DEVELOPMENT OF CLICK-CHEMISTRY BASED ENRICHMENT
STRATEGIES TO CHARACTERIZE LIGAND BINDING AND METABOLISM

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
Jason Shigeo Hoki
May 2020

© 2020 Jason Shigeo Hoki

DEVELOPMENT OF CLICK-CHEMISTRY BASED ENRICHMENT STRATEGIES TO
CHARACTERIZE LIGAND BINDING AND METABOLISM

Jason Shigeo Hoki, Ph.D.
Cornell University 2020

The production and perception of biogenic small molecules (BSMs) form the
basis of chemical communication between cells, organisms, and the environment.
BSMs such as hormones, odors, and neurotransmitters are well known examples of
compounds that allow us to sense our environment and are required for our growth and
development. Therefore, understanding the history of BSMs from their biosynthesis to
their perception will furnish a better understanding of biology.
In order to characterize the BSM-ligand receptor binding necessary for their
perception, platforms such as Activity (Affinity) Based Protein Profiling (A(f)BPP) have
made use of crosslinking probes that are structurally similar to the BSM-ligand of
interest. Upon binding and crosslinking to the target protein binding pocket, these
probes can then facilitate the enrichment of the resulting probe-protein complex.
Enzymatic digestion and MS/MS analysis of the enriched species can then help identify
the target of the probe. A(f)BPP has been extraordinarily useful for identification and
characterization of enzymes but the use of this technology to identify the likely targets of
BSM perception (i.e., membrane-bound receptors) is very limited.
On the other hand, metabolomic studies can shed light on the biosynthesis of
BSMs. Through untargeted analytical platforms, researchers can discover novel
metabolites, and therefore novel metabolic pathways. These analyses have been
greatly enhanced by advances in analytical instrumentation, including the introduction
high resolution mass spectroscopy (HRMS) to allow for more sensitive and accurate
analysis of metabolic features. However, overwhelming datasets and the prioritization of
compounds that can be accessed with current instrumentation biases metabolomic
analysis towards compound classes that are abundant or have already been previously
identified.
This dissertation presents the development of two strategies that employ clickiii

chemistry to enrich and then annotate either peptides from the binding pockets of
receptor proteins, or the metabolic products of alkyne-labeled probes. In this way, the
former strategy attempts to characterize the initial BSM-ligand binding event, while the
latter strategy is used to discover novel metabolic pathways through the analysis of
enriched species.
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PREFACE

The goal of this dissertation is to discuss tools and strategies that elucidate metabolism
and function of biogenic small molecules (BSMs). Specifically, these strategies
incorporate click chemistry to enrich labeled species onto a solid support in order to i)
discover low abundant and elusive BSMs, ii) track the metabolism of BSMs, and iii)
characterize BSM perception through the identification of cognate membrane-bound
receptors. Chapter 1 illustrates what analytical platforms currently exist that employ
enrichment for the purposes outlined above. Chapter 2 discusses a strategy that was
developed to help characterize BSM-ligand receptor binding. Chapter 3 and 4 discuss
the development and use of a strategy that we call DIMEN to reveal novel BSMs. Added
to chapters 2-4 are prefaces that detail how DIMEN was developed.

Preview of chapters
Chapter 1, An overview of enrichment in the field of biochemistry: Chapter 1
discusses some of the major analytical strategies that are currently in use to enrich
biogenic molecules including proteins and metabolites. Current protein enrichment
strategies are unable to annotate an important class of proteins: membrane-bound
receptors while current metabolite enrichment strategies have achieved limited success
in the discovery of new compounds. This chapter discusses why these limitations exist
and lay the groundwork for design choices in the enrichment strategies in the following
chapters.

Chapter 1 author contributions: Jason S. Hoki wrote the chapter. Frank C. Schroeder
provided valuable intellectual input.
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Chapter 2, Development of a biotin-free peptide enrichment strategy: Chapter 2
introduces a biotin-free peptide enrichment strategy that was designed to address the
shortcomings of full protein enrichment strategies outlined in chapter 1. This work
includes extensive optimization studies in model systems that improved the capture of
alkyne-tagged peptides. Furthermore, ligand-receptor systems involved in plant innate
immune response were developed in order to apply the biotin-free peptide enrichment
strategy in a biological system.

Chapter 2 author contributions: Jason S. Hoki designed and performed experiments,
synthesized enrichment tools, optimized enrichment protocols, carried out proteomic
analysis, expressed FLS2 in insect cells, transiently expressed FLS3 in insect cells,
validated binding and photo-crosslinking of the flg22* and flgII-28* probes and wrote the
chapter. Joshua A. Baccile provided valuable intellectual input, synthesized and
provided initial design for solid phase azide and designed experiments. Karlie Mellot
assisted with experiments, synthesized batches of BTTAA, and provided valuable
support. Greg Martin and Sarah Hind provided protocols, training, and plasmids
required for FLS3-GFP expression. Jijie Chai provided the FLS2LRR plasmid. Frank C.
Schroeder contributed to experimental design and provided valuable intellectual input.

Chapter 3, Development of DIMEN (Deep Interrogation of Metabolism via
Enrichment): DIMEN allows researchers to enrich the metabolic products of an alkyne
xii

labeled probe and employs some of the tools and conditions optimized in chapter 2.
This chapter demonstrates that DIMEN can observe expected metabolites from a C.
elegans probe feeding experiment. Additional features of DIMEN, including its ability to
integrate enrichment datasets with comparative analyses pipelines are explored.

Chapter 3 author contributions: Jason S. Hoki performed experiments, synthesized
enrichment tools, optimized enrichment protocols, carried out metabolomic analysis,
made the figures, and wrote the manuscript. Henry H. Le provided initial idea for
metabolic enrichment and provided valuable intellectual input. Joshua A. Baccile
provided valuable intellectual input, edited manuscript and figures. Ying K. Zhang
synthesized ascr#3-YNE. Yan Yu provided acox1.1 data. Maximilian J. Helf developed
Metaboseek which facilitated metabolomic analysis. Frank C. Schroeder provided
valuable intellectual input, edited manuscript and figures.

Chapter 4, Novel compounds discovered with DIMEN: The final chapter of this
dissertation showcases some of the novel compound classes discovered through the
DIMEN analysis of a probe-fed C. elegans exo-metabolome. Novel BSMs include
phosphorylated, fucosylated, and amino-acid ligated ascarosides. Selected members of
each new compound family were synthesized in order to validate their structure.

xiii

Chapter 4 author contributions: Jason S. Hoki performed experiments, carried out
metabolomic analysis, identified and characterized PDMs, synthesized selected
metabolites for validation, made the figures, and wrote the manuscript. Henry H. Le
provided valuable intellectual input. Joshua A. Baccile provided valuable intellectual
input, edited manuscript and figures. Bennett W. Fox provided daf-22 datasets and
identified widespread phosphorylation of ascarosides. Pedro R. Rodriguez provided
staged and starved exo-metabolome datasets. Yan Yu provided acox1.1 data.
Maximilian J. Helf developed Metaboseek which facilitated metabolomic analysis. Frank
C. Schroeder provided valuable intellectual input, helped design experiments and edited
manuscript and figures.
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CHAPTER 1

AN OVERVIEW OF ENRICHMENT IN THE FIELD OF BIOCHEMISTRY

Introduction: The field of biochemistry has relied on enrichment strategies for the
isolation, characterization and further analyses of biomolecules of interest. Enrichment
strategies involve exploiting a chemical feature or quality of interest in order to isolate a
subset of biomolecules from a complex mixture. Such features may include the
presence of certain chemical moieties or motifs recognized by antibodies. On the other
hand, qualities of interest can include molecular weight, isoelectric point, and polarity.
Enrichment allows for components of low abundance in a mixture to be detected and
analyzed and has been one of the primary tools of biochemists in their pursuit of
understanding basic biology.

Figure 1: Click chemistry examples and copper (I) chelators. (A) Examples of click chemistry ligations
include CuAAC (Copper Azide-Alkyne Cycloaddition), SPAAC (Strain-Promoted Azide-Alkyne
Cycloaddition), and the tetrazine ligation. These reactions are bioorthogonal and selective between
two species (shown in red and blue.) (B) Copper(I) chelators stabilize the Cu(I) catalyst necessary for
CuAAC reactions and are used to accelerate reactions as well as prevent Cu(I)-induced damage.
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Click chemistry for protein enrichment: The ability to selectively enrich biological
species has been greatly enhanced by the field of click chemistry (Figure 1.) In 2002,
by two separate labs, the most well-known example of a click chemistry reaction was
published.1,2 This reaction, also known as the Copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC), was found to be highly selective and efficient, occurs between
azides and alkynes in aqueous buffers, and, importantly, is biorthogonal. Additionally,
CuAAC reactions are fast, with reaction rates exceeding 1000M-1s-1.3 Other click
chemistry reactions such as the Strain Promoted Azide-Alkyne cyclization (SPAAC)
variant and tetrazine ligation endeavor to achieve even greater reaction kinetics, while
also removing the need for the copper catalyst, which prevents the use of CuAAC in
vivo due to copper toxicity (Figure 1a).3–5 Furthermore, CuAAC itself has been made
more efficient through the use of Cu(I) chelators (Figure 1b).6
The selectivity and efficiency of click reactions have allowed researchers to
selectively ligate enrichment handles to biological species that facilitates their isolation.
The most well-known example of this employs a biotin tag to exploit the extraordinarily
high affinity between biotin and streptavidin.7
The Cravatt lab’s Activity-Based Protein Profiling (ABPP) and Affinity-based Protein
Profiling (AfBPP) platforms employ both the biotin-streptavidin interaction to enrich
biotin-tagged proteins and click chemistry to selectively attach biotin-tags to targets of
interest (Figure 2.).8 A(f)BPP employs a small molecule probe that structurally
resembles a ligand or substrate of interest that can covalently bind to protein targets
(Figure 2b.) Most commonly, these proteinaceous targets are enzymes, so the probe
not only has affinity for the binding pocket of the enzyme, but also is able to covalently
bind to peptides in the active site, e.g. via a photo crosslinking moiety. 9 A second
feature of the probe may include an azide or alkyne handle, which can then be used to
attach biotin via click chemistry. Probe-reacted proteins are thus enriched onto a
streptavidin solid support, enzymatically digested, and subsequently analyzed with LCMS/MS (Figure 2.) A(f)BPP has been instrumental for characterizing enzymes and
other proteins.8,10
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Figure 2: Enrichment of proteins in A(f)BPP. (A) Proteins of interest can be enriched and analyzed by
first incubating a biological sample with an activity (or affinity) based probe (B). This trifunctional
probe contains (i) a ligand-like moiety specific for the binding pocket of interest, (ii) a crosslinker that
can react to peptides in the binding pocket, and (iii) an alkyne handle for CuAAC. The alkyne-tagged
sample is then subjected to click chemistry with a biotin tag and enriched onto a (strept)avidin solid
support. Tryptic digestion yields peptides specific to the enriched protein that can than be analyzed
via LC-MS/MS.

Despite their importance as potential therapeutic targets, lipophilic and
membrane-bound receptors such as GPCRs that facilitate small molecule perception
are notably absent from biotin-streptavidin mediated identification and characterization.
This may be because (i) membrane-bound targets are lost prior to purification due to
their insolubility, (ii) co-enrichment of naturally biotinylated species results in poor
biotin/streptavidin

enrichment,

or

(iii)

dislodging

biotin-enriched

species

from

streptavidin requires very harsh conditions that further diminish receptor yield. 11
Although enrichment-based protein profiling strategies have benefitted from the
synthesis of novel probes, crosslinkers, cleavable linkers, and other analytical
advances, the fact that at least half of all human GPCRs and virtually all (over 1000)
17

GPCRs in the model organism C. elegans remain orphans illustrates the need for novel
enrichment strategies.12 In Chapter 2, I discuss my attempt at providing such a solution.

Enrichment in Metabolomics: Metabolomics is the study of all small molecules in an
organism, including their identification and quantification.13 Because metabolites are
downstream of gene and protein expression, metabolomics is believed to better
represent phenotype than other -omics fields.14 However, unlike genomic or proteomic
species, metabolites are not polymeric compounds made up of known subunits. The
chemical diversity of metabolites is unpredictable and vast, making their identification
and annotation notably more difficult. Additionally, the sheer number of predicted
metabolites in an organism is far greater than for proteins. For example, in humans,
over 150 thousand metabolites have been predicted versus only 21 thousand predicted
protein coding genes.15
Advances in LC-MS instrumentation have provided researchers the ability to analyze
metabolic samples in a high throughput and sensitive manner. 16 However, the discovery
of new metabolites is hampered by overwhelming datasets with thousands of peaks and
enormous file sizes sometimes on the order of gigabytes, allowing potential compounds
of interest to remain undetected.17,18 In order to discover novel metabolites and
therefore novel metabolic pathways, strategies are needed to help deconvolute
metabolic samples. Enrichment of metabolites based on certain structural features,
desired bioactivities, or on their association with a target metabolite is one approach to
access these low abundant and undetected compounds (Figure 3.)
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Figure 3: Enrichment of metabolites. (A) Metabolic enrichment based on compound class yields
fractions of metabolites with distinct chemical groups such as amines, carboxylic acids, and thiols. (B)
Bioactivity-guided fractionation splits metabolic samples into fractions which are then tested in a
bioassay. Bioactive fractions can be further fractionated until a pure enough sample is obtained. (C)
Probe-targeted enrichment. Probes bearing an alkyne handle are fed and incubated with an
organism. The resulting metabolome should contain metabolic products on the alkyne-tagged probe
which can then be enriched onto a solid-phase azide and cleaved for probe derived metabolites.

In 2007, Carlson published a paper on Metabolite Enrichment by Tagging and
Proteolytic Release (METPR) for the selective isolation of classes of metabolites
containing carboxylic acids, amines, ketones, or thiols, via reactive group-functionalized
solid supports.19 Trypsin mediated cleavage allowed linker-bound metabolites to then be
analyzed.19,20 Although enriching entire classes of compounds could greatly simplify
metabolomic datasets, the capture of these very large groups of compounds in
combination with a large tag that dominated their chromatographic properties resulted in
enriched compounds of similar m/z values to co-elute, confounding their MS/MS
19

analysis and subsequent annotation.20 Further advances by Carlson provided a method
for enriching alcohols onto siloxyl resins and releasing them without enrichment
linkers.21
Another compound class-focused metabolite enrichment strategy includes carbonylCILAT developed by the Li lab.22 This method uses an isobaric, photo-cleavable
labeling tag that allows researchers to quantitate and compare abundances of enriched
metabolites. Thiol enrichment methodology was developed that also included a
photolabile linker, as well as a sample preparation step to capture oxidized thiols.23
Similar to the enrichment of proteins, significant work has been done to develop
reactive-group capture resins and chemically orthogonal cleavable linkers. However,
there are few instances of novel metabolite discovery through compound-class
enrichment platforms.
An alternative strategy to enriching compounds based on structural features would be to
enrich compounds based on desired bioactivity (Figure 3b.) This methodology, called
activity-guided fractionation, involves separating a biological sample into fractions
(based on their polarity or other structural qualities), testing each fraction in a bioassay,
and then attempting to further isolate the bioactive species until a pure enough sample
is obtained that can yield the characterization of the bioactive species. This strategy has
been applied to discover antibiotics, potential anti-cancer therapeutics, ligands for many
nuclear hormone receptors, or behavior and development-influencing compounds such
as pheromones.24–27 Although effective at isolating and characterizing compounds of
desired bioactivities, activity-guided fractionation is time consuming and continues to be
a bottleneck in natural product discovery.24 Moreover, activity-guided fractionation is
dependent on robust and reproducible bioassays that can be used to guide the
enrichment process. Such bioassays may not be available for metabolites that mediate
or are otherwise associated with more subtle intracellular processes.
A third desired factor for enrichment could be the enrichment of small molecules that
are derived from a known metabolite (Figure 3c). An example of this would be the
identification compounds derived from the metabolism of a drug in order to assess its
pharmacokinetics. Additionally, tracking molecules in this way could yield information
about what biological pathways the small molecule of interest has access to. Although
20

isotopic labeling studies have traditionally been used for this purpose, these studies are
unable to identify compounds that are of low abundance or are otherwise not amenable
to LC-MS characterization.18 Alternatively, metabolites carrying an alkyne or azide
handle could be metabolized and subsequently isolated through click chemistry. This
has been done to a limited extent but there are very few examples of entirely novel
compound discoveries through these methods.28,29

Figure 4: Untargeted comparative metabolomics. Metabolic differences between two sets of
samples can be determined in an untargeted comparative approach. Samples are first extracted and
analyzed using UPLC-HRMS instrumentation. The relative intensity of the large number of detected
features, i.e. specific combinations of retention time and m/z values representing as many as several
10,000 compounds, are catalogued and compared using bioinformatic software such as XCMS.
Differential features can then be collected on an inclusion list for MS/MS analysis. Further data
processing such as molecular networking can then aid in compound annotation.

Comparative Metabolomics: Discovery-based metabolomics has benefited greatly
from untargeted comparative studies between two or more metabolic samples (Figure
4).30 This has been enabled by High-Resolution Mass Spectrometry (HRMS) coupled
with Ultra-high Performance Liquid Chromatography (UPLC). HRMS affords features,
pairs of m/z values and retention times, with m/z accuracy usually below 3 ppm for
current instruments, while UPLC allows for greater chromatographic resolution and
separation of compounds.31,32 Higher resolution of both time and m/z-domain greatly
facilitate untargeted metabolomic studies by aiding in differentiation between features of
similar m/z and retention times. For example, HRMS-UPLC facilitated untargeted
comparative analysis experiments between mutant and wild-type organisms can yield
hundreds of differentially regulated features.30,33–35 However, discovery of novel
21

metabolites through comparative metabolomics are still limited by their low abundance
compounded by ion suppression in complex metabolic samples. 36 I demonstrate in
Chapters 3 and 4 of this dissertation that using enrichment strategies coupled with
untargeted comparative metabolomics provides a powerful method that is able to
prioritize and explore classes of very low abundant compounds that would be difficult, if
not impossible, to annotate otherwise.

Summary and outlook: Enrichment has been closely tied to the field of biochemistry
and has been integral for our understanding of biology. Full protein enrichment has
used click chemistry in conjunction with biotin-streptavidin enrichment platforms to
annotate classes of proteins that covalently bind to trifunctional probes in what is known
as A(f)BPP. However, membrane bound and more specifically, GPCRs have been
notable absent from these studies, which may be indicative that typical biotin-mediated
full-protein enrichment procedures are not suited for characterizing these important
proteins.
Metabolomics, the study of all small molecules in an organism, has advanced our
understanding of biological processes. However, the enormous variation in structural
diversity and abundance of metabolites renders many compounds of low abundance
difficult and, in some cases, impossible to detect with current untargeted metabolic
studies, despite the fact that these metabolites may prove to be potent signaling
molecules or otherwise important biomarkers. Enrichment techniques based around
metabolite structural components, bioactivity, or association with known metabolites
have met with limited success in cataloguing novel compounds. On the other hand,
untargeted comparative metabolomics has been highly successful in identification and
characterization of novel metabolites, but suffers from overwhelming datasets and lack
of sensitivity due to the finite dynamic range of ion detection, for example because of
ion

suppression.

