labeled 

(*) metabolites (Fig. 2c). 
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Figure 1. Peroxisomal β-oxidation (pβo) of ascarosides and expected labeling reactions 

associated with each known intermediate along ascaroside biosynthesis. 

 

 

 

Figures 2. Workflow for NH2OH-labeling of reactive metabolites for (a) targeted and (b) 

untargeted analysis. Live cultures are split evenly into equal portions and treated with either 

NH2OH or buffer control. (c) Ion chromatograms demonstrating 14NH2OH- and 15NH2OH-

labeling of activated ascr#10. 
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We began by profiling anticipated intermediates of ascaroside pβo (Fig. 1b).13 Labeling 

of activated ascarosides with saturated fatty acyl groups provides the corresponding hydroxamic 

acids.17 Targeted profiling of the activated saturated ascaroside pool in wildtype worms revealed 

the dominant labeling of the nine-carbon activated (C9*) ascr#10 over all other chain lengths 

(Fig. 3a). Performing NH2OH on the daf-22 null mutant incapable of producing short or medium 

chain ascarosides showed abolishment of activated ascr#10 (Appendix Fig. A1).15,18 In addition, 

detailed tandem mass spectrum analysis of NH2OH-labeled ascr#10 confirmed its structure 

(Appendix Table A1). As anticipated, profiling the endo-metabolome showed a broad 

distribution of saturated C5, C7, C9, and C11 ascarosides, consistent with previous studies (Fig. 

3b).13 This demonstrates both the specificity of the technique, and the selective accumulation of 

C9*, suggesting activated ascr#10 acts as a central precursor to the biosynthesis of other 

ascarosides. 

 

 

 

Figure 3. Wildtype (N2) and null acox-1.1 endo-metabolomic profile of (a) NH2OH-labeled 

saturated ascarosides and (b) unlabeled saturated ascarosides. Values are the mean of triplicate 

experiments normalized to dry mass of worm bodies, and N2 ascr#10 (n=6) set to 1 and all other 

values scaled accordingly. (c) Candidate thioesterases responsible for hydrolyzing activated 

ascr#10.  (d) RT-qPCR of candidate thioesterases in N2 and null acox-1.1 worms. Values are the 

mean of eight experiments. Error bars represent standard deviation. Numbers over bars represent 

Student’s t-test p-values. 
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Activated α,β-unsaturated (ΔC#) ascarosides, due to the additional Michael-reactivity, 

become doubly labeled and can also be profiled (Fig. 1, Appendix Fig. A2a).19 Activated β-

hydroxy (βOHC#) ascarosides are monitored like their saturated counterparts (Fig. 1, Appendix 

Fig. A2b). Finally, the activated β-keto ascarosides can be monitored as their corresponding 

isoxazoles (Fig. 1, Appendix Fig. A2c).20 Virtually all activated ascarosides along pβo 

accumulate as the C9*, further establishing activated varieties of C9 as a potential central 

biosynthetic precursor to other ascarosides. Interestingly, 4’-modified ascarosides also 

accumulate as activated C9 (Appendix Fig. A3). This likely suggests accumulation of activated 

C9 ascarosides after attachment of the head group, however we cannot rule out that the head 

group attachment occurs to ascr#10-CoA instead of ascr#10. Overall, this demonstrates that 

NH2OH can access a variety of electrophiles, making it a robust tool for global analysis.  

Although biosynthetic knowledge of ascarosides is sparse, known enzymes of pβo 

include ACOX-1.1, MAOC-1, DHS-28 and DAF-22, which chain-shorten the side chain (Fig. 

1a). Previously, it was shown that null acox-1.1 mutants were incapable of initiating β-oxidation 

on medium chain ascarosides, and thus accumulate the free acid of C9 (ascr#10), C11, and C13 

(Fig. 3a).13 Interestingly, NH2OH labeling showed that activated ascr#10 was strongly reduced in 

the acox-1.1 mutant (Fig. 3b), suggesting upregulation of a thioester hydrolase specifically 

responsible for generating free acid ascr#10 from activated ascr#10. We then utilized RT-qPCR 

to screen annotated thioesterases bearing a peroxisomal targeting signal (PTS) for comparative 

analysis.21,22 Null acox-1.1 worms showed upregulation of both W03D8.8 and K05B2.4 (Fig. 3c, 

d). This determination was corroborated with recent work demonstrating strong upregulation of 

K05B2.4 in the acox-1.1 mutant for RNAseq datasets.23 

 To elucidate the function of putative thioesterases bearing PTSs, we performed RNA 

interference on acox-1.1 worms and noted an increase of activated ascr#10 in both W03D8.8 and 

K05B2.4, suggesting decreased hydrolysis by the corresponding enzymes (Fig. 4a). As 

anticipated, we observed a modest decrease of the free acid ascr#10 in the RNAi medium of both 

W03D8.8 and K05B2.4 (Fig. 4b). We also noticed a reduction of icas#10, suggesting W03D8.8 



 

16 

 

and K05B2.4 may play a role in hydrolyzing activated 4’-modified ascarosides (Fig. 4c). 

Unfortunately, activated icas#10 could not be measured in this experiment and we therefore 

cannot rule out loss of icas#10 as purely a function of reduced ascr#10. In addition to hydrolytic 

activity, thioesterases may function as N-acyl transferases by virtue of replacing water with a 

nitrogen-based nucleophile, typically resulting in amino acid conjugates.24 Surveying amino acid 

conjugates of ascarosides, we noted reduction of ascr#10-amino acid conjugates of leucine and 

valine for RNAi with all three thioesterases (Appendix Fig. A4). C31H5.6 showed opposing 

trends to the K05B2.4 and W03D8.8 for both activated and free acid forms of ascr#10. 

Speculatively, C31H5.6 may produce a yet to be identified activated metabolite which 

accumulates and triggers non-specific upregulation of thioesterases bearing PTS, creating the 

opposing effect to K05B2.4 and W03D8.8 knock-down. Taken together, this suggests that 

K05B2.4 and W03D8.8 likely play synergistic roles in modulating ascaroside signaling from 

activated ascr#10, with perhaps T05E7.1 (not measured in RT-qPCR), or some other esterase-

like enzyme (see chapter 4) generating novel ascaroside-amino acid conjugate signals. 

 

 
Figure 4. RNA interference of W03D8.8, K05B2.4, and C31H5.6 in acox-1.1 mutants followed 

by measurement of (a) NH2OH-labeled activated ascr#10, (b) ascr#10, and (c) icas#10. (d) 
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Tentative model for peroxisomal thioesterase activity. 

The simplistic use of NH2OH-labeling demonstrates an appealing platform for globally 

surveying activated metabolites. We then sought to generalize NH2OH-labeling for use with 

untargeted tools such as XCMS, allowing us to survey electrophilic metabolites in a semi-

unbiased manner.6 Initial untargeted experiments presented with an overwhelming number of 

differential features. Complications from labeling metabolites bearing moieties such as thioesters 

generate two molecular features, one bearing the label and the other not, both of which may 

present as differential on comparative analysis (Appendix Fig. A5). Additionally, other reactions 

promoted by addition of NH2OH may also generate unlabeled differential features.25 To alleviate 

these problems, we utilized 15N-isotopically enriched NH2OH (15NH2OH) as a tracer for our 

label. In practice, live cultures are divided evenly into three portions. In parallel, one portion is 

treated with buffer, a second is treated with 14NH2OH, and a third is treated with 15NH2OH (Fig. 

2b). The triad is then processed (vide supra) and again analyzed via HPLC-HRMS (Fig. 2c). For 

untargeted analysis, features detected in the 14NH2OH samples are filtered by appearing in the 

15NH2OH and control samples via the FoldOverCtrl feature in METABOseek. Candidate 

NH2OH-labeled features appearing only in the 14NH2OH-sample are then further validated by 

searching for the m/z addition of +0.99731 in the 15NH2OH sample at a corresponding retention 

time. In C. elegans, more than 1000 features were differential and validated in positive polarity 

(Fig. 5a) and more than 100 features were detected in negative polarity MS (Appendix Fig. A6a). 
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Figure 5. 15NH2OH improves filtering efficiency for untargeted analysis. 14NH2OH-treated 

dataset is filtered by removing features in both PBS and 15NH2OH-treated samples. Novel 

features found in 14NH2OH-treated samples (m/z χ) are then confirmed by occurrence of a (m/z 

χ+0.997) feature in the 15NH2OH-treated samples. 15NH2OH-filtering performed on (a) N2 C. 

elegans, (b) and FreeStyle 293-F human-derived cells, and (c) Aspergillus Fumigatus. 

 

After developing our list of 15NH2OH-validated labeled electrophilic metabolites, we then 

wished to evaluate a mutant with global changes to the electrophilic metabolome. We then 

acquired null cpt-6 mutants, an annotated carnitine palmitoyl transferase, an enzyme that likely 

controls the exchange of carnitine from long chain fatty acyl-CoAs for transport into the 

mitochondria.23 We anticipated vast changes in the CoA-attached metabolome. Therefore, we 

performed NH2OH labeling on null cpt-6 worms and, upon applying our 15NH2OH-validated 

metabolite list, we determined a vast set of up- and down-regulated features compared to wild-

type N2. To assist in the characterization of the electrophilic metabolome, we then acquired 

MSMS data on all labeled features and the resulting spectra were networked (Fig. 6, Appendix 

Fig. A7).26 Based on the MSMS networking, labeled species included peptide-, ascaroside-, 

glycerophosphocholine-, and nucleoside-derivatives. Applying our cpt-6 data, fatty acid 

dependent metabolites were strongly down-regulated, consistent with a system that is perturbed 

in fatty acid metabolism. Additionally, we noted that activated peptides were strongly 

upregulated, suggesting increased protein turnover likely due to compensation mechanisms 

associated with decreased fatty acid catabolism. Interestingly, activated ascarosides were 

relatively unchanged, suggesting either lack of reliance on cpt-6 activity for ascaroside 

biosynthesis or strong compensation mechanisms to maintain wild-type levels of activated 

ascr#10. 

 

Discussion: With NH2OH-labeling, activated ascarosides were easily measured in N2, from 

which we noted the accumulation of activated ascr#10, implicating activated ascr#10 as a central 

precursor to other ascaroside forms. This suggests a storage strategy for the worm and therefore 

represents a platform for rapid transformation. When conditions favor a distinct ascaroside-based 
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signal, activated ascr#10 is then mobilized and transformed accordingly. Interestingly, we noted 

accumulation of C9 for 4’-modified ascarosides as well, suggesting a similar strategy for 

modified ascarosides. Interestingly, for the acox-1.1 null mutant, a strain for which we 

anticipated heightened accumulation of ascr#10-CoA, instead showed strong reduction. Targeted 

transcriptomic analysis followed by RNAi studies implicated genes K05B2.4 and W03D8.8 in 

the conversion of ascr#10-CoA to ascr#10 and ascr#10-amino acid conjugates, respectively. 

By implementing 15N-enriched NH2OH, we developed an untargeted platform for 

revealing a vast suite of electrophilic metabolites. By surveying acox-1.1 and cpt-6, two enzymes 

implicated in serotonin-mediated fat metabolism, we noted both centralized and global changes 

to the electrophilic metabolome, respectively. Additionally, many uncharacterized metabolites, 

which either did or did not cluster during networking, represent a vast sea of metabolites or 

metabolite-classes yet to be elucidated. Furthermore, our untargeted use of NH2OH for analyzing 

the electrophilic metabolome translated well into human-derived FreeStyle 293-F cells (Fig. 4b, 

Appendix Fig. A6b) as well as the pathogenic fungus Aspergillus fumigatus (Fig. 4c, Appendix 

Fig. A6c), demonstrating a systems-agnostic platform. Overall our study demonstrates that 

NH2OH-labeling, as well as strategies like it, can provide both characterization and discovery of 

novel metabolites, biochemistries, and biosyntheses that were previously difficult or impossible 

evaluate otherwise. 
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Figure 6. Partial representation of MS/MS network of NH2OH-labeled metabolites.  

MS/MS molecular networking of 15NH2OH-validated labeled metabolites detected in positive 

ionization mode from C. elegans. Strongly up- (green), and down-regulated (red) molecular 

features (circles) depicting cpt-6-dependant changes to the NH2OH-labeled metabolome relative 

to wild-type N2. Values (color) represent cpt-6/N2 ratio from triplicate experiments and p-values 

(circle size) indicate p-values of Student’s t-test. 
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CHAPTER 2 

LABELING REACTIVE METABOLITES IN CAENORHABDITIS ELEGANS 

REVEALS NOVEL NIACIN BEARING ASCAROSIDES 

ASSOCIATED WITH LONGEVITY 

 

Abstract: Reactive metabolites are fundamental chemical intermediates in all processes of life. 

Many reactive metabolites undergo unwanted chemical transformations, making their 

characterization difficult or impossible. Labeling strategies such as hydroxylamine (NH2OH) 

treatment have been employed to tag reactive metabolites for easy analysis. Here we show that 

NH2OH-labeling on live samples provides detection of specific reactive varieties of the 

Caenorhabditis elegans pheromone, the ascarosides. Tandem mass spectrometry (MS/MS) 

revealed a diagnostic positive-ion fragment associated with the ascarylose moiety, leading to a 

new technique for discovering novel ascarosides. Using this technique in conjunction with 

reactive labeling, three new classes of 4’-modified ascarosides were discovered bearing nicotinic 

acid (niacin), benzoic acid, and pyrrole-2-carboxylic acid. The niacin bearing ascarosides (ncas) 

were found to be released into the exometabolome. The most abundant niacin ascaroside, ncas#3, 

was confirmed by co-injection of a synthetic standard on liquid chromatography high-resolution 

mass spectrometry (LC-HRMS). As niacin and its downstream metabolic fates are intertwined 

with numerous biological pathways such as redox status, ATP production, fatty acid metabolism, 

and sirtuin-dependent epigenetics, we sought to understand the effects of ncas on aging and 

longevity. Long-lived insulin-signaling deficient daf-2 mutants produced 5-10 times more ncas. 

Treatment of normal life span N2 worms with ncas#3 showed life extension of 30% versus 

vehicle control. Overall, this study demonstrates that labeling of the reactive metabolome not 

only provides insight into the dynamic metabolic states of countless biological pathways but can 

also reveals novel metabolites and their associated biology. 
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Introduction: Understanding the metabolism of a living system is crucial to understanding the 

processes of life. These dynamic systems use reactive metabolic intermediates to provide a 

platform for chemical transformation.1 For example, phosphorylation and thioesterification, 

biochemical transformations found in virtually all biological systems, produce reactive 

metabolites that undergo hydrolysis with half-lives on the order of minutes to days; a timescale 

in which standard detection methods ultimately are not applicable.2 Additionally, ubiquitous 

biological nucleophiles such as those associated with proteins can capture reactive metabolites, 

removing them from detectable pools. To alleviate these problems, labeling agents such as 

hydroxylamine (NH2OH), semicarbazide, or ɣ-glutamylcysteinelysine have been used to trap 

electrophilic metabolites for MS analysis.3-5 

The model organism Caenorhabditis elegans is a well-establish platform for studying 

aging, disease, development, and more recently chemical signaling.6 C. elegans produce 

pheromones known as ascarosides, which are a modular library of signaling molecules with vast 

structural and functional diversity, with complex structure-activity relationships that regulate of 

all aspects of their life history.7,8 Ascarosides consist of an ascarylose core electively fashioned 

with a 4’-acyl head group, and a fatty acid-derived side chain. Initial discovery of ascarosides 

was provided by isolation via activity-guided fractionation.9-11 Then by using the peroxisomal β-

oxidation (pβo) null daf-22 mutant, a strain that cannot make short- or medium-chain 

ascarosides, 2D NMR-based comparative metabolomics (DANS) revealed additional 

ascarosides.12-14 Later, tandem mass spectrum (MS/MS)-based strategies revealed a diagnostic 

negative polarity fragment which provided a pipeline for the discovery of novel ascarosides.15 

Recently, untargeted differential studies using liquid chromatography high-resolution mass 

spectrometry (LC-HRMS) in conjunction with MS/MS-strategies using the daf-22 mutant 

revealed vast numbers of ascarosides.16 

Pβo is a fundament process in the biosynthesis of ascarosides, as revealed in the highly 

utilitarian daf-22 mutant. Recently studies have showed that pβo transformations rely on the 

ascaroside-Coenzyme A (CoA) thioester form, making NH2OH labeling a compelling method to 
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probe ascaroside-CoAs in vivo.17-19 In this work, we introduce exogenous NH2OH to live worms, 

providing us the ability to label activated ascarosides easily detectable via LC-HRMS. 

 

Results: Live worms were treated with NH2OH or buffer, and novel features detected in the 

HPLC-MS data of NH2OH-treated samples represent candidate labeled metabolites. Targeted 

comparative metabolomics of mixed stage cultures utilizing positive ionization HRMS revealed 

labeling of various activated ascarosides (Fig. 1a). To simplify our targeted search, we focused 

on saturated and β-hydroxylated ascarosides. We detected the activated versions of ascr#10 and 

ascr#18, representing ascarosides with saturated side chains (Fig. 1b-c). Additionally, we 

detected NH2OH-labeling of bhas#16, an ascaroside with a β-hydroxylated side chain (Fig. 1d). 

Finally, ɑ,β-unsaturated and β-keto thioesters can also be detected, and their characterization is 

explored in the previous chapter. 

 

 
Figure 1. NH2OH labeling of activated ascarosides. (a) Diagram of an example ascaroside 

being enzymatically activated to a representative thioester which then becomes amenable to 

NH2OH labeling. (b) Extracted ion chromatograms of worm bodies treated with either phosphate 

buffered saline (PBS) alone (blue) or PBS containing NH2OH (green). * = designates NH2OH-

labeled metabolite. 

Known 4’-modified ascarosides such as indole-3-carbonoyl (icas), 4-hydroxybenzoyl 

(hbas), (E)-2-methyl-2-butenoyl (mbas), and N-succinoyl octopamine (osas) were also detected 

as their corresponding saturated fatty acyl activated species (Fig. 2a-d).15,20,21 NH2OH-labeling 
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analysis showed labeling of the 4’-modified ascr#10 counterparts, icas#10, hbas#10, mbas#10, 

and osas#10 (Fig. 2a-d). Detection of these species may suggest either privileged 4’-attachment 

of ascr#10 and/or ascr#10-CoA, or, as recently demonstrated, selective CoA attachment of the 

indole-3-carbonyl ascaroside, icas#10 via acs-7. 18 

 

 
Figure 2. NH2OH labeling of activated 4’-modified ascarosides. Extracted ion chromatograms 

from worm bodies treated with either phosphate buffered saline (PBS) or 100 mM NH2OH in 

PBS and representative tandem mass spectrum fragments detected in positive ionization for 

NH2OH-labeled (a) osas#10, (b) hbas#10, (c) icas#10, and (d) mbas#10. * = designates NH2OH-

labeled metabolite. 

Seeking to confirm tentative structural assignments, we utilized MS/MS to validate 

NH2OH-captured species. Positive-ion fragmentation revealed features consistent with cleavage 

of the glycosidic linkage at the interface between ascarylose and the fatty acid chain (Fig. 2a-d, 

Appendix Table B1). 4’-modified ascarosides also presented with cleavages associated with their 

respective ester bonds. A common recurring fragment was detected at m/z 95.04914 [C6H7O], 

likely associated with a 2-methylpyrylium species originating from the ascarylose moiety (Fig. 

3a). Screening for the precursor ion of m/z 95.04914 within the NH2OH labeled samples 

revealed three novel 4’-modified ascaroside families associated with niacin (ncas), benzoic acid 

(bzas), and pyrrole-2-carboxylic acid (pras) originating from their NH2OH-labeled form (Fig. 3b-

c). Additionally, various dimeric ascarosides, including those bearing niacin and benzoic acid, 

were also detected in their activated forms (Fig. 3d). 
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Figure 3. Tandem mass spectrometry reveals diagnostic ascarylose fragment in positive 

polarity. (a) MS/MS fragmentation of ascarosides in positive polarity. (b) LC-HRMS/MS screen 

(precursor of m/z 95.04914) of wild-type endometabolome derivatized with hydroxylamine. (c) 

Structures of the ascarosides, ncas#10*, bzas#10*, pras#10*, and osas#10*. (d) Structures of the 

dimeric ascarosides. * = designates NH2OH-labeled metabolite. 

The 4’-nicotinoyl ascarosides, ncas, are excreted into the growth medium of C. elegans 

predominantly as the ω-1 ɑ,β-unsaturated nine carbon side chain (C9) ascaroside, ncas#3 (Fig. 

4a). The medium of mixed stage cultures also showed detectable production of saturated C5, -7 

and -9 ncas, ncas#9, ncas#1, and ncas#10, respectively, as well as the ɑ,β-unsaturated C7 

version, ncas#1 (Fig. 4a, Appendix Fig. B1). The presence of these five ncas ascarosides were 

tentatively confirmed with MS/MS in both positive- and negative-ionization modes (Appendix 

Table B1). The structure of ncas#3 was further confirmed by synthesis (Appendix Fig B2) and 

validated by co-injection (Appendix Fig B3). Although mbas and hbas do not present as versions 

with a C5 side chain, the ncas family does have detectable amounts of the C5 form, ncas#9. This 

suggested that ncas biosynthesis may share chain shortening strategies with the icas family, 
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which involves the recently characterized acs-7; however acs-7 mutants, which lack the C5 

version icas#9 were not devoid of ncas#9 (Appendix Fig. B4). The media of daf-22 mutants, 

which cannot chain shorten the fatty acyl portion of ascarosides, were defective of all ncas (Fig 

4a-c), suggesting that ncas shares the peroxisomal biogenesis of other ascarosides. The media of 

glo-1 mutants, which are incapable of establishing lysosomal related organelles (LRO), were also 

devoid of ncas, consistent with previous results showing the requirement for LROs for 4’-

attachment of ascaroside head groups (Fig. 4a-c).22 

 

 
Figure 4. Detection of ncas in media extracts. Comparison of extracted ion chromatograms 

performed in negative ionization (ESI-) mode of media from mixed stage cultures of N2 (red), 

glo-1 (green), and daf-22 (blue) mutants, depicting the detection of unlabeled (a) ncas#3, (b) 

pras#3, (c) and bzas#3 as well as representative tandem mass spectrum fragments in negative 

ionization mode. Additional extracted ion chromatograms for ncas are in (Appendix Fig. B1) and 

additional mass spectrum fragments in (Appendix Table B1). Δ = designates ɑ,β-unsaturated 

ascarosides. 

Although considerably less abundant than ncas, the pras and bzas ascarosides could also 

be detected in the culture medium of N2, specifically the ω-1 ɑ,β-unsaturated C9 ascarosides, 

pras#3 and bzas#3, respectively. Additionally, pras and bzas, like other 4’-modified ascarosides, 

showed glo-1 and daf-22 dependence (Appendix Fig. B5). Although we expect that pras#10 and 

bzas#10 are also produced, especially because their activated forms were detected, we have not 

conclusively detected these compounds, likely due to very low natural abundances. 

Other serendipitous findings included the activated dimeric ascarosides (Fig. 3d), which 

resemble dasc#1 first described in Pristionchus pacificus.23 In NH2OH-labeled form, they 

appeared as both canonically 4’-unmodified and -modified versions, i.e. ncas. However, one may 
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view ascaroside dimers as a monomeric ascaroside being 4’-attached to another. Preferentially, 

ascr#3 appears to be 4’-attached to ascr#10, however an ascr#10 dimer is also found in the form 

of bzas#10-ascr#10 (Fig. 3d). Curiously, a targeted search failed to detect the free acid forms of 

dimeric ascarosides in both worm bodies and mediums. We speculate that dimers accumulate as 

CoA-attached precursors and exist transiently in their free acid form, perhaps undergoing rapid 

hydrolysis upon release, analogous to acetylcholine signaling. 

As niacin bearing metabolites such as NAD+ hold fundamentally important places in 

biology, participating in redox processes, energy flux, and epigenetic transformations, we 

decided to explore the biology of ncas. Niacin itself was shown to increase lifespan of wildtype 

(N2) worms, and this lifespan increase was abolished in NAD+-dependent sir-2.1 mutants.24 

Additionally, our previous studies showed treatment of N2 worms with ascr#3 provided 21% 

life-extension which was also abolished in both the daf-37 and sir-2.1 mutant, likely pin-pointing 

both a candidate receptor and an epigenetic regulator of ncas.25 We then asked if ncas#3 would 

also increase lifespan. Treatment with 10 nM synthetic ncas#3 increased lifespan of 30% 

compared to vehicle control, nearly doubling the effect of ascr#3 alone (Fig. 5). With all three 

experimental outcomes taken together, we speculate that niacin-dependent lifespan increases 

may be due to upregulated ncas production. Synchronized N2 worms were treated with 250 uM 

niacin for 4 days and showed approximately 3-fold increase in ncas#3, suggesting niacin- and 

ascr#3-dependent lifespan increases are due to increases in ncas production (Fig. 6a). 

 
Figure 5. Ncas#3 increases lifespan of N2 worms. Lifespan assays on N2 C. elegans grown on 

NGM plates treated with either 10 nM ncas#3 or vehicle control. 



 

31 

 

We then decided to measure ncas in the well-studied long-lived insulin-signaling 

deficient C. elegans mutant daf-2 (e1370).26,27 Upon inspection of the exometabolomes of daf-2 

mutants, ncas#10 and -3 displayed abundances of roughly 5 to 10 times higher than in wild-type 

(N2) worms, respectively (Fig. 6b). Taken together, this suggests that ncas plays a role in 

modulating C. elegans lifespan.  

This study further demonstrates that labeling strategies to survey reactive species can be 

powerful tools for monitoring metabolites that would otherwise be difficult or impossible to 

accurately measure. Additionally, labeling strategies such as those employed in this work rely on 

directed transformations, all of which take place on specific chemical functionalities, 

establishing itself as an instrument for rapid identification of labeled metabolites. Utilizing these 

tools on C. elegans has given us detailed knowledge of challenging metabolites and revealed 

several previously uncharacterized pheromones. Serendipitously, a novel ascaroside bearing a 

niacin modification was found through our labeling strategy. Characterization of ncas#3, a 

metabolite that seems likely to interact with several biological processes, revealed profound life-

extending properties. The NH2OH labeling strategy could, with limited effort, ultimately 

describe numerous biological phenomena invisible to current analytical protocols and may 

provide the basis for a new wave of biological discoveries. 

 

 
Figure 6. Longevity phenotypes are associated with ncas. (a) Relative quantification of 

various 4’-modified ascarosides detected in the medium of wild-type N2 worms after treatment 
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with 250 uM niacin or vehicle control for 4 days. (b) Relative quantification of various 4’-

modified ascarosides from either wild-type N2 worms or daf-2 (e1370) mutants. Individual 

metabolites were normalized to ascr#3 and scaled to 1 for N2 values. Error bars represent 

standard deviation. Data was analyzed using an unpaired Students t-test and p-values are listed 

above each comparison. 
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CHAPTER 3 

MODULAR METABOLITE ASSEMBLY BY ACHE-LIKE GENES IN C. ELEGANS 

 

Abstract: In the model organism C. elegans, a large library of signaling molecules, the 

ascarosides, are derived from modular assembly of primary metabolic building blocks and the 

dideoxysugar ascarylose. However, it is unclear how these complex structures are produced. 

Using a CRISPR/Cas9-based knock-out strategy, we show that three acetylcholinesterase 

(AChE) homologs are required for the production of three different families of modular 

ascarosides, integrating nucleoside, neurotransmitter, folate, and fatty acid-derived moieties. 

Knock-out of a fourth AChE homolog, cest-4, led to discovery of another family of modular 

metabolites that is based on glucosides instead of ascarosides. Taken together, our study 

demonstrates that AChE-homologs, although annotated as esterases, contribute to specific 

assembly of modular metabolites via ester and amide bonds, coupling glycosides to additional 

building blocks from diverse metabolic pathways. Further exploration of the functions of AChE-

related enzymes may reveal additional novel compound families and signaling paradigms in C. 

elegans and other metazoans. 

 

Introduction: Recent studies indicate that the metabolomes of animals, from model systems 

such as C. elegans and drosophila to humans, may include 1,000s of compounds of yet 

undetermined structures and functions, representing a largely untapped reservoir of chemical 

diversity and bioactivities. In C. elegans1, a large modular library of small-molecule signals, the 

ascarosides, have been demonstrated to regulate many aspects of its life history, including aging, 

development, and behavior.2-5 The ascarosides represent a structurally diverse chemical 

language, derived from an ascarylose core attached to a fatty acid-like side chain (Fig. 1a).6 

Structural and functional specificity arises from optional attachment of additional moieties to the 

sugar, (e.g.  indole-3-carboxylic acid (icas) or succinyl octopamine (osas)), or C-terminal 

additions to the fatty acid chain, such as. p-aminobenzoic acid (PABA, ascr#8) or O-glucosyl 
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uric acid (uglas) (Fig. 1a).7-10 Given that even small changes in the chemical structures of the 

ascarosides often result in starkly altered biological function, ascaroside biosynthesis appears to 

correspond to a carefully regulated encoding process in which biological state is translated into 

chemical structures.11 Thus, ascaroside biosynthesis represents a fascinating model system for 

the endogenous regulation of inter-organismal small-molecule signaling in metazoans. Previous 

studies have shown that conserved peroxisomal β-oxidation plays a key role in ascaroside 

biosynthesis, by generating short- and medium-chain length ascarosides from longer-chained 

precursors.7,9 More recently, genome-wide association studies coupled to metabolomic analysis 

using the related nematode Pristionchus pacificus revealed that the acetylcholinesterase-like 

(AChE-like) gene uar-1 is responsible for the 4’-attachment of ureidoisobutyric acid to 

ascarosides (Fig. 1b).12 In addition, analysis of glo-1 null mutants, which are  defective in 

lysosome related organelles (LROs), completely abolished the biosynthesis of modular 

ascarosides in C. elegans.13 Taken together, we hypothesized that homologs of uar-1 in C. 

elegans, representing a family of more than 40+ AChE-like proteins, are responsible for the 

assembly of modular ascarosides, likely in a glo-1 ¬dependent manner.  

BLAST analysis of uar-1 revealed several candidate homologs in C. elegans (Fig. 1c). 

From a list of 44 uar-1 homologs from BLAST analysis (Appendix Table C1), we selected four 

for further study, representing several different subfamilies of AChE-like genes in C. elegans. 

Utilizing a recently optimized CRISPR/Cas9 method, we obtained two null mutant strains for 

each of the 4 selected genes (Fig. 1d).14 Mutant strains were then cultured and their exo- and 

endo metabolomes were analyzed by LC-high resolution mass spectrometry (LC-HRMS). 

Comparative analysis of the MS data aimed to identify features that were absent or strongly 

downregulated in both null mutant strains for a specific candidate gene, relative to wild type 

(N2) worms, and all other mutants in this study. For this purpose, we employed the recently 

developed METABOseek comparative metabolomics platform which integrates the xcms 

package.15,16 This analysis revealed strong downregulation or abolishment of the production of 

uglas ascarosides in the cest-1.1 (T02B5.1) mutants, ascr#8 derivatives in cest-2.2 (ZC376.2) 
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mutants, and osas ascarosides in cest-8 (C23H4.2) mutants (Fig. 2a-c). Unexpectedly, we found 

that cest-4 (C17H12.4) mutants are defective in the biosynthesis of a previously uncharacterized 

family of modular metabolites based on glucosides instead of ascarosides. 

 

 
Figure 1. (a) Modular ascarosides are assembled from ascarylose 4’-attachments, such as 

succinyl octopamine (osas), and carboxy-terminal attachments such as p-aminobenzoic acid 

(ascr#8) or glucosyl uric acid (uglas). (b) UAR-1 in P. pacificus converts simple ascarosides to 

the modular ureidoisobutyric acid-bearing ascaroside (ubas#3). (c) Phylogenetic tree relating P. 

pacificus uar-1 to homologous predicted genes in C. elegans. Scale bar indicates substitutions per 

site, node labels are bootstrap support values. (d) Utilizing a recently optimized CRISPR/Cas9 

method, C. elegans null mutants of selected uar-1 homologs were prepared for comparative 

metabolomics. 

Results: cest-1.1 contributes to the biosynthesis of nucleoside-ascarosides. In the two cest-1.1 

null mutants (sy1180 and sy1181) the production of two nucleoside-related ascarosides was 

abolished, including uglas#1, which is derived from the attachment of the seven carbon (C7) side 

chain ascr#1 to glucosyl uric acid, and uglas#11, the phosphorylated form of uglas#1 (Fig. 2a, 

Appendix Fig. C1a). In contrast, production of ascr#1 and glucosyl uric acid, presumably 

representing the building blocks of uglas#1, was not reduced, suggesting that CEST-1.1 is 

specifically involved with formation of the ester bond between glucose and the C7-fatty acid side 

chain in uglas#1 (Appendix Fig. C2a). Biosynthesis of uglas ascarosides was recovered in cest-
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1.1 mutant worms in which the cest-1.1 sequence had been restored to wild type using 

CRISPR/Cas9 (Appendix Fig. C3a). Previous work implicated cest-1.1 with phenotypes 

associated with argonaute-like gene 2 (alg-2).17 alg-2 mutant worms are long lived compared to 

wild type (N2) and their long lifespan was further shown to require the FOXO transcription 

factor daf-16 as well as cest-1.1. These findings suggest that uglas ascarosides may be required 

for alg-2 and cest-1.1-dependent longevity. 

 

cest-2.2 contributes to the production of PABA ascarosides. Analysis of the two cest-

2.2 null mutants (sy1170 and sy1171) revealed loss of ascr#8, a pheromone that induces 

developmental arrest as long-lived dauer larvae, as well as of the related compounds ascr#81 and 

ascr#82 (Fig. 2c, Appendix Fig. C1c). Biogenetically, the ascr#8 family of ascarosides represents 

combinations of ascr#7 (ΔC7) with folate-derived p-aminobenzoic acid (PABA), PABA-

glutamate, or PABA-diglutamate, respectively. Surveying potential precursor metabolites 

showed no reduction in the production of metabolites associated with folate metabolism such as 

PABA, PABA-glutamate, or ascr#7 (Appendix Fig. C2c). We again used CRISPR/Cas9 to revert 

cest-2.2 mutants back to wild-type, which recovered biosynthesis of the ascr#8 family of 

ascarosides at wildtype-like levels (Fig. 3c). These results suggest that CEST-2.2 is required for 

biosynthesis of the amide linkage between the carboxy terminus of ascr#7 and PABA 

derivatives, in contrast to CEST-1.1 and CEST-8, which are required for the formation of ester 

bonds between the carboxy terminus of ascr#1 and a glucosyl nucleoside (CEST-1.1) or 4’-

hydroxy group of ascarylose and octopamine succinate (CEST-8). 

 

cest-8 contributes to the biosynthesis of octopamine ascarosides. Analysis of two cest-

8 null mutants (sy1163 and sy1164) showed loss of all known “osas” ascarosides, which 

incorporate a succinylated derivative of the neurotransmitter octopamine (Fig. 2b, Appendix Fig. 

C1b).8 Production of corresponding glucosylated variants was also abolished (“glosas”, see 

Appendix Fig. C1b). However, biosynthesis of other ascarosides and free succinylated 
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octopamine was not affected in cest-8 mutants (Appendix Fig. C2b). Biosynthesis of osas and 

glosas ascarosides was recovered to wildtype levels in mutant worms in which cest-8 had been 

restored to the wildtype sequence using CRISPR/Cas9 (Appendix Fig. C3b). Therefore, it 

appears that cest-8 is responsible for the attachment of succinylated octopamine to the 4’-

position of ascaroside precursors. 

Octopamine ascarosides are excreted in large quantities by starved L1 larvae, and osas#9, 

the most abundantly produced member of this family, has been shown to function as a potent 

dispersal signal for starved worms.8 Recent work has demonstrated that the G-protein coupled 

receptor TYRA-2, originally described as a neurotransmitter receptor, is responsible for osas#9 

perception in the ASH chemosensory neuron.18 Involvement of the AChE homolog cest-8 in 

osas#9 biosynthesis reveals co-option of another component of neurotransmitter signaling for 

interorganismal communication via pheromones. 

 

 
Figure 2. Ion chromatograms demonstrating abolishment of (a) uglas production in cest-1.1 

mutant (red), (b) ascr#82 production in cest-2.2 mutants (green), (c) osas#10 production in cest-8 

mutants (blue). Dotted lines represent data for genetic reversion strains of null mutants, 

demonstrating wildtype-like recovery of the associated metabolite. Purple lines demonstrate 

absence of all cest-dependent compounds in glo-1 null mutant. (d) Candidate building blocks of 

cest-dependent modular ascarosides (See Appendix C) and structure of iglas#1, an example for a 

cest-1.1-independent glucosyl ascaroside. 

cest-4 contributes to biosynthesis of modular glucosides. Comparative metabolomic 

analysis of the cest-4 mutant strains did not reveal any defects in the biosynthesis of known 
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ascarosides. Instead, we detected loss of a series of compounds whose MS spectra suggested that 

they may be unrelated to ascarosides. Detailed analysis of high-resolution MS/MS spectra 

indicated that all cest-4-dependent compounds produced a C7H8NO2+ fragment, consistent with 

loss of anthranilic acid or p-amino benzoic acid (Appendix Table C3). MS/MS analysis further 

suggested that the remainder of the cest-4 dependent metabolites represent glucosides of indole 

and N-acetylserotonin (Fig. 3a-d, Appendix Fig. C1d). To confirm the proposed structures of the 

cest-4 dependent compounds, we selected iglu#3 for total synthesis (Appendix Fig. C4a). 

Synthetic iglu#3 matched HPLC retention times and MS/MS spectra of the natural compound, 

confirming its structure. To confirm the incorporation of N-acetylserotonin in sgnl#3, we 

performed feeding experiments with 13C-enriched N-acetylserotonin which resulted in isotopic 

labeling of sgnl#3 (Appendix Fig. C5a). With this labeling strategy, we were able to identify 

candidate precursors of sngl#3 and -4, the non-anthranilic acid bearing N-acetylserotonin 

glucosides, sgnl#1 and -2, respectively (Appendix Fig. C5a).  

In previous work we had identified glucosides of indole and anthranilic acid, named 

angl#1 and iglu#1, as compounds responsible for the phenomenon of “death fluorescence”, a 

wave of blue fluorescence that progresses through dying C. elegans.19 Notably, abundances of 

iglu#1 and angl#1 are not significantly changed in cest-4. Similarly, production of an angl#1 

derivative bearing an additional anthranilic acid moiety, angl#3 was not affected in cest-4 worms 

(Appendix Fig. C6b). Therefore, it appears that cest-4 is specifically required for attachment of 

anthranilic acid to the 6-position of a family indole glucosides. Like the modular ascarosides, 

these modular glucosides may represent a larger compound class integrating diverse moieties 

from primary metabolism. The role of cest-4 in the biosynthesis of the iglu family of modular 

glucosides parallels that of cest-1.1 in the biosynthesis of the uglas ascarosides: whereas cest-4 

appears to be required for the attachment of anthranilic acid to the 6-position of a range of indole 

glucosides, cest-1.1 is required for attaching the ascr#1 side chain to the 6’-position in uric acid 

glucosides. 
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Figure 3. Ion chromatograms demonstrating loss of (a) iglu#3, (b) iglu#4, (c) sgnl#3, and (d) 

sgnl#4 in both cest-4 and glo-1 null mutants. (e, f) Relative quantification of cest-4 dependent 

metabolites demonstrates phosphorylated indole-containing glucosides are predominantly 

detected in the worm body (endo-metabolome). Shown are means from triplicate experiments 

and error bars represent standard deviation. ns: P>0.05, *: P≤0.05, **: P≤0.01, and ***: P≤0.001 

(Student’s t-test). 

 

cest-dependent metabolites require the Rab GTPase glo-1. In earlier studies, we had 

demonstrated that the biosynthesis of modular ascarosides and of the glucosides iglu#1 and 

angl#1 is dependent on glo-1, a Rab GTPase required for formation of LROs in intestinal cells of 

C. elegans.13,19 LROs are acidic cell compartments that serve essential functions for waste 

disposal and detoxification, but also play a role in aging-related physiology.20,21 Analysis of the 

metabolome of glo-1 mutant worms showed that the newly identified cest-4 dependent modular 

glucosides also require glo-1 (Fig. 3a-d). We further confirmed that biosynthesis of the cest-1.1, 

cest-8, and cest-2.2-dependent modular ascarosides is abolished in the glo-1 mutant (Fig. 2a-c). 