Therefore,

selective

enrichment

combined

with

untargeted

comparative metabolomics could provide a powerful method to identify low abundant
compounds.
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CHAPTER 2

DEVELOPMENT OF A BIOTIN-FREE PEPTIDE ENRICHMENT STRATEGY

Abstract: Chemical perception is facilitated by membrane-bound proteins that bind to a
ligands and subsequently relay a signal into the cell, culminating into an effect on the
behavior or development of the organism. Despite their importance, many membranebound receptors in humans do not have known ligands. The aim of these studies was to
develop of an enrichment strategy that could help identify membrane-bound receptors
through the use a probes bearing an alkyne handle and a photo-crosslinker. Following
the photo-crosslinking of receptor proteins with a probe, early digestion would afford
probe-bound peptides which could be enriched directly onto a solid support via click
chemistry. This could avoid solubility issues of membrane-bound receptors through
early digestion while employing advances in the field of click chemistry to recover the
maximum amount of peptides. Development of the peptide enrichment strategy was
accomplished through two model systems and, following extensive optimization,
resulted in a method that was able to recover 30% of alkyne-labeled peptides.
Additionally, initial biological systems from plant innate immune response were
developed. Probes for these systems were synthesized and were shown to bind and
photo-crosslink to their cognate receptors. However, when applied to the biological
systems, the peptide enrichment strategy was unable to identify peptides originating
from membrane-bound receptors.
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Preface: The goal of this body of work was to develop an enrichment method that could
help annotate cognate receptor proteins for biogenic small molecules (BSMs) of
interest. e.g. GPCRs and other membrane-bound proteins. Because of the poor
solubility and low abundance of membrane-bound receptors, previous attempts in the
Schroeder lab towards characterizing ligand-receptor binding have failed, demonstrating
a need for alternative enrichment methodologies.
We developed a solid-phase azide enrichment strategy to avoid potential issues
hampering membrane-bound receptor annotation by conventional biotin-based
enrichment strategies: i) non-specific capture of naturally biotinylated species ii) poor
solubility of lipophilic receptor proteins, and iii) poor recovery of captured species due to
the extraordinarily strong biotin-streptavidin interaction. Toward this goal we designed
an enrichment strategy for the direct capture of alkyne-labeled peptides onto a solidphase azide.
This chapter describes the development of our method in two subsections, using two
different model systems, the BSA-alkyne (BSA-ALK) model system and the HA-alkyne
(HA-ALK) model system. This enabled us to optimize various parameters of our
strategy, including the generation of peptide samples, the click-based capture protocol,
and the analytical tools we used to annotate enriched samples. In addition, we
developed ligand-receptor systems involved in plant immune response that we had
planned to use our method for.
During optimization of the enrichment protocol, we developed several biological ligandreceptor systems that we hoped to use our strategy for. These systems involved PAMPtriggered immune systems found in plants and employed a photo-crosslinking probe
bound to peptide ligands flg22 and flgII-28 to crosslink an alkyne handle to the cognate
receptor proteins FLS2 and FLS3. The receptor FLS3 was successfully expressed in
plants and the ligand-derived probe could be photo-crosslinked via an alkyne handle to
the receptor. FLS2 was expressed in insect cells and was also photo-crosslinked.
There were many unique challenges we faced in attempting to deploy this
strategy. Generation of alkyne-tagged peptide ligands in sufficient quantities was
significantly more difficult than anticipated. Furthermore, directly capturing peptides to a
solid support via click chemistry proved to be much more difficult than traditional
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solution-phase click chemistry. Finally, we had to contend with extensive side reactions
of the peptide and linker before, during, and likely after the click chemistry reaction. This
served to dilute the pool of enriched species.
This chapter cannot capture all of the experimental work that was conducted towards
applying this methodology towards peptide enrichment. Numerous other optimization
parameters such as the use of surfactants, click-chemistry enhancing additives, clickcapture conditions, solid phases and even dramatically different azide designs were
explored. Alternative proteases and chemical digestion steps were attempted as well to
provide a cheaper alternative to MS-grade trypsin. However, the goal of this chapter is
to illustrate some of the most significant challenges that were encountered and that
must be considered when attempting to further develop a similar strategy.

Figure 1. Perception of biogenic small molecules (BSMs). (A) Examples of BSMs display enormous
structural diversity and can affect the development and behavior of an organism. (B) BSMs (orange
pentagon) are typically perceived by a membrane bound receptor (blue) in order to facilitate
biological effects.

Introduction: Perception of Biogenic Small Molecules (BSMs) including odors,
neurotransmitters, and hormones provide the foundation of inter and intracellular
communication necessary for our ability to sense the environment, relay information
through our nerves, and direct our physical development (Figure 1a).1,2 As such, the
functional characterization of BSMs, that is, how they direct these biological processes
is of profound importance for the development of therapeutics and our understanding of
biology.
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In many cases, the perception of BSMs begins when a membrane-bound
receptor protein binds to a BSM-ligand resulting in a conformational change of the
receptor that initiates a signaling cascade within the cell (Figure 1b).3 Although the
identification of a BSM-ligand’s cognate receptor can be indirectly inferred through a
biochemical approach (i.e. mutant screens), evidence of a direct connection between
ligand and receptor would not only unambiguously identify the cognate receptor, but
also could provide information about the binding pocket of the receptor. Potential tools
for receptor identification include the use of trifunctional probes (Figure 2a) that i) are
structurally similar to the BSM of interest, ii) could covalently bind to the cognate
receptor, and iii) allow enrichment of the probe-receptor complex in order to identify the
target (Figure 2a).4–6
Such trifunctional probes have been used extensively in Activity Based Protein
Profiling (ABPP) strategies developed by the Cravatt lab.6–8 Incubation of a trifunctional
probe with a biological sample should yield a probe-receptor complex with an
enrichment handle. The covalent bond can be established by including an electrophile
or a photo-crosslinking moiety (Figure 2b), while the enrichment handle is typically a
biotin molecule bound through a linker that may also be installed after crosslinking via
click chemistry (Figure 2b.) Biotin can also be ligated to the probe-receptor complex via
click chemistry in order to minimally perturb the perception of the BSM-probe. The
resulting biotinylated probe-receptor complex is then enriched onto a streptavidin solid
support, cleaved or eluted off, separated via SDS-PAGE, and bands specific to probeenriched species are digested by trypsin in order to sequence the resulting peptides
with LC-MS/MS analysis (Figure 2c).9
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Figure 2. Design and application of a trifunctional probe in a full-protein biotin-based strategy. (A)
Trifunctional probes 1) contain a structure that is analogous to the BSM of interest and can bind its
cognate receptor (orange pentagon), 2) are able to form a covalent bond to the receptor (star), 3)
bear a handle for the selective enrichment of the resulting probe-receptor complex (oval). (B)
Examples for electrophiles and photocrosslinking agents found in trifunctional probes. Enrichment
handles may contain biotin directly attached to the probe or can be installed with click chemistry
after the probe-receptor complex is formed. (C) Trifunctional probes are incubated and crosslinked
to the cognate receptor. The resulting probe-receptor complex is enriched onto a (strept)avidin
solid support. If the design of the probe includes a cleavable linker, then following extensive
washing the linker can be cleaved. Otherwise, the probe receptor complex is eluted from
(strept)avidin by boiling the solid phase in detergents and chaotropic salts. The resulting enriched
sample is run alongside an “enrichment” sample control without probe. Differential bands can be
excised, digested using in-gel protocols, and subjected to HPLC-MS2 in order to identify the cognate
receptor.

Despite the success of ABPP strategies for annotating enzymes, there are very
few examples of similar strategies for the identification of membrane-bound receptors.
Possibly as a result, at least half of all GPCRs in humans remain orphan receptors, and
nearly all GPCRs in the model organism C. elegans are orphans.10,11
GPCRs are extremely difficult to enrich with current full-protein biotin-mediated
methods partly due to the low abundance of GPCRs, the non-specific capture of
biotinylated species, potentially destructive elution protocols, and most importantly, very
poor solubility of the lipophilic receptor.12 In light of these challenges, we devised a nonbiotin peptide-enrichment strategy to access membrane-bound proteins (Figure 3). We
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anticipated that following the generation of alkyne-tagged ligand receptor complexes, an
early digestion step could be employed to circumvent the solubility issues of GPCRs.
Furthermore, a direct click chemistry step to capture these peptides could leverage
advances in the field of click chemistry while also eliminating the need for a biotinstreptavidin enrichment step. Although previous studies had been done to enrich
peptides with strain-promoted click chemistry, we hypothesized that the better kinetics
of a copper-based approach as well as the use of an azide designed to accelerate the
click reaction could allow us to enrich very low abundant peptides.13

Figure 3. A biotin-free peptide enrichment strategy. (A) Following incubation and crosslinking to
the membrane-bound receptor, the resulting probe-receptor complex is isolated and digested to yield
alkyne-functionalized peptides originating from the binding pocket of the receptor. Click chemistry is
then conducted to ligate the receptor peptides directly to a solid phase. Washing and cleavage should
then produce a linker (LNK) modified set of peptides that can then be analyzed with HPLC-MS2 to
identify the receptor. (B) The solid phase azide includes a Rink resin (blue) that can be cleaved with
TFA at the bond indicated by red. A flexible linker (orange) should allow for accessibility to the
chelating azide (red). A tyramine linker (green) can be modified to contain 6 deuterium atoms
allowing for peptide confirmation via isotopic labeling.

Development of the biotin-free peptide enrichment strategy: Development of the
biotin-free peptide enrichment strategy began with the design and synthesis of the solid
phase azide. This design included a copper-chelating azide bound to a tyramine
residue, an aliphatic linker, and Rink resin which is typically used for solid-phase
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peptide synthesis and can be cleaved with TFA (Figure 3b, Scheme A1).14 Work by the
Ting lab had shown that the rate of Copper-catalyzed azide/alkyne cycloaddition
(CuAAC) was enhanced more than 4-fold when a an α-azidomethyl pyridine was
employed, allowing for stabilization of the copper (I) catalyst. The tyramine residue was
designed to enable stable isotope labeling, by optionally incorporating 6 deuterium
atoms, facilitating mass spectrometric recognition of probe-derived species among
enriched peptides. The linker further afforded some flexibility for the solid phase click
chemistry, and the rink resin allowed for TFA-mediated cleavage. This azide linker
construct was synthesized as shown in Scheme A1 and then then loaded onto Rinkamide ChemMatrix resin, a fully PEG-based solid support, with a loading of 0.1
mmol/gram (Scheme A1, Figure A1).15

Figure 4: Model systems used. (A) HA peptide was modified with an alkyne handle for HA-ALK
which was used to help optimize click-based peptide enrichment protocols. (B) Bovine serum albumin
(BSA) has a single cysteine (Cys34) that is free to undergo selective Michael addition with maleimide
alkyne. The resulting BSA-ALK served as a model for a crosslinked probe-receptor complex (see
Figure 2a), and aided in optimizing digestion protocols, sample preparations, and click-based peptide
enrichment protocols.

Next, two model systems were established for the purpose of optimizing various
parameters of the biotin-free peptide enrichment strategy: the BSA-ALK model system
and the HA-ALK model system. The HA-ALK model system is simply an alkyne handle
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attached to the N-terminus of the HA peptide (Figure 4a.) This allowed us to spike in
known amounts of HA-alkyne into complex peptide samples as a model for a welldigested alkyne-modified protein complex (Figure 4a.) The BSA-ALK model system
employed Bovine Serum Albumin which has a single free cysteine residue capable of
being selectively modified by maleimide alkyne (Figure 4b.).16 Modified BSA was
shown to contain an alkyne handle that was capable of click chemistry (Figure A2.)
This system allowed us to optimize the parameters following successful trifunctional
probe binding to the receptor in a ligand-receptor system. These parameters included
not only click chemistry parameters, but also protein isolation and preparation, digestion
protocols, and other measures needed to make peptide enrichment favorable (Figure
3a.)

Figure 5: BSA-ALK digestion and enrichment. (A) BSA-ALK was digested with trypsin and
captured onto the azide solid support to produce the Cys34-LNK peptide. (B) Digestion of BSA-ALK
was successful. The selectively modified tryptic peptide containing Cysteine-34 with an alkyne
handle, Cys34-ALK, was identified, whereby the succinimide had apparently hydrolyzed. (C)
Following enrichment, the cysteine-34 peptide ligated to the released azide, Cys34-LNK, was
observed only in enrichment experiments containing copper and was shown to elute later than Cys34ALK due to the hydrophobicity of the attached linker. The total ion chromatogram is dominated in
both cases by unreacted cleaved azide.

Initial experiments showed that HA-ALK could be enriched onto the solid phase azide,
indicating that CuAAC-mediated capture was possible using our design for the azide
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and bead (Figure A3.) Furthermore, initial BSA-ALK experiments showed that BSAALK could be digested with trypsin, and that we could see the expected alkyne-modified
cysteine-34 peptide, referred to as Cys34-ALK (although the maleimide ring had been
hydrolyzed). Additionally, CuAAC-mediated capture was selective for the Cys34-ALK,
producing the modified Cys34-LNK peptide (Figure 5.)

Optimization of the biotin-free peptide enrichment strategy: Our optimization of the
strategy worked backwards from the enrichment model (Figure 3a.) That is, we first
optimized peptide capture and solid-phase click chemistry with the HA-ALK model
system. Then we used the BSA-ALK model system to optimize digestion methods and
sample preparation steps in order to afford the most alkyne-functionalized peptides that
could readily undergo click chemistry capture. Ultimately, our goal was to establish a
robust pipeline of digestion and peptide enrichment that we could use to successfully
identify peptides originating from an alkyne-labeled protein at a concentration similar to
what we would expect from our real class of target proteins: GPCRs.

Optimization of peptide capture with the HA-ALK model system: Enrichment
optimization protocols of HA-ALK were facilitated by generating a 10 µM stock solution
of HA-LNK-d6 (Scheme A4 and Figure A4) that was then spiked into any HA
enrichment sample (Figure 6a,b.) From these experiments, alongside simultaneously
executed BSA-ALK optimization experiments, we were able to obtain a click chemistry
protocol that could recover 30% of HA-ALK.
Enrichment optimization experiments typically involved adding 0.05 mg of solid
phase azide to a 1 mL solution containing 8 nanomoles of HA-ALK in buffer and an
organic cosolvent. A click chemistry cocktail with CuSO4, ascorbic acid, and the
copper(I) stabilizer, BTTAA, were combined and added and the reaction was set on a
rotisserie overnight.17
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Figure 6: Optimization of peptide capture through isotope studies. (A) Following enrichment of
HA-ALK, and reconstitution into 50 µl of solvent, 5 µl of a 10 µM stock solution of HA-LNK-d6 was
added. (B) Capture efficiency was evaluated by quantitating the ratio of HA-LNK to HA-LNK-d6. (C)
optimization studies using HA-LNK-d6 allowed for optimization of the buffer system. Phosphate
buffer was found to yield around 30% capture efficiency. All buffers except PBS were at a 200mM
concentration. All reactions were conducted in 30% NMP with 0.05mg of solid phase azide and final
concentrations of: 900µM CuSO4, 1.8mM BTTAA, 18mM ascorbic acid. Final pH for all reactions
was ~7.4. Digestion reagents included DTT (2.3 mM), TCEP (0.7 mM), and iodoacetamide (2.3 mM).

Optimization studies with BSA-ALK (not shown) indicated that N-methyl
pyrrolidinone (NMP) was the best cosolvent, while the Cu(I) chelator, BTTAA, was
necessary for good peptide capture. Nevertheless, initial isotopic quantitation studies in
the HA-ALK model system indicated that capture of HA-ALK was only around 1.5%
(Figure 6c). Buffer conditions were optimized, showing that 200 mM phosphate buffer
yielded around 20-fold greater capture efficiency than the previously used 4 x PBS
buffer system (Figure 6c). Furthermore, if enrichment was conducted with the reagents
required for protease digestion (such as DTT, TCEP, and iodoacetamide), CuAAC37

mediated capture was reduced from 30% to 9%, indicating that an additional sample
preparation step was likely required to desalt peptides prior to their capture (Figure 6c).

Figure 7: Finding relationship between copper catalyst and total peptide mass. (A) Two sets of
enrichment experiments were conducted. The first set used 500 µl volumes with 100 µg of desalted
tryptic digest. HA-ALK was step-wise reduced in this set from 100 picograms to 1 picogram. The
second set was done on a larger scale (10 ml) with a set amount of HA-ALK (1 µg). Increasing
amounts of desalted tryptic digest was added from 100 µg to 5 mg. These experiments were conducted
in 25% NMP, 200 mM phosphate buffer and a constant final concentration of 900 µM CuSO4, 1.8 mM
BTTAA, and 18 mM ascorbic acid. (C) 80 picograms of HA-ALK was added to 2 mg of desalted
tryptic digest for these experiments. Different amounts of copper were added with a constant twoequivalent ratio for BTTAA/Cu (except for the final column) and a final concentration of 10 mM
ascorbic acid. A recovery level of 30% was only achieved only if 1.875 µmoles of copper catalyst was
added for each mg of total peptide.

HA-ALK capture optimization produced a protocol that was able to recover 30% of HA38

ALK from a solution. The next level of complexity toward a real ligand-receptor
interrogation system was the addition of other components in the alkyne-functionalized
peptide sample. To investigate the effect of adding other peptides (Figure 2c), peptide
digests were produced on a large scale from BSA and were desalted on a Combiflash
reverse-phase (C18) column (Figure A5). In the next set of enrichment experiments,
addition of desalted peptides (without DTT, TCEP, or iodoacetamide) were found to
decrease recovery of HA-alkyne (Figure 7a,b). Enrichment without any extra peptides
yielded the expected 30% recovery, while reducing HA-ALK to 10 pg of a 100 µg
peptide sample resulted in a dramatically reduced 2% recovery. Alternatively, enriching
a consistent 100 pg amount of HA-ALK from a 10 ml reaction with various quantities of
desalted peptides produced similar results (Figure 7b). This led us to believe that
peptides themselves inhibited the solid phase click chemistry to some extent, and that
more copper catalyst may be required. A final round of optimization yielded a
relationship between the mass of total peptides in a reaction, and the amount of Copper
and BTTAA necessary to maintain a 30% capture efficiency of HA-ALK as 1.875 µmol
Cu/1 mg total peptide (Figure 7c).
With optimized click conditions and the copper/peptide ratio in hand, we attempted to i)
quantitate the enrichment efficiency of HA-ALK capture from a desalted peptide mixture,
and ii) assess the limit of detection, that is, how low of a concentration of HA-ALK could
we successfully capture and detect from a desalted peptide mixture.
Previous optimization experiments done to determine the copper/peptide ratio
indicated that relative to 10 random peptides of different polarities, the ratio of HA-LNK
to the 10 peptides post enrichment had increased by over 100,000 when enriching 100
picograms of HA-ALK from 1 mg of desalted peptides (Figure A5). This enrichment
figure does not take into account other species generated after enrichment (including
PEG from the bead), does not account for differences in ionization efficiencies due to
LNK attachment, and does not account for any transformations of the 10 peptides of
interest due to click chemistry conditions, although unenriched peptides are detected in
the supernatant following enrichment (Figure A6.)
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Figure 8: Determining a lower limit of detection in the HA-ALK model system. (A) Prior to
enrichment, 3.3 pmol of HA-ALK (red arrow) in 1 mg peptome is barely detected and is inaccessible
to data-dependent MS2 analysis (DDA). (B) After enrichment, the HA-LNK peak (red arrow) can be
fragmented by DDA. (C) Untargeted MS2 fragmentation of HA-LNK analyzed by MS-TAG (protein
prospector) identifies a number of b and y fragments (blue), internal fragments (green), and a fragment
from the linker itself (red).

We attempted to lower the amount of HA-ALK that could be enriched from a 1
mg peptide sample. The lowest attempted concentration was that of 0.0004% (4
nanograms, or 3.3 picomoles) HA-ALK in a 1 mg peptide mixture. What can be seen is
a dramatic reduction in the number of peaks appearing in the TIC and over 800-fold
reduction in the peak intensities of various peptides (Figure 8a, b). Most important is
the increase of intensity of the HA-ALK peak to data dependent analysis (DDA)
accessible HA-LNK peak (Figure 8c). 3.3 picomoles is equivalent to 180 nanograms for
a 60 KDa protein. Therefore, this experiment would correspond to enriching a probed
and crosslinked sample that contained just 0.018% of alkyne-labeled protein that was
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quantitatively digested, desalted and enriched.

Optimization of the strategy with BSA-ALK peptide generation and capture:
Simultaneous to efforts towards improving capture of peptides with the HA-ALK model
system, we attempted to improve other sample preparation aspects of the strategy with
the BSA-ALK system. Ultimately, BSA-ALK would serve as a model for small amount of
alkyne-tagged protein-ligand complex in a cell lysate (Figure 2c).
Initial experiments were done with 50 µg of BSA-ALK that had been verified to hold the
alkyne tag (Figure 5 and A2). BSA-ALK was shown to be successfully digested to yield
the Cys34-ALK tagged peptide, and following enrichment, produced the analogous
Cys34-LNK peptide (Figure 5). Peptides were also analyzed with Protein Prospector
(UCSF) which successfully identified B and Y fragments along with the mass of the
linker (Figure A7.).18

Figure 9: BSA-ALK in complex cell lysates for sample preparation optimization. The workflow
to model a successfully alkyne-functionalized probe-receptor complex involved adding in known
amounts of BSA-ALK, isolating protein, digesting down to a peptide mixture, and enriching the
known Cys34-LNK peptide.

The next step of complexity was to spike in known amounts of BSA-ALK into
complex cell lysates as a model for alkyne-functionalized probe receptor complexes
(Figure 9 and Figure 3a). When conducted at the same time, enrichment of
predigested BSA-ALK alone vs. digesting and enriching a lysate sample containing 10%
BSA-ALK (relative to total protein content) produced dramatically different results with
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virtually no Cys34-LNK observed in the latter sample despite using the same amount of
BSA-ALK (Figure A8). The failure to capture Cys34-ALK led to the following
hypotheses: i) digestion of the BSA-ALK was poor/incomplete, thereby reducing the
amount of Cys34-ALK available, ii) cell lysates contain additional species that are not
removed during chloroform/methanol precipitation and cause inhibition of click
chemistry, and iii) the enrichment of Cys34-ALK is inherently more difficult than our
previous model peptide, HA-ALK, due to different properties of the Cys34 peptide.
Successful and specific digestion of the cell lysate was highly dependent on the quality
of trypsin. Digestion of the same BSA-ALK/cell lysate sample produced tremendously
different results if digested by MS-quality trypsin (Promega) and affordable trypsin
(Sigma) (Figure A9). This difference ultimately resulted in 44-fold less Cys34-ALK
peptide for enrichment, underscoring the importance of high-quality trypsin during the
digestion step.
The hypothesis that cell lysates contained click chemistry inhibiting components was
supported when a cell lysate sample containing 10% BSA-ALK was simplified using size
exclusion chromatography (SXC) FPLC. A broad range of fractions were gathered to
exclude the largest and smallest cellular components (Figure A10). Digestion of this
sample and a control sample of 10% BSA-ALK without SXC produced nearly the same
amount of Cys34-ALK peptide (Figure A11.) However, upon enrichment, Cys34-ALK
was recovered 50-fold more from the SXC-purified sample versus the control sample
(Figure A11.) This improvement in enrichment and recovery allowed us to enrich
peptides from a 0.5% BSA-ALK SXC-simplified lysate. Following enrichment, the
Cys34-ALK peak was large enough to obtain MS/MS data from a top-10 experiment,
which was analyzed by protein prospector, confirming its identity (Figure 10.)
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Figure 10. Enrichment of 0.5% BSA-ALK from an SXC-simplified proteome. (A) 0.5% BSAALK was digested to produce Cys34-ALK and is then enriched to yield Cys34-LNK. (B) Enrichment
provided enough signal so that Cys34-LNK could be sequenced by untargeted MS2 DDA. B and y
fragments (blue) and internal fragments (green) confirm the sequence of Cys34-LNK

Because of how large the Cys34 peptide is, we thought that its lower recovery could be
due to chemical modification or degradation of the Cys34 peptide. To that end, two
experiments were executed. In the first experiment 50 µg of BSA-ALK digest was
enriched onto solid phase azide bearing a fully protonated tyramine residue, and solid
phase azide bearing 6 deuterium atoms on the tyramine residue. The resulting enriched
species were combined, and an R script was used to identify any features containing an
m/z representative of the 6 deuterium atoms for M+3H ions (Figure 11a). This
experiment revealed an enormous number of features that had been tagged with the
linker, indicating that Cys34-LNK had been extensively transformed during the
enrichment process. Some of these features accounted for a substantial portion of total
recovered Cys34-LNK derivatives (Figure A12). Furthermore, analysis of enriched
samples for small molecules with only a single charge indicated that much of the linker
itself had undergone extensive transformations, possibly including hydrolysis and loss of
an azidomethyl group (Figure A13).
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Figure 11. Discovery of Cys34-LNK transformed species. (A) Enrichment onto h6-solid phase
azide and d6-solid phase azide reveals Cys34-LNK transformations. Relevant features were identified
with an R script specific to a 2.0107 m/z difference (the difference that would be obtained for M+3H
ions with 6 deuterium atoms). (B) De novo-peptide analysis software, PEAKS, was used to annotate
the Cys34-LNK products. PEAKS was given the sequence of BSA, as well as a “PTM” consistent
with the molecular weight of the linker (563.25 m/z). The expected Cys34-LNK sequence is shown in
red. In blue, a possible “mutation” can be explained by modifying the N-terminus with urea, a
chaotropic salt used in protease digestion (see C). Both Cys34-LNK analogues would produce nearly
identical b and y fragments. Other “mutations” are likely also due to chemical transformations during
enrichment.
.
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The second experiment involved the analysis of a 50 µg Promega-digested and
enriched BSA-ALK sample with the de novo analytical software, PEAKs.19. Unlike
Protein prospector, PEAKS is a software that attempts to construct a peptide sequence
based only on MS/MS data and certain parameters such as possible post-translational
modifications (PTMs). For our analysis, we used the mass of the linker, m/z 563.24923,
as a possible PTM. PEAKS identified not only the expected Cys34-LNK peptide, but a
series of other peptides that all bore the same “PTM” (Figure 11b), eluting at different
times. Some of these peptides are shorter than expected, representing non-specific
cleavages, even from high quality MS-grade trypsin, and other peptides appear to be
“mutations.” The observed mutations are likely artifacts from digestion conditions. For
example, the leucine to arginine “mutation” is most likely a reaction between an amine
and urea (Figure 11c). Other mutations and peptides found by PEAKS and the isotope
experiment could be other artifacts from either the digestion steps or click chemistry
steps. This analysis did not include transformations of the linker which was shown the
by isotope tracing experiment.
Other optimization attempts to enrich BSA-ALK included the use of surfactants, organic
cosolvents, limiting oxygen, using different copper chelating ligands, increasing
temperature and modulating other parameters (not shown). Similar to the HA-ALK
model, optimization was centered around two questions, i) what is the enrichment
efficiency of the Cys34-ALK peptide, and ii) what is the lower limit, i.e., what is the
lowest amount of BSA-ALK that can be spiked into a cell lysate. Ultimately, the best
case was our enrichment of 0.5% BSA-ALK SXC-simplified digest (Figure 10a).
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Figure 12. PAMP-receptors in plant immune systems. (A) Pathogen Associated Molecular Patterns
(PAMPs) are found in the flagella of pathogens. (B) flg22 and flgII-28 are peptides and PAMPs that
can bind to FLS2 and FLS3, respectively. FLS3 is only found in solanaceous plants such as tomato.
(C) N. benthamiana was infiltrated to transiently express FLS3-GFP. The resulting plants were
harvested and microsomes were isolated that contained both FLS3-GFP and FLS2. Addition of flgII28* and crosslinking afforded an alkyne-labeled flgII-28-FLS3-GFP complex that could be immuno
precipitated using anti-GFP beads. Biotin was then ligated to the complex using CuAAC directly onto
the solid phase. Elution from anti-GFP beads and SDS-PAGE/western blot showed a band consistent
with the with FLS3-GFP that appears in both anti-biotin and anti-GFP detection systems. This same
band is absent when flg22* is used to probe the microsomes, indicating that flgII-28* is specific to
FLS3, and that flgII-28* can crosslink to its cognate receptor.

Ligand-receptor systems to be probed: As the peptide enrichment protocol was
optimized, we also developed a ligand-receptor system that we would be able to probe.
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The two ligand receptor systems we selected are both involved in Pattern Triggered
Immunity (PTI) in plants. PTI allows plants to recognize highly conserved chemical
motifs originating from pathogens called Pathogen Associated Molecular Patterns
(PAMPs) in order to mount an immune response.20 One well researched PTI system is
the flg-22/FLS2 association.21 In this example, flg22 is a 22 amino-acid peptide that
originates from the flagella of bacteria and binds to the membrane receptor FLS2,
causing immune responses such as activation of MAP kinase cascades and production
of reactive oxygen species (Figure 12a.).22 More recently, a second PAMP-receptor
interaction was discovered specifically in solanaceous plants (Figure 12a). In this case,
the PAMP is a 28 amino acid residue peptide, flgII-28, that binds to a receptor called
FLS3 (Figure 12b.).23 A collaborative effort between the Schroeder and Martin labs
used a photo-crosslinking flgII-28 probe, flgII-28*, that is recognized as a PAMP, and is
able to bind to FLS3. (Figure 12c.).24 Because we already knew that flgII-28* was
recognized by FLS3, was able to photo-crosslink to the receptor, and that the receptor
represented our primary class of targets, membrane bound receptor proteins, we
attempted to develop this system for biotin-free peptide enrichment.
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Figure 13. flg22* can bind and photo crosslink to FLS2-LRR-6xHis. (A) Overview of the FLS2LRR/flg22* photocrosslinking experiment. Sf9 cells expressing FLS2-LRR were lysed, flg22* was
added, and 365 nm UV irradiation was used to photo crosslink flg22* to FLS2-LRR. The resulting
alkyne-labeled complex was clicked to biotin azide. (B) An anti-biotin western blot was used to
validate binding, crosslinking, and clicking of FLS2-flg22*. Lane 5 indicates the experiment as shown
in (a). Lanes 3, 4, and 6 are binding and crosslinking experiments in which a step had been
omitted/adjusted. Lane 7 is a click reaction of BSA-ALK to biotin azide in the buffer of the
experiment.

Our ultimate goal was to use flgII-28* to bind to peptides originating from the binding
pocket of FLS3 to shed light on how flgII-28 was perceived. We first generated FLS3expressing plant material by growing up N. benthamiana plants for infiltration with
Agrobacterium containing the FLS3-GFP and p19 plasmid (Figure A14a). After 3 days,
anti-GFP western blots of leaf samples showed that FLS3 was successfully expressed
(Figure A14a). In order to bind flgII-28*, plasma membranes enriched with FLS3 were
prepared following established protocols.25 This process was laborious and required 10
g of plant material that was ultimately reduced to 800 µL of plasma membrane sample.
Incubation with flgII-28*, photo-crosslinking, GFP immunoprecipitation of the complex,
and click chemistry to attach a biotin tag resulted in western blots that showed a
successful generation of probe-receptor complex (Figure A14b). Because of how lowthroughput this process was, I wanted a second ligand-receptor system that could be
produced in significantly greater amounts.
The FLS2-flg22 system is a well-established PTI interaction found in nearly all plants
and in 2013, Jijie Chai’s lab solved the FLS2-Leucine Rich Region (LRR)-flg22 crystal
structure.20,21,26 After receiving a plasmid for FLS2-LRR-6xHis from his lab, I was able to
generate much larger amounts of FLS2-LRR-6xHis in insect cells. Furthermore, since
the crystal structure was solved, we could now develop hypotheses as to which
peptides should be crosslinked to the flg22 photo-crosslinking probe (flg22*).
Expression of FLS2 was validated by anti-6xHis western blot. Moderately pure FLS2LRR was isolated based on established protocols via Ni-NTA enrichment followed by
size exclusion FPLC (Figure A15.).26
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Figure 14. flg22* photo-crosslinks to FLS2-LRR. (A) A workflow was devised to determine if
FLS2-LRR was expressed as a glycosylated protein, if photocrosslinking of flg22* was to FLS2-LRR
or a glycosyl moiety, and if glycosylation was necessary for the perception of flg22*. FLS2-LRR was
subjected to deglycosylation (DG) first, and then flg22*, photocrosslinking and clicking to biotinazide. FLS2-LRR was also allowed to bind and crosslink to flg22* first, and then was deglycosylated
and clicked to biotin. If the photocrosslinking was established to the glycosyl chain, then cleavage via
DG would result in no detection of FLS2-LRR via western blot. (B) An anti-biotin western blot for the
experiment in (A). Lane 2 shows the high molecular weight of a successfully photo-crosslinked and
clicked biotin-FLS2-flg22 complex (blue arrow). Lane 4 shows that DG can occur after binding and
photocrosslinking of flg22*, and that this band has an appropriate MW for FLS2 (87 KDa) (red
arrow). Lane 3 would imply that glycosylation is required for flg22* perception. However, a DG
control, in which FLS2 is subjected to only buffering conditions required for DG and is then bound
and crosslinked to flg22*, demonstrates that the absence of a band in lane 3 and lane 7 can be
explained because buffering conditions irreversibly prevent FLS2 from perceiving flg22*. Lane 5 and
6 are technical replicates of 3 and 4, while lane 8 is a BSA-ALK control, in which BSA-ALK is
clicked to biotin azide in the presence of PNGAseF buffering conditions.
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With FLS2 and flg22* in hand, we were able to execute successful photocrosslinking and CuAAC based biotin-tagging experiments showing that flg22* is
recognized and that it binds to and photo-crosslinks with FLS2 (Figure 13.) However,
the molecular weight of the FLS2-flg22* complex was significantly greater than the 87
KDa theoretical weight. We believed this difference in molecular weight could be due to
glycosylation of FLS2.27 Another round of experiments showed that deglycosylation with
the enzyme PNGaseF reduced the perceived molecular weight of the FLS2-flg22*
complex to the appropriate molecular weight (Figure 14.) In order to prevent potential
complications caused by enriching glycosylated peptides, a deglycosylation step was
included in further experiments.
A final set of experiments was done in order to attempt to enrich and identify FLS2
peptides originating from its flg22 binding pocket. FLS2 was bound and crosslinked with
flg22*, precipitated and deglycosylated with PNGaseF. 10 µg of this complex was then
clicked to biotin azide and run on a western blot. The band at 87 KDa indicated that
crosslinking and deglycosylation were successful. The remainder of the crosslinked
sample was digested with trypsin. Protein prospector analysis was able to identify
48.5% of the sequence of FLS2 indicating that FLS2 was digested successfully (Figure
15a.)
FLS2-flg22* digest was divided and enriched with and without copper (Figure
15b.) This would allow us to identify differential features arising from successfully
captured peptides. Furthermore, BSA-ALK digest was enriched under the same
conditions, providing a robust Cys34-ALK peak (not shown). Despite a successful click
reaction with BSA-ALK digest, no flg22*-FLS2-LNK peptides were found with the use of
protein prospector. Furthermore, no differential peaks were found between samples that
had copper omitted from the enrichment step. Finally, an extensive manual analysis
attempting to find parent ions of flg22*-FLS-LNK peptides proved fruitless. This manual
analysis included flg22* tryptic peptides bound with the photo-crosslinker to peptides
anticipated to be close to the N-terminus of flg22 according to the FLS2-flg22-BAK1
crystal structure (Figure A16.).26 Further additional manual curation was attempted for
missed tryptic cleavages and some known linker and peptide transformations.
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Figure 15. flg22*-FLS2 digest enrichment. a) FLS2-LRR-6xhis was crosslinked with flg22*,
precipitated, and deglycosylated. A small portion of this sample was clicked to biotin-azide to verify
crosslinking. This process was shown to be successful via western blot and the appearance of a band at
the correct molecular weight of 87 KDa (red arrow). The remainder of the flg22-FLS2 complex was
digested with trypsin. Digestion was successful, and protein prospector was able to identify 48.5% of
the sequence of FLS2-LRR indicating successful digestion of the crosslinked complex. b) Digest was
then enriched via the biotin-free peptide enrichment strategy with and without copper. Although a
simultaneously executed BSA-ALK enrichment was successful (not shown), flg22*-FLS2-LNK
peptides were not observed. Analysis was done with proteomics software, differential analysis, and
manual curation, i.e., looking through parent masses that matched the expected FLS2peptides (see Fig
A18.)