All four cest genes exhibit domain architectures typical of AChE homologs, i.e. 

conserved disulfide bridging cysteines and catalytic triad (Appendix Fig. C7). The cest genes 

also share homology with neuroligin, a membrane bound member of the αß-hydrolase fold 

family, suggesting that the CEST proteins may be membrane anchored.22 Notably, although 
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named as an esterase, AChE has been shown to catalyze the reverse reaction – ester formation – 

under acidic conditions, as appears to be the case for the four cest genes, which are required for 

establishing ester or, in the case of cest-2.2, amide linkages.23 Given that LROs represent highly 

acidic cell compartments, we speculate that CEST proteins, after translating from the 

endomembrane system to the acidic LROs, partake in the assembly of diverse ascaroside or 

glucoside-based architectures via ester and amide bonds (Fig. 4). 

 

 
Figure 4. Model for modular metabolite assembly. CEST proteins (presumed to be membrane-

bound, black) are delivered to endosomes that mature to lysosomes in a glo-1 dependent manner. 

In the acidic environment of the lysosomes, CESTs then convert diverse metabolites into 

modular structures. 

 

Discussion: Taken together, this study demonstrates that the C. elegans cest gene family – 

homologs of human AChE – is responsible for the production of distinct subsets of modular 

ascarosides and glucosides. Although the exact biosynthetic mechanisms remain to be 

elucidated, modular assembly via the four cest genes proceeds with high specificity. For 
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example, production of the larval dispersal signal osas#9 requires cest-8, whereas production of 

icas#9, which instead of an octopamine succinyl moiety carries an indole carboxy moiety in 

position 4 of the ascarylose, is unaffected in cest-8. Notably, our results demonstrate that the 

modular assembly paradigm extends beyond ascarosides. The modular glucosides represent a 

previously unknown family of nematode metabolites that we discovered serendipitously as a 

result of our untargeted comparison of cest-4 mutant and wild-type metabolomes. In contrast to 

the well-established role of modular ascarosides as pheromones, it is unknown whether modular 

glycosides serve specific biological functions, e.g., as signaling molecules; however, their 

specific biosynthesis via cest-4 strongly supports this hypothesis. Like the ascaroside 

pheromones, modular glucosides are excreted into the media, suggesting that they are involved 

in inter-organismal communication. However, phosphorylated derivatives of the modular 

glucosides appear to be retained in the worm bodies (Fig. 3e-f). Characterization of the 

developmental and environmental conditions that affect modular glucoside production, as well as 

a more detailed understanding of their biosynthesis, may help uncover potential signaling and 

other biological roles. 

Further, our results draw attention to the central role of the LROs, which are functionally 

related to mammalian lysosomes, in the biosynthesis of modular metabolites. Our results are 

consistent with a model in which the LROs serve as a chemical factory or assembly center, in 

which diverse fragments and building blocks are combined via ester and amide bonds by the 

AChE-like cest enzymes. Reminiscent of the role of AChE for neuronal signal transduction in 

animals, it appears that, in C. elegans, AChE homologs have been co-opted to establish 

additional signal transduction pathways based on a modular chemical language, for inter-

organismal communication, and perhaps also intraorganismal signaling. The C. elegans genome 

encodes over 40 additional AChE homologs whose biosynthetic functions remain to be assessed, 

and thus it seems likely that LROs play a role in the biosynthesis of a large number of additional, 

yet unidentified compounds. Similarly, the exact enzymatic roles of mammalian AChEs have not 

been investigated using untargeted metabolomic approaches. These considerations may motivate 
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a systematic characterization of metazoan AChE-like enzymes, with regard to their roles in 

metabolism, associated biosynthetic mechanisms, and localization in lysosomes and other 

cellular compartments. 
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CHAPTER 4 

COMPARATIVE METABOLOMICS OF 

DAF-2 LYSOSOMES REVEAL FINGERPRINTS OF LONGEVITY 

 

Abstract: Lysosomes are animal organelles responsible for hydrolyzing macromolecules into 

their building blocks and other useful metabolites. Lysosomal metabolites are known to 

modulate various biological processes, including TOR signaling, aspects of which are intimately 

connected to longevity. To date, lysosomal studies lack untargeted metabolomic characterization, 

especially as they pertain to longevity. In this work, lysosomal isolation coupled to comparative 

metabolomics revealed a large number of lysosome-enriched metabolites associated with the 

long-lived insulin signaling deficient daf-2(e1370) strain of Caenorhabditis elegans, including 

uric acid, nicotinamide, and glutathione, each with known advantageous redox effects that may 

delay aging. Tandem mass spectrum analysis identified a vast suite of proline peptides, likely a 

result of heightened collagen turnover, an established signature of long-lived C. elegans. Finally, 

accumulation of lysosomal dimethylarginine may suggest increased turnover of proteins 

undergoing arginine methylation, such as daf-16. Overall this study draws attention to the value 

of probing organelle-specific metabolomes to simultaneously deconvolute both signatures and 

mechanisms of various biologies, including those of profound interest such as disease and 

longevity. 

 

Introduction: Canonically, lysosomes are cellular organelles responsible for processing 

macromolecules for resource recycling.1 However recent efforts have established lysosomes as 

nutrient-dependent signaling transduction epicenters.2-5 Hydrolytic processing of 

macromolecular bodies generate an ocean of metabolites which are exported into the cell via 

dedicated permeases.6 Lysosomal efflux of metabolites such as amino acids regulate TOR, which 

itself can physically associate with lysosomes to modulate cellular status.2,5,6 Additionally, more 

recent work has proposed that lysosomal glucose and cholesterol function as mTOR modulators, 
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suggesting metabolites from diverse classes can govern lysosomal signaling.7,8 One missing 

strategy these studies lack is comprehensive compartment specific metabolomics. Recent work 

has demonstrated rapid lysosome isolation in mammalian cells followed by targeted 

metabolomic analysis revealing amino acid changes associated with cell state, including TOR 

perturbations.2 TOR signaling is commonly linked to longevity, delayed morbidity, neuronal 

health, and overall cellular fitness.9 Rapamycin, the exogenous molecular inhibitor of TOR, is 

known to extend lifespan in virtually all model systems, and establishes the power of small 

molecules in modulating organismal state and anti-aging phenotypes. 

In this work, we utilize the model organism C. elegans, a well-described platform for 

studying longevity. Insulin signaling defective daf-2 mutants in C. elegans show strong longevity 

phenotypes and provide an intriguing platform for lysosomal metabolomic studies. Importantly, 

signaling functions such as mTOR are conserved in C. elegans. In this work, we wished to apply 

rapid lysosome isolation coupled to untargeted comparative metabolomic strategies to uncover 

daf-2 dependent lysosomal paradigms. 

 

Results: Our enrichment efforts began by seeking an easily isolatable tag for lysosomal 

enrichment. We identified lmp-1, a known lysosomal associated membrane protein, for affinity 

handle tagging. We constructed a vector with lmp-1 tagged with red fluorescent protein and a 

triple hemagglutinin affinity handle driven by the sur-5 promoter (Psur-5:lmp-1::RFP-3xHA). 

Positive hits were monitored by red fluorescent signal, outcrossed 10 times, and further validated 

via sequencing and western blot (Appendix Fig. D1). Lysosomal enrichments were initiated with 

mild lysis of worms via Dounce homogenization, clarified with mild centrifugation, and 

supernatants were incubated with magnetic anti-HA beads (Fig. 1). After gentle magnetic 

enrichment, beads were carefully washed and 100 µL of methanol was added. Beads were then 

filtered with a nylon spin filter, concentrated to dryness and then resuspended with 20 µL 

methanol before injection via high performance liquid chromatography and metabolites were 

detected with an orbitrap high resolution mass spectrometer. 
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Figure 1. Workflow for lysosomal metabolite enrichment, detection, and analysis. (a) lmp-

1::RFP-3xHA expressing worms are lysed via Dounce homogenization and rapidly enriched via 

magnetic anti-HA beads. (b) Metabolites are detected via liquid chromatography coupled to high 

resolution mass spectrometry. (c) Untargeted analysis is performed utilizing the xcms package in 

METABOseek, a browser-based software platform for analyzing metabolomic datasets (Helf et 

al., in prep.).  

 

To assess initial lysosomal enrichment, we used targeted analysis to assess amino acids. 

To rule out metabolites which associate with the bead non-specifically, enrichments were 

performed with and without lmp-1::RFP-3xHA (Fig. 1). Pilot experimentation showed strong 

enrichment of methionine and arginine at roughly 20 and 6 fold, respectively (Fig. 2). 

Methionine enrichment may signify that C. elegans utilize lysosomes as a central reservoir for 

one carbon metabolism. Arginine is also substantially enriched, which may highlight activity of a 

recognized C. elegans homolog of human SLC38A9, a luminal TOR sensor and amino acid 

transporter embedded within the lysosomal membrane.10 Overall this initial dataset demonstrates 

a promising platform to engage in further lysosomal studies via untargeted metabolomic 

analysis. 
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Figure 2. Relative enrichment of amino acids via anti-HA pulldown of either lysed N2 (orange 

dotted line) or lmp-1::RFP-3xHA expressing worms (black bars). 

 

Comparative metabolomics were then carried out with the xcms package through the 

recently developed web-based MS analysis software METABOseek. Through positive and 

negative ionization modes, approximately 114 molecular features were identified as enriched in 

the HA-tagged lmp-1 samples. To identify lysosomal metabolites, we carried out tandem mass 

spectrometry coupled to molecular networking. Tentative identification showed metabolites that 

span diverse classes of metabolism, including peptides and carnitines, as well as lipid-derived 

ethanolamides, cholines, and phosphatidylinositols (Fig. 3, Appendix Fig. D3-4). Of note are a 

series of five tetrapeptides composed of proline, serine, glycine, and lysine, each of which differ 

by a lysine attached acyl scaffold ranging from acetyl to hexanoyl. This scaffold likely originates 

from a protein lysine post-translational modification (PTM) of unknown origin. We suspect 

accumulation of this feature arises due to reduced hydrolase activity by way of its non-canonical 

peptidyl appearance. This observation not only has implications in lysosomal biology and 

enzymology, but also advocates lysosomal enrichment as a strategy to find novel PTMs. In 

addition, although highly speculative, this may also implicate signaling features associated with 

protein PTMs beyond the canonical life of the protein.   
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Figure 3. Partial molecular network of detected metabolites where red nodes represent lysosome 

enriched metabolites and blue nodes represent unenriched endometabolites.  

 

Because lysosomes are intimately connected to cellular health and longevity, we wished 

to probe the lysosome of the long-lived insulin-signaling deficient daf-2(e1370) mutant. 

Comparative lysosomal metabolomics were carried out via lysosomal enrichment with either 

HA-tagged lmp-1 expressed in either wildtype (N2) or daf-2(e1370) genetic backgrounds. 

Targeted amino acid measurements showed vast enrichment of lysine and arginine in daf-2 

lysosomes (Fig. 4). Recent work has demonstrated that lysosomal lysine and arginine, amino 

acids highly enriched in ribosomal proteins, result from active lysosomal degradation of 

ribosomes, otherwise known as ribophagy.11 High ribosomal turnover not only generates 

monomeric precursors for numerous biological processes, it inherently develops a population of 

high quality ribosomes and therefore higher quality protein biosynthesis.12,13 Interestingly, 
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analysis of the total endo-metabolome of daf-2(1370) mutants, perhaps via lysosomal delivery, 

shows strong upregulation of serine and proline, two amino acids previously implicated in C. 

elegans longevity via modulation of mitochondrial activity as well as DAF-16/FOXO and SKN-

1/Nrf2 stress responses.14 

 

 
Figure 4. Relative abundances of lysosome enriched and endometabolomic amino acids of 

wildtype N2 and daf-2 (e1370) mutant. Values are the mean of triplicate experiments and error 

bars represent standard deviation. (*) Leucine and isoleucine were quantitated together. DND: 

Did not detect. 

 

We then progressed to untargeted analysis of daf-2 lysosomes to further characterize 

potential markers of longevity. Analysis of data acquired in both positive and negative ionization 

returned over 130 upregulated metabolic features in daf-2 lysosomes (Fig. 5a). Identification via 

tandem mass spectrometry uncovered a vast suite of proline-containing polypeptides, dipeptides, 

and diketopiperazines (Fig. 5b-c). This enhancement of proline and proline containing 

metabolites suggested a common origin, potentially associated with longevity. Previous work 

demonstrated collagen remodeling as a strong phenotype of longevity.15 To assess this paradigm 

in lysosomal metabolomics, we then looked for canonical signatures of collagen, such as the 

highly conserved proline-glycine-proline (PGP) motif.16 PGP was increased in daf-2 lysosomes 
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by 10 fold, along with its hydroxylated counterpart, a characteristic signature of the collagen 

triple helix.17 Furthermore, diproline diketopiperazine and its hydroxylated counterpart were also 

both increased in daf-2 lysosomes, suggesting a significant increase in lysosomal processing of 

collagen. Finally, di- and oligopeptides of proline also accumulated, almost exclusively with 

proline at the carboxy terminus (Fig. 5c). Although the mechanisms promoting C-terminal 

proline accumulation are not yet understood, suggested hypotheses include enhanced prolyl 

endopeptidase activity, reduced carboxypeptidase activity at proline, and/or sequestered 

lysosomal export from daf-2 lysosomes.  

Many non-proline metabolites also accumulate in the daf-2 lysosome, including 7-

methylguanine (7MG), EPA-lysophosphatidylcholine, tridecanoylethanolamine, choline, 

dimethylarginine, uric acid, and nicotinamide (Fig. 5b). The accumulation of 7MG may be 

indicative of a metabolic signature of daf-2 dependent transcriptional regulation, as 7MG is the 

5’-cap of all mature transcripts.18 The various fatty acid-derived metabolites may play a 

structural role in daf-2 lysosomal membrane, and, if we draw a chemical analogy between 

tridecanoylethanolamine and anandamide, perhaps cell signaling.19,20 We draw attention to uric 

acid and the enzyme CEST-1.1 (see chapter 3), a gene recognized for modulating longevity 

whose enzymatic product is uglas#1, a uric acid bearing ascaroside.21,22 Additionally, 

nicotinamide alone has been seen to impart longevity, as well as it associated metabolic 

counterpart, ncas#3 (see chapter 2), one of several niacin bearing ascarosides associated with 

daf-2(e1370) and increased lifespan.23 Finally, we recognize asymmetric dimethylarginine 

(DMA), likely as a catabolite of protein post-translational modification (Fig. 5b).24 Although 

relative abundances of DAF-16 wouldn’t account for the observed dramatic increase in DMA, 

arginine methylation of DAF-16 is an established modification required for DAF-16 activity, 

suggesting overall enhanced protein turnover or increased arginine methylation, promoting daf-

16 activity.25 
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Figure 5. (a) Parameters of untargeted differential metabolomic analysis of enriched lysosomes 

from either N2 and daf-2 (e1370) worms. Strongly upregulated (b) non-proline-peptide, and (c) 

proline-peptide metabolic features of daf-2 lysosomes. 

 

As some aspects of signaling via daf-2/daf-16, have being strongly connected to mTOR 

activity, we elected to test if DMA and N’-Leucine-Proline-C’ (Leu-Pro) dipeptide activates 

mTOR. Liquid cultures of wildtype (N2) synchronized worms treated with 100 µM DMA for 3 

days showed modest mTOR activation (Fig. 6). Strangely, although the rapamycin positive 

control showed some mTOR activation, the increase was far below that of published results.26 

The experiments were repeated as plate assays instead of liquid cultures, and using plates 

rapamycin activity matched that of previous work; however, on plates DMA showed no 

enhanced activity over control. Although these results weaken the conclusion that DMA induces 

mTOR activity, it draws attention to strong biological differences when C. elegans are cultured 

in liquid versus solid media (Appendix Fig. D6). Additionally, aging assays carried with DMA 

and Leu-Pro showed no lifespan modulation when cultured on solid media (Appendix Fig. D7). 
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Figure 6. mTor activation associated transcripts of (a) raga-1 and (b) ragc-1 under treatment of 

100 uM rapamycin (Rapa), dimethylarginine (Me2Arg), N-leucine-proline dipeptide (Leu-Pro), 

or methanol vehicle (MeOH), for 3 days in S-complete liquid cultures. 

 

Discussion: This study produced a great number of intriguing results; however a considerable 

number of findings require further exploration. Indeed, it is likely that differences in the daf-2 

lysosomal metabolome have an impact on various aspects of C. elegans biology (Fig. 7). For 

instances, the proline-proline diketopiperazine and its hydroxylated counterpart have yet to be 

assessed for both mTOR and mitochondrial activity. Although proline itself has been shown to 

modulate immunity in C. elegans, this study implicates numerous proline bearing metabolites 

which should be examined for biological activity.27 In additional, another major daf-2 

upregulated lysosomal metabolite, 7MG, may also play a part in mTOR, mitochondrial, or even 

perhaps global translational regulation. One may hypothesize that if the 5’-cap is required for 

nuclear export of the transcript and therefore translation, excess soluble 7-methylguanine may 

bind cap binding proteins and modulate translation as seen with its nucleoside counterpart, 7-

methylguanosine-5’-phosphate.28 Finally, although TOR activity was modest, increased 

lysosomal DMA may have broad reaching and potentially profound impacts on biology. For 

instance, DMA is a known nitric oxide synthase (NOS) inhibitor, an enzyme connected to both 

bacterial signaling and C. elegans longevity.29 As C. elegans have no known NOS, whereas 

nitric oxide signaling is a well-established in bacteria, one may speculate that excreted DMA 

may play a role modulating C. elegans ecology.30-32 
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Indeed, lysosomal enrichment is an enticing example for probing compartment specific 

metabolomics. Being that lysosomes are central to longevity, procuring additional features 

associated with a longer lifespan may provide valuable insight into mechanisms of reduced 

morbidity and favorable health. Although this current study already identified over 130 

metabolites as a lysosomal signature, increasing scale will certainly increase this figure much 

further, especially if additional detection methodologies such as HILIC-chromatography and/or 

2D NMR-based techniques would be included to more comprehensively elucidate the molecular 

signatures of longevity.  

 

 

 
Figure 7. Lysosomes isolated from long lived daf-2(e1370) Caenorhabditis elegans show 

upregulated metabolites which may have longevity enhancing properties. 
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CHAPTER 5 

CONCLUSIONS AND OUTLOOK 

 

Chapter 1 demonstrates an untargeted platform for revealing a universe of electrophilic 

metabolites that previously has been difficult or otherwise impossible to observe. By doing so, 

we were able to access activated biosynthetic intermediates and reveal biosynthetic enzymes 

responsible for modulating ascaroside signaling. Although this technique was primarily 

developed in C. elegans, we have demonstrated that this tool could likely be applied to virtually 

any living system. The benefits of a method enabling the detection of activated metabolites are 

nearly limitless. For instance, accumulation of activated metabolites may reveal novel post-

translational modifications.1 Analogous to the accumulation palmityl-CoA or succinyl-CoA, 

accumulation of ascr#10-CoA suggests a reservoir of activated ascr#10 capable of labeling 

lysines, other amino acids, or even perhaps nucleotide- or carbohydrate-based macromolecular 

systems. In addition, protein cysteine thioesters are temperamental and usually require 

specialized techniques to reveal.2 With modern methods of rapid isolation (see chapter 4), one 

could imagine minutes to acquire pure target protein followed by hydroxylamine labeling and 

subsequent untargeted analysis to reveal novel cysteine modifications.3 Human Keap1, a protein 

with 27 solvent exposed cysteines situated to undergo modification, may be an excellent 

candidate for both discovery and strategy development.4  

In chapter 2 we see the hydroxylamine assay reveal novel metabolites. Because 

hydroxylamine chemistry is well understood, predictable modification lends itself to rapid 

structural elucidation.5 Three previously undescribed ascaroside-classes were revealed utilizing 

this assay, including ascarosides bearing niacin, pyrrolic acid, and benzoic acid. Serendipitously, 

niacin ascarosides (ncas) were found to be highly upregulated in the long-lived insulin-signaling 

deficient daf-2 mutant.6 The most abundant niacin ascaroside, ncas#3, was accessed 

synthetically, and treatment of wildtype N2 worms showed life extension equivalent to the 

known life extending properties of ascr#3 at more than an order of magnitude lower 
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concentrations. This finding appears to connect niacin, sirtuin, and ascaroside biochemistry in 

one simple molecule.7,8 However, characterization of this activity is in its infancy, and 

determining mode of action is ongoing work. In addition, of strong interest is determining ncas 

biosynthesis, as revealing enzymes engaged in modular niacin ascaroside biosynthesis will very 

likely be linked to modes of longevity. 