Repeated attempts at enriching peptides from FLS2 were not successful. This may be
due to the presence of other PTMs on FLS2, incomplete or nonspecific digestion, poor
enrichment due to the notoriously poor insolubility of flg22, transformations of either
flg22* or FLS2 that were similar to those found in the BSA-ALK optimization
experiments, photo-crosslinking between flg22* and many different residues on FLS2,
poor ionization of the crosslinked peptides, poor chromatographic resolution of the
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crosslinked peptide, the inability of computational software to identify the crosslinked
peptides in general, or the dilution of the flg22*-FLS2-LNK complex via transformation of
the linker as seen previously.28

Conclusion:
The enrichment of peptides is not a novel concept as shown previously.13 However, we
believed that a peptide enrichment strategy that avoided the use of biotin could be
uniquely suited for the identification of membrane-bound receptor proteins.
Ultimately, despite extensive optimization, we were not able to enrich and characterize
peptides from receptor proteins. A number of challenges arose that were unique for
peptide enrichment. Sample preparation was extremely important in order to afford
alkyne-functionalized peptides in a solution amenable for solid-phase click chemistry.
We found that the click reaction was sensitive to biomolecules in cell lysates and
digestion reagents. Furthermore, our azide design underwent transformations during
click chemistry that further diluted the pool of peptide-LNK species. Finally, peptides
themselves were subjected to transformations that resulted in greater reduction of
enriched species.
In order for peptide enrichment methods to be beneficial, several considerations
must be made. The first is that of producing peptides as quantitatively and uniform as
possible. Although not mentioned in this dissertation, we did explore the use of different
proteases to that end. In particular, chemical digestion would be able to provide a
relatively cheap method for the digestion of proteins. Additionally, removal of CuAAC
inhibiting species could be accomplished by avoiding CuAAC-mediated capture
altogether via the use of Strain Promoted Azide-Alkyne Cycloaddition or some other
biorthogonal reaction. This would also allow the method to be scaled up without concern
for the cost of extremely pure CuAAC reagents such as BTTAA and may also prevent
click-mediated peptide transformations.
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CHAPTER 3

DEVELOPMENT OF DIMEN (DEEP INTERROGATION OF METABOLISM VIA
ENRICHMENT)

Abstract:

Untargeted

metabolomics

has

revealed

a

vast

reservoir

of

yet

uncharacterized compounds in nature, suggesting that the number of metabolites may
exceed the number of protein-coding genes from many organisms, including humans,
by perhaps orders of magnitude. Uncovering biosynthetic relationships within the
underlying metabolic networks will play a central role for elucidating the biological roles
of these metabolites and can contribute to their structural classification. However,
extremely low-abundance and transiently existing nodes in the metabolic networks are
currently lacking because they are not accessible with conventional high-resolution LCMS analyses. Here we develop a click-chemistry-based enrichment strategy, DIMEN
(Deep Interrogation of Metabolism via ENrichment) to investigate metabolism of alkynelabeled small molecule probes.
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Preface: Following disappointing attempts at identifying receptor protein peptides
through enrichment, we instead directed our efforts towards using our optimized solidphase CuAAC capture method toward annotating small molecules. We believed that
small molecules would not suffer from as much enrichment-mediated transformations
that we had observed when enriching peptides, that solid phase click chemistry would
be more suited for small molecules, and that sample preparation of alkyne-labeled small
molecules would be significantly easier than the production of alkyne-labeled peptides.
The result was a strategy which we have named Deep Interrogation of Metabolism via
ENrichment (DIMEN) which allowed us to feed an alkyne-labeled probe into an
organism and enrich the resulting metabolites known as Probe-Derived Metabolites
(PDMs) over a hundred-fold. Structural annotation of PDMs was facilitated by the
attachment of a small linker that produced a reporter-ion upon MS/MS fragmentation.
This chapter discusses the development of DIMEN, including optimization and
verification of expected PDMs, although it should be noted that the work in chapter two
accomplished a significant portion of CuAAC capture optimization. Additionally, I
dedicated a portion of this chapter for important considerations when deploying DIMEN
for metabolite discovery.
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Introduction: Biogenic small molecules (BSMs) represent the chemical input, biosynthetic intermediates, and end products of cellular activity, and thus metabolomics is
essential for understanding of biological processes, complementing proteomics,
transcriptomics and genomics.1 In addition to their roles as building blocks and
substrates in primary metabolism, many biogenic small molecules serve as signaling
molecules, from the intra- and intercellular level, e.g. as hormones, to signaling at the
inter-organismal level via pheromones. Metabolomics faces several challenges that do
not apply to other members of the -omics family because the structural diversity of
metabolites is not restricted by a limited number of building blocks and simple rules for
assembly, as in the case of biopolymers such as DNA and proteins, but is instead vast
and largely unpredictable. Correspondingly, LC-HRMS-based surveying of animal and
plant metabolomes suggests that the number of metabolites in a single species may
exceed 100,000.2 In humans, there are a predicted 150,000 biogenic small molecules,
which is in stark contrast to the 21,000 predicted protein-coding genes.3 Future
improvements of analytical instrumentation is necessary to understand the true extent of
compound diversity in nature. In parallel, studies of small molecule signaling networks in
C. elegans and other systems indicate that biogenic small molecules may have
profound biological activity even at femtomolar concentrations, providing a clear
rationale for systematic structural and functional characterization of low abundance
metabolites.4–7 Given these challenges, there exists a need for methods that facilitate
prioritization of detection and structural characterization of specific compound families
and biosynthetic pathways of interest.
Our goal was to develop a click-chemistry-based strategy for targeted
metabolomics that would enable deep exploration of specific metabolic pathways and
compound families, beyond current detection limits, by (i) increasing detection
sensitivity through enrichment from overwhelming pools of unrelated metabolites, and
(ii) facilitating recognition of relevant metabolites by means of a specific MS
fragmentation signature in LC-MS/MS. We envisioned that this could be accomplished
by alkyne-labeling metabolic precursors or building blocks of interest, followed by
incubation with the biological system and employing click chemistry to enrich all labeled
derivatives from the resulting complex metabolome. Although click chemistry has been
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used to enrich proteins and, in some cases peptides, there are few examples of click
chemistry-based enrichment of tagged metabolites to interrogate metabolic pathways. 8,9

Development of DIMEN: Our workflow for Deep Interrogation of Metabolism via
ENrichment (DIMEN) employs copper-based click chemistry to selectively bind probederived metabolites (PDMs) to an azide-modified solid support, referred to as the
Alkyne Capture for Enrichment and Reporter-ion installation (ACER) resin, using
unlabeled metabolic samples with added probe as controls (Figure 1a). The ACER
resin-bound PDMs are then extensively washed to remove unlabeled metabolites and
cleaved to yield PDMs that have been modified with a linker moiety (Figure 1a.) PDMs
are detected via comparative analysis of LC-HRMS data between the experimental and
control samples. Finally, MS/MS fragmentation patterns are used to confirm the probe
origin of the detected PDMs and further to discern structurally distinct families of PDMs
via molecular networking software.10
The design for the ACER resin includes a Rink-amide resin typically used for solidphase peptide synthesis (SPPS) to which we attached a simple azido-valerate linker
(Figure 1b). Initially we attempted to use more elaborate azide designs integrating a
copper-chelating moiety in the azide linker attached to the solid support, which have
been reported to accelerate click chemistry and improve yields in some situations
(Figure B1).11,12 However, in our case integration of a copper chelator in the azide
linker caused extensive oxidative damage to the resin and, in some cases, also reduced
stability of the linker (Figure B2). Lastly, the use of more elaborate linkers confounded
MS/MS analysis by saturating spectra with linker-associated fragments.
Enrichment protocols for DIMEN were based on studies conducted for peptide
enrichment outlined in chapter 2. Further optimization was accomplished using a small
amount of the alkyne derivative of ascr#3, ascr#3-YNE (Figure 1c), added to a sample
of concentrated C. elegans metabolome as a model for alkyne-modified small
molecules in a metabolic sample.13 Different buffers, copper ligands, reagent
concentrations, and types of SPPS resins were tested, monitoring recovery of ascr#3LNK (Figure 1d). Based on these experiments we selected a polyethylene glycol
acrylamide (PEGA) resin as solid support for the ACER resin and BTTAA as a copper
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chelating ligand.14 Extensive washing of the ACER resin following CuAAC was found to
remove more than 99% of unlabeled metabolites (Figure 1e). Analysis of the resin
supernatant following enrichment indicated that ~80% of added ascr#3-YNE had
reacted. (Figure B3).

Figure 1. Development of Deep Interrogation of Metabolism via Enrichment (DIMEN). A) C.
elegans cultures are grown with and without alkyne-labeled probe (blue star) and extracted. Probe is
added to unlabeled samples before enrichment using the ACER resin (B). Enriched metabolomes are
analyzed via LC-HRMS/MS to detect PDMs, e.g. icas#3-LNK. B) Design of the Alkyne Capture for
Enrichment and Reporter-ion installation (ACER) resin includes a Solid-Phase-Peptide Synthesis
(SPPS) Rink resin to which valeric acid azide has been bound. C) ascr#3-YNE contains an alkyne
handle as a slight modification to ascr#3. Following enrichment onto the ACER resin, a linkermodified ascr#3 analogue (ascr#3-LNK) is released. D) Optimization of the enrichment protocol for
different final concentrations of copper, solid phase peptide synthesis (SPPS) beads, and Cu(I)
chelators. E) LC-HRMS chromatograms showing the results of a typical example enrichment
experiment. Peaks of highly abundant non-target metabolites (red) are absent following enrichment
and remain in the flow-through (intensities adjusted for sample volumes.)

Screening different azide designs also demonstrated that exposure to CuAAC
conditions can result in unexpected side reactions. To distinguish compounds that are
the result of biological transformations from CuAAC side products and probe-derived
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artifacts, DIMEN includes an incubation control arm in which the alkyne probe is added
to an unlabeled metabolome sample (Figure 1a). Both the labeled and unlabeled
metabolomes were then incubated with ACER resin and subjected to CuAAC, resulting
in similar artifact profiles for the control and experimental arms and facilitating
recognitions of “real” PDMs via comparative LC-HRMS analysis.
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Figure 2. PDM analysis with DIMEN. A) Fragmentation in positive mode produces a reporter-ion
at 100.07569 m/z. Structure for the reporter-ion is putative. B) LC-MS/MS chromatogram of an
enrichment sample with the reporter-ion fragment. Known PDM-LNK transformations are shown in
blue, novel transformations are shown in red, and the most abundant peaks, ascr#3-LNK and cleaved
ascr#3-LNK sidechain are shown in green. C) Enriched species are organized into three categories: (i)
Probe-derived artifacts detected in both the probe-fed and incubation control data sets derived from
abiological transformations, (ii) PDMs representing known ascaroside derivatives, and (iii) PDMs
representing novel metabolites. D) Enrichment and concentration of PDM-YNEs improves the signal
of known PDM analogues by over 200-fold. PDM-LNK features are shown in red with corresponding
pre-enriched PDM-YNE features shown as blue arrows. 200-fold zoom reveals peaks corresponding
to PDM-YNE features in unenriched exo-metabolome.

Following enrichment, MS/MS analysis showed that enriched species with a
linker moiety installed by the ACER resin produced a reporter-ion at m/z 100.0757 in
positive ionization mode, (Figure 2a) that enabled rapid confirmation of PDMs (Figure
2b.) Additionally, the presence of a triazole moiety in the PDMs further facilitated mass
spectrometric detection of PDMs, since triazoles ionize well in positive-ion electrospray
mass spectrometry.
Next, we used the optimized enrichment protocol to analyze metabolic
transformations of ascr#3-YNE in C. elegans. Because enriched PDMs have been
exposed to copper-related chemistry in the presence of extracted metabolites, some
transformations in enriched PDMs could be nonenzymatic. Our solution for identifying
and excluding these non-enzymatic PDMs, was to include an incubation control in our
workflow (Figure 1a). Methanol extraction of worm cultures fed with ascr#3-YNE and
fed with ethanol yielded two metabolomes with protein precipitated out. ascr#3-YNE
was then added to ethanol-fed exometabolome at a concentration consistent with the
experimental sample (Figure 1a). Both samples are enriched separately, washed,
cleaved, re-constituted and injected for LC-MS analysis. Datasets are then compared
using XCMS to identify differential features of enrichment.15
Figure 2c shows a non-enzymatic transformation of ascr#3-YNE possibly
caused by copper-catalyzed oxygen insertion (Allen, 2013) found in both probe-fed and
incubation-control enrichment datasets.16 These artifacts were omitted from further
analysis. On the other hand, features that were differential between the enriched probefed samples and incubation control samples were explored as potential PDMs.
Detailed analysis of MS/MS spectra representing these likely PDMs revealed
expected derivatives of known metabolites with fragmentation data supporting their
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assigned structures (Figure 3). For example, we observed the linker analogues of 4’
modified side chain-shortened ascarosides, e.g. the linker derivative of the dauer
pheromone component icas#9, icas#9-LNK (Figure 2c.) Formation of icas#9-LNK and
other chain-shortened derivatives of ascr#3-YNE indicates that, similar to unmodified
ascr#3, the added ascr#3-YNE enters peroxisomal β oxidation, which is known to
iteratively shorten ascaroside side chains.17,18 Furthermore, the detection of icas#9-LNK
suggests that metabolism of ascr#3-YNE closely mimics another aspect of ascr#3, 4’modification, e.g. attachment of an indolecarboxy moiety. 5 Correspondingly we also
observed several other PDMs representing known 4’-modified ascarosides, e.g. icas#3,
hbas#3 mbas#3 (Figure 2d, Table B1.) A series of PDMs representing novel
transformations can also be observed as differential features between enriched probefed and enriched incubation-control datasets (Figure 2c.) These are extensively
discussed in chapter 4.

Figure 3. MS/MS analysis of icas#9-LNK. The LNK-analogue of icas#9 shows that ascr#3-YNE
has access to several known metabolic pathways in C. elegans. Notably, positive MS/MS yields a
reporter-ion fragment at 100.071 m/z.

One of the most important aspects of DIMEN is shown in Figure 2d. Enrichment
from a 10 mL probe-fed exo-metabolome sample was concentrated to 60 µL. This
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allowed for a profound magnification of recovered alkyne-labeled PDMs (PDM-YNE) of
known ascaroside metabolites (PDM-LNK). This level of enrichment and the
advantages of comparative metabolomic analysis provided a power combination for the
identification of novel metabolites.

Important considerations: DIMEN is a powerful method for the discovery of novel
metabolites, however, there were several important considerations for the successful
deployment of this strategy. The first is that at least two reagents: the CuAAC promoting
copper chelating agent, BTTAA, and the alkyne probe, ascr#3-YNE, were required to be
extremely pure.
The final synthetic step of BTTAA is the ligation of azido acetic acid to an
alkyne.14 If any azido-acetic acid remains, then PDM-YNEs will click significantly more
rapidly in solution to this species during enrichment. The result is that it appears there
are few PDMs that are enriched and these are at an unexpectedly low abundance. In
order to detect this and similar outcomes, analysis of the flow through following an
enrichment experiment is crucial.
Alkyne functionalized probes must also be extensively purified. Ascr#3-YNE was
purified to the point that no other features appeared when a standard of ascr#3-YNE
was analyzed with LC-MS (Figure B4.) Any impurities of the probe that contain an
alkyne handle will be enriched. Although the incubation control in DIMEN should
remove these artifacts from analysis, impurities of the probe that are metabolized may
be enriched to sufficient levels where they are analyzed as real PDMs.
Finally, the acid-mediated cleavage step of DIMEN caused glycolytic hydrolysis
between the side-chain and the ascarylose ring. Thus, many PDMs had at least two
features: the PDM and its corresponding side-chain. These features were manually
excluded from analysis, but may have diluted the pool of PDMs, preventing some PDMs
from being analyzed.

Discussion: Untargeted metabolic studies between different mutants, life stages, or
other biological conditions result in large and often overwhelming datasets that
nonetheless capture only part of structural diversity of metabolomes, given the
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limitations of current MS instrumentation and data processing capabilities.17,19–21 On the
other hand, targeted studies, while often more sensitive, may fail to discover novel
metabolites with unexpected structural features. DIMEN allows an untargeted strategy
to interrogate metabolites directly related to an alkyne-labeled probe. This leverages the
benefits of untargeted, (discovery-oriented) and targeted approaches, which resulted in
the discovery of three different families of ascaroside derivatives that are discussed in
the final chapter of this dissertation.
Methods for enriching metabolites are typically designed for broad classes of
compounds based on their functional groups (i.e. acids, amines, thiols, etc.)22–24 These
methods can improve metabolite annotation via targeted enrichment, reduce sample
complexity by removing the rest of the metabolome, and facilitate analysis by
introducing structural elements which are more amendable for MS and MS/MS analysis.
Similar advantages are observed in DIMEN.
While most click-chemistry mediated enrichment strategies target proteins, only a
limited number of studies employ click-chemistry enabled enrichment of small
molecules. Examples include a cleavable azide reactive resin (CARR) that was used to
isolate azide-labeled fatty acids and phenylethylamines, as well as an azide-reactive
cyclooctyne (ARCO) resin that was used to enrich azide-labeled peptides.8,9 In both
cases, the strain-promoted azide-alkyne cycloaddition (SPAAC) click reaction was
employed to enrich azide-labeled compounds.25 These strategies have the advantage
of not requiring any copper, reducing agent, or Cu-stabilizing ligands when compared to
CuAAC. However, the requirement of a strained alkyne for enrichment results in
relatively large and bulky linkers attached to comparatively small azide-labeled
compounds. These linkers could dominate the chromatographic or fragmentation
properties of the resulting enriched small molecules which would hamper metabolomic
analysis. DIMEN’s use of CuAAC to the ACER resin allows for a small linker
modification

of

enriched

PDMs

which

improves

their

ionization

and

limits

chromatographic perturbation. Finally, TFA-mediated cleavage results in some
unwanted glycosidic bond cleavage for enriched ascr#3-ALK and would be expected to
also cleave enriched PDMs. Future iterations of DIMEN may benefit from established
chemo-orthogonal cleavage strategies.22
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CHAPTER 4

NOVEL COMPOUNDS DISCOVERED WITH DIMEN

Abstract: A small molecule alkyne-functionalized probe, ascr#3-YNE, was fed to C.
elegans, and the resulting metabolites were analyzed through our Deep Interrogation of
Metabolism via ENrichment (DIMEN) pipeline. Through this single study, DIMEN
uncovered three families of ascarosides that had not previously been identified,
including fucosylated derivatives and amino acid conjugates. Most of the newly
discovered compounds are not detected by conventional untargeted LC-HRMS
analyses without enrichment because of their low abundance in wildtype C. elegans,
demonstrating the utility of DIMEN for deep probing of specific biosynthetic pathways.
These results highlight the prevalence of novel metabolic structural space that lies
beyond current detection limits of high-resolution LC-MS instrumentation as well as the
need for novel analytical strategies to access these metabolites.
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Preface: After validating that DIMEN could enrich, distinguish, and help annotate
expected PDMs from an alkyne-functionalized probe, we then used this strategy in C.
elegans to discovery novel compounds. From the ascr#3-YNE feeding study, we were
able to identify 28 new compounds divided into 3 different compound classes.
This chapter discusses those three families of compounds, including phosphorylated,
fucosylated, and amino-acid ligated ascarosides. Each group of compounds were
verified to be present in C. elegans and selected members of each family were
validated through synthesis.
The discovery of each family highlights particular facets of DIMEN as a discovery tool.
The primary feature of DIMEN is its ability to unite the strengths of targeted and
untargeted metabolomics. Compounds originating from the initial probe were selected
and prioritized through enrichment and were subsequently analyzed with the sensitivity
of a targeted dataset but with the otherwise unbiased approach of an untargeted
analysis.
This concluding chapter demonstrates through DIMEN that there are likely many
compounds that, similar to the ones discovered here, evade detection and remain
unannotated. DIMEN is just one answer to the need for more strategies that aim to shed
light on this metabolic dark matter.
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Introduction: The ascarosides are biogenic small molecules that play a central role in
the life history of the model organism, Caenorhabditis elegans, and other nematodes.
They form a large, structurally diverse family of compounds that is derived from modular
assembly of building blocks from carbohydrate, amino acid, nucleoside, and co-factor
metabolism around a core glycoside derived from the dideoxy sugar ascarylose and a
variable fatty acid-like moiety (Figure 1a).1–3 Ascarosides have been shown to regulate
development, aging, phenotypic plasticity, and many behaviors in C. elegans and other
nematodes, and furthermore mediate multitrophic inter-actions of nematodes with fungi
and plants.4–8 Biological activity has been observed down to femtomolar concentrations,
and correspondingly ascaroside identification and metabolism has been extensively
studied.3,9–11
Previous studies demonstrated uptake of synthetic ascarosides by C. elegans
and that introduction of an alkyne moiety in the fatty acid side chain proximal to the
glycosidic linkage does not interfere with biological activity (Figure 1b).12–14
Furthermore, our own studies in chapter 3 showed that alkyne-modified ascr#3 (ascr#3YNE) has access to several known metabolic pathways. Thus, feeding worms ascr#3YNE and enriching the resulting PDM-YNEs was expected to reveal potential signaling
molecules that had remained undetectable in conventional LC-HRMS.
Analysis of the ascr#3-YNE DIMEN study uncovered three novel families of
ascarosides that highlight various aspects of DIMEN as a discovery tool. New
ascarosides derived from amino acid ligation and phosphorylation, as well as di- and
trisaccharides derived from attachment of fucose derivatives to the ascarylose. For each
of these groups of PDMs, we proposed structures based on MS/MS analysis and
subsequently re-analyzed the metabolome of unsupplemented C. elegans for candidate
compounds that could represent the corresponding naturally occurring ascaroside
derivatives. To validate that these candidate compounds in fact represent ascarosides,
we confirmed their absence in the metabolome of daf-22 mutants, which are known to
be defective in ascaroside biosynthesis.3,15 Finally, the structures of example
compounds for each of the identified new families of C. elegans metabolites were
confirmed by synthesis.
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Figure 1. DIMEN of ascr#3-YNE-fed C. elegans. A) Ascarosides are modular small molecules from C.
elegans and other nematodes that contains a central ascarylose scaffold to which a fatty acid tail of
varying lengths is bound. Modifications on this tail, or the 2’ and 4’ positions on the ascarylose ring
result in an assortment of small molecules capable of modulating behavior and development in C.
elegans. B) ascr#3-YNE is nearly identical to ascr#3 and was shown access known metabolic
pathways in C. elegans. C) The linker that is attached following ACER resin capture and cleavage
produces a reporter-ion at 100.07569 m/z. D) Molecular network for ascr#3-YNE-treated C. elegans
cultures analyzed through DIMEN. The blue node is ascr#3-LNK and the red nodes are XCMSdetected features that are differential between probe-fed and incubation control data sets. These
include analogues of known modular ascarosides such as mbas#3-LNK, as well as several new
compound families, e.g. a set of fucosylated PDMs, amino-acid ligated ascarosides, and
phosphorylated ascarosides. The reporter-ion network, contained two sub-clusters representing
fucosylated ascarosides and amino acid conjugates along with chain shortened ascarosides.

DIMEN reveals novel metabolites: The ascr#3-YNE DIMEN study found 585
differential features between enriched probe-fed samples and enriched incubation
control extracts which were classified as potential PDMs. Molecular networking grouped
these features into 27 clusters with three or more nodes containing these potential
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PDMs with a very large cluster containing features united by the presence of the
reporter-ion fragment (Figure 1.).

Amino acid-ligated ascarosides: Analysis of MS/MS spectra of one of the largest subclusters of PDMs suggested that they represent amino acid conjugates of ascr#3-YNE
(Figure 1d, 2, 3a). PDMs representing putative conjugates of glycine, alanine, and
serine were most abundant, although almost all proteinogenic amino acid conjugates
could be detected (Figure 2.)

Figure 2. PDMs of amino acid conjugated ascaroside-LNK. ascr#3-YNE DIMEN analysis yielded

amino-acid conjugated PDMs of nearly all proteinogenic amino-acids. Intensities are
adjusted for peaks of interest.
LC-HRMS analysis of the exo-metabolome of unsupplemented C. elegans
revealed several low abundance peaks that were abolished in daf-22 mutants and thus
could plausibly represent amino acid conjugates of ascarosides (Figure 3b), but peak
intensities were too low to obtain MS/MS data for structural confirmation. Next, we
investigated available metabolic data for other ascaroside biosynthetic mutants,
including mutants of acyl-CoA oxidase acox-1.1, which has been shown to accumulate
unmodified saturated ascarosides with a side chain of 9, 11, and 13 carbons (Figure
C2.)9,16 We found that acox-1.1 mutants produce much larger amounts of compounds
that have MS/MS spectra consistent with amino acid conjugates of saturated
ascarosides with 9 carbon and longer side chains (Figure 3b, C3.) One such
compound, ascr#10-Phe, was independently confirmed by synthesis (Figure C3b,
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scheme C3). These data established amino acid conjugates as a new family of
ascaroside derivatives which under standard laboratory conditions are produced only in
very low concentrations in wildtype C. elegans (Figure 3c, C3.)

Figure 3. PDMs derived from amino acid ligation of ascr#3-YNE. A) MS/MS analysis of ascr#3-PheLNK. Note the diagnostic re-porter ion at 100.07569 m/z observed in positive ionization mode. B)
Amino acid-ligated ascarosides, which are barely detectable in C. elegans wildtype, accumulate in
acox-1.1 mutants, which also contain higher concentrations of ascarosides with longer side chains
(ascr#10, ascr#18, and ascr#22) due to partial inhibition of peroxisomal β-oxidation. c) Relative
abundances for PDMs representing ascr#3-amino acid conjugates as detected by DIMEN (blue) as
well as ascr#10-amino acid conjugates in acox-1.1 mutants, and wild-type worms (red and green,
respectively.) Absolute abundances of the ascaroside-glycine conjugates are shown in the inset, and
show that ascr#10-Gly is produced at extremely low concentrations relative to what can be detected
by DIMEN.

Phosphorylated ascarosides: MS/MS spectra of a second family of PDMs suggested
that they represent phosphorylated ascarosides, including ascr#3(P)-LNK and
icas#3(P)-LNK (Figure 4a, b). Their structures were derived primarily from analysis of
positive ion MS/MS spectra, since negative ion MS/MS spectra were almost completely
dominated by phosphate fragments (Figure 4b, C4). LC-HRMS analysis of the
metabolome of unsupplemented C. elegans revealed a daf-22-dependent compound
whose MS/MS spectra and retention time were consistent with phosphorylated ascr#3
(ascr#3(P)). Moreover, targeted analysis of the C. elegans metabolome revealed a
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series of abundant compounds whose MS/MS spectra and retention times suggested
that they represent phosphorylated ascaroside derivatives (Figure 4d). To confirm
these assignments, including the phosphorylation site, we synthesized the 2’- and 4’phosphorylated derivatives of ascr#15 (Figure 4c, Scheme C1, Table C2, C3.)
Comparison of retention times of natural and synthetic samples demonstrated that
ascr#15(P) carries the phosphate in the 2’-position and further indicated that C. elegans
produces a series of 2’-phosphorylated derivatives of almost all known simple
ascarosides (Figure 4d).

Figure 4. Phosphorylated PDMs derived from ascr#3-YNE. A) Detection of phosphorylated PDMs. B)
MS/MS analysis of phosphorylated icas#3-LNK. C) Comparison of natural and synthetic samples of
phosphorylated ascr#15 indicates phosphorylation at the 2’-position. D) Differential analysis
between daf-22 and N2 exo-metabolomes reveals that many ascarosides are naturally
phosphorylated. Peaks in red are the phosphorylated species of their corresponding ascaroside (blue
peak.)
E)
Relative
abundances
of
phosphorylated
ascarosides
calculated
as
([ascr#x(P)]/([ascr#x]+[ascr#x(P)]); [ascr#x(P)]: abundance of phosphorylated ascaroside, and [ascr#x]
abundance of the corresponding non-phosphorylated ascaroside.

To estimate the concentrations of phosphorylated ascarosides relative to their
non-phosphorylated counterparts, we established standard curves for ascr#15(P) and
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ascr#15 (Figure C5). Quantification across different life stages and different nutritional
conditions revealed that production of phosphorylated ascarosides is greatly increased
in L2, L3, and L4 larvae under starved conditions (Figure 4e). In fact, over 50% of some
ascarosides, e.g. ascr#3, were phosphorylated in starved larvae. Levels of ascaroside
phosphorylation in adults do not appear to depend on nutritional conditions; however,
phosphorylated ascarosides still account for a significant fraction of total ascaroside
production.
Although mass features we here identify as phosphorylated ascarosides have
been previously shown to be daf-22 dependent, their uninformative MS/MS spectra
prevented their recognition as an abundant class of ascarosides.3 As pointed out above,
negative-ion MS/MS spectra of phosphorylated ascarosides are dominated by
phosphate fragments and lack the m/z 73.0295 fragment that usually is diagnostic for
ascarosides (Figure C6).9

Fucosylated ascarosides: A third family of PDMs was identified from the reporter-ion
cluster of MS/MS spectra (Figure 2a) that provided evidence for the addition of one or
two deoxyhexose moieties (Figure 5a,b). The deoxy sugar moieties appeared to be
decorated with up to 2 methyl groups each, resulting in a total of 11 observed
combinations of methylated carbohydrate-modified PDMs (Figure 5a, Table C6.)
MS/MS analysis suggested that the additional methyl groups are derived from Omethylation of the deoxyhexose moieties. (Figure 5b).
Similar to the amino-acid conjugate PDMs, candidate metabolites corresponding to the
deoxyhexosylated PDMs were detected only at very low abundances in wild-type C.
elegans, with intensities that were too low for extensive MS/MS analysis. However,
inspection of the exo-metabolome of acox-1.1 mutants revealed much larger amounts of
candidates for deoxy-hexosylated ascr#10 derivatives, likely as a result of accumulation
of ascr#10 in this mutant, as above. Examination of ion chromatograms for the
molecular weights of deoxyhexosylated ascr#10 with 0, 1, and 2 additional methyl
groups revealed several series of peaks (Figure 5c). MS/MS analysis of homologous
series of peaks additionally indicated the presence of deoxyhexosylated derivatives of
other ascarosides with different chain lengths (Figure C7-9.)
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Figure 5. Identification of PDMs representing fucosylated ascarosides. A) LC-MS chromatograms
showing peaks for PDMs whose MS/MS spectra indicate attachment of one or two deoxyhexose
moieties, including methylated derivatives. B) MS/MS analysis indicates that the additional deoxyhexose moieties are attached to the ascarylose moiety. C) Fucosylated ascr#10 derivatives are
observed in wildtype C. elegans but are produced much more abundantly in acox-1.1 mutants.
Additional peaks that are isobaric to fucosylated ascr#10 represent fucosyl-ascarosides with shorter
side chains and additional methyl groups (see Figure cc). As expected, fucosylated ascarosides were
not detected in daf-22 mutant worms. D) Fucosylated ascr#10 was synthesized and matched the
retention time of the natural feature in acox-1.1.

Since L-fucose found in C. elegans N-glycans can be O-methylated with up to 2
methyl groups, we hypothesized that the deoxyhexose in the ascr#3-YNE-derived
PDMs may be fucose.17 To determine the identity of the deoxyhexose, the mixture of
PDMs obtained from the ascr#3-YNE-enrichment experiment was subjected to acidic
hydrolysis to cleave all glycosidic bonds and then permethylated.18,19 The permethylated
sample showed peaks with the same retention times and molecular weight as a
synthetic mixture of the α- and β-isomers of permethylated fucose, supporting the
assignment of the deoxy-hexose as fucose (Figure 6). To confirm this assignment and
to determine whether the fucose is attached to the 2’- or 4’-position of the ascarylose,
we synthesized mono-fucosylated ascr#10 (ascr#10-fucose-0xMe), one of the most
abundant fucosylated ascarosides, using a thioglycosylation strategy (Scheme C2).20
Synthetic

2’-OH-L-fucosyl-ascr#10

matched
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the

retention

time

and

MS/MS

fragmentation pattern of the natural compound (Figure 5d, Figure C10.)

Figure 6. Deoxysugar from PDMs identified as fucose. A) DIMEN enrichment sample was

hydrolyzed with methanolic hydrochloric acid, and the resulting deoxy hexose was
permethylated. A sample of L-fucose (Sigma) was also permethylated to afford a
permethylated fucose standard. B) Permethylated deoxyhexose from the PDM sample and
permethylated L-fucose are shown to co-elute (red).
Discussion: By enriching PDMs over 100-fold, installing a linker to aid in annotation,
and focusing attention directly towards ascaroside-related metabolites, DIMEN
uncovered a series of novel transformations.
The first family of compounds we discovered were the amino-acid conjugates.
This family reveal another layer of modularity to the ascaroside structure space and
provide a direct connection between ascarosides, amino acid primary metabolic
pathways and possibly nutritional status. Correspondingly, the previous identification of
indole-carboxy 4’-modified and p-hydroxybenzoyl 4’-modified ascarosides (icas and
hbas respectively) connected ascaroside signaling to amino acid catabolism. 2
Relative levels of ascr#10-LNK and ascr#10 amino acid conjugates show that
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glycine and alanine represent the greatest populations of the amino acid conjugates
followed by serine, and in the case of wild-type and acox1.1 mutants, glutamine, lysine,
and phenylalanine conjugates (Figure 2c). Interestingly, observed relative levels of AA
conjugates do not correlate with free amino acid levels observed in C. elegans,
indicating that, like other types of recently identified modular metabolites, the ascr-AA
conjugates are products of specific biosynthetic pathways.21,22 Future studies are
required to validate whether bioactivities of ascarosides are modulated through the
conjugation of amino acids. Historically we have observed dramatic changes in
behavioral and developmental effects of ascarosides from structural differences as
small as the installation of an alpha-beta double bond of the ascaroside side-chain.23
The AA-conjugated ascarosides are barely observable by LC-MS in the exometabolome of the laboratory reference strain, N2, but accumulate in specific mutants,
e.g. acox-1.1 (Figure 2b). Their discovery through DIMEN demonstrates the most
obvious benefit of this methodology: enrichment allows for the discovery of lowabundance metabolites.
In contrast, the phosphorylated ascarosides identified in this study are among the
most abundant ascarosides in C. elegans, but had remained unidentified, despite the
central role ascaroside signaling plays in the life history of this model organism.
Although several peaks here identified as phosphorylated ascarosides had been
observed previously via LC-MS based comparative metabolomics, they remained
unidentified as their ascaroside origin could not be confirmed (Figure C6 .)3 DIMEN
enabled structure elucidation by (i) demonstrating that these compounds must be
derived from an ascaroside probe and (ii) providing robust fragmentation patterns that
extended beyond phosphate fragments. In addition to the phosphorylated versions of
“simple” ascarosides we identified here, our data suggests that phosphorylated versions
of 4’-OH and lipid tail modified ascarosides may also be produced.
Small molecule phosphorylation is known to mediate important biological
processes, most significantly signal transduction through phosphorylated inositols and
lipid-linked inositides, and many metabolic processes, e.g. carbon catabolite repression
(CCR) in bacteria, and mediate a number of steps during glycolysis). 24–26
Phosphorylation

is

often

highly

site-specific,
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e.g.

in

the

case

of

inositol

pyrophosphates.27 Similarly, ascaroside phosphorylation is specific for the 2’-position.
Our observation that starvation increases the percentage of excreted phosphorylated
ascarosides relative to their non-phosphorylated counterparts, particularly during the
larval stages of C. elegans (Figure 3e), suggests that phosphorylated ascarosides have
distinct signaling properties.
Like the amino acid conjugated PDMs, fucosylated ascarosides produced an
MS/MS sub-cluster that greatly facilitated their recognition as a novel compound family
(Figure 1a and Figure 4a). Fucose is obtained by mammals from their food source via
a salvage pathway and through a highly conserved 3-step transformation of GDP
mannose.28 Once acquired, fucose may be incorporated into N- and O-glycans or
glycolipids through the activity of fucosyltransferases, with the most well-known
example being the ABO antigens found on human blood cells. 28 Because fucose is
integral for cell-cell communication and signaling, disturbances of fucosylation result in
developmental disease and autoimmune disorders.29 Fucose also plays a role in
chemical communications between different species, where it has been found that
bacteria cleave and detect fucose from glycoproteins in the host organism, facilitating
bacterial colonization while also reducing virulence factors in pathogenic bacteria. 30,31
The C. elegans genome includes a partially annotated fucose biosynthetic
pathway with over 30 predicted fucosyl transferases, indicating that fucose likely plays
an important role in nematodes.32,33 Similar to other organisms, C. elegans incorporate
fucose in the architecture of N- and O-glycans of glycoproteins. These fucose units can
be O-methylated analogously to the enriched PDMs of this study.33–35 Surprisingly,
there are few examples of fucosylated metabolites from other organisms, though our
identification of fucosylated ascarosides and the prevalence of fucosyl transferases may
suggest that fucosylated metabolites could be widespread.
In addition to the three compound classes we selected for follow up, the DIMEN
MS/MS network (Figure 1a) contains many yet uncharacterized nodes that likely
represent unknown structures and new metabolic pathways, and using different alkynefunctionalized ascarosides – all data shown here were generated using just a single
probe – may yet reveal further complexity. Taken together, our results demonstrate
another facet of the uncharted depth of “metabolic dark matter”, as well as the potential
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of click-chemistry-based enrichment approaches for uncovering hidden metabolites and
biosyntheses.

Conclusion: DIMEN was developed to interrogate the transformations and resulting
metabolites of a single probe. This method leverages click-chemistry based enrichment
to reduce sample complexity and enhance feature detection, computational advances of
metabolite annotation such as MS/MS networking and XCMS-mediated differential
analysis and directs full attention towards features that are directly associated with the
probe. The fact that so many different compounds were discovered from a single probe
in this study is a demonstration of the enormous set of compounds that exist in the
metabolome that are likely undetected and underappreciated.
As a model system, using DIMEN in conjunction with an ascaroside-based probe
in C. elegans provided benefits such as established metabolomic analytical procedures,
protocols for sample preparation, and readily available mutants that were instrumental
in validating the authenticity of enriched PDMs. Ultimately however, DIMEN endeavors
to provide a powerful method for exploring the vast and uncharted regions of
metabolomics.
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APPENDIX A

DEVELOPMENT OF A BIOTIN-FREE PEPTIDE ENRICHMENT STRATEGY
Figures

Figure A1. Beer’s law plot for LNK-acid. Injection of various concentrations of free LNK-acid and cleaved
solid-phase azide was used to determine the loading of solid-phase azide resin.

Figure A2. BSA-ALK was shown to be alkyne functionalized by clicking with biotin azide and probing for
biotin on a western blot.
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Figure A3. Initial CuAAC enrichment. (A) Enrichment of HA-ALK onto 0.8 mg solid phase azide. (B)
Extracted ion chromatogram specific for the M+2H ion of HA-LNK can be observed. (C) Spectra of the
peak at 13.02 min shows the M+2H ion (red arrow.)
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Figure A4. Obtaining a 10 µM stock of HA-LNK-d6. (A) HA-ALK was clicked to LNK-d6-N3 to produce a HALNK-d6 with a final concentration of 10 µM. Because no HA-ALK was detected post click chemistry, this
reaction was assumed to be quantitative. (B) The reaction was purified to isolate HA-LNK-d6 which
contained few other peaks as detected in the HPLC-MS TIC. Comparison of peak area of purified HA-LNKd6 versus HA-LNK-d6 in the crude reaction determined the concentration of purified HA-LNK-d6 to be
40.8 µM, which was subsequently diluted for a 10 µM stock solution. (C) MS1 of the HA-LNK-d6 feature
for the M+2H ion.
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Figure A5. Desalting procedure for digests using reverse phase Combiflash. Buffer A is 0.1%
trifluoroacetic acid in water and buffer B is 0.1% trifluoroacetic acid in acetonitrile. A 4 g C18 prepacked
column (Teledyne) was used. Loading and desalting phase runs for 6 mi. After 12 min, peptides are
eluted, which can be observed in the UV trace at 8.8 min.

Figure A6. Enrichment quantitation. Enriching 100 pg of HA-ALK from 1 mg of peptome demonstrates
the profound level of enrichment achieved respective of other peptides. 10 peptides of varying
polarities were detected before and after enrichment, resulting in a dramatic decrease in peak intensity
from 7e8 to 5e5. On the other hand, HA peptide derivatives increase from HA-ALK prior to enrichment
at 1.7e6 to HA-LNK with 1.5e8 intensity post enrichment.
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Figure A7. Protein Prospector analysis of BSA-ALK enrichment. (A) Protein view of analysis shows 13.8%
coverage of BSA. Peptides containing a variable mod of m/z 563.25 consistent with the molecular weight
of the LNK modification (B) are observed. (C) Spectrum analysis of the first peptide (red) shows a series
of b and y fragments consistent with the anticipated modified sequence.
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Figure A8. BSA-ALK initial enrichment from a peptide mixture. Initial attempts at enrichment of a BSAALK digest failed when 50 µg of BSA-ALK was spiked into a 500 µg protein sample, digested and
enriched. The large peak in both TICs is unreacted and cleaved azide linker.

Figure A9. Digestion is highly dependent on quality of trypsin. Digestion of the same amount of BSAALK under the same conditions resulted in a 44-fold less available Cys34-ALK when lower quality trypsin
was used.
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Figure A10. Cell Lysate simplification with size exclusion chromatography (SCX). SCX-FPLC was used
following cell lysis to eliminate largest and smallest cellular components prior to digestion of sample.
This example chromatogram shows which FPLC fractions (A7-A12) were taken, which should yield a
broad range of MW (500 KDa to 10KDa.)