In chapter 3, we pursue enzymes likely engaged in the biosynthesis of ncas and other 

modular ascarosides by drawing analogy to the recently described ureidoisobutyric acid addition 

to ascarosides in P. pacificus by way of a gene named uar-1.9 Annotated as acetylcholinesterase-

like enzymes, three genes are characterized in chapter 3 to be responsible for the modular 

assembly of succinoyl octopamine, uric acid glucoside, and p-aminobenzoic acid ascarosides.10-

12 A fourth enzyme, named cest-4, was responsible for the modular assembly of anthranilic acid 

glucosides, including a novel class of serotonin bearing glucosides. Currently, only a small 

number of uar-1 homologs have been explored in C. elegans. Interestingly, the four genes were 

linked to the Rab-like GTPase, glo-1, a protein responsible for the formation of lysosome-related 

organelles coined the gut granules. With limited effort, further biosynthetic machinery 

responsible for modular assembly of signaling metabolites could readily be accessed. In addition, 

further exploration of metazoan acetylcholinesterase-like enzymes, starting with humans, 

requires additional attention. For instances, the glo-1 dependence draws attention to specialized 

cellular compartments, much like human lysosome-related organelles such as melanosomes, lytic 

granules, and MHC compartments.13 Recent advances in CRISPR technology coupled to robust 

untargeted metabolomic analysis lends itself to the rapid discovery of both undescribed enzymes 

and metabolites linked to acetylcholinesterase-like enzymes in humans.14 

In the theme of organelle specific metabolomics, chapter 4 explores lysosomal 

metabolomics.15 Rapid isolation of lysosomes of long-lived C. elegans coupled to untargeted 

metabolomic analysis revealed hundreds of compounds that appear to represent metabolic 

signatures of longevity. Enhanced proline and proline-bearing metabolites are likely linked to 

increased collagen turnover, a known phenotype of long-lived mutants.16 Enhanced lysosomal 
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lysine and arginine points to increased ribophagy, another known characteristic of long-lived 

worms.17 In addition, we find enhanced lysosomal uric acid and nicotinamide, two precursors to 

longevity linked metabolites mentioned in chapters 2 and 3, respectively. This study could be 

expanded by virtue of scale. Optimized extraction efficiencies and input scales will certainly 

reveal more features and mechanism of longevity, and organelle-specific metabolomic as a 

whole. Additional findings such as accumulation of lysosomal acyl-lysine peptides and 

dimethylarginine suggest that lysosomal metabolomics may lend itself to the discovery of novel 

post-translational modifications.18,19  

Overall this dissertation serves to catalyze a collection of ideas, tools, and techniques 

useful for the study of small-molecule dependent biological pathways and biochemistries 

through all living systems. Metabolites difficult or impossible to observe are now easily 

accessible with tools developed in this dissertation. Modern genetic tools and rapid isolation 

techniques coupled to untargeted analysis will prove to be valuable in deconvoluting all aspects 

of life, including health, disease, and perhaps most importantly unexplored basic science.  
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APPENDIX A 

SUPPLEMENTAL INFORMATION FOR CHAPTER 1 

 

Experimental Procedures 

General Information 

Unless noted otherwise, all reagents were purchased from Sigma-Aldrich. All identified 

compounds were assigned four letter “SMID”s (a search-compatible, Small Molecule IDentifier) 

e.g., “icas#3” or “ascr#10”. The SMID database (www.smid-db.org) is an electronic resource 

maintained in collaboration with WormBase (www.wormbase.org). A complete list of SMIDs 

can be found at www.smid-db.org/browse, and example structures for different SMIDs at 

www.smid-db.org/smidclasses. 

cpt-6 mutagenesis 

The cpt-6 allele was generated using an established dual sgRNA/CRISPR Cas9 strategy (Chen 

X, 2014). Briefly, young wildtype adult were injected with 50 ng/μL Peft-3::Cas9::tbb-2-3’UTR 

(Ward JW, 2015), 40ng/μL Podr-1::mcherry and 50 ng/μL purified PU6::sgRNA templates. High 

specificity sgRNA target sequences were designed and verified using http://crispr.mit.edu and 

PU6::sgRNA templates were amplified using PCR (Ward JW, 2015). Three days following 

injections, mcherry positive F1 progeny were singled and their progeny were assessed for cpt-6 

modifications by PCR and subsequence sequencing. From 15 injections, a single successful line 

containing a ~400bp deletion of the region flanked by the sgRNA sites was isolated. The line 

was backcrossed 6X to wildtype before use.   

OP50 E. coli suspension for nematode culturing 

OP50 E. coli are maintained by streaking out plates onto a 10 cm agar Lennox Broth (LB) plate 

containing no antibiotics, and grown at 37 °C for 24 hours. Plates are then parafilmed and stored 

at 4 °C for up to a month. Liquid cultures are initiated by inoculating one OP50 colony into 15 

mL culture tubes containing 5 mL LB. Cultures are shaken at 250 RPM at 37 °C for 24 hours, 

and then diluted into Terrific Broth (TB) at 10 mL LB per 1 L TB. 1 L TB cultures are then 
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grown to stationary phase by shaking at 220 RPM at 37 °C for 24 hours in a 4 L Erlenmeyer 

flask. OP50 is then harvested by pelleting at 5250 G 20 min 4 °C, spent media is carefully 

decanted, and then remaining wet mass of OP50 is measured. OP50 is then resuspended at 1 g 

wet mass per 1 mL M9 buffer and stored at 4 °C. 

Nematode Culturing 

Culturing is initiated by picking 20 C. elegans adult hermaphrodites onto 10 cm NGM plates 

(each seeded with 750 μL of OP50 E. coli grown to stationary phase in LB) and incubated at 22 

°C. After 96 hours, each plate is washed with 25 mL of S-complete medium into a 125 mL 

Erlenmeyer flask, and 1 mL of OP50 E. coli is added (see above) shaking at 220 RPM 22 °C. 

After 72 hours, cultures are centrifuged at 1000 G for 1 min. After discarding supernatant, they 

are washed with 30 mL of ddH2O and centrifuged at 1000 G for 1 min and supernatant is 

discarded. 24 mL ddH2O is added, along with 6 mL bleach and 900 µL 10 M NaOH and shaken 

for 2.5 min to prepare eggs. Eggs are centrifuged at 1000 G, supernatant removed, and washed 

with 30 mL M9 buffer twice, and then suspended in a final volume of 5 mL M9 buffer in a 50 

mL centrifuge tube. Eggs are placed on a rocker and allowed to hatch as L1 larvae for 24 hours 

at 22 °C. L1s are counted and seeded at roughly 30,000 L1s per 25 mL S-complete culture. 1 mL 

of OP50 is added per 25 mL culture. Cultures occur in Erlenmeyer flasks roughly 5 times the 

culture volume. Therefore 200 mL cultures are seeded with 250,000 L1s with 8 mL OP50 in 1 L 

Erlenmeyer flasks. Cultures are incubated at 220 RPM 22 °C for 72 hours. One prepared 10 cm 

plate generally yields 70,000 L1s or more. Therefore 200 mL cultures would be initiated with 

four 10 cm plates. 

NH2OH-, 15NH2OH-labeling and extraction for C. elegans 

300 mL C. elegans cultures are harvested by centrifugation in six 50 mL centrifuge tubes at 1000 

G at room temperature for 10 min, and the supernatant removed. Each tube of worm pellet is 

washed with 40 mL of 0.1X PBS (phosphate buffered saline) and then spun again. After 

discarding the supernatant, the worms are combined and gently brought to homogeneous 

suspension and then distributed equally into three 15 mL centrifuge tubes. To the control tube, 
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10 mL of room temperature 0.1X PBS is added and immediately sonicated with a microtip probe 

sonicator for 5 min, power of 5, 30% duty cycle, with the sample in an ice bath. To the 

experimental tube, 10 mL of room temperature 100 mM NH2OH·HCl in 0.1X PBS is added and 

immediately sonicated. To the second experimental tube, 10 mL of room temperature 100 mM 

15NH2OH·HCl in 0.1X PBS is added and immediately sonicated. Following sonication, each 

sample is frozen over liquid nitrogen and then lyophilized to dryness. Samples are then extracted 

with 15 mL methanol for 24 hours. Extracts are clarified via centrifugation at 5250 G, 10 

minutes, at room temperature. The extracts are dried with a SpeedVac Vacuum Concentrator 

(ThermoFisher Scientific) and then resuspended in 700 μL methanol. Samples are then 

centrifudged at 10000 G 4 °C to remove particulates and analyzed by HPLC-HRMS. 

RNA Interference 

Bacteria containing RNAi plasmids were acquired from the Ahringer library. Single colony of 

the bacteria was picked into 5 mL LB containing 100 µg/mL carbenicillin. Culture was incubated 

and shaken at 250 RPM over night at 37 °C. The 5 mL culture was then transferred into 1 L LB 

containing 100 µg/mL carbenicillin and 1 nM IPTG. The 1 L culture was incubated and shaken 

at 250 RPM over night at 37 °C. Bacteria was then harvested by pelleting at 5250 G 20 min 4 °C, 

spent media was carefully decanted, and then the remaining wet mass of bacteria was measured. 

Then, the bacteria were resuspended at 1 g wet mass per 1 mL M9 buffer. 60,000 synchronized 

null acox-1 L1s (see above) were seeded in 25 mL S-complete with 1 mL bacteria suspension. 

The worm culture, covered with aluminum foil, was incubated and shaken at 220 RPM 22 °C for 

72 hours. After 72 hours, worms were harvested by pelleting and then used for NH2OH-labeling. 

The supernatant was collected, freeze dried, and extracted with 15 mL MeOH for 24 hours. 

Extracts were clarified via centrifugation at 5250 G, 10 minutes, at room temperature. The 

extracts were dried with a SpeedVac Vacuum Concentrator and then resuspended in 700 μL 

methanol. Samples were then centrifuged at 10000 G 4 °C to remove particulates and analyzed 

by HPLC-HRMS. 

FreeStyle 293-F Cell culturing 
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Culture begins by thawing frozen FreeStyle 293-F Cells (Gibco by Life Technologies) into 25 

mL of FreeStyle 293 Expression Medium (Gibco by Life Technologies) pre-warmed to 37 °C in 

a 250 mL polycarbonate sterile Erlenmeyer culture flask. After 48-72 hours of incubation in a 37 

°C incubator containing humidified atmosphere of 8% CO2 on an orbital shaker rotating at 135 

RPM, cells are split in to nine 250 mL culture flasks containing 80 mL of FreeStyle 293 

Expression Medium pre-warmed to 37 °C at a concentration of 0.3×106 cells/mL. After 72-96 

hours of incubation, cells are harvested. 

NH2OH-, 15NH2OH-labeling and extraction for FreeStyle 293-F Cell 

720 mL FreeStyle 293-F cell cultures are harvested by centrifugation in sixteen 50 mL centrifuge 

tubes at 1000 G at room temperature for 10 min, and the supernatant removed. Each tube of cell 

pellet is washed with 40 mL of 1X PBS and then spun again. After discarding the supernatant, 

the cells are combined and gently brought to homogeneous suspension and then distributed 

equally into three 15 mL centrifuge tubes. To the control tube, 10 mL of room temperature 1X 

PBS is added and immediately sonicated with a microtip probe sonicator for 5 min, power of 5, 

30% duty cycle, with the sample in an ice bath. To the experimental tube, 10 mL of room 

temperature 100 mM NH2OH·HCl in 1X PBS is added and immediately sonicated. To the 

second experimental tube, 10 mL of room temperature 100 mM 15NH2OH·HCl in 1X PBS is 

added and immediately sonicated. Following sonication, each sample is frozen over liquid 

nitrogen and then lyophilized to dryness. Samples are then extracted with 15 mL methanol for 24 

hours. Extracts are clarified via centrifugation at 5250 G, 10 minutes, at room temperature. The 

extracts are dried with a SpeedVac Vacuum Concentrator and then resuspended in 700 μL 

methanol. Samples are then centrifudged at 10000 G 4 °C to remove particulates and analyzed by 

HPLC-HRMS. 

Aspergillus fumigatus culturing 

Culture begins by placing 10,000 spores on an A. fumigatus growth plate and incubating at 37 °C 

for 120 hours. Then the plate is washed with 5 mL of 0.1% Tween-20 in ddH2O and stored at 4 

°C. Then, to three Erlenmeyer flasks containing 25 mL of A. fumigatus growth media each, 0.1% 
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Tween-20 solution containing spores are added to each Erlenmeyer flask to a concentration of 

0.1×106 cells/mL. After incubation at 220 RPM 37 °C for 96 hours, A. fumigatus are harvested. 

NH2OH-, 15NH2OH-labeling and extraction for Aspergillus fumigatus 

75 mL A. fumigatus cultures are harvested by centrifugation in two 50 mL centrifuge tubes at 

1000 G at room temperature for 10 min, and the supernatant is removed. Each tube of pellet is 

washed with 40 mL of 0.1X PBS and then spun again. After discarding the supernatant, the 

pellets are combined and gently brought to homogeneous suspension and then distributed equally 

into three 15 mL centrifuge tubes. To the control tube, 10 mL of room temperature 0.1X PBS is 

added and immediately sonicated with a microtip probe sonicator for 5 min, power of 5, 30% 

duty cycle, with the sample in an ice bath. To the experimental tube, 10 mL of room temperature 

100 mM NH2OH·HCl in 0.1X PBS is added and immediately sonicated. To the second 

experimental tube, 10 mL of room temperature 100 mM 15NH2OH·HCl in 0.1X PBS is added 

and immediately sonicated. Following sonication, each sample is frozen over liquid nitrogen and 

then lyophilized to dryness. Samples are then extracted with 15 mL methanol for 24 hours. 

Extracts are clarified via centrifugation at 5250 G, 10 minutes, at room temperature. The extracts 

are dried with a SpeedVac Vacuum Concentrator and then resuspended in 700 μL methanol. 

Samples are then centrifudged at 10000 G 4 °C to remove particulates and analyzed by HPLC-

HRMS. 

Mass Spectrometric Analysis 

High resolution LC−MS analysis was performed on a Dionex 3000 UPLC coupled with a 

Thermo Q Exactive HF high-resolution mass spectrometer equipped with a HESI ion source. 

Metabolites were separated using a water-acetonitrile gradient on an Agilent Zorbax Eclipse 

XDB-C18 column (150 mm × 2.1 mm, particle size 1.8 μm) maintained at 40 °C. Solvent A: 

0.1% formic acid in water; Solvent B: 0.1% formic acid in acetonitrile. A/B gradient started at 

1% B for 5 min after injection and increased linearly to 100% B at 20 min, using a flow rate 0.5 

mL/min. Mass spectrometer parameters: spray voltage 3.0 kV, capillary temperature 380 °C, 

prober heater temperature 300 °C; sheath, auxiliary, and spare gas 60, 20, and 2, respectively; S-
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lens RF level 50, resolution 240,000 at m/z 200, AGC target 3×106. The instrument was 

calibrated with positive and negative ion calibration solutions (Thermo-Fisher). Each sample was 

analyzed in positive and negative modes with m/z range 70 to 1000. Tandem mass spectrometry 

parameters: Resolution 45,000, AGC target 5×104, Maximum IT 80 ms, loop count 5, TopN 5, 

isolation window 1.0 m/z, stepped NCE 25 to 50, minimum AGC target 8×103, intensity 

threshold 1×105, no apex trigger, no charge exclusion, no peptide match, exclude isotopes on, 

dynamic exclusion 2.0 s, if idle, do not pick others. 

Comparative Analysis to Identify Labeled Compounds 

The raw files of control experiment (PBS), NH2OH (N14) and 15NH2OH (N15) from mass 

spectrometry are converted to mzXML file using MSConvertGUI, with output format mzXML. 

Binary encoding precision 32-bit, peakPicking vendor msLevel = 1 included as filter. Then the 

mzXML files are uploaded to METABOseek.com, version 0.9.2. XCMS analysis is performed 

with automatic post-processing of MS data and FastPeakShape analysis. Then, on METABOseek, 

peak_grouped.csv from XCMS analysis and the mzXML files are uploaded onto Data Explorer, 

using N14 mass spectrometry data as the group of interest, N15 and PBS file as the control 

group, FastPeakShapes is included as a column. Then, filters including RT from 200 seconds to 

1200 seconds, FastPeakShapes from 0.95 to the max value, N14_minInt from 50,000 to the max 

value, N14_minFoldOverControl from 5 to the max value are turned on. List of differential 

features are generated. By identifying the presence of a 0.997305 mass shift peak in N15 files, 

NH2OH labeled features are confirmed. 

Tandem Mass Spectrometry Molecular Networking 

MS/MS spectra are converted to mzXML file using MSConvertGUI. Then mzXML files are 

uploaded to gnps.ucsd.edu for networking. Networking parameters: PAIRS_MIN_COSINE 0.5, 

ANALOG_SEARCH 0, tolerance.PM_tolerance 2.0, tolerance.Ion_tolerance 0.5, 

MIN_MATCHED_PEAKS 4, TOPK 10, CLUSTER_MIN_SIZE 2, 

MAXIMUM_COMPONENT_SIZE 100, MIN_PEAK_INT 0.0, 

FILTER_STDDEV_PEAK_INT 0.0, RUN_MSCLUSTER on, 
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FILTER_PRECURSOR_WINDOW 1, FILTER_LIBRARY 1, WINDOW_FILTER 1, 

SCORE_THRESHOLD 0.5, MIN_MATCHED_PEAK_SEARCH 4. MAX_SHIFT_MASS 100. 

After networking complete, the file is processed with Cytoscape software. 

 

NH2OH derived fatty acid synthetic standard synthesis1 

A 5 mL solution of a mixture of fatty acid (C13 – C16, 5 mg each, 0.152 mmol in total) in DCM 

was added 4-dimethylaminopyridine (DMAP) (210 µL, 1.52 mmol), followed by N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl) (145 mg, 0.76 mmol). 

The solution was stirred at room temperature for 1 hr and was then treated with hydroxylamine 

hydrochloride (NH2OH·HCl) (49 mg, 0.76 mmol). The solution was stirred overnight. Then, the 

reaction is extracted with roughly 1 M HCl acidic brine under room temperature. The DCM layer 

was dried with a rotary evaporator to the appearance of white crystals (30 mg, 68.7% yield). 

 

Quantitative RNA analysis of C. elegans Thioesterases 

N2 and acox-1.1 mutant L1s were prepared (see above) and seeded at 28,000 in 10 mL S-

complete cultures in 125 mL Erlenmeyer flasks. 1 mL of OP50 solution was added to each flask 

and worms were cultured for 3 days (see above). Worms were transferred to a 15 mL centrifuge 

tube and harvested by centrifugation 1000 G 5 min 22 °C. Supernatant was discarded and worm 

bodies were washed with 5 mL of M9 buffer three times. Worms were resuspended in 500 µL of 

M9, then transferred into 1.5 mL tubes and spun again at 500 G 1 min 22 °C and the supernatant 

was removed. 600 µL of TRIzol Reagent (Invitrogen) was added. 5 rapid freeze-thaw cycles 

were carried out between liquid nitrogen and a 37 °C water bath, and quickly vortexed before 

freezing. 120 uL of chloroform was added and the tubes were inverted several times before 

leaving the sample to rest at RT for 3 minutes. The samples were then spun at 12000 G for 15 

minutes at 4 °C. 330 µL of the RNA containing layer was carefully pipetted away and then 

further purified with the RNA Clean and Concentrator 5 (Zymo Research) per manufacturer’s 

protocol. 9 µg total RNA was moved to the SuperScript III Reverse Transcriptase Kit 
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(Invitrogen) for conversion to cDNA per manufacturer’s protocol. Real time quantitative PCR 

was performed with Power SYBR Green Master Mix (Life Technologies) per manufacturer’s 

protocol on a Light Cycler 480 (Roche). All samples were run in duplicate. Gene expression was 

normalized to actin. RT-qPCR data was quantified using the Roche LightCycler 480 Software, 

Version 1.5 utilizing the Abs Quant/2nd Derivative Max feature and values were averaged and 

analyzed in Microsoft Excel. 