Figure A11. SCX-simplified lysate results in better enrichment. 10% BSA-ALK was divided into two. One
half was simplified with SCX and concentrated with a molecular weight filter. Both samples were
precipitated and digested with the SXC sample only containing twice as much Cys34-ALK (blue arrow.)
Following enrichment, Cys34-LNK (red arrow) was 50-fold more enriched in the SXC-simplified sample.
This indicates that SXC improves the solid-phase capture step by removing components that may be
inhibiting click chemistry.
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Figure A12. Examples of enriched Cys34-LNK peptides that were found by an R script designed to
identify m/z differences of m/z 2.0107. (A) Peptides bearing a d6-LNK modification (cyan) are found to
elute with peptides bearing the original h6-LNK modification. Peptides were found through an R script
designed to identify features with differences of m/z 2.0107 (the m/z difference observed for M+3H ions
containing 6 deuteriums instead of 6 hydrogens), and were manually curated. The peptides (purple,
orange, blue, green) shown here are not a comprehensive list, but rather M+3H features with
substantial relative abundance to the anticipated Cys34-LNK peptide. (B) The anticipated Cys34-LNK
(red) peptide elutes at 34.7 min. (C) Spectra of various Cys34-LNK analogues (purple, orange, blue,
green) eluting later and designated by their retention time and color contain an m/z difference of m/z
2.0107.
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Figure A13. Examples of small molecule features with a difference of 6 deuteriums in the enrichment
sample. Features with an m/z difference of m/z 6.03766 (6 deuteriums for M+1H ions) were identified.
Relative abundance is normalized to the unreacted and cleaved azide (red). Chemical formulae for LNK
analogues (blue) are shown, demonstrating that the azide is transformed over the course of enrichment.
Some features are dimers of the LNK-amide (35 min). The feature at 50.11 min is notable for its
significant relative abundance and high molecular weight.
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Figure A14. N. benthamiana grown, infiltrated, and crosslinked with flgII-28*. (A) N. benthamiana was
grown for 20 days. Plants were then infiltrated with a solution of Agrobacterium containing a p19
plasmid and an FLS3-GFP plasmid in a 50/50 mixture at 0.4 OD600 and a final concentration of 200 nM
acetosyringone. After 3 days, samples from plants were homogenized, lysed and FLS3-GFP expression
was validated for each plant via western blot. (B) Microsomes enriched in plasma membranes were
isolated, photo-crosslinked with flgII-28*, and immune precipitated onto anti-GFP resin. Biotin-azide was
clicked to anti-GFP resin with the FLS3 complex bound, as well as to the anti-GFP supernatant following
immunoprecipitation. Bead elution, immunoprecipitation supernatant (that had been clicked to biotin
azide), and supernatant of anti-GFP biotin azide click reaction were run on an anti-biotin western blot to
confirm successful photocrosslinking (red arrow). Click control was a click reaction between biotin-azide
and BSA-ALK in the presence of anti-GFP resin.
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Figure A15. FLS2-LRR-6xhis expressed, enriched, and purified. (A) Sf9 cells were transfected with an
FLS2-LRR-6xhis plasmid, enriched onto a Ni-NTA column, and purified with size exclusion
chromatography. Each step confirmed the presence of FLS2-LRR6xhis. (B) Expression of FLS2-LRR-6xhis
was confirmed by anti-6xhis western blot for batches of cells. RFP was a transfection control sample,
and GliP was a 6xhis-labeled recombinantly expressed protein in our lab. FLS2-LRR-6xhis can be
observed at its expected molecular weight (red arrow), as well as at a higher molecular weight (blue
arrow). (C) Sf9 cells were lysed and enriched onto Ni-NTA, which was confirmed via anti 6xhis western
blot. Lanes include: 1) Ni-NTA after elution that was boiled in SDS, 2) the gliP-6xhis protein as a
detection control, 3) cell lysate before Ni-NTA enrichment, 4) Ni-NTA elution with 250mM imidazole, 5)
Ni-NTA wash with 5 mM imidazole. Bands in lane 4 indicate successful FLS2-LRR-6xhis enrichment at the
expected molecular weight (red arrow) and a higher molecular weight (blue arrow). (D) Ni-NTA elution
and Ni-NTA wash were both purified via size exclusion chromatography and were divided into two sets
of fractions: A7-A9 (set A), and A10-B1 (set B). Lanes include: 1) unmodified sf9 cell lysate, 2) fraction set
A for the Ni-NTA elution, 3) fraction set A for Ni-NTA wash, 4) fraction set B for Ni-NTA elution, and 5)
fraction set B for Ni-NTA wash. The higher molecular weight analogue for FLS2-LRR-6xhis can be seen
(blue arrow) in lane 2, without the band close to 53 KDa (fetal bovine serum). The absence of any other
significant bands from a ponceau stain in lane 2 indicates that fraction set A contains a relatively pure
sample of FLS2-LRR-6xhis.
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Figure A16. flg22-FLS2-BAK1 provided candidate peptides expected to be crosslinked to flg22*. Jijie
Chai’s lab had solved the crystal structure for the flg22-FLS2 interaction, and amino acids close to flg22
(pink) from FLS2 (blue) are indicated in orange. These amino acids (red) provided a guide for
determining candidate peptides in the FLS2 sequence when attempting to observe enriched flg22*-FLS2LNK peptides.
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Experimental Procedures
Strains, media, and growth conditions.
HEK cells were grown on 10 cm Biolite tissue culture dishes in 10 mL of DMEM with
10% fetal bovine serum and 1% penicillin/streptomycin antibiotic solution (Biowhitacker)
at 37 °C with 5% CO2.
N. benthamiana plants and Agrobacterium tumefaciens were grown as previously
described.1
Adherent Sf9 cells were grown in 25 mL T25 flasks in 10 mL Grace’s medium with 10%
fetal bovine serum, penicillin/streptomycin antibiotic solution (Biowhitacker) at 27 °C. At
95% confluency, cells are dislodged by vertically hitting flask. 5 mL of resulting cell
suspension is moved to a new 25 mL T25 flask with 5 mL of medium, while 5 mL of
fresh medium is added to the original flask.
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 1 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 grown to stationary phase by shaking at 220
RPM at 37 °C for 24 hours in a 4 L Erlenmeyer flask.

Methods
FLS2LRR expression
FLS2LRR plasmids were received from Jijie Chai’s lab on filter paper and transformed
into 5-alpha cells (New England Biolabs) by following the manufactere’s instructions.
Plasmids from the resulting colonies were mini-prepped. Recombinant FLS2LRR
bacmids were produced by introducing FLS2LRR plasmids into DH10BAC competent
cells via electroporation. Cells recovered in SOC media for 4 hours at 37 °C and plated
with X-Gal and IPTG. A blue-white screen for successfully transformed colonies allowed
us to grow up larger liquid cultures that we then isolated bacmids from. Sf9 cells were
transfected with Cellfectin according to manufacturer’s instructions onto a 6-well plate.
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After 5 days, p1 baculovirus stocks were made from the supernatant of the platted
transfected sf9 cells. Subsequent platted sf9 cells (12 mL in T25 flasks) at 50%
confluency were infected with p1 baculoviral stock and harvested after 5 days for 12 mL
of P2 viral stock. Sf9 cells were grown in T75 flasks (25 mL) until 50% confluent and
then infected with 2 mL of P2 baculovirus. After 5 days, cells were harvested for
FLS2LRR.

FLS3-GFP expression
FLS3 expression Agrobacterium tumefaciens containing FLS3-GFP, and p19 plasmids
were obtained from Greg Martin’s lab at BTI. Growth of Agrobacterium, preparation of
infiltration solution, and infiltration of N. benthamiana were accomplished according to
established procedures.2

Bead loading
Rink amide ChemMatrix beads (60 mg dry weight) were swollen in dry dimethyl
formamide (DMF, 3 mL) for 1 hour. Linker-acid (7, 18 mg, 43.8 µmol) was dissolved in
dry DMF (3 mL). 100 mM stock solutions of diisopropylethylamine (DIEA),
hydroxybenzotriazole (HOBt), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) were made in dry DMF. To swollen Chematrix resin, linker-acid was added
followed by EDC (0.53 mL, 53 µmol), HOBt (0.88 mL, 88 µmol), and DIPEA (1.32 mL,
132 µmol). Beads were allowed to react at room temperature overnight. The following
day, beads were drained and washed with DMF (3 x 10 mL), and methanol (3 x 10 mL),
and were allowed to air-dry for solid-phase azide.

Bead loading determination
1.1 mg of solid phase azide was cleaved with 50 µl cleavage cocktail (95% TFA, 2.5%
TIPS, 2.5% water) for 1 hour. Supernatant was isolated and beads were extracted with
cleavage cocktail (2 x 25 µl). Supernatant and wash were combined, lyophilized, and
dissolved in 50 µl of 80% dimethylsulfoxide (DMSO), 20% water for a cleaved bead
sample.
Stock solutions of linker-acid were made with the concentrations of 0.1, 0.5, 0.75, 1.0,
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and 2.0 mM. Each concentration along with the cleaved bead sample were injected for
HPLC-MS analysis. The UV-detected peak at 254 nm corresponding to linker-acid was
measured and a beer’s law plot was constructed (Figure A1). Determining the area of a
peak with a slightly different retention time for the cleaved bead sample (linker-amide)
allowed us to determine a loading of 0.09 mmol/g.

BSA-ALK generation and verification
Bovine serum albumin (Goldbio, BSA, 37.2 mg) and maleimide alkyne (1.5 mg) were
dissolved in methanol (1 mL) and 1 x PBS (15 mL) in a 20 mL scintillation vial and
stirred overnight at room temperature.3 The reaction was concentrated with a 10 KDa
MWCO Ultra Centrifugal filter to remove unreacted maleimide alkyne and buffer.
Concentrate was lyophilized, reconstituted in deionized water for a 2 mg/mL
concentration, aliquoted into 1.5 mL Eppendorf tubes and stored at -20 °C for BSA-ALK.
To ensure the attachment of the alkyne handle, BSA-ALK (18 µl, 2 mg/mL) was
dissolved in 1 x PBS (80 µl), and reacted with BTTP (4.5 µl, 1mM), biotin-azide (5 µl, 1
mM), ascorbic acid (2 µl, 9 mM), and copper sulfate (2 µl, 25 mM) on a rotisserie for 1 h.
The resulting reaction was chloroform/methanol precipitated, and the protein pellet was
boiled in loading buffer (50 µl) for western blot analysis with streptavidin-HRP.4

HA-ALK synthesis
HA peptide (GenScript, 5 mg, 4.54 µmol) was dissolved in 2 x PBS (0.5 mL) and DMSO
(0.1 mL) and stirred with N-hydroxysuccinimide alkyne (Sigma, 100 µl, 100 mM, 10
µmol) for 22 h at room temperature. The reaction was then lyophilized and purified with
semipreparative-HPLC as described below for 1.5 mg of pure HA-ALK.

HA-LNK-d6 generation
d6-LNK-amide (14, 2.5 mg, 6 µmol) was dissolved in DMSO (1 mL) and added to HAALK (1.4 mg, 1.15 µmol) in water (0.5 mL). tert-Butanol (0.2 mL) and 10 x PBS (0.2 mL)
were added. Copper sulfate (23 µl, 50 mM, 1.15 µmol), BTTAA (23 µl, 100 mM, 2.3
µmol), and freshly dissolved ascorbic acid (23 µl, 1M, 23 µmol) were added from stock
solutions. The reaction was stirred at room temperature for 2 h at which point HPLC-MS
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analysis indicated that no HA-ALK remained. The reaction was lyophilized and purified
with semipreparative-HPLC as described below for pure HA-LNK-d6 which was
dissolved in 50% DMSO (2.5 mL).
The concentration of pure HA-LNK-d6 stock solution was determined by comparing the
HPLC-MS peak intensities of the pure HA-LNK-d6 stock solution to a crude click
reaction between HA-ALK and d6-LNK-amide for a final HA-LNK-d6 concentration of 10
µM (assuming that all HA-LNK was reacted for HA-LNK-d6) (Figure A3). From this, the
pure HA-LNK-d6 was found to have a concentration of 40.8 µM.

Peptide-ALK capture optimization with HA-ALK model system
Unless otherwise noted, all reactions were conducted in 1.5 mL conical tubes
(Eppendorf), reacted overnight on a rotisserie at room temperature with the described
reagents.
Each reaction contained HA-ALK (0.008 mL, 0.1 mM), N-methylpyrrolidinone (NMP,
0.12 mL), 1M phosphate buffer (0.1 mL), water (0.22 mL), and solid-phase azide (0.005
mL, 10 mg/mL suspension). A master mix for the number of optimization experiments
(n) was made in the following order: copper sulfate (n*10 µl, 50 mM) was added to
BTTAA (n*10 µl, 100 mM) resulting in a deep blue solution. Freshly dissolved ascorbic
acid was then added (n*10 µl, 1M) eliminating the deep blue color of the master mix. 30
µl of the master mix was added to each optimization experiment, before setting the
reaction in a rotisserie to react.
The next day, beads were washed by addition of 1 mL of buffer, vortexing for 30
seconds, brief centrifugation and careful removal of supernatant (without removal of
beads) with the following buffers: 25% NMP (3 x 1 mL), 50% NMP (3 x 1 mL), 100%
NMP (3 x 1 mL), dichloromethane (3 x 200 µL). Beads were then air dried and then
cleaved with 50 µl of cleavage cocktail (95%TFA, 2.5% TIPS, 2.5% water). After 1 hour,
supernatant from the cleavage reaction was collected via pipette and beads were
washed twice more with cleavage cocktail. All supernatant was pooled into a conical
tube and evaporated with a speedvac (Thermo). The resulting residue was dissolved in
30 µl of 90% DMSO and HA-LNK-d6 was added for quantitation (5 µl, 10 µM).
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In order to determine the %yield of HA-ALK optimization experiments, the absolute
intensity for m/z 814.879 (HA-LNK-d6, M+2H ion) with a theoretical final concentration of
0.334 µM was compared to the absolute intensity of m/z 811.860 (HA-LNK, M+2H ion).
The final concentration of HA-LNK was then compared to the concentration one would
obtain for 100% yield of HA-ALK capture, which was 22.9 µM.

BSA peptome generation for HA-ALK optimization experiments
For HA-ALK optimization experiments requiring a desalted crude digest, bovine serum
albumin was digested on a large scale.
Bovine Serum Albumin (BSA, 200 mg) was dissolved in 4 mL 8M urea in 100 mM
ammonium bicarbonate. 1.5 mL of dissolved BSA was then deposited into a 15 mL
conical tube. tris(2-carboxyethyl)phosphine (TCEP, 15 mg) was added, and the solution
was heated to 80 °C for 0.5 h. After cooling the solution, iodoacetamide (IAM, 25 mg)
was added, the reaction was covered in foil and set on a rotisserie. After 1 h,
dithiothreitol (DTT, 25 mg) was added, and the reaction was covered in foil and set on a
rotisserie. After 1 h, the reaction was diluted with 100 mM ammonium bicarbonate,
resulting in precipitation, and 16 mg of non-MS grade trypsin (Sigma, 16 mg) was
added. The reaction was vortexed and set at 37 °C for 2 days. The resulting digest was
lyophilized, dissolved in 0.1% trifluoroacetic acid in water (1 mL) and loaded onto celite
for reverse-phase Combiflash desalting as described below. Fractions in the eluted
region were combined, lyophilized, dissolved in 1 x PBS (10 mL) and stored at a
concentration of 13 mg/mL.

Standard MS-grade digestion procedure
For alkyne-labeled protein samples, the following digestion protocol was used.
Lyophilized FPLC-simplified lysate was dissolved in 8M urea in 50 mM ammonium
bicarbonate (38 µl/mg protein) and freshly dissolved tris(2-carboxyethyl)phosphine
(TCEP, 3 µl/mg protein, 200 mM) was added before vortexing the solution and allowing
the lysate to denature at 65 °C for 1 h. Free cysteines were capped by adding freshly
dissolved iodoacetamide (IAM, 10µl/mg protein, 200 mM), vortexing the reaction and
incubating at room temperature away from light for 1 h. The IAM reagent was quenched
104

by adding freshly dissolved dithiothreitol (DTT, 15 µl/mg protein, 200 mM), vortexing the
reaction and incubating at room temperature away from light for another 0.5 h.
Quenched proteome was diluted with 50 mM ammonium bicarbonate (1 mL/mg protein)
and MS-grade trypsin was added (Promega, 10 µg/mg protein) before vortexing and
setting at 37 °C for 15 h. Digestion was stopped by lyophilizing the sample.

Standard lysis procedure
The following protocol was used for 3 plates of HEK cells or approximately 20 million
cells. Cells were pelleted at 1000 G and 4 °C and supernatant was removed. RIPA lysis
buffer (0.5 mL) with protease inhibitor (Roche tablet EDTA-free, 1 tablet/10 mL) was
added and the pellet was lysed with probe sonication 50% on/off, 15 pulses at level 6
while submerged in an ice bath. Bicinchoninic acid (BCA) assay was used to determine
protein concentration and if applicable, BSA-ALK was then added for the desired
percentage.

Standard FPLC simplification procedure for 0.5% BSA-ALK experiment
Lysate was simplified using FPLC and a size exclusion chromatography (SXC) to
eliminate very large and very small components. The 140 mL SXC column was
equilibrated with 50 mM ammonium bicarbonate and a flow rate of 1 mL/min. 2 mL of
lysate was loaded onto the FPLC sample loop through a 0.2 µm filter. A constant flow of
50 mM ammonium bicarbonate was used to separate the lysate based on size into 20 x
5 mL fractions. Fractions 7-12 (500 KDa – 10 KDa) were collected, concentrated with a
30 KDa MWCO filter, and a BCA assay was used to determine protein concentration to
be used to later digestion steps.

Standard C18 Combiflash peptide desalting procedure
Digested peptides were desalted using a Combiflash (Teledyne) with a 4 g C18 packed
column (Teledyne) and solvents A and B as 0.1% trifluoroacetic acid in water and 0.1%
trifluoroacetic acid in acetonitrile respectively. Peptides were dissolved in 1-2 mL
0.1%TFA and loaded onto a cartridge of celite. A 32 min method at a flow rate of 15
mL/min was used with the following gradient: 0% B held for the first 4 min, increased to
105

5% B over the next 3 min, and held at 5% B for another 3 min to load and desalt
peptides. B was increased to 70% in 0.5 min and held for 10 min in order to elute
peptides. Finally, B was increased to 95% in 0.5 min and held for 2.5 min to re
equilibrate the column (Figure A5). Typically, a UV trace at 365 nm was observed for
eluted peptides at 13 min.

BSA-ALK spiked into lysate
HEK cells were harvested, lysed, and protein concentration was determined through a
BCA assay. BSA-ALK was added for the desired percentage, and the resulting protein
solution was simplified with the FPLC-SXC protocol. FPLC fractions 7-12 were
combined, lyophilized, and digested as described above. Resulting peptides were
desalted with the reverse-phase Combiflash protocol and desalted peptides were then
combined and concentrated in vacuum for click-ready samples.

0.5% BSA-ALK enrichment
FPLC-simplified and 0.5% BSA-ALK digest (1.9 mg) was dissolved in 1 X PBS (100 µl)
and DMF (20 µl). A click chemistry cocktail was made with copper sulfate (3 µl, 100
mM), BTTAA (24 µl, 25 mM) and ascorbic acid (30 µl, 100mM), and added to the digest.
30 µl of a 10 mg/mL solid-phase azide suspension was added and the reaction was
allowed to mix overnight at room temperature on a rotisserie.
The next day, beads were washed by addition of 1 mL of buffer, vortexing for 30
seconds, brief centrifugation, and careful removal of supernatant (without removal of
beads) with the following buffers: 25% NMP (3 x 1 mL), 50% NMP (3 x 1 mL), 100%
NMP (3 x 1 mL), dichloromethane (3 x 200 µL). Beads were then air dried and then
cleaved with 50 µl of cleavage cocktail (95%TFA, 2.5% TIPS, 2.5% water). After 1 hour,
supernatant from the cleavage reaction was collected via pipette and beads were
washed twice more with cleavage cocktail. Supernatants and washes were combined,
lyophilized, and dissolved in 80% DMSO for HPLC-MS analysis.