 

Supporting Figures 

 

 

 

Figure A1. Ion chromatograms of NH2OH-labeled (a) ascr#10, (b) bkas#10, and (c) palmitic 

acid, from either N2 or daf-22, with or without NH2OH treatment. 
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Figure A2. N2 and null acox-1.1 endo-metabolomic profile of NH2OH-labeled (a) ɑ,β-

unsaturated, (b) β-hydroxy, and (c) β-keto thioester ascarosides. Corresponding free acid (d) ɑβ-

unsaturated, (e) β-hydroxy ascarosides. 

 

 
Figure A3. N2 and null acox-1.1 endo-metabolomic profile of NH2OH-labeled (right) and 

unlabeled (left) 4’-modified (a) indole-3-carbonoyl ascarosides (icas), (b) methyl-2-butenoyl 

ascarosides (mbas), and (c) octopamine succinoyl ascarosides (osas). Bars are the mean of 

triplicate experiments, and error bars represent standard deviation.  

 

 

 

Figure A4. RNA interference of W03D8.8, K05B2.4, and C31H5.6 in acox-1.1 mutants 

followed by measurement of ascr#10-leucine and ascr#10-valine. 
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Figure A5. NH2OH may generate false positives in comparative analysis. (a) Example 

schematic of a NH2OH reaction producing a labeled (blue) and unlabeled (green) features. (b) 

Example chromatograms demonstrating this experimental scheme generating two differential 

features, for which standard analysis cannot immediately deconvolute whether a feature contains 

the label. 

 

 

 

 

Figure A6.  15NH2OH improves filtering efficiency for untargeted analysis in negative 

polarity. 14NH2OH-treated dataset is filtered by removing features in both PBS and 15NH2OH-

treated samples. Novel features found in 14NH2OH-treated samples (m/z χ) are then confirmed by 

occurrence of a (m/z χ+0.997) feature in the 15NH2OH-treated samples. 15NH2OH-filtering 

performed on (a) N2 C. elegans, (b) and FreeStyle 293-F human-derived cells, and (c) 

Aspergillus fumigatus. 
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Figure A7. Partial representation of MS/MS network.  MS/MS molecular networking of 
15NH2OH-validated labeled metabolites detected in positive ionization from C. elegans. Strongly 

up- (green), and down-regulated (red) molecular features (circles) depicting acox-1.1-dependant 

changes to the NH2OH-labeled metabolome relative to wild-type N2. Values (color) represent 

acox-1.1/N2 ratio from triplicate experiments and p-values (circle size) indicate values of 

Student’s t-test. 

 

Supporting Tables 

 

Table A1. High resolution m/z of NH2OH-labeled ascarosides detected in C. elegans 

endometabolome and associated tandem mass spectrum fragments. 
Smid-db Label m/z (ESI+) m/z (ESI+ MS/MS) m/z (ESI-) m/z (ESI- MS/MS) 

ascr#1 NH2OH 292.17578 274.16473 (C13H24NO5+) 

162.11243 (C7H16NO3+) 

144.10190 (C7H14NO2+) 
113.05966 (C6H9O2+) 

95.04913 (C6H7O+) 

  

ascr#10 NH2OH 320.20688 302.19540 (C15H28NO5+) 
190.14330 (C9H20NO3+) 

172.13272 (C9H18NO2+) 

318.19263 188.12950 (C9H18NO3-) 
73.02923 (C3H5O2-) 

 



 

76 

 

95.04890 (C6H7O+) 

ascr#3 NH2OH 351.21307 300.18042 (C15H26NO5+) 
221.14951 (C9H21N2O4+) 

188.12810 (C9H18NO3+) 

170.11751 (C9H16NO2+) 
95.04910 (C6H7O+) 

  

bhas#1 NH2OH 308.17084 290.15952 (C13H24NO6+) 

178.10741 (C7H16NO4+) 
160.09683 (C7H14NO3+) 

142.08636 (C7H12NO2+) 

95.04914 (C6H7O+) 

  

bhas#10 NH2OH 336.20206 318.19104 (C15H28NO6+) 
282.16962 (C15H24NO4+) 

206.13852 (C9H20NO4+) 

188.12798 (C9H18NO3+) 
170.11739 (C9H16NO2+) 

95.04905 (C6H7O+) 

  

bhas#16 NH2OH 350.21765 332.20660 (C16H30NO6) 
296.18600 (C16H26NO4+) 

220.15439 (C10H22NO4+) 

202.14372 (C10H20NO3+) 
184.13356 (C10H18NO2+) 

95.04910 (C6H7O+) 

  

bkas#1 NH2OH   286.13013 73.02923 (C3H5O2-) 

bkas#10 NH2OH   314.16159 73.02923 (C3H5O2-) 

 

Table A2. C. elegans strains used in this study. 
Strain Name Genotype Identifier 

cpt-6  cpt-6 null mutant 

VC1785 F08A8.1(ok2257) I. acox-1.1 null mutant 

DR476 daf-22(m130) II. daf-22 null mutant 

 

Table A3. Primers used in this study. 
Sequence Use 

CGCTCATTCAACAACACGGA  

TCGCCAAGCTGGAAACATTC 

PCR confirmation of cpt-6 

null mutant 

ACCACCACATGCAAAGATCA 

CCTATTCAACTCCACGGATG 

PCR confirmation of acox-

1.1 null mutant 

GGTGTACTCCGCCAGTTCCG 

AGGACCACTGGGAAGGGACC 

qPCR primers for W03D8.8 

TTTTTCTCGGCGGCACCACA 

AGACTCAAGGAGACCGGGCA 

qPCR primers for W03D8.8 

TGGAACCGTGCTTGGCGAAA 

GGGGCCATTTCCAGGTGGTT 

qPCR primers for K05B2.4 

ATTGCACACCCCCGGTTGAC 

TGCGGCGCCTTTCTGTTCAT 

qPCR primers for K05B2.4 

TCCCATGCTGCGTACTGTGT 

CGAGCTTTGTTCCACTGTCATCG 

qPCR primers for 

C31H5.6a 

ACGACGAGTCCGGCCCATCC 

GAAAGCTGGTGGTGACGATGGTT 

qPCR primers for actin 

 

Reference: 

1. Patent from Pfizer (2010), WO201007561, retrieved from https://www.organic-

reaction.com/synthetic-protocols/coupling-reagents-in-amide-synthesis/. 
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APPENDIX B 

SUPPLEMENTAL INFORMATION FOR CHAPTER 2 

 

Experimental Procedures 

Nematode Culturing for NH2OH labeling 

Culturing begins by chunking C. elegans onto 4-10 cm NGM plates (each seeded with 800 uL of 

OP50 E. coli grown to stationary phase in Lennox Broth) and incubated as 22 °C. Once the food 

is consumed, the culture is incubated for an additional 24 hours. Each plate is washed with 25 

mL of S-complete medium into a 125 mL Erlenmeyer flask and 1 mL of OP50 E. coli is added 

(liquid cultures are grown to stationary phase in Terrific Broth, pelleted and resuspended at 1 g 

wet mass per 1 mL M9 buffer), shaking at 220 RPM 22 °C. After ~70 hours, cultures are 

centrifuged at 5000 G for 1 min. After discarding supernatant, 24 mL H2O is added, along with 6 

mL bleach, 900 uL 10 M NaOH and shaken for 4 min to prepare eggs. Eggs are centrifuged at 

5000 G, supernatant removed, and washed with 35 mL M9 buffer twice, and then suspended in a 

final volume of 5 mL M9 buffer in a 50 mL centrifuge tube. Eggs are counted and placed on a 

rocker and allowed to hatch as L1 larvae for 24 hours at 22 °C. 280,000 L1s are seeded in 100 

mL cultures of S-complete with 4 mL of OP50 and incubated at 220 RPM 22 °C in a 500 mL 

Erlenmeyer flask. After 72 hours, worms are spun at 1000 G 5 min, spent media is removed, and 

worms are resuspended into 400 mL of S-complete with 16 mL OP50 in a 2 L Erlenmeyer flask 

and incubated for an additional 72 hours. 

NH2OH labeling and extraction 

400 mL C. elegans cultures (see above) are harvested by centrifugation at 1000 G 10 min at 

room temperature, and the supernatant removed. The worm pellet is washed with 400 mL of M9 

buffer and then spun again. Supernatant is removed and 100 mL fresh M9 buffer is added. The 

worms are brought to homogeneous suspension and distributed equally into 2-50 mL centrifuge 

tubes. The worms are centrifuged again at 1000 G 10 min and the supernatant removed. To the 

control tube, 30 mL of 0.1X PBS (phosphate buffered saline) is added and immediately sonicated 
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with a probe sonicator for 2 min, cycling 2 sec on and 3 sec off, with the sample sitting in an ice 

bath. Once sonication is complete the sample is immediately frozen over liquid nitrogen. To the 

experimental tube, 30 mL of 0.1X PBS containing 100 mM hydroxylammonium chloride and 

immediately sonicated and frozen (see above). Each sample is lyophilized to dryness and then 

extracted with 30 mL methanol for 24 hr. The extracts were dried in vacuo, resuspended in 700 

μL of methanol. Samples were then centrifuged at 20000 G 20 min 4 °C to remove particulate 

and analyzed by LC-MS. 

Mass Spectrometric Analysis 

High resolution LC−MS analysis was performed on a Dionex 3000 UPLC coupled with a 

Thermo Q Exactive high-resolution mass spectrometer equipped with a HESI ion source. For 

initial studies, metabolites were separated on a Phenomenex Kinetex EVO C18 column (150 mm 

× 2.1 mm, particle size 1.7 μm) on the gradient seen below (column label: evo). Metabolites 

were then separated using a water-acetonitrile gradient on an Agilent Zorbax Eclipse XDB-C18 

column (150 mm × 2.1 mm, particle size 1.8 μm) maintained at 40 °C (column label: Agilent). 

Solvent A: 0.1% formic acid in water; Solvent B: 0.1% formic acid in acetonitrile. A/B gradient 

started at 1% B for 3 min after injection and increased linearly to 100% B at 20 min, using a flow 

rate 0.5 mL/min. Mass spectrometer parameters: spray voltage 3.0 kV, capillary temperature 380 

°C, prober heater temperature 300 °C; sheath, auxiliary, and spare gas 60, 20, and 2, 

respectively; S-lens RF level 50, resolution 140,000 at m/z 200, AGC target 3×106. The 

instrument was calibrated with positive and negative ion calibration solutions (Thermo-Fisher). 

Each sample was analyzed in positive and negative modes with m/z range 70 to 1000. 

Synthesis of ncas#3 

A 2 mL solution SI1 (112 mg, 0.228 mmol) in DCM was added trichloroacetonitrile (CCl3CN) 

(42 μL, 0.57 mmol), followed by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (7.6 μL, 0.05 

mmol). The solution was stirred at room temp. for 5 hr and was then concentrated in vacuo. 

Flash column chromatography on silica using a gradient of 10-20 % ethyl acetate in hexanes 

afforded the trichloroacetimidate (134.7 mg, 93%) as a colorless oil. Under argon flow, the 
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resulting compound (134.7 mg, 0.21 mmol) was dissolved in 2 mL of DCM and cooled to 0 °C. 

Ethyl-(R,E)-8-hydroxynon-2-enoate (42 mg, 0.21 mmol) was added in 1 mL DCM, followed by 

dropwise addition of trimethylsilyl trifluoromethanesulfonate (TMSOTf) (7.6 μL, 0.04 mmol) 

while maintaining the temperature at 0 °C. The solution was allowed to stir to room temp. over a 

2 hr period and was then concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-40% ethyl acetate in hexanes afforded SI2 (115 mg, 81%) as a colorless oil.  

1H NMR (400 MHz, chloroform-d): δ (ppm) 7.75 -7.72 (m, 2H), 7.70-7.64 (m, 4H), 7.56-7.52 

(m, 1H), 7.40-7.26 (m, 8H), 7.00 (dt, J = 15.5, 7.0 Hz, 1H), 5.85 (dt, J = 15.5, 1.5 Hz, 1H), 4.89-

4.86 (m, 1H), 4.75 (br s, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.88 (dq, J = 9.2, 6.2 Hz, 1H), 3.81-3.75 

(m, 1H), 3.67 (ddd, J = 11.3, 9.2, 4.3 Hz, 1H), 2.26 (dq, J = 7.1, 1.5 Hz, 2H), 2.03 (ddd, J = 13.9, 

11.3, 3.0 Hz, 1H), 1.88 (dt, J = 13.8, 3.7 Hz, 1H), 1.67-1.38 (m, 6H), 1.29 (t, J = 7.1 Hz, 3H), 

1.26 (d, J = 6.2 Hz, 1H), 1.13 (d, J = 6.1 Hz, 3H), 1.06 (s, 9H). 

To a solution of SI2 (115 mg, 0.172 mmol) in 4 mL of 1,4-dioxane was added lithium hydroxide 

monohydrate (72 mg, 1.72 mmol) in 2 mL of deionized water. The reaction mixture was stirred 

at 68 °C for 15 hr and was then concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 0-50 % ethyl acetate in hexanes afforded SI3 (78.3 mg, 84 %) as a colorless, 

viscous oil.  

1H NMR (400 MHz, chloroform-d): δ (ppm) 7.70-7.64 (m, 4H), 7.45-7.34 (m, 6H), 7.10 (dt, J 

= 15.6, 7.0 Hz, 1H), 5.85 (dt, J = 15.6, 1.4 Hz), 4.60 (br s, 1H), 3.82-3.73 (m, 2H), 3.70-3.61 (m, 

2H), 2.28 (q, J = 7.0, 2H), 1.89-1.75 (m, 2H), 1.65-1.35 (m, 6H), 1.16 (d, J = 6.3 Hz, 3H), 1.10 

(d, J = 6.1 Hz, 3H), 1.06 (s, 9H). 

Under Ar, p-methoxybenzyl-2,2,2-trichloroacetimidate (660 μL, 1.74 mmol) was added to SI3 

(78.3 mg, 0.145 mmol) in 3 mL of DCM. The solution was cooled to 0 °C and TMSOTf (5.2 μL, 

0.03 mmol) was added dropwise with rapid stirring. The reaction mixture was stirred to room 

temp. for 14 hr. Another 100 μL of p-methoxybenzyl-2,2,2-trichloroacetimidate (0.48 mmol) and 

1 μL of TMSOTf (0.005 mmol, 0.03 mmol) was added at room temp. and the reaction mixture 

was stirred for an additional 3 hr. The reaction mixture was diluted with 1 mL of DCM, cooled to 
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0 °C, and then quenched with 2 mL of sat. NaHCO3. The organics were extracted three times 

with DCM; the combined organic layers were filtered through a plug of MgSO4 and the solution 

was concentrated in vacuo. Flash column chromatography on silica using a gradient of 0-20% 

ethyl acetate in hexanes afforded the di-p-methoxybenzylated (PMB) compound SI4 with p-

methoxybenzyl reagent (132 mg) that was not further purified.   

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.73-7.67 (m, 4H), 7.45-7.35 (m, 6H), 7.33-7.29 

(m, 2H), 7.01 (dt, J = 15.7, 6.9 Hz, 1H), 7.00-6.97 (m, 2H), 6.90-6.87 (m, 2H), 6.79-6.76 (m, 2H) 

5.86 (dt, J = 15.7, 1.6 Hz), 5.11 (s, 2H), 4.61 (s, 1H), 4.10 (d, J = 12.0 Hz, 1H), 3.99 (d, J = 12.0 

Hz, 1H), 3.81 (s, 3H), 3.78 (s, 3H), 3.77-3.70 (m, 3H), 3.29-3.26 (m, 1H), 2.23 (dq, J = 7.0, 1.4 

Hz, 2H), 1.85-1.77 (m, 1H), 1.66 (dt, J = 12.0, 2.9 Hz, 1H), 1.52-1.35 (m, 6H), 1.24 (d, J = 5.6 

Hz, 3H), 1.05 (s, 9H), 1.03 (d, J = 6.0 Hz, 3H). 

To the product (132 mg) was added TBAF (1M in THF) (0.725 mL, 0.725 mmol). The resulting 

solution was stirred at room temp. for 12 hr and then heated at 40 °C for 5 hr. The solution was 

concentrated in vacuo and flash column chromatography on silica using a gradient of 20-60% 

ethyl acetate in hexanes afforded SI5 (12 mg, 15 % over two steps) as a colorless oil. 

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.33-7.30 (m, 2H), 7.28-7.25 (m, 2H), 6.97 (dt, J 

= 15.5, 7.1 Hz, 1H), 6.92-6.85 (m, 4H), 5.83 (dt, J = 15.5, 1.4 Hz, 1H), 5.10 (s, 2H), 4.75 (br s, 

1H), 4.53-4.51 (m, 2H), 4.47 (d, J = 11.7 Hz, 1H), 3.78 (s, 3H), 3.78 (s, 3H), 3.77-3.72 (m, 1H), 

3.60 (dq, J = 9.4, 6.3 Hz, 1H), 3.50-3.48 (m, 1H), 3.46 (ddd, J = 11.4, 9.4, 4.5 Hz, 1H), 2.23 (dt, 

J = 6.7, 1.4 Hz, 2H), 2.06 (dt, J = 13.2, 3.7 Hz, 1H), 1.56-1.35 (m, 6H), 1.26 (d, J = 5.8 Hz, 3H), 

1.06 (d, J = 6.2 Hz, 3H) 

Nicotinic acid (14.7 mg, 0.120 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC·HCl) (23 mg, 0.120 mmol) were added to 1.3 mL of DCM. The suspension 

was rapidly stirred until a homogeneous solution formed and then SI5 (12 mg, 0.022 mmol) in 

1.3 mL DCM and 4-dimethylaminopyridine (14.6 mg, 0.120 mmol) were added. After stirring 

for 12 hr, the solution was concentrated in vacuo and flash column chromatography on silica 

using a gradient of 0-50% ethyl acetate in hexanes afforded SI6 (13.7 mg, 96 %) as a colorless 
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oil. 

1H NMR (600 MHz, chloroform-d): δ (ppm) 9.22 (d, J = 2.2, 1H), 8.78 (dd, J = 5.0, 1.7 Hz, 

1H), 8.28 (dt, J = 7.9, 1.7, 1H), 7.40 (dd, J = 7.9, 5.0 Hz, 1H), 7.34-7.28 (m, 4H), 7.00 (dt, 15.6, 

7.0 Hz, 1H), 6.91-6.86 (m, 4H), 5.86 (dt, J = 15.6, 1.5 Hz, 1H), 5.12 (dt, J = 10.3, 4.5, 1H), 4.80 

(br s, 1H), 4.64 (d, J = 11.7 Hz, 1H), 4.52 (d, J = 11.7 Hz, 1H), 3.97 (dq, J = 9.6, 6.3 Hz, 1H), 

3.81 (s, 6H), 3.82-3.78 (m, 1H), 3.58-3.55 (m, 1H) 2.38 (dt, 13.1, 4.0 Hz, 1H), 2.22 (dq, J = 7.1, 

1.4 Hz, 2H), 1.89 (ddd, J = 13.6, 11.1, 2.9 Hz, 1H), 1.63-1.34 (m, 6H), 1.23 (d, J = 6.3 Hz, 3H), 

1.10 (d, J = 6.1 Hz, 3H). 

To a stirring solution of SI6 (13.7 mg, 0.021 mmol) in 1.9 mL DCM, trifluoroacetic acid (TFA) 

(168 μL, 2.20 mmol) was added. The resulting solution was stirred for 20 min. at room temp., 

was concentrated in vacuo, and flash column chromatography on silica using a gradient of 0-

50% methanol in dichloromethane was performed, affording nacs#3 (SI7) (5.9 mg, 65 %) as a 

colorless oil.   

1H NMR (600 MHz, methanol-d4): δ (ppm) 9.15 (d, J = 1.9 Hz, 1H), 8.79 (dd, J = 5.1, 1.7, 

1H), 8.48 (ddd, J = 8.0, 1.9, 1.7 Hz, 1H), 7.65 (dd, J = 8.0, 5.1 Hz, 1H),  6.98 (dt, J = 15.7, 6.9 

Hz, 1H), 5.82 (dt, J = 15.7, 1.5 Hz, 1H), 5.15 (ddd, J = 12.0, 9.5, 3.3 Hz, 1H), 4.74 (br s, 1H), 

4.04 (dq,  J = 9.5, 6.4 Hz, 1H), 3.86-3.81 (m, 1H), 3.79 (ddd, 6.8, 3.3, 2.7 Hz, 1H), 2.28 (dq, 6.9, 

1.5 Hz, 2H), 2.21 (dt, J = 13.0, 3.3 Hz, 1H), 2.01 (ddd, J = 13.0, 12.0, 3.3 Hz, 1H), 1.66-1.40 (m, 

6H), 1.22 (d, J = 6.4 Hz, 3H), 1.16 (d, J = 6.1 Hz, 3H). 

Lifespan assays with ncas#3 and ascr#3 

Fifty to sixty hermaphrodite N2 worms from synchronized plates were placed onto 6-cm NGM 

plates with fresh E. coli OP50 bacteria and allowed to lay eggs for 1 h. From these plates, 12-16 

eggs were transferred onto 3.5 cm NGM plates plates containing ncas#3 (at a final concentration 

of 1 µM, 10 nM, 1 nM, 100 pM, 10 pM ) and/or ascr#10 (at a concentration of 100 nM or 10 nM) 

and OP50 bacteria. Starting on day three, worms were transferred daily onto fresh experimental 

plates until cessation of egg laying (around day 8) and every 3 d after that, until the experiment 

was completed. Animals were scored as dead if they failed to respond to a tap on the head and 
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tail with a platinum wire. Worms with internal hatching, exploders or animals that crawled off 

the plate were excluded.   

 

Supporting Figures 

 

 
Figure B1 – Detection and mutant analysis of ncas#7, ncas#1, and ncas#15. Comparison of 

extracted ion chromatograms performed in electrospray ionization negative (ESI-) mode of 

media from mixed stage cultures of N2, glo-1, and daf-22 mutants, depicting the detection of (a) 

ncas#7, (b) ncas#1, and (c) ncas#15. See Table S1 for complete list of fragment ions detected in 

tandem mass spectrum analysis. 

 

 

 

Figure B2 - Synthesis of ncas#3. (a) CCl3CN (3 eq), DBU (0.2 eq), DCM, 5 hr (b) ethyl-(R,E)-

8-hydroxynon-2-enoate (1.3 eq), TMSOTf (0.2 eq), 0 °C to RT, 2 hr (c) LiOH·H2O (11 eq), 1,4-

dioxane/H2O (2:1), 68 °C, 15 hr (d) 4-methoxybenzyl-2,2,2-trichloroacetimidate (15 eq), 

TMSOTf (0.3 eq), DCM, 0 °C to RT, 17 hr (e) TBAF (1M in THF) at room temp., 12 hr, then 40 

°C, 5 hr (f) nicotinic acid (5.4 eq), EDC·HCl (5.4 eq), DMAP (5.4 eq), DCM, 12 hr (g) TFA 

(100 eq), DCM, 20 min. See below for NMR spectroscopic assignments of ncas#3. 
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Figure B3 – Coelution and MS/MS spectra of synthetic and natural ncas#3 analyzed with 

mass spectrometry. (a) Diagram of ncas#3 with representative cleavage points of tandem mass 

spectrometry. (b) Extracted ion chromatograms of m/z 406.18713 in negative ion mode of 

ncas#3 from N2 media, synthetic standard, or coinjection of both. (c) MS/MS spectra of parent 

m/z 408.20168 in positive mode from natural and synthetic ncas#3. 

 

 
Figure B4 – ncas#9 is not an acs-7 dependent feature. Comparison of extracted ion 

chromatograms performed in electrospray ionization negative (ESI-) mode of media from mixed 

stage cultures of N2 and acs-7 null mutants, depicting the detection of (a) icas#9 and (b) ncas#9.  
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Figure B5 – Control metabolites detected in N2, as well as glo-1 and daf-22 mutants. 

Extracted ion chromatograms of control metabolites for culture medium extracts derived from 

wild-type N2, as well as glo-1 and daf-22 mutants. (a) ascr#3 appears in both N2 and the glo-1 

mutant but is absent in the daf-22 mutant. (b) Kynurenate appears in extracts of N2, as well as 

glo-1 and daf-22 mutants. 

 

Supporting Tables 

Table B1 – m/z of labeled (NH2OH) and unlabeled (none) ascarosides detected in C. elegans 

endometabolome 
smid-db  

 

labelling 

agent 

rt 

(min), 

column 

m/z (ES+) MS/MS (ES+) m/z (ES-) MS/MS (ES-) 

ncas#9 none 8.28 

agilent 

354.15442 83.04974 (C5H7O+), 95.04962 

(C6H7O+), 106.02917 (C6H4NO+), 

113.06001 (C6H9O2+), 124.03956 
(C6H6NO2+) 

352.14075 92.04906 (C6H6N-), 122.02342 

(C6H4NO2-) 

ncas#2 none 9.29 

agilent 

352.17456

, 

374.15646 

   

ncas#7 none 9.40 

agilent 

380.17050 83.04969 (C5H7O+), 95.04958 

(C6H7O+), 106.02910 (C6H4NO+), 

113.06005 (C6H9O2+), 120.04458 
(C7H6NO+), 124.03949 (C6H6NO2+) 

378.15594 122.02344 (C6H4NO2-) 

ncas#1 none 9.61 

agilent 

382.18616 83.04971 (C5H7O+), 95.04961 

(C6H7O+), 106.02913 (C6H4NO+), 

113.06005 (C6H9O2+), 124.03952 
(C6H6NO2-) 

380.17203 78.03339 (C5H4N-), 92.04912 

(C6H6N-), 122.02341 (C6H4NO2-

), 136.03900 (C7H6NO2-) 

ncas#3 none 10.81 

agilent 

408.20135 83.04967 (C5H7O+), 95.04956 

(C6H7O+), 106.02908 (C6H4NO+), 
113.06000 (C6H9O2+), 124.03945 

(C6H6NO2+), 178.08633 

(C10H12NO2+), 236.09134 
(C12H14NO4+) 

406.18750 122.02340 (C6H4NO2-) 

ncas#10 none 11.18 

agilent 

410.21683 83.04967 (C5H7O+), 95.04956 

(C6H7O+), 106.02909 (C6H4NO), 

113.06001 (C6H9O2+), 124.03947 
(C6H6NO2+), 139.11186 (C9H15O+) 

408.20267 78.03336 (C5H4N-), 122.02339 

(C6H4NO2-) 

ncas#15 none 12.81 

agilent 

422.21738 83.04948 (C5H7O+), 95.04931 

(C6H7O+), 106.02881 (C6H4NO+), 
113.05965 (C6H9O2+), 124.03909 

(C6H6NO2+), 178.08571 

(C10H12NO2+), 236.09091 
(C12H14NO4+) 

420.20306 92.04906 (C6H6N-), 136.03912 

(C7H6NO2-) 

pras#3 none 11.61 

agilent 

  394.18713 66.03334 (C4H4N-), 110.02324 

(C5H4NO2-) 
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bzas#3 none 13.01 

agilent 

  405.19199 121.02797 (C7H5O2-) 

ascr#10 NH2OH 5.76 

agilent 

320.20593 83.04947 (C5H7O+), 85.06520 

(C5H9O+), 88.03968 (C3H6NO2+), 

95.04941 (C6H7O+), 112.11213 
(C7H14N+), 113.09620 (C7H13O+), 

130.12248 (C7H16NO+), 137.09633 

(C9H13O+), 172.13278 
(C9H18NO2+), 190.14328 

(C9H20NO3+), 302.19547 

(C15H28NO5+) 

318.19241 73.02847 (C3H5O2-), 111.04414 

(C6H7O2-), 170.11810 

(C9H16NO2-), 188.12874 
(C9H18NO3-), 273.15872 

(C13H23NO5-) 

bhas#16 NH2OH 6.79 

agilent 

350.21671 83.04962 (C5H7O+), 95.04935 

(C6H7O+), 109.10126 (C8H13+), 

110.09650 (C7H12N+), 128.10693 
(C7H14NO+), 137.09579 (C9H13O+), 

146.08063 (C6H12NO3+), 152.10631 

(C9H14NO+), 170.11697 
(C9H16NO2+), 184.13254 

(C10H18NO2+), 202.14314 

(C10H20NO3+), 220.15375 
(C10H22NO4+), 240.15921 

(C13H22NO3+), 258.16885 

(C13H24NO4+), 278.17441 
(C16H24NO3+), 296.18466 

(C16H26NO4+), 315.20255 

(C16H29NO5+), 332.20578 
(C16H30NO6+), 350.21606 

(C16H32NO7+) 

  

ascr#18 NH2OH 7.07 
agilent 

348.23688  346.22376 73.02805 (C3H5O2-), 92.02136, 
115.23721, 305.05103 

osas#10 NH2OH 7.14 

agilent 

555.29122 83.04945 (C5H7O+), 85.06486 

(C5H9O+), 86.09680 (C5H12N+), 

88.03957 (C3H6NO2+), 95.04938 
(C6H7O+), 112.11212 (C7H14N+), 

113.05969 (C6H9O2+), 113.09586 

(C7H13O+), 130.12250 (C7H16NO+), 
136.07541 (C8H10NO+), 172.13278 

(C9H18NO2+), 190.14319 

(C9H20NO3+), 218.08066 
(C12H12NO3+), 236.09108 

(C12H14NO4+), 284.18454 

(C15H26NO4+), 302.19550 
(C15H28NO5+), 348.14322 

(C18H22NO6+), 366.15256 

(C18H24NO7+), 519.26862 
(C27H39N2O8+), 537.27844 

(C27H41N2O9+) 

553.27759 73.02814 (C3H5O2-), 82.02842, 

98.02339, 119.04893, 121.02811, 

123.04398, 133.02818, 135.04384, 
186.24423, 210.71561, 218.47305, 

244.20853, 281.19812, 318.19211, 

344.58060, 348.92972 

hbas#10 NH2OH 8.18 
agilent 

440.22789 83.04945 (C5H7O+), 85.06509 
(C5H9O+), 86.09679 (C5H12N+), 

88.03934 (C3H6NO2+), 95.04942 

(C6H7O+), 112.11216 (C7H14N+), 
113.05979 (C6H9O2+), 113.09621 

(C7H13O+), 121.02842 (C7H5O2+), 

130.12250 (C7H16NO+), 172.13269 
(C9H18NO2+), 190.14337 

(C9H20NO3+), 251.09081 

(C13H15O5+), 284.18643 

(C15H26NO4+), 302.19672 

(C15H28NO5+), 422.21515 

(C22H32NO7+) 

438.21371 73.02843 (C3H5O2-), 111.04399 
(C6H7O2-), 137.02364 (C7H5O3-), 

170.11833 (C9H16NO2-), 

188.12874 (C9H18NO3-), 
249.07684 (C13H13O5-), 

318.19232 (C15H28NO6-), 

421.18839 (C22H29O8-) 

icas#10 NH2OH 8.91 

agilent 

463.24388 83.04948 (C5H7O+), 85.06506 

(C5H9O+),  

86.09663 (C5H12N+), 88.03972 
(C3H6NO2+), 95.04936 (C6H7O+), 

112.11209 (C7H14N+), 113.05972 

(C6H9O2+), 113.09607 (C7H13O+), 
130.12242 (C7H16NO+), 144.04402 

(C9H6NO+), 162.05443 (C9H8NO2+), 

172.13274 (C9H18NO2+), 190.14320 
(C9H20NO3+), 274.10648 

461.22995 73.02846 (C3H5O2-), 111.04424 

(C6H7O2-), 160.03975 

(C9H6NO2-), 170.11801 
(C9H16NO2-), 188.12871 

(C9H18NO3-), 272.09271 

(C15H14NO4-), 318.19235 
(C15H28NO6-), 444.20428 

(C24H30NO7-) 
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(C15H16NO4+), 284.18433 

(C15H26NO4+), 302.19531 

(C15H28NO5+), 320.20599 

(C15H30NO6+), 445.23538 
(C24H33N2O6+) 

mbas#10 NH2OH 8.92 

agilent 

402.24863 83.04953 (C5H7O+), 85.06510 

(C5H9O+), 86.09712 (C5H12N+), 

88.03961 (C3H6NO2+), 95.04940 
(C6H7O+), 101.05994 (C5H9O2+), 

112.11211 (C7H14N+), 113.05973 

(C6H9O2+), 113.09612 (C7H13O+), 
130.12242 (C7H16NO+), 172.13275 

(C9H18NO2+), 190.14325 

(C9H20NO3+), 213.11143 
(C11H17O4+), 284.18454 

(C15H26NO4+), 302.19559 

(C15H28NO5+), 384.23654 
(C20H34NO6+) 

400.23447 73.02852 (C3H5O2-), 99.04420 

(C5H7O2-), 111.04430 (C6H7O2-), 

170.11806 (C9H16NO2-), 
188.12872 (C9H18NO3-), 

318.19235 (C15H28NO6-) 

ncas#10 NH2OH 7.57 

agilent 

425.22714 95.04932 (C6H7O+), 112.11204 

(C7H12N+), 124.03912 (C6H6NO2+), 
130.12230 (C7H16NO+), 137.09572 

(C9H13O+), 172.13258 (C9H18NO2+) 

190.14314 (C9H20NO3+), 236.09082 
(C12H14NO4+), 284.18430 

(C15H26NO4+), 407.21655 

(C21H31N2O6+) 

423.21405 122.02393 (C6H4NO2-), 188.12883 

(C9H18NO3-), 300.18222 
(C15H26NO5-) 

bzas#10 NH2OH 9.27 

agilent 

424.23239 95.04939 (C6H7O+), 105.03358 

(C7H5O+), 112.11211 (C7H14N+), 

123.04395 (C7H7O2+), 130.12245 
(C7H16NO+), 172.13272 

(C9H18NO2+), 190.14322 

(C9H20NO3+), 235.09596 
(C13H15O4+), 302.19693 

(C15H28NO5+) 

422.21893 121.02860 (C7H5O2-), 188.12885 

(C9H18NO3-), 300.18164 

(C15H26NO5-) 

pras#10 NH2OH 8.20 

agilent 

413.22794 95.04942 (C6H7O+), 112.03936 

(C5H6NO2+), 130.12253 (C7H16NO), 
172.13275 (C9H18NO2+), 190.14331 

(C9H20NO3+), 224.09116 

(C11H14NO5+), 302.19699 
(C15H28NO5+) 

411.21405 110.02383 (C5H4NO2-), 170.11786 

(C9H16NO2-), 188.12823 
(C918NO3-), 318.19244 

(C15H28NO6-) 

ascr#3-

ascr#10 

NH2OH 5.10 

evo 

604.36816 95.04936 (C6H7O+), 109.10128 

(C8H13+), 112.11213 (C7H14N+), 
113.05976 (C6H9O2+), 120.04434 

(C7H6NO+), 130.12247 (C7H16NO+), 

137.09586 (C9H13O+), 155.10625 
(C9H15O2+), 172.13275 

(C9H18NO2+), 190.14330 

(C9H20NO3+), 224.16374 
(C13H22NO2+), 242.17436 

(C13H24NO3+), 267.15778 

(C15H23O4+), 285.16821 
(C15H25O5+), 302.19556 

(C15H28NO5+) 320.20621 

(C15H30NO6+), 456.29431 
(C24H42NO7+), 474.30475 

(C20H44NO8+) 

602.11893  

ncas#3-

ascr#10 

NH2OH 6.38 

evo 

709.38934 95.04940 (C6H7O+), 124.03921 

(C6H6NO2+), 172.13284 

(C9H18NO2+), 190.14330 

(C9H20NO3+), 236.09113 
(C12H14NO4+), 284.18488 

(C12H26NO4+), 302.19516 

(C15H28NO5+), 348.14456 
(C18H22NO6+), 408.20038 

(C12H30NO7+), 456.29419 

(C24H42NO7+), 474.30472 
(C24H44NO8+), 520.25262 

(C27H38NO9+) 

707.37651 73.02846 (C3H5O2-), 83.04917 

(C5H7O-), 111.04395 (C6H7O2-), 

122.02386 (C6H4NO2-), 170.11813 

(C9H16NO2-), 188.12866 
(C9H18NO3-), 318.19232 

(C15H28NO6-) 

mbas#3- NH2OH 7.19 686.40930 83.04950 (C5H7O+), 95.04936 684.39702 73.02844 (C3H5O2-), 111.04417 
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ascr#10 evo (C6H7O+), 109.10125 (C8H13+), 

112.11209 (C7H14N+), 113.05972 

(C6H9O2+), 130.12238 (C7H16NO+), 

131.04893 (C9H7O+), 137.09583 
(C9H13O+), 172.13271 

(C9H18NO2+), 190.14323 

(C9H20NO3+), 213.11145 
(C11H17O4+), 255.17346 

(C18H23O+), 285.16769 

(C15H25O6+), 302.19513 
(C15H28NO5+), 326.21240 

(C21H28NO2+), 384.23883 

(C20H34NO6+), 402.24796 
(C20H36NO+), 456.29382 

(C24H42NO7+), 474.30457 

(C24H44NO8+) 

(C6H7O2-), 170.11800 

(C9H16NO2-), 188.12865 

(C9H18NO3-), 318.19250 

(C15H28NO6-) 

bzas#3-
ascr#10 

NH2OH 7.36 
evo 

708.39380 83.04948 (C5H7O+), 95.04938 
(C6H7O+), 105.03361 (C7H5O+), 

113.05973 (C6H9O2+), 130.12242 

(C7H16NO+), 155.10634 
(C9H15O2+), 172.13268 

(C9H18NO2+), 190.14325 

(C9H20NO3+), 235.09593 
(C13H15O4+), 267.15833 

(C15H23O4+), 285.16797 
(C15H25O5+), 302.19604 

(C15H28NO5+), 406.22256 

(C22H32NO6+), 424.23087 
(C22H34NO7+), 456.29422 

(C24H42NO7+), 474.30478 

(C24H44NO8+) 

706.38135 73.02847 (C3H5O2-), 111.04449 
(C6H7O2-), 121.02874 (C7H5O2-), 

170.11804 (C9H16NO2-), 

188.12862 (C9H18NO3-), 
318.19238 (C15H28NO6-) 

ncas#3-
2’-ascr#3 

NH2OH 8.54 
evo 

707.37299 83.04955 (C5H7O+), 95.04942 
(C6H7O+), 106.02885 (C6H4NO+), 

113.05970 (C6H9O2+), 124.03920 

(C6H6NO2+), 152.10648, 170.11707, 
172.13297, 236.09116 

(C12H14NO4+), 264.19531 

(C16H26NO2+), 282.20584 

(C16H28NO3+), 298.23691 

(C17H32NO3+), 300.21582 

(C16H30NO4+), 316.24738 
(C17H34NO4+), 324.21561 

(C18H30NO4+), 342.22659 

(C18H32NO5+), 360.23788 
(C18H34NO6+), 410.29028 

(C23H40NO5+), 428.30002 

(C23H42NO6+), 454.27716 
(C24H40NO7+), 472.28897 

(C24H42NO8+), 577.31140 

(C30H45N2O9+), 663.38300 
(C35H55N2O10+) 

705.36113  
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NMR Spectroscopic Data for nacs#3. 1H (600 MHz), 13C (151 MHz), HSQC, and HMBC 

NMR spectroscopic data for ncas#3 in methanol-d4. Chemical shifts were referenced to 

(CD2HOD) = 3.31 ppm and (13CD2HOD) = 49.00 ppm. 