BSA-ALK isotopically labeled experiment
To two separate 1.5 mL Eppendorf tubes were filled with NMP (0.15 mL), water (0.25
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mL), 1M phosphate buffer (0.12 mL) each. To one tube, fully protonated solid-phase
azide was added (0.1 mg), to the other, d6-solid phase azide was added (0.1 mg). 50 µg
of BSA-ALK digest was added to each tube along with a premixed click chemistry
cocktail consisting of copper sulfate (5 µl, 50 mM), BTTAA (5 µl, 10 mM), and ascorbic
acid (12 µl, 1M). The reactions were capped and mixed overnight on a rotisserie. The
next day, beads were washed by addition of 1 mL of buffer, vortexing for 30 seconds,
brief centrifugation and careful removal of supernatant (without removal of beads) with
the following buffers: 25% NMP (3 x 1 mL), 50% NMP (3 x 1 mL), 100% NMP (3 x 1
mL), dichloromethane (3 x 200 µL). Beads were then air dried and then cleaved with
50µl of cleavage cocktail (95%TFA, 2.5% TIPS, 2.5% water). After 1 hour, supernatant
from the cleavage reaction was collected via pipette and beads were washed twice
more with cleavage cocktail. Supernatants and washes were combined, lyophilized, and
dissolved in 80% DMSO for HPLC-MS analysis.

Protein Prospector analysis
Digests and enriched samples were analyzed using the free Protein Prospector
software at http://prospector2.ucsf.edu.5 Batch-Tag web was used with a user protein
database selection and the FASTA sequence of a protein of interest (typically bovine
serum albumin or FLS2). Digestion conditions used trypsin protease, 1 missed
cleavage, and a constant carbamidomethyl(C) modification. Precursor charge range
was 2-3 with monoisotopic masses and a parent and fragment tolerance of 50 ppm.
Mass Modifications were in the range of m/z 550-600 for cysteines in order to capture
the LNK modification of m/z 563.25 for BSA enrichment. FLS2 enrichment experiments
attempted to use similar possible modifications consistent with the molecular weight of
the photo-crosslinker, the linker and the tryptic portion of the flg22* probe. Additionally,
FLS2 enrichment experiments attempted to employ the crosslinking feature with a user
defined bridge element component of C35H39F3N6O6 which is consistent with the photocrosslinker-linker moiety.

PEAKS analysis
BSA-ALK and FLS2 enrichment experiments were analyzed by PEAKS (Bioinformatics
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Solutions, Inc.) software.6 Data was not refined beyond default values. PEAKS search
included custom “PTMs” for linker (m/z 563.2492 at C), free alkyne (m/z 153.0426), and
the sequence for BSA or FLS2 was entered into the database. Trypsin was set as the
protease with one non-specific cleavage. PEAKS PTM and Spider modules were
employed to find “mutations.”

FLS3-GFP probing
FLS3-GFP enriched microsomes were prepared, crosslinked, and clicked to biotin-azide
according to established procedures.2,7

FLS2LRR-flg22* photo-crosslinking
FPLC fractions containing FLS2LRR (20 µg, 30 µl) were deglycosylated if applicable
(see below) and added to binding buffer (200 µl, 10 mM Bis Tris at pH 6.0) in a 1.5 mL
conical tube. flg22* (1.5 µl, 100 µM) was added, and the solution was vortexed. The
solution was then moved to a 4 °C cold room, added to a glass 9-well plate and covered
in order for FLS2LRR to bind to flg22* for 15 min. A Blak-Ray B-100AP 100-watt lamp
(365 nm) was mounted 2.5 cm away from the glass plate and irradiated sample for 15
min. Sample was recovered and 600 µl of buffer (2.5xPBS, 1% triton, 0.1% SDS) was
used to recover any adhered proteins from the glass well.
Photo-crosslinking was verified by clicking 5 µg samples to biotin-azide with copper
sulfate (5 µl, 12.5 mM), BTTAA (2.5 µl, 100 mM), ascorbic acid (10 µl, 100 mM) and
biotin-azide (5µl, 10 mM) for 1h. Samples were then chloroform/methanol precipitated,
deglycosylated if applicable, boiled in loading buffer, and proteins were loaded onto an
SDS-PAGE gel for analysis via anti-biotin western blot. A 0.125 µg BSA-ALK click
control was also loaded in order to ensure click conditions. The remainder of the
FLS2LRR-flg22* complex was subjected to tryptic digestion conditions as described
above.

FLS2LRR-flg22* deglycosylation
Samples to be deglycosylated prior to ligand binding were not denatured in order to
retain ligand-binding affinity of FLS2LRR and were instead reconstituted in 100 µl of 50
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mM ammonium bicarbonate and incubated with 3 µl of PNGaseF (New England
Biolabs) at 37 °C for 2 h.
Samples deglycosylated after photo-crosslinking were subjected to denaturing
conditions. From chloroform/methanol precipitation pellets, samples were dissolved in
water (12 µl), 5% SDS (1 µl), 1M DTT (1 µl) and heated to 95 °C for 5 min. Samples
were then cooled to room temperature and 10% NP-40 was added (2 µl), 500 mM
phosphate buffer was added (2 µl) and PNGaseF was added (3 µl) before incubating at
37 °C for 2 h. Resulting samples were diluted in 20 µl of 2x loading buffer for western
blot analysis.

flg22* and flgII-28* synthesis
flg22* and flgII-28* were synthesized and purified according to published procedures. 2,7

Standard methods for semi-preparative HPLC purification
Semi-preparative HPLC was employed to purify BTTAA, HA-LNK-d6, HA-ALK, flg22*,
and flgII-28*. This was accomplished with an Agilent 1100 Series HPLC system, an
Agilent Eclipse XDB-C18 column (9.4 mm × 250 mm, 5 μm particle diameter), and
solvents A and B as 0.1% acetic acid in water and 0.1% acetic acid in acetonitrile
respectively. An initial 40 minute method was used with a flow rate of 3 mL/minute and
the following gradients: 5%B held for the first 3 minutes, increased to 100%B over the
next 28 minutes, held at 100%B for another 4 minutes, dropped to 5%B over a minute
and held again equilibrated at 5%B for the final 4 minutes. HPLC methods were
modified by injecting dilute samples until the desired product was fully resolved from
other peaks. After confirming resolution and stability of peak elution with HPLC-MS, 25
µl injections containing up to 0.1 mg crude product were purified until all of the crude
sample was exhausted. Product-containing fractions were confirmed with a Quattro II
spectrometer (Micromass/Waters) and fractions were collected with a FOXY 200
fraction collector (ISCO).
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Synthesis
Scheme A1. Synthesis of solid phase azide

Methyl 6-(hydroxymethyl)nicotinate (2)

Dimethyl pyridine-2,5-dicarboxylate (1, 5.24 g, 26.8 mmol) was dissolved in dry
methanol (50 mL) and dry tetrahydrofuran (THF, 50 mL) in a flame-dried 500 mL round
bottom flask. Calcium chloride (15 g, 135 mmol) was added, and the reaction was
stirred in an ice bath for 5 min before addition of sodium borohydride (NaBH4, 4.3 g, 114
mmol). The reaction was stirred for 2.5 h before it was quenched with the addition of ice
water (50 mL) and acetic acid (1 mL). Crude product was extracted with
dichloromethane (4 x 80 mL), dried over magnesium sulfate and concentrated in
vacuum. The resulting mixture was purified with silica gel flash chromatography using a
gradient of 0-100% ethyl acetate in hexanes for pure product (2, 1 g, 6 mmol, 22%).
1H

NMR (400 MHz, CDCl3) δ 9.17 (d, J = 2.1 Hz, 1H), 8.29 (dd, J = 8.1, 2.1 Hz, 1H),

7.36 (dt, J = 8.2, 0.7 Hz, 1H), 4.84 (d, J = 5.1 Hz, 2H), 3.96 (d, J = 0.5 Hz, 3H), 3.59 (t, J
= 5.1 Hz, 1H).
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Methyl 6-(azidomethyl)nicotinate (3)

Compound 2 (2.042 g, 12.2 mmol) was dissolved in dry DCM (25 mL) and transferred to
a flame-dried side-arm flask. Tosyl chloride (TsCl, 5.6 g, 29.4 mmol) was dissolved in
DCM (25 mL) and added to the side-arm flask. While stirring under argon at room
temperature, triethylamine (TEA, 10.2 mL, 73.2 mmol) was added via syringe, resulting
in precipitation. After 1 h, reaction was complete as determined by TLC, the reaction
was concentrated in vacuum for a brown syrup. This was dissolved in dry THF (60 mL)
and sodium azide (NaN3, 8.88 g, 136 mmol) was added. The reaction was stirred for 26
h, producing a pink color. Ethyl acetate (60 mL) and water (60 mL) were added, and the
entire reaction was transferred to a separation funnel where crude product was
extracted with more ethyl acetate (3 x 60 mL), washed with brine (80 mL), dried over
sodium sulfate, and concentrated in vacuum. Crude product was purified with silica gel
flash chromatography using a gradient of 0-50% ethyl acetate in hexanes for pure
product (3, 634 mg, 3.3 mmol, 27%)
1H

NMR (599 MHz, CDCl3) δ 9.19 (dd, J = 2.2, 0.9 Hz, 1H), 8.33 (dd, J = 8.1, 2.2 Hz,

1H), 7.46 (dd, J = 8.1, 0.8 Hz, 1H), 4.58 (s, 2H), 3.96 (s, 3H).

6-(Azidomethyl)nicotinic acid (4)

3 (633 mg, 3.3 mmol) was dissolved in methanol (10 mL), and a 1M lithium hydroxide
solution (4.5 mL) was added. The reaction was stirred for 1 h before quenching with 0.3
mL of acetic acid and concentrating in vacuum. The resulting crude mixture was purified
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with silica gel flash chromatography using ethyl acetate with 1 % acetic acid for pure
product (4, 533.6 mg, 2.99 mmol, 91%).
1H

NMR (599 MHz, CD3OD) δ 9.11 (d, J = 2.5 Hz, 1H), 8.40 (dd, J = 8.2, 2.4 Hz, 1H),

7.58 (dd, J = 8.1, 2.2 Hz, 1H), 4.59 (d, J = 2.3 Hz, 2H).

2,3,5,6-Tetrafluorophenyl 6-(azidomethyl)nicotinate (5)

4 (170 mg, 0.953 mmol) was dissolved in dry DMF (3 mL), transferred to an 8 mL vial
and sparged with argon while stirring on ice. After 15 min, diisopropylethylamine
(DIPEA, 0.23 mL, 1.32 mmol) was added via syringe before removing reaction from ice
bath. Tetrafluorophenyl trifluoroacetate (Tf-o-TFA, 0.4 mL, 2.4 mmol) was then added,
resulting in an orange solution that was allowed to stir for 2 h until the reaction had
turned a deep green. Tyramine (300 mg, 2.19 mmol) was dissolved in dry DMF (1 mL)
and added to the reaction. Additional DIPEA (0.2 mL, 1.15 mmol) was added, and the
reaction was stirred for 4.5 h. The reaction was then concentrated in vacuum and
purified with silica gel flash chromatography using a gradient of 0-50% methanol in
dichloromethane for pure product (5, 188 mg, 0.63 mmol, 67%).
1H

NMR (599 MHz, CD3OD) δ 9.11 (d, J = 2.5 Hz, 1H), 8.40 (dd, J = 8.2, 2.4 Hz, 1H),

7.58 (dd, J = 8.1, 2.2 Hz, 1H), 4.59 (d, J = 2.3 Hz, 2H).
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tert-Butyl 6-(4-(2-(6-(azidomethyl)nicotinamido)ethyl)phenoxy)hexanoate (6)

5 (110 mg, 0.37 mmol) was dissolved in dry DMF (2 mL). Potassium carbonate (K2CO3,
192 mg, 1.31 mmol) was added in one portion. The resulting suspension was stirred at
room temperature under argon for 20 min before adding tert-butyl 6-bromohexanoate
(688 mg, 2.74 mmol). The reaction was stirred for another 5 h before it was centrifuged
at 1 KG in order to pellet undissolved K2CO3. Supernatant was carefully isolated, dried
in vacuum and purified with silica gel flash chromatography using a gradient of 0-50%
methanol in dichloromethane for pure product (6, 60 mg, 0.128 mmol, 35%).
1H

NMR (599 MHz, CDCl3) δ 8.83 (dd, J = 2.3, 0.9 Hz, 1H), 8.07 (dd, J = 8.1, 2.3 Hz,

1H), 7.41 (dd, J = 8.0, 0.8 Hz, 1H), 7.15 – 7.10 (m, 2H), 6.88 – 6.82 (m, 2H), 6.14 (d, J =
6.3 Hz, 1H), 4.53 (s, 2H), 3.94 (t, J = 6.4 Hz, 2H), 3.70 (td, J = 6.8, 5.8 Hz, 2H), 2.90 –
2.85 (m, 2H), 2.24 (t, J = 7.5 Hz, 2H), 1.79 (dq, J = 7.8, 6.5 Hz, 2H), 1.65 (p, J = 7.5 Hz,
2H), 1.53 – 1.45 (m, 2H), 1.44 (s, 9H).

6-(4-(2-(6-(Azidomethyl)nicotinamido)ethyl)phenoxy)hexanoic acid (7)

6 (23.5 mg, 0.05 mmol) was dissolved and stirred in 40% trifluoroacetic acid in DCM
(40% TFA, 1 mL). After 0.5 h, the reaction was concentrated in vacuum and purified
with silica gel flash chromatography using a gradient of 0-30% methanol in
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dichloromethane for pure product (7, 18.3 mg, 0.045 mmol, 89%).
1H

NMR (599 MHz, CDCl3) δ 8.77 (dd, J = 2.3, 0.9 Hz, 1H), 8.12 (dd, J = 8.1, 2.3 Hz,

1H), 7.43 (d, J = 8.1 Hz, 1H), 7.13 – 7.08 (m, 2H), 6.86 – 6.81 (m, 2H), 6.64 (s, 1H),
4.52 (s, 2H), 3.95 (t, J = 6.3 Hz, 2H), 3.66 (q, J = 6.5 Hz, 2H), 3.40 (p, J = 1.6 Hz, 1H),
2.86 (t, J = 6.8 Hz, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.82 – 1.75 (m, 1H), 1.68 (p, J = 7.4 Hz,
2H), 1.54 – 1.46 (m, 2H).

tert-Butyl 6-bromohexanoate

6-bromohexanoyl chloride (4.5 g, 21 mmol) was dissolved in DCM (50 mL) and stirred in
an ice bath. Pyridine (2.2 mL) was added resulting in a yellow color, and solution was
stirred for another 5 min. tert-Butanol (2.5 mL) was added, and the reaction was stirred
at room temperature for 2 days. The reaction was then washed with water (3 x 100 mL),
brine (1 x 25 mL), 10% w/v potassium carbonate (1 x 100 mL) and water again (1 x 100
mL). The resulting organic layer was dried with magnesium sulfate, concentrated in
vacuum, and purified with silica gel flash chromatography using a gradient of 0-100%
ethyl acetate in hexanes for pure product (tert-butyl 6-bromohexanoate, 2.55 g, 10.2
mmol, 48%).
1H

NMR (599 MHz, CDCl3) δ 3.41 (t, J = 6.8 Hz, 2H), 2.23 (t, J = 7.4 Hz, 2H), 1.87 (m,

2H), 1.61 (m, 2H), 1.50 – 1.46 (m, 2H), 1.44 (s, 9H).
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Scheme A2. Synthesis of d6-labeled tyramine

2-(4-Methoxyphenyl)ethan-1,1-d2-1-amine (9)

Lithium aluminum deuteride (LiAlD4, 194.4 mg, 4.63 mmol) was weighed into a flamedry 8 mL vial. Aluminum chloride (AlCl3, 206.3 mg, 1.55 mmol) was weighed into a
flame-dry 4 mL vial and dissolved in dry ether (2 mL). While sparging with argon on ice,
AlCl3 solution was added to LiAlD4 and was stirred for 10 min. 8 (310.3 mg, 2.11 mmol)
was injected and the reaction was stirred under argon while warming to room
temperature. After 18 h, the reaction was transferred to a 20 mL vial, and ether (2 mL)
and D2O (0.2 mL) were added to quench the reaction. Concentrated sulfuric acid (1.5
mL) was added slowly, and the reaction was stirred for 5 min. 6 M sodium hydroxide (8
mL) was added to neutralize the reaction. Crude product was extracted with ether (3 x 5
mL), washed with brine (1 x 5 mL), dried over magnesium sulfate, and concentrated in
vacuum for a yellow oil (231.1 mg). This oil was purified with silica gel flash
chromatography using a gradient of 0-70% methanol in dichloromethane for pure
product (9, 148.1 mg, 0.97 mmol, 45%).
1H

NMR (599 MHz, CDCl3) δ 7.12 (m, 2H), 6.84 (m, 2H), 3.79 (s, 3H), 2.67 (s, 2H).
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4-(2-Aminoethyl-2,2-d2)phen-2,3,5,6-d4-ol (10)

9 (148.1 mg, 0.97 mmol) was dissolved in CH3OD and transferred to a deuteriumexchanged 4 mL vial. CH3OD (2 mL) was added and stirred with 9 for 10 min to
exchange the amino protons for deuterium. 9 was then concentrated in vacuum and the
4 mL vial was backfilled with argon. 47% deuterium bromide in D2O (1.5 mL) was added
and the reaction was stirred at 100 °C for 2 h. The reaction was dried onto 3 g of acid
washed celite in vacuum, loaded into a cartridge and purified with reverse phase C18
flash chromatography using a gradient of 0-50% acetonitrile in water with 0.1% acetic
acid for pure product (10, 179.4 mg).
The entire process was repeated twice more with 10 so that 97.1% of 10 (26.5 mg, 0.19
mmol, 19%) was isolated with 6 deuterium and 2.9% of 10 contained 5 deuteriums.
1H

NMR (599 MHz, CD3OD) δ 2.84 (s, 2H).