 
Position 13C (ppm) 1H (ppm) 1H-1H Coupling Constants (Hz) Relevant HMBC correlations 

1' 97.5 4.74 J1',2' = 2.7 2', 3', 5', 8 

2' 69.2 3.79 J2’,1’ = 2.7, J2',3'ax = 6.8, J2',3'eq = 3.3 4' 

3' 32.7 2.01 (ax) J3'ax,3'eq = 13.0, J3'ax,2' = 3.3, J3'ax, 4' = 12.0 4’, 5’ 

  2.21 (eq) J3'eq,3'ax = 13.0, J3'eq,2' = 3.3, J3'eq,4' = 3.3 1', 2’, 4’, 5’ 

4' 72.3 5.15 J4',3'eq = 3.3, J4',3'ax = 12.0, J4',5' = 9.5 3’, 5’, 6’, 3''(C=O) 

5' 68 4.04 J5',6' = 6.4, J5',4' = 9.5 1', 3', 4', 6' 

6' 17.9 1.22 J6',5' = 6.4 4', 5' 

     

1 169.8    

2 122.3 5.82 J2,3 = 15.7, J2,4 = 1.5 1, 4 

3 150.7 6.98 J3,2 = 15.7, J3,4 = 6.9 1, 4, 5 

4 32.8 2.28 J4,3 = 6.9, J4,5 = 6.9, J4,2 = 1.5 2, 3, 5, 6 

5 28.8 1.54  3 

6 26.3 1.45  8 

7 37.8 1.54, 1.62    

8 72.8 3.84 J8,9 = 6.1 1', 6, 7 

9 19.1 1.16 J9,8 = 6.1 7, 8 

     

     

3''(C=O) 165    

5'' 125.4 7.65 J5'',6'' = 5.1, J5'',4'' = 8.0 3'', 4'', 6'' 

3'' 128 N/A   

4'' 139.6 8.48 J4'',2'' = 1.9, J4'',5'' = 8.0, J4'',6'' = 1.7 2'', 3''(C=O), 6'' 

6'' 153.1 8.79 J6'',5'' = 5.1, J6'',4'' = 1.7 5'', 3'', 4'', 2'' 

2'' 150.2 9.15 J2'',4'' = 1.9 3'', 3''(C=O), 4'', 6'' 

Supplemental References 

1. Zhang YK, Sanchez-Ayala MA, Sternberg PW, Srinivasan J, Schroeder FC, Org. Lett. 2017, 

19, 2837–2840 
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APPENDIX C 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

 

Experimental Procedures 

General Information. Unless noted otherwise, all reagent were purchased from Sigma-Aldrich. 

All newly identified compounds were assigned four letter “SMID”s (a search-compatible, Small 

Molecule IDentifier) e.g., “icas#3” or “ascr#10”. The SMID database (www.smid-db.org) is an 

electronic resource maintained in collaboration with WormBase (www.wormbase.org). A 

complete list of SMIDs can be found at www.smid-db.org/browse, and example structures for 

different SMIDs at www.smid-db.org/smidclasses. 

BLAST analysis of uar-1. Amino acid sequence of Ppa-UAR-1 was used as previously 

published.[1] BLASTp was run from the WormBase engine at 

(https://wormbase.org/tools/blast_blat). E-value threshold was set to 1E0. Database was set to 

WS269 and species was set to C. elegans. Results of BLASTp search are listed in Table S1. 

Amino Acid Sequence Alignment. hAChE was aligned with Ppa-UAR-1, CEST-1, CES-2, 

CEST-3, and CEST-4 was done using T-Coffee Multiple Sequence alignment.[2] Protein 

sequences for C. elegans CEST proteins are from WormBase. The AChE sequence was obtained 

from NCBI (accession number P22303). Amino acids were colored based on chemical 

properties: AVFPMILW = red (small + hydrophobic), DE = blue (acidic), RHK = magenta 

(basic), STYHCNGQ = green (hydroxyl + sulfydryl + amine + glycine). See Figure S7 for 

results. 

Phylogenetic Tree. The protein sequence of Ppa-UAR1 was submitted to an NCBI BLASTp 

search[3] (restricted to species C. elegans, conditional compositional BLOSUM62, gap open 

cost:11, gap extension cost: 1, word size: 6) using Geneious software (Biomatters Inc). The top 

BLAST hits by E-value up to and including ace-3 were selected, and only the best scoring 

transcript variant was kept for each protein sequence hit. A total of 28 sequences were then 

imported into MEGA 7[4] and aligned using MUSCLE[5] (settings: gap open penalty: -2.9, gap 
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extend 0, hydrophobicity multiplier 1.2, max. iterations 8, clustering method for all iterations: 

UPGMB, minimal diagonal length: 24). From this alignment, an Maximum Likelihood tree was 

built based on the JTT matrix-based model[6] . Initial trees were built by applying Neighbor-Join 

and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model assuming 

uniform substitution rates across positions. Phylogeny confidence was tested using 200 bootstrap 

replications[7]. The tree with the highest log likelihood (-22299.9282) is shown. At each branch, 

the percentage of bootstrap replicates containing the same branching event is denoted. The tree is 

drawn to scale, with branch lengths measured in the number of substitutions per site. The 

evolutionary history was inferred by using the Maximum Likelihood method based on the JTT 

matrix-based model[6]. The tree with the highest log likelihood (-22299.9282) is shown. The 

percentage of trees in which the associated taxa clustered together is shown next to the branches. 

Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and 

BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then 

selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site. The analysis involved 28 amino acid 

sequences. All positions containing gaps and missing data were eliminated. There were a total of 

427 positions in the final dataset. Evolutionary analyses were conducted in MEGA7.[4,7] 

C. elegans CRISPR Mutagenesis. CRISPR/Cas9 mutagenesis was performed as in Wang et al., 

2018.[8] Briefly, C. elegans strain N2 were gene-edited by insertion of a 43-base-pair insertion 

that disrupts translation. Independent homozygous mutants were picked among the progeny of 

heterozygous F1 progeny of injected hermaphrodites, and given distinct unique allele names. 

Reversion of mutants was accomplished in the same way. 

Nematode Cultures. Culturing began by chunking C. elegans onto 10 cm NGM plates (each 

seeded with 800 µL of OP50 E. coli grown to stationary phase in Lennox Broth) and incubated at 

22 °C. Once the food was consumed, the cultures were incubated for an additional 24 hours. 

Each plate was then washed with 25 mL of S-complete medium into a 125 mL Erlenmeyer flask 

and 1 mL of OP50 E. coli was added (liquid cultures were grown to stationary phase in Terrific 
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Broth, pelleted and resuspended at 1 g wet mass per 1 mL M9 buffer), shaking at 220 RPM 22 

°C. After 70 hours, cultures were centrifuged at 5000 G for 1 min. After discarding supernatant, 

24 mL H2O was added, along with 6 mL bleach, 900 µL 10 M NaOH and shaken for 3 min to 

prepare eggs. Eggs were centrifuged at 5000 G, supernatant removed, and washed with 35 mL 

M9 buffer twice, and then suspended in a final volume of 5 mL M9 buffer in a 50 mL centrifuge 

tube. Eggs were counted and placed on a rocker and allowed to hatch as L1 larvae for 24 hours at 

22 °C. 70,000 L1s were seeded in 25 mL cultures of S-complete with 1 mL of OP50 and 

incubated at 220 RPM 22 °C in a 125 mL Erlenmeyer flask. After 72 hours, cultures were fed an 

additional 1 mL of OP50 and incubation continues. After an additional 48 hours had passed, 

worms were spun at 1000 G 5 min and spent medium was separated from worm body pellet. 

Separated medium and worm pellet were flash frozen over liquid nitrogen until further 

processing. 

Nematode Starvation. Following bleach treatment of nematodes, 200,000 L1s were seeded in 

100 mL cultures of S-Complete with 4 mL of OP50, and incubated at 220 RPM 22 °C in 500 mL 

Erlenmeyer flasks. After 70 hours, worms were transferred into 2 x 50 mL tubes and centrifuged 

at 1000 G for 1 min to separate “fed” media from worm bodies. Worm pellets were washed once 

with S-Basal then resuspended in 100 mL and incubated at 220 RPM 22 °C in 500 mL 

Erlenmeyer flasks. After 24 hours, worms were centrifuged at 1000 G 5 min to separate out 

starved media from the worm pellet. Worm pellets, fed, and starved media were flash frozen over 

liquid nitrogen until further processing. 

N-Acetylserotonin Feeding. C. elegans L1 larvae of Wildtype (N2) were prepared using the 

bleach method (see Nematode Cultures above) and 25 mL S-complete cultures were established 

with 70,000 worms each in 125 mL Erlenmyer flasks. 1 mL of OP50 solutions (see above) was 

added to each culture. N-acetylserotonin was dissolved in methanol and added to the cultures to a 

final concentration of 1 µM. Additional experimental conditions included p-aminobenzoic acid, 

anthranilic acid, or indole dissolved in methanol and added to cultures to a final concentration of 

1 µM. Control samples were treated with only methanol. Cultures were grown for 4 days, 
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shaking on an orbital shaker at 220 RPM 22 °C. Subsequently, media and worm bodies were 

separated by centrifugation at 1000 G for 10 min, frozen over liquid nitrogen, and stored at -20 

°C until further processing. 

Metabolite Extraction. Frozen samples were lyophilized to dryness. Dried media are extracted 

with 30 mL methanol. Dried worm pellets were first homogenized by shaking with steel balls 

(2.5 mm balls, SPEX sample prep miniG 1600) at 1300 RPM for 3 min in 30 s pulses and then 

extracted with 25 mL of methanol. Extractions were done on an orbital shaker set to 200 RPM, at 

20 °C for 24 hours. Extractions were centrifuged at 5000 G for 10 min at 4 °C, and supernatants 

were transferred to clean glass vials and dried on a SpeedVac (Thermo Fisher Scientific) vacuum 

concentrators. Dried material was resuspended in 700 µL of methanol, transferred to 1.7 mL 

Eppendorf tubes, and centrifuged at 20,000 G for 20 min at 4 °C. Clarified concentrated extracts 

were transferred to HPLC vials and stored at -20 °C until analysis. 

Mass Spectrometric Analysis. High resolution LC−MS analysis was performed on a 

ThermoFisher Scientific Vanquish Horizon UHPLC System coupled with a Thermo Q Exactive 

HF hybrid quadrupole-orbitrap high-resolution mass spectrometer equipped with a HESI ion 

source. 1 µL of extract was injected and separated using a water-acetonitrile gradient on an 

Agilent Zorbax Eclipse XDB-C18 column (150 mm × 2.1 mm, particle size 1.8 μm) maintained 

at 40 °C. Solvents were all purchased from Fisher Scientific as HPLC grade. Solvent A: 0.1% 

formic acid in water; Solvent B: 0.1% formic acid in acetonitrile. A/B gradient started at 1% B 

for 3 min after injection and increased linearly to 100% B at 20 min, using a flow rate 0.5 

mL/min. Mass spectrometer parameters: spray voltage 3.0 kV, capillary temperature 380 °C, 

prober heater temperature 300 °C; sheath, auxiliary, and spare gas 60, 20, and 2, respectively; S-

lens RF level 50, resolution 240,000 at m/z 200, AGC target 3×106. The instrument was 

calibrated with positive and negative ion calibration solutions (Thermo-Fisher). Each sample was 

analyzed in positive and negative modes with m/z range 70 to 1000. 

Feature Detection and Characterization. LC−MS RAW files from each sample were 

converted to mzXML (centroid mode) using MSConvert (ProteoWizard), followed by analysis 
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using the XCMS[9] analysis feature in METABOseek (metaboseek.com). Peak detection was 

carried out with the centWave algorithm[10], values set as: 4 ppm, 320 peakwidth, 3 snthresh, 

3100 prefilter, FALSE fitgauss, 1 integrate, TRUE firstBaselineCheck, 0 noise, wMean 

mzCenterFun, -0.005 mzdiff. XCMS feature grouping values were set as: 0.2 minfrac, 2 bw, 

0.002 mzwid, 500 max, 1 minsamp, FALSE usegroup. METABOseek peak filling values set as: 

5 ppm_m, 5 rtw, TRUE rtrange. Resulting tables were then processed with the METABOseek 

Data Explorer. Molecular features were filtered for each particular null mutant against all other 

mutants. Filter values were set as: 10 to max minFoldOverCtrl, 25000 to max meanInt, 60 to 

1200 rt, 0.96 to max Peak Quality as calculated by METABOseek. Features were then manually 

curated by removing isotopic and adducted redundancies. Remaining masses were put on the 

inclusion list for MS/MS (ddMS2) characterization. Positive and negative mode data were 

processed separately. In both cases we checked if a feature had a corresponding peak in the 

opposite ionization mode, since fragmentation spectra in different modes often provide 

complementary structural information. To acquire MS2 spectra, we ran a top-10 data dependent 

MS2 method on a Thermo QExactive-HF mass spectrometer with MS1 resolution 60000, AGC 

target 1 × 10^6, maximum IT (injection time) 50 ms, MS2 resolution 45 000, AGC target 5 × 

10^5, maximum IT 80 ms, isolation window 1.0 m/z, stepped NCE (normalized collision energy) 

25, 50, dynamic exclusion 3 s. 

Synthesis of 1-O-Acetyl-2,3,4,6-tetra-O-benzoyl-α-D-glucopyranose. To 40 mL of 

dichloromethane (DCM) was added 1,2,3,4,6-penta-O-benzoyl-α-D-glucopyranose (6.56 g, 9.38 

mmol), acetic anhydride (17.68 mL, 0.187 mol), acetic acid (8.04 mL, 0.141 mol), and sulfuric 

acid (1.50 mL, 28.1 mmol). The reaction mixture was stirred at room temp. for 24 hr and was 

quenched with the addition of sat. sodium bicarbonate solution. The organics were extracted 

three times with DCM, dried with magnesium sulfate, and concentrated. Flash chromatography 

on silica using a gradient of 20-40% ethyl acetate in hexanes afforded the monoacetylated sugar 

(4.3 g, 72%) as a white solid. 1H NMR (600 Hz, chloroform-d): δ (ppm) 7.27- 8.06 (m, 20H), 

6.63 (d, 3.7 Hz, 1H), 6.17 (d, 10.0 Hz, 1H),  5.79 (d, 10.0 Hz, 1H), 5.54 (dd, 3.7, 10.0 Hz, 1H), 
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4.43-4.64 (m, 3H), 2.23 (s, 3H).  

Synthesis of Uric Acid Glucoside. Under argon, a mixture of N,O-bis(trimethylsilyl)acetamide 

(BSA) (1.29 mL, 4.67 mmol), uric acid (187 mg, 1.11 mmol), and 12 mL of dry 1,2-

dichloroethane was refluxed for 16 hr. The resulting homogeneous, light yellow solution was 

cooled to room temp., 1-O-acetyl-2,3,4,6-tetra-O-benzoyl-α-D-glucopyranose (350 mg, 0.55 

mmol) and trimethylsilyl trifluoromethanesulfonate (0.20 mL, 1.11 mmol) were added, and the 

solution was refluxed under argon for 24 hr. The reaction mixture was quenched by addition of 

ethyl acetate and water. The organics were extracted three times with ethyl acetate and the 

combined organics were filtered (to remove precipitated uric acid) and concentrated. Flash 

column chromatography on silica using a gradient of 0-50% methanol in dichloromethane 

afforded a mixture of benzoylated uric acid glucosides as an amorphous solid. Methanolic 

ammonia (7 N) was added to the mixture of uric acid glucosides, and the resulting solution was 

heated to 50 °C for 48 hr. Samples for HPLC-MS were taken directly from the reaction crude 

and were not further purified.    

Synthesis of iglu#1. iglu#1 was synthesized as described previously.[11] 

Synthesis of angl#1. angl#1 was synthesized as described previously.[12] 

Synthesis of 2-((tert-Butoxycarbonyl)amino)benzoic acid (Boc-AA). 

To a solution of anthranilic acid (300 mg, 2.18 mmol) in 4 mL of THF and H2O (1:1), Boc-

anhydride (520.8 mg, 2.39 mmol) was added, and 2 M NaOH was added to the mixture until pH 

10 was reached. The reaction mixture was stirred at room temperature. After 23 hours, the 

solution was concentrated in vacuo, and 15% citric acid aqueous solution was added until pH 4 

was reached. The white precipitate was filtered off and dried under vacum to provide 2-((tert-

butoxycarbonyl)amino)benzoic acid (496.7mg) as a white solid. Yield 96%. 1H NMR, 600Hz, 

chloroform-d: δ (ppm) 10.06 (s, 1H), 8.47 (dd, J = 8.7, 0.9 Hz, 1H), 8.08 (dd, J = 7.9, 1.5 Hz, 

1H), 7.57 (dt, J = 7.9, 1.5 Hz, 1H), 7.03 (dt, J = 7.2, 1.2 Hz, 1H), 1.55 (s, 9H). 
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Synthesis of iglu#3. 

((2R,3S,4S,5R,6R)-3,4,5-trihydroxy-6-(1H-indol-1-yl)tetrahydro-2H-pyran-2-yl)methyl 2-

((tert-butoxycarbonyl)amino)benzoate. To a stirred solution of Boc-AA (10 mg, 0.042 mmol) 

in dimethylformamide (1 mL), 1-(3- dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDC·HCl) (20.1 mg, 0.105 mmol) was added. The mixture was stirred at room temperature for 

5 min, and 4-dimethylaminopyridine (DMAP) (18.1mg, 0.105mmol) and (2R,3S,4S,5R,6R)-2-

(hydroxymethyl)-6-(1H-indol-1-yl)tetrahydro-2H-pyran-3,4,5-triol (iglu#1) (9.8 mg, 0.0035 

mmol) were added. The reaction mixture was stirred at room temperature. After 5 hours, the 

mixture was concentrated in vacuo to provide a crude product. 

((2R,3S,4S,5R,6R)-3,4,5-trihydroxy-6-(1H-indol-1-yl)tetrahydro-2H-pyran-2-yl)methyl 2-

aminobenzoate (iglu#3). To a solution of ((2R,3S,4S,5R,6R)-3,4,5-trihydroxy-6-(1H-indol-1-

yl)tetrahydro-2H-pyran-2-yl)methyl 2-((tert-butoxycarbonyl)amino)benzoate in 1.4mL 

dichloromethane and methanol (5:2), trifluoroacetic acid (TFA) was added slowly. The reaction 

mixture was stirred at room temperature. After 3 hours, the mixture was concentrated in vacuo. 

HPLC provided a pure sample of iglu#3 (0.8 mg) identical to the natural product. Yield: 5.7%. 

See Table S4 for NMR spectroscopic data. 

Synthesis of an HPLC standard of angl#3. 

((2R,3S,4S,5R,6S)-6-((2-aminobenzoyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-

yl)methyl 2-((tert-butoxycarbonyl)amino)benzoate. To a stirred solution of Boc-AA (2 mg, 

0.00 84mmol) in dimethylformamide, 1-(3- dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC·HCl) (3.9 mg, 0.0203 mmol) was added. The mixture was stirred at room 

temperature for 5 min, and 4-dimethylaminopyridine (DMAP) (2.5 mg, 0.0203 mmol) and 

angl#1 (2 mg, 0.0068 mmol) were added. The reaction mixture was stirred at room temperature. 

After 5 hours, the mixture was concentrated in vacuo. The crude product was directly used in the 

next step.  
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((2R,3S,4S,5R,6S)-6-((2-aminobenzoyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-

yl)methyl 2-aminobenzoate (angl#3). To a solution of ((2R,3S,4S,5R,6S)-6-((2-

aminobenzoyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-yl)methyl 2-((tert-

butoxycarbonyl)amino)benzoate in 0.55 mL dichloromethane and methanol (10:1), 

trifluoroacetic acid (TFA, 500 µL) was added slowly. The reaction mixture was stirred at room 

temperature. After 3 hours, the mixture was concentrated in vacuo.  

N-Succinyl octopamine, Synthesis of HPLC Standard. N-succinyl octopamine was 

synthesized as described previously.[13] 

N-(p-Aminobenzoyl)glutamate, Synthesis of HPLC Standard. p-Aminobenzoic acid (Chem-

Impex) was dissolved in warm dichloromethane (DCM) with triethylamine (0.1 eq). EDC-HCl 

(Amresco Biochemicals) (1 eq) and di-tert-butyl glutamate (1 eq) was added to the reaction 

mixture. N,N,-Dimethylaminopyridine (1.1 eq) was then added to the reaction. The reaction was 

stirred at room temperature for 24 hr, extracted with ethyl acetate. The organic layer was  driect 

with sodium sulfate and evaporated to dryness in vacuo. 1H NMR (600 Hz, methanol): δ (ppm) 

7.61 (d, 8.6 Hz, 2H), 6.64 (d, 8.6 Hz, 2H), 4.44 (dd, 5.1 ,9.5 Hz, 1H), 1.73-2.18 (m, 4H), 1.45 (s, 

18H).  the protected N-(p-aminobenzoyl)glutamate was dissolved in DCM, and trifluoroacetic 

acid (TFA) was added (100 eq). the reaction was stirred for 6 hr at room temperature. TFA and 

DCM were evaporated off to yield crude paba-glutamate. 1H NMR, 600 Hz, methanol: δ (ppm) 

7.93 (d, 8.6 Hz, 2H), 7.37 (d, 8.5 Hz, 2H), 4.61 (dd, 5.0, 9.3 Hz, 1H), 2.09-2.28 (m, 4H).  
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Supporting Figures 

 

 

 

Figure C1. Relative abundances  of (a) cest-1.1, (b) cest-2.2, (c) cest-8, (d) cest-4-dependent 

metabolites. Metabolites were quantified from the integrations of the extracted ion 

chromatograms with a 10 ppm window, where the highest value within each chart was set to 1 

and all other values were normalized accordingly. Each value represents the mean and the error 

bars are standard deviation of three independent measurements, from three separate cultures for 

each mutant. 
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Figure C2. Ion chromatograms demonstrating no loss of potential substrate precursors in (a) 

cest-1.1 (b) cest-2.2 (c) cest-8 (d) cest-4 null mutants. 
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Figure C3. Ion chromatograms demonstrating recovery of (a) cest-1.1, (b) cest-2.2, (c) cest-8 -

dependent metabolites from CRISPR/Cas9 reversions of the corresponding cest-null mutants. 
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Figure C4. Synthetic scheme for the synthesis of (a) iglu#3 and (b) angl#3. See experimental 

procedures for details. 

 

 

 

Figure C5. sgnl#1, -2, -3, and -4 are isotopically enriched upon 13C-N-acetylserotonin 

feeding. Wildtype N2 worms were fed with either unenriched or 13C-enriched N-acetylserotonin 

for 3 days and (a) relative isotopic ratios were measured for sngl#1, -2, -3, and -4. (b) Relative 

isotopic ratio of control metabolites iglu#2 and ascr#2. Values represent the mean of triplicate 

experiments and errors bars are standard deviation. Values for samples fed with unenriched N-

acetylserotonin were set to 1 and the 13C-enriched fed samples were scaled accordingly. 
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Figure C6. Ion chromatograms demonstrating synthetic (a) iglu#3, (b) angl#3, and (c) angl#1 

co-elute with their respective natural products. Additionally, (a) iglu#3 is strongly down-

regulated in cest-4 mutants, whereas angl#3 (b) and angl#1 (c) are not affected. 
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Figure C7. Amino acid sequence alignments of human acetylcholesterase, P. pacificus UAR-1, 

and C. elegans CEST-1.1, CEST-2.2, CEST-4, and CEST-8. 
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Table C1. BLASTp results from the wormbase BLAST engine when searching against the 

amino acid sequence of UAR-1. Red text indicates CRISPR/Cas9 targets for this study. 
Sequence Score E-value 

C01B10.10  280    2e-75 

C01B10.4a  260    2e-69 

T22D1.11  248    7e-66 

C42D4.2  233    4e-61 

C17H12.4  231    1e-60 

C23H4.4a  225  8e-59 

C23H4.7  199    6e-51 

C23H4.3  194    1e-49 

E01G6.3  193    3e-49 

C23H4.2  168    1e-41 

T02B5.1  157    2e-38 

F15A8.6a  154    1e-37 

F15A8.6b  154    1e-37 

ZC376.3  153    3e-37 

T02B5.3  150    2e-36 

ZC376.2b  148    1e-35 

ZC376.2a  147    2e-35 

F56C11.6b  141    1e-33 

F56C11.6a  137    2e-32 

Y71H2AM.13 136    5e-32 

ZC376.1  135    1e-31 

R173.3 r 129    6e-30 

T07H6.1a  127    2e-29 

T28C12.4a  124    1e-28 

T28C12.4b  124    2e-28 

K07C11.4  119    6e-27 

R12A1.4  118    1e-26 

K11G9.2  116    4e-26 

02B12.4  115    8e-26 

Y75B8A.3  114    3e-25 

Y48B6A.8  113    4e-25 

F13H6.3  111    2e-24 

Y48B6A.7  109    5e-24 

09B12.1  108    9e-24 

K11G9.1  108    2e-23 

ZC376.2c  105    7e-23 

F07C4.12b  105    7e-23 

C52A10.1  101    1e-21 

Y44E3A.2  101    2e-21 

K11G9.3   99    1e-20 

C52A10.2   97    3e-20 

C40C9.5d   96    6e-20 

C40C9.5b   96    6e-20 

C40C9.5a   96    6e-20 

F55D10.3   96    1e-19 

C40C9.5f   94    2e-19 

C01B10.4b   94    2e-19 

C40C9.5g   94    2e-19 

C40C9.5c   94    3e-19 

C40C9.5e   94    3e-19 

B0238.7   93    4e-19 

B0238.1   92    1e-18 



 

104 

 

F55F3.2b   83    6e-16 

F55F3.2a   83    7e-16 

C23H4.4b   50    5e-06 

Y43F8A.3a   42    0.002 

Y43F8A.3b   35    0.18  

Table C2. List of C. elegans strains used in this study. 

 

Strain Name Identifier Description 
Associated Metabolites (smid-db 

identifiers) 

PS8031 cest-1 (sy1180) cest-1.1 null uglas-class 

PS8032 cest-1 (sy1181) cest-1.1 null uglas-class 

PS8259 cest-1 (sy1180 sy1250) cest-1.1 null reverted to WT sequence uglas-class 

PS8260 cest-1 (sy1180 sy1251) cest-1.1 null reverted to WT sequence uglas-class 

PS8261 cest-1 (sy1181 sy1252) cest-1.1 null reverted to WT sequence uglas-class 

PS8262 cest-1 (sy1181 sy1253) cest-1.1 null reverted to WT sequence uglas-class 

PS7953 C23H4.2 (sy1163) cest-8 null osas-class 

PS7954 C23H4.2 (sy1164) cest-8 null osas-class 

PS8246 C23H4.2 (sy1163 sy1242) cest-8 null reverted to WT sequence osas-class 

PS8248 C23H4.2 (sy1164 sy1244) cest-8 null reverted to WT sequence osas-class 

PS8008 ZC376.2 (sy1170) cest-2.2 null ascr#8-class 

PS8009 ZC376.2 (sy1171) cest-2.2 null ascr#8-class 

PS8236 ZC376.2 (sy1170 sy1236) cest-2.2 null reverted to WT sequence ascr#8-class 

PS8238 ZC376.2 (sy1171 sy1238) cest-2.2 null reverted to WT sequence ascr#8-class 

PS8116 C17H12.4 (sy1192) cest-4 null  iglu#3, iglu#4, sngl#1, sngl#2 

PS8117 C17H12.4 (sy1193) cest-4 null iglu#3, iglu#4, sngl#1, sngl#2 

JJ1271 glo-1 (zu391) glo-1 null all known modular ascarosides/glucosides 

 

 

Table C3. List of strongly down-regulated differential features and fragmentation data 

associated with the cest-4 null mutant.  

 

smid-db  rt (min) m/z (ES+) MS/MS (ES+) m/z (ES-) MS/MS (ES-) 

sgnl#4 9.94 580.17036 120.0419 (C7H6NO+), 160.07585  

(C10H10NO+) 

578.15487 78.95923 (O3P-), 96.96982 

(H2O4P-) 

sgnl#3 10.28 500.20426, 

522.18374 

120.04427 (C7H6NO+), 160.07555 

(C10H10NO+) 

  

iglu#4 11.71 479.12160 120.04191 (C7H6NO+), 226.08595 

(C14H12NO2+) 

477.10790 78.95926(O3P-), 92.05045 (C6H6N-

), 96.96955 (H2O4P-), 136.04039 

(C7H6NO2-) 

iglu#3 12.25 399.15540, 

421.13547 

120.04188 (C7H6NO+), 226.08599 

(C14H12NO2+) 

397.14180 92.05043 (C6H6N-), 136.04085 

(C7H6NO2-) 
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Table C4. DNA oligonucleotides used for this study. 

 

Target 

Gene 

Sequence 

Name 

Strain Allelle Guide Sequence ssDNA Repair Oligonucleotide Sequence 

cest-1.1 T02B5.1 PS8031, 

PS8032 

sy1180, 

sy1181 

ACTCCTTCCCATGA

TTTCGG 

TATTCATTTGTTACCAAAACTCCTTCCCATGATTTGCTAGCTTAT

CACTTAGTCACCTCTGCTCTGGACAAACTTCCCCGGTGGACGGG

GTTTTCGATATCGAAGGTCTCCAATTG 

cest-8 C23H4.2 PS7953, 

PS7954 

sy1163, 

sy1164 

GCTTTGCAAACGGA

ACACTC 

GCAAATTTCCAATTGGTGGCTTTGCAAACGGAACAGCTAGCTT

ATCACTTAGTCACCTCTGCTCTGGACAAACTTCCCCTCTGGAAC

TGCATGGCATGGTCTTCGTTTCAATTAC 

cest-2.2 ZC376.2 PS8008, 

PS8009 

sy1170, 

sy1171 

GGAGGCGAAGGAG

TATAAAG 

CCCTGGGACGGAGTTTTGGAGGCGAAGGAGTATAGGGAAGTTT

GTCCAGAGCAGAGGTGACTAAGTGATAAGCTAGCAAGCGGCTT

GTATGAGTGATCAGAAGTAAGAGATA 

cest-4 C17H12.4 PS8116, 

PS8117 

sy1192, 

sy1193 

ACTCCGGTCCATTT

CTCAGG 

CATACCTTTTGCATTTCTCACTCCGGTCCATTTCTCGCTAGCTTA

TCACTTAGTCACCTCTGCTCTGGACAAACTTCCCAGGCGGTTCT

GGTTTTTGAAATCTTAATTTTCCAATTG 
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Table C5. NMR spectroscopic data of iglu#3. 1H (600 MHz), HSQC, and HMBC NMR 

spectroscopic data were acquired in methanol-d4. Chemical shifts were referenced to (CD2HOD) 

= 3.31 ppm and (CD2HOD) = 49.00 ppm. 

 

 

 
Position δ 13C 

[ppm] 

δ 1H [ppm] (JHH 

[Hz]) 

HMBC 

1 86.9 5.51 (J1,2 = 9.3) C-2, C-3, C-5, C-2’, C-9’ 

2 73.0 3.99 (J2,3 = 9.0) C-1, C-3 

3 78.7 3.65 (J3,4 = 9.0) C-4 

4 71.3 3.64 (J4,5 = 9.1) C-3 

5 77.5 3.91 (J5,6a = 5.5) C-4 

6a 64.1 4.43 (J6a,6b = 12.1) C-5, C-1′′ 

6b  4.67 (J5,6b = 2.2) C-4, C-1′′ 

2′ 126.3 7.37 (J2’,3’ = 3.3) C-1 (weak), C-3', C-4’, C-8’ 

(weak), C-9’  

3′ 102.9 6.48  

4′ 130.4   

5′ 121.4 7.52 (J5’,6’ = 8.0) C-3’, C-7’, C-9’ 

6′ 120.8 7.03 (J6’,7’ = 7.4,  

        J3’,6’ = 1.1) 

C-4’, C-8’ 

7′ 122.4 7.06 C-5’, C-9’ 

8′ 111.5 7.53 C-4’, C-6’ 

9′ 137.5   

1′′ 168.6   

2′′ 112.8   

3′′ 132.1 7.90 (J3’’,4’’ = 8.2,  

         J3’’,5’’ = 1.4) 

C-1’’, C-5’’, C-7’’ 
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Supplemental NMR 
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APPENDIX D 

SUPPLEMENTAL INFORMATION FOR CHAPTER 4 

 

Experimental Procedures 

General Information 

Unless noted otherwise, all reagents were purchased from Sigma-Aldrich. All HPLC solvents 

were purchased from Fisher Scientific as Optima LCMS grade. All identified compounds were 

assigned four letter “SMID”s (a search-compatible, Small Molecule IDentifier) e.g., “icas#3” or 

“ascr#10”. The SMID database (www.smid-db.org) is an electronic resource maintained in 

collaboration with WormBase (www.wormbase.org). A complete list of SMIDs can be found at 

www.smid-db.org/browse, and example structures for different SMIDs at www.smid-

db.org/smidclasses. 

Transgenic Strain Construction 

To generate transgenic strains for lysosome purification, C. elegans lysosomal membrane protein 

lmp-1 or ctns-1 cDNA fragments were PCR amplified then cloned into a vector with sur-5p 

promoter and C-terminal RFP-3X HA tag. The constructs were microinjected into C. elegans 

germlines. The stable expression lines were selected, then integrated by gamma irradiation, The 

integrated transgenic strains raxIs103[sur-5p:lmp-1::RFP-3XHA] or raxIs118[sur-5p:ctns-

1::RFP-3XHA] were backcrossed to wildtype N2 eight times, then crossed with daf-2(e1370). 

Lysosome Enrichment 

Immunopurification of lysosomes was based on the method used for mammalian cells (Monther 

Abu-Remaileh, 2017).1 Briefly, we generated an integrated transgenic strain expressing C-

terminal RFP- and 3X HA-tagged lysosomal membrane protein LMP-1 or CTNS-1 in whole 

body promoter (raxIs103[sur-5p:lmp-1::RFP-3XHA] or raxIs118[sur-5p:ctns-1::RFP-3XHA]). 

Around 160,000 day-1 adult animals per genotype were collected, washed 3 time with M9, then 

rinsed with KPBS, ground with glass homogenizer on ice until no visible animals were seen 

under microscope. The lysate was spun at 1,000g for 3 min in cold room to remove debris and 
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then the supernatant was incubated with 160 µl anti-HA magnetic beads (Thermo Fisher 

Scientific, Cat# 88837) for 6 minutes at room temperature. The bound fraction was washed four 

times with KPBS then 100 μL of methanol was added and stored at -20 °C until further analysis. 

Sample Preparation for HPLC-MS 

Beads in methanol were places in an end over end roller for 12 hours. PTFE centrifugal filters 

(Thermo Fisher Scientific, Cat#F2517-10) were pre-cleaned with HPLC grade methanol. The 

methanolic bead slurry was applied to the PTFE filter and spun at 5000 G for 1 min to remove 

beads. An additional 100 uL of methanol was applied to the PTFE membrane to wash all residual 

metabolites. The 200 uL clarified lysosomal metabolome was transferred to a 300 uL silanized 

HPLC vial insert (Thermo Fisher Scientific, Cat#C4010-S630) and dried on a SpeedVac 

(Thermo Fisher Scientific) vacuum concentrators. The dried material was carefully resuspended 

in 20 uL HPLC grade methanol and injected.  

Flow through samples (material unbound to the bead) was frozen over liquid nitrogen and 

lyophilized to dryness. 400 uL of HPLC grade methanol was added to the dried material and the 

mixture was sonicated for 20 min (on/off pulse cycles of two second on, three seconds off, at 

power 100%) using a Qsonica Ultrasonic Processor (Model Q700) with a water bath cup horn 

adaptor (Model 431C2), with water bath flow to maintain approximately room temperature. 

Samples were vortexed until any remaining clumps were completely dispersed, and the samples 

were sonicated for an additional 20 minutes. Samples were then placed on an end over end roller 

overnight. Slurries were then centrifuged at 20000 G 4 °C 20 minutes and clarified extract was 

transferred to an HPLC vial until further analysis. 

Mass Spectrometric Analysis 

High resolution LC−MS analysis was performed on a Dionex 3000 UPLC coupled with a 

Thermo Q Exactive HF high-resolution mass spectrometer equipped with a HESI ion source. 

Metabolites were separated using a water-acetonitrile gradient on an Agilent Zorbax Eclipse 

XDB-C18 column (150 mm × 2.1 mm, particle size 1.8 μm) maintained at 40 °C. Solvent A: 

0.1% formic acid in water; Solvent B: 0.1% formic acid in acetonitrile. A/B gradient started at 
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1% B for 5 min after injection and increased linearly to 100% B at 20 min, using a flow rate 0.5 

mL/min. Mass spectrometer parameters: spray voltage 3.0 kV, capillary temperature 380 °C, 

prober heater temperature 300 °C; sheath, auxiliary, and spare gas 60, 20, and 2, respectively; S-

lens RF level 50, resolution 240,000 at m/z 200, AGC target 3×106. The instrument was 

calibrated with positive and negative ion calibration solutions (Thermo Fisher Scientific). Each 

sample was analyzed in positive and negative modes with m/z range 70 to 1000. Tandem mass 

spectrometry parameters: Resolution 45,000, AGC target 5×104, Maximum IT 80 ms, loop count 

5, TopN 5, isolation window 1.0 m/z, stepped NCE 25 to 50, minimum AGC target 8×103, 

intensity threshold 1×105, no apex trigger, no charge exclusion, no peptide match, exclude 

isotopes on, dynamic exclusion 2.0 s, if idle, do not pick others. 

Compound Identification 

C-terminal proline dipeptides were manually curated via tandem mass spectrometry followed by 

spectral matching utilizing the METLIN tandem mass spectrum database.2 The following 

reagents were purchased and verified via HPLC retention matching followed by tandem mass 

spectrum matching: NG,NG-dimethyl-L-arginine hydrochloride (Cayman Chemicals, cat# 80230), 

Leu-Pro hydrochloride (Sigma Aldrich, cat# L8753-250MG), 7-methylguanine (Cayman 

Chemicals, cat# L8753-250MG) 

Tandem Mass Spectrometry Molecular Networking 

MS/MS spectra are converted to mzXML file using MSConvertGUI. Then mzXML files are 

uploaded to gnps.ucsd.edu for networking. Networking parameters: PAIRS_MIN_COSINE 0.5, 

ANALOG_SEARCH 0, tolerance.PM_tolerance 2.0, tolerance.Ion_tolerance 0.5, 

MIN_MATCHED_PEAKS 4, TOPK 10, CLUSTER_MIN_SIZE 2, 

MAXIMUM_COMPONENT_SIZE 100, MIN_PEAK_INT 0.0, 

FILTER_STDDEV_PEAK_INT 0.0, RUN_MSCLUSTER on, 

FILTER_PRECURSOR_WINDOW 1, FILTER_LIBRARY 1, WINDOW_FILTER 1, 

SCORE_THRESHOLD 0.5, MIN_MATCHED_PEAK_SEARCH 4. MAX_SHIFT_MASS 100. 

After networking was complete, the file was processed with Cytoscape software. 
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Supplemental Figures 

 

 

 

Figure D1. Various western blots post lysis and magnetic enrichment of lmp1-1::RFP::3xHA via 

anti-HA magnetic beads. Ladder refers to protein molecular weight standards. Bead refers to 

enriched material via immobilized anti-HA. Flow refers to unbound fraction of the enrichment 

procedure. Pellet refers to unsuspended material post douche homogenization. 
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Figure D2. Complete molecular network of detected metabolites in positive ionization mode 

where red nodes represent lysosome enriched (at least 5+ fold over control pull down) 

metabolites and blue nodes represent unenriched endometabolites. 
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Figure D3. Complete molecular network of detected metabolites in negative ionization mode 

where red nodes represent lysosome enriched (at least 5+ fold over control pull down)  

metabolites and blue nodes represent unenriched endometabolites. 
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Figure D4. Profile of C-terminal proline dipeptides measured from the endometabolome of 

wildtype N2 and daf-2(e1370) worms.  

  

 

 

 

Figure D5. Growth curves of Bacillus subtilis, either wildtype or nitric oxide synthase (NOS) 

delete, with or without added asymmetric dimethylarginine (DMA).  
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Figure D6. mTOR activation associated transcripts of (a) raga-1 and (b) ragc-1 under treatment 

of 100 uM rapamycin (Rapa), dimethylarginine (Me2Arg), N-leucine-proline dipeptide (Leu-

Pro), or methanol vehicle (MeOH), for 3 days in S-complete liquid cultures. 

 

 
 

Figure D7. Survival curves of N2 worms treated with 100 uM asymmetric dimethylarginine 

(DMA), N-leucine-proline-C dipeptide (Leu-Pro), or vehicle control.  
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Figure D8. MS1 m/z and MS2 fragment m/z in positive ionization mode of designated 

molecular structures strongly upregulated in daf-2(e1370) lysosomes. 
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