HR-MS: m/z [M+H]+ calcd for C8H6D6NO, 144.12900; found, m/z 144.12893 (positive
ionization)
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Scheme A3. Synthesis of d6-labeled LNK-amide

tert-Butyl 6-(4-(2-(6-(azidomethyl)nicotinamido)ethyl-2,2-d2)phenoxy-2,3,5,6d4)hexanoate (12)

4 (55 mg, 0.31 mmol) was dissolved in dry DMF (2 mL), transferred to an 8 mL vial and
sparged with argon while stirring on ice. After 15 min, DIPEA (0.7 mL, 0.44 mmol) was
added via syringe before removing reaction from ice bath. Tf-o-TFA (0.2 mL, 1.2 mmol)
was then added, and was stirred for 2 h.
10 (300 mg, 2.19 mmol) was dissolved in dry DMF (2 mL) and added to the reaction.
Additional DIPEA (0.08 mL, 0.46 mmol) was added, and the reaction was stirred for 2.5
h. The reaction was then concentrated in vacuum and purified with silica gel flash
chromatography using a gradient of 0-50% methanol in dichloromethane for 73.2 mg
pure product (11, 73.2 mg, 0.24 mmol, 78%) that had the same RF value as 5 for TLC
analysis.
11 (73.2 mg, 0.24 mmol) was dissolved in dry DMF (2 mL), added to potassium
carbonate (200 mg, 1.45 mmol) and tert-butyl 6-bromohexanoate (370 mg, 1.48 mmol)
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in a deuterium exchanged vial. The reaction stirred under argon at room temperature
overnight. The following day, the reaction was centrifuged at 1000 G in order to pellet
undissolved K2CO3. Supernatant was carefully isolated, dried in vacuum, and purified
with silica gel flash chromatography using a gradient of 0-50% methanol in
dichloromethane for pure product (12, 75.7 mg, 0.16 mmol, 66%).
1H

NMR (599 MHz, CDCl3) δ 8.83 (dd, J = 2.3, 0.9 Hz, 1H), 8.07 (dd, J = 8.1, 2.2 Hz,

1H), 7.41 (dd, J = 8.1, 0.8 Hz, 1H), 4.53 (s, 2H), 3.94 (t, J = 6.4 Hz, 2H), 2.87 (s, 2H),
2.24 (t, J = 7.5 Hz, 2H), 1.79 (dq, J = 7.8, 6.5 Hz, 2H), 1.65 (m, 2H), 1.48 (m, 2H), 1.44
(s, 9H).

6-(4-(2-(6-(Azidomethyl)nicotinamido)ethyl-2,2-d2)phenoxy-2,3,5,6-d4)hexanoic
acid (13)

12 (38 mg, 0.08 mmol) was transferred to a deuterium exchanged 4 mL vial. 40%
deuterated trifluoro acetic acid (TFA-d) was made with fresh TFA-d and deuterated
DCM, and 1 mL of this was added to 12. After stirring at room temperature for 1.5 h, the
reaction was concentrated in vacuum and purified with silica gel flash chromatography,
using a gradient of 0-50% methanol in dichloromethane for pure product (13, 35.7 mg,
0.08 mmol, 99%).
1H

NMR (500 MHz, CDCl3) δ 8.78 (d, J = 2.3 Hz, 1H), 8.12 (dt, J = 8.2, 2.3 Hz, 1H),

7.42 (dd, J = 8.2, 2.1 Hz, 1H), 4.51 (d, J = 2.1 Hz, 2H), 3.92 (td, J = 6.4, 2.0 Hz, 2H),
3.37 (ddd, J = 8.3, 6.5, 2.3 Hz, 2H), 2.82 (d, J = 2.1 Hz, 2H), 2.31 (t, 7.1 Hz, 2H), 2.05 –
1.95 (m, 2H), 1.80 – 1.72 (m, 2H), 1.66 (ddd, J = 14.9, 8.4, 6.4 Hz, 2H), 1.53 – 1.43 (m,
2H).
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N-(2-(4-((6-Amino-6-oxohexyl)oxy)phenyl-2,3,5,6-d4)ethyl-1,1-d2)-6(azidomethyl)nicotinamide (14)

13 (7.7 mg, 0.019 mmol) was dissolved in dry DMF (0.5 mL) and stirred with 2-(1Hbenzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU, 8.7 mg, 0.035
mmol) in an ice bath. DIPEA (9 µl, 0.05 mmol) was added, and the entire reaction was
transferred to a 4 mL vial with Chematrix Rink amide resin swollen in dry DMF (2 mL).
The reaction was monitored with a Kaiser test. After 1 h, beads were drained, and
washed with water (1 x 10 mL), DMF (1 x 10 mL), DCM (1 x 10 mL), diethyl ether (1 x
10 mL), and were then allowed to air dry.
Fresh deuterated trifluoroacetic acid (TFA-d) was used to make a cleavage cocktail with
95% TFA-d, 2.5 % triisopropylsilane, and 2.5% D2O. Cleavage cocktail (3 mL) was
added, and Rink resin was cleaved for 2.5 h. Supernatant was then isolated,
concentrated in vacuum, and purified with reverse-phase semi preparative HPLC as
described above for pure product (14, 2.5 mg, 0.005 mmol, 32%).
1H

NMR (500 MHz, DMSO-d6) δ 8.95 (dd, J = 2.3, 0.9 Hz, 1H), 8.73 (s, 1H), 8.18 (dd, J

= 8.1, 2.3 Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 4.59 (s, 2H), 3.90 (t, J = 6.5 Hz, 2H), 2.76
(s, 2H), 2.05 (t, J = 7.4 Hz, 2H), 1.68 (m, 2H), 1.53 (m, 2H), 1.37 (m, 2H).

119

Synthesis of 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H1,2,3-triazol-1-yl)acetic acid (BTTAA)

BTTAA was synthesized according to established procedures and was purified with
semipreparative HPLC.8

Synthesis of 2-(2-(prop-2-yn-1-yloxy)ethoxy)-4-(3-(trifluoromethyl)-3H-diazirin-3yl)benzoic acid (15)
15 was synthesized according to established procedures.9
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NMR spectra
1
H NMR spectrum (CDCl3, 400 MHz) of compound 2
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1H NMR spectrum (CDCl3, 600 MHz) of compound 3
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1H NMR spectrum (CDCl3, 600 MHz) of compound 4
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1H NMR spectrum (CDCl3, 600 MHz) of compound 5
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1H NMR spectrum (CDCl3, 600 MHz) of compound 6
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1H NMR spectrum (CDCl3, 600 MHz) of compound 7
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1H NMR spectrum (CDCl3, 600 MHz) of tert-butyl 6-bromohexanoate
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1H NMR spectrum (CDCl3, 600 MHz) of 9
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1H NMR spectrum (CD3OD, 600 MHz) of 10 (after 1st reaction)
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1H NMR spectrum (CD3OD, 500 MHz) of 10 (after 3rd reaction)
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1H NMR spectrum (CDCl3, 600 MHz) of 12
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1H NMR spectrum (CDCl3, 500 MHz) of 13
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1H NMR spectrum (DMSO, 500 MHz) of 14

133

1H NMR spectrum (CD3OD, 600 MHz) of BTTAA
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1H NMR spectrum (CDCl3, 600 MHz) of 15
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APPENDIX B

DEVELOPMENT OF DIMEN (DEEP INTERROGATION OF METABOLISM VIA
ENRICHMENT)
Figures

Figure B1. Different solid phase azide designs. A) Three different azides were initially designed and
synthesized for the ACER resin. The picolyl azide and tetradentate azide designs were based on reported
advantages of chelating azides.1,2 B) Chromatograms of ascr#3-YNE enrichment using the valeric azide or
picolyl azide (mass range m/z 500-1000) and set to the same absolute intensity. The picolyl azide design
led to additional LC-MS signals from solid-phase deterioration.
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Figure B2. Tetradentate solid phase azide enrichment results in a damaged linker. A) Previous
experiments involved the enrichment of peptides. Enrichment experiments would produce the
enrichment sample (following washing of resin and TFA-mediated cleavage) and enrichment wash (the
reaction supernatant). B) Peptides were successfully captured as shown in blue for the EIC of the M+3H
ion for the peptide-linker (peptide-LNK). However, the wash of the enrichment reaction also contained
features corresponding to a putative m/z for the damaged peptide-LNK (red).
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Figure B3. Reactivity of ascr#3-YNE determined by optimized enrichment wash. A) Enrichment wash of
a 1 mL optimized reaction was gathered and injected. The original concentration of ascr#3-YNE used was
1.1 µL from a 500 µM stock solution. Analysis was done with the same injection volume with LC-HRMS in
negative ion mode. b) Calculations based on the intensity of the ascr#3-YNE EIC traces in (a) suggest that
only 20.7% of ascr#3-YNE remains in the enrichment wash.
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Figure B4. Purity of ascr#3-YNE. Ascr#3-YNE was purified with semipreparative HPLC for a single peak as
analyzed by LC-MS.
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Table B1. Known PDMs enriched with DIMEN
ID

rt(min)

Molecular
Formula

m/z(ES-)

MS/MS(ES-)

m/z(ES+)

MS/MS(ES+)

dataset

ascr#9

5.15

C17 H28 O7
N4

399.188
75

73.02947 (C3H5O2)[ascaroside
fragment],
108.05671(C5H6N3-),
269.12490(C11H17O4
N4-)

401.2039
123

100.07063
(C5H10ON+)[reporter ion],
253.12904
(C11H17O3N4+)[Sidechainwater],
225.12303(C11H17O3N2+),

2x25ml
ascr#3

ascr#2

5.7

C18 H30 O6
N4

N/A

N/A

399.2247

100.07057(C5H10ON+)[report
er ion],
251.15013(C12H19O2N4+)[sid
echain-water]

2x25ml
ascr#3

ascr#1

6.18

C19 H32 O7
N4

427.219
67

73.02949 (C3H5O2)[ascaroside
fragment],
279.14539(C13H19O3
N4-)[sidechain-water],
180.07786(C8H10O2N
3-),
136.08807(C7H10N3-)

429.235

100.07052(C5H10ON+)[report
er ion],
281.16044(C13H21O3N4+)[sid
echain-water]

2x25ml
ascr#3

ascr#14

7.4

C20 H34 O7
N4

441.235
93

N/A

443.2505

100.07066 (C5H10ON+)
[reporter ion], 295.17612
(C14H23O3N4+) [ascr#14
sidechain]

2x25ml
ascr#3

icas#9

9.18

C26 H33 O8
N5

542.226
1672

73.02953 (C3H5O2-)
[ascaroside fragment],
269.12557
(C11H17O4N4-)
[ascr#9 sidechain],
116.05055 (C8H6N-)
[indole], 160.04045
(C9H6O2N-) [indole
acetic acid],
399.18937
(C17H27O7N4-)
[ascr#9], 290.10330
(C15H16O5N-)
[ascaroside+indole
acetic acid]

544.2414

100.07055 (C5H10ON+)
[reporter ion], 144.04443
(C9H6ON+) [indole acetate
fragment], 253.12944
(C11H17O3N4+) [ascr#9
sidechain - H2O]

2x25ml
ascr#3

hbas#3

9.7

C28 H39 N4
O0

573.257
69

N/A

575.2715
5

N/A

1x400m
l ascr#3

icas#1

9.8

C28 H37 O8
N5

570.257
26

73.02838 (C3H5O2-)
[ascaroside fragment],
427.21955
(C19H31O7N4-)
[ascr#1], 116.04949
(C8H6N) [indole]

572.2710
6

100.07551 (C5H10ON+)
[reporter ion], 144.04425
(C9H6ON+) [indole acetate
fragment], 299.17119
(C13H23O4N4+) [ascr#1 side
chain],

1x400m
l ascr#3
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comments

Shoulder
peak, also
peak at
8.46min
(1e4), and
possible
peak at
8.7min (1e4)

icas#3

10.66

C30 H39 O8
N5

596.272
5576

73.02843 (C3H5O2-)
[ascaroside fragment],
116.04969 (C8H6N-)
[indole], 453.23544
(C21H33O7N4-)
[ascr#3-linker]
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598.2866

100.07622 (C5H10ON+)
[reporter ion], 144.04441
(C9H6ON+) [indole acetate
fragment], 307.17679
(C15H23O3N4+) [sidechainH2O]

2x25ml
ascr#3

Strains, media and growth conditions.
OP-50 E. coli
Glycerol stocks kept at -80 °C of OP50 E. coli were streaked on Lennox Broth (LB) agar
with no antibiotics, and grown at 37 °C for 24 hours. Plates were then parafilmed and
stored at 4 °C for up to one month. 15 mL culture tubes containing 5 mL LB media were
inoculated with one OP50 colony and incubated at 37 °C, shaking at 250 RPM, for 24
hours, then diluted into 1 L of Terrific Broth (TB) (1:1000) in a 4 L Erlenmeyer flask. 1 L
TB cultures were incubated at 37 °C, 220 RPM for 24 hours. Cells were harvested by
pelleting at 5250 G 20 min 4°C, spent media is carefully decanted, and the remaining
wet mass of cells is measured. OP50 is then resuspended at 1 g wet mass per 1 mL M9
buffer and stored at 4°C.

C. elegans bleach preparation and synchronization
10 cm plates of OP-50 were seeded with worms from a 1 cm 2 chunk of maintenance
plate and grown for 3 days at 22 °C. Worms were then transferred to 25 mL of Scomplete/plate and incubated in a 22 °C incubator shaking at 220 RPM. After 3 days,
worms were isolated in 50 mL falcon tubes by centrifuging at 1000 G for 1 min and
removing supernatant. The resulting worm pellets were washed twice with 25 mL of M9
buffer before suspending in 30 mL of 300 mM sodium hydroxide, and 1.2 % sodium
hypochlorite for 2 min with vortexing to lyse worms. The resulting lysed worms were
pelleted and washed twice more with M9 buffer before allowing eggs to hatch in
5ml/plate of M9 buffer overnight.

Methods
Semi-preparative HPLC
Semi-preparative HPLC was employed to purify ascr#3-YNE and BTTAA.
This was accomplished with an Agilent 1100 Series HPLC system, an Agilent Eclipse
XDB-C18 column (9.4 mm × 250 mm, 5 μm particle diameter), and solvents A and B as
0.1% acetic acid in water and 0.1% acetic acid in acetonitrile respectively. A 40 min
method at a flow rate of 3 mL/min was used with the following gradient: 10 % B held for
the first 3 min, a linear increase to 100 % B over the next 28 min, held at 100 % B for
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another 4 min, decreased to 10 % B for 1 min and held again at 10 % B for the final 4
min. Product-containing fractions were confirmed with a Quattro II spectrometer
(Micromass/Waters) and fractions were collected with a FOXY 200 fraction collector
(ISCO).

ascr#3-YNE (10 µM) feeding and metabolome extraction
Four 10 cm plates of synchronized wildtype L1 larvae were counted and 35,000 were
added to six individual Erlenmeyer flasks containing S-complete (25 mL) for six liquid
cultures. Ascr#3-YNE was dissolved in ethanol for a 5 mM stock solution and added to
two 25 mL cultures each for a final concentration of 10 µM. 10 µL of ethanol was added
to the remaining four 25ml cultures for the incubation control. Worms were fed with 1
mL of concentrated OP-50 and allowed to incubate (22 °C, 220 RPM, 3 days). Each
culture was centrifuged (1000 G, 4 °C, 1 min) and supernatant was collected. 10 mL of
de-ionized water was added and the procedure was repeated twice more to gather 30
mL of exo-metabolome, which was lyophilized.
Lyophilized exo-metabolome was dissolved in 15 mL of methanol and mixed on a
rocker overnight at room temperature. This was transferred to a 20 mL vial and dried in
vacuum. 1 mL of methanol was added, vortexed, and the resulting suspension was
transferred to a 1.5 mL conical tube. This extract was centrifuged (10,000 G, 4°c, for 20
min) to remove any precipitate. The resulting extract was transferred to a 4 mL vial and
stored at -20 °C as a saturated exometabolome sample.

CuAAC-based enrichment of ascr#3-YNE (10 µM) fed extract
Ascr#3-YNE fed and incubation control exo-metabolome (1 mL) was evaporated to
dryness in vacuum, reconstituted in NMP/300 mM phosphate buffer (1:3, 1 mL) and
transferred to a 1.5 mL conical tube. Ascr#3-YNE was added for a final concentration of
50 µM to the incubation control exo-metabolome sample. A click chemistry cocktail was
made with (per reaction): 30 µl of 50 mM CuSO4, 30 µl of 100 mM BTTAA, and 50 µl of
1M ascorbic acid (fresh). 110 µL of this cocktail was then added to each click reaction
before addition of 45 µL of 10 mg/ml PEGA-VAN3 bead slurry. Reactions were capped
and set on a rotisserie overnight to react.
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The following day, beads were pelleted by centrifugation (500 G, 1 min) with
supernatant gathered for later analysis. Beads were washed by with 25% NMP (3 x 1
mL), 50% NMP (3 x 1 mL), 100% NMP (3 x 1 mL), dichloromethane (3 x 0.2 mL). Beads
were then air dried and PDMs were cleaved from the resin with treatment with
TFA/water/TIPS (95:2.5:2.5, 50 µl) for 1 h. Supernatant from the cleavage reaction was
collected and beads were washed with TFA/water/TIPS (95:2.5:2.5, 2 x 25 µl).
Supernatant and washes were combined into a conical tube and evaporated with a
speedvac (Thermo). Residue was dissolved in DMSO/water (9:1, 60 µl), and tubes were
centrifuged (10,000 G, 3 min) to pellet any remaining beads. Supernatant was carefully
gathered as an LC-MS sample.

ascr#3-YNE (1 µM) feeding and metabolome extraction
Five 10 cm plates of wildtype worms were grown from maintenance plate chunks for 2
days, combined, and then transferred to four individual Erlenmeyer flasks containing Scomplete medium (100 mL). Liquid cultures were each fed concentrated OP-50 (1.5 mL)
and incubated (22 °C, 220 RPM, 2 days). Liquid cultures were combined and bleach
prepped as indicated above for 35 mL of eggs in M9 buffer.
The next day, hatched L1 larvae were counted at a density of 60 worms/µL, and 1x10 6
worms were added to two individual 2 L Erlenmeyer flasks containing 400 mL SComplete media. Resulting liquid cultures were each fed concentrated OP-50 (8 mL).
80 µl of 5mM ascr#3-ALK in ethanol was added to one culture (final concentration of 1
µM) for the experimental sample and 80 µl of ethanol was added to the second liquid
culture as an incubation control. After 2 days, cultures were fed with concentrated OP50 (6 mL). After another 3 days, exo-metabolome was harvested by centrifuging (1000
G, 5 min) 50 mL aliquots of the culture, transferring 45 mL of resulting supernatant to a
1 L round-bottom flask, and repeating until the entire 400 mL liquid culture has been
divided into supernatant and pellet fractions. Supernatant was lyophilized for several
days.
Methanol (400 mL) was used to dissolve each lyophilized exo-metabolome sample,
which were then transferred into two separate 2L Erlenmeyer flasks and extracted
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overnight (22 °C, 110 RPM). The next day, each extracted exo-metabolome sample
was filtered through a cotton plug into two 1L round-bottom flask, concentrated in
vacuum to a residue, extracted with methanol (28 mL) and aliquoted into fourteen 2 mL
conical tubes. Tubes were centrifuged (10,000 G, 4 °C, 20 min) to remove any
precipitate, and clarified supernatant was combined for 27 mL of saturated ascr#3-YNE
fed exo-metabolome and 27 mL of saturated incubation control exo-metabolome.

CuAAC-based enrichment of ascr#3-YNE (1 µM) fed extract
Ascr#3-YNE fed and incubation control exo-metabolome (25 mL) was evaporated to
dryness in vacuum, reconstituted in NMP/300 mM phosphate buffer (1:3, 25 mL) and
divided evenly into 5 separate 15 mL conical tubes. Ascr#3-YNE was added for a final
concentration of 15 µM to the incubation control exo-metabolome samples. A click
chemistry cocktail was made with: 612 µL of 50 mM CuSO4, 612 µL of 100 mM BTTAA,
and 5 mL of 1M ascorbic acid (fresh). 620 µL of this cocktail and 25 µL of 10 mg/ml
PEGA-VAN3 bead slurry were then added to each click reaction. Reactions were
capped and placed on a rotisserie overnight.
The following day, beads were pelleted by centrifugation (500 G, 1 min) with
supernatant gathered for later analysis. Beads were combined into two 15 mL falcon
tubes for “experiment” and “incubation control” samples. Pooled beads were washed by
with 25% NMP (3 x 5 mL), 50% NMP (3 x 5 mL), 100% NMP (3 x 5 mL),
dichloromethane (3 x 0.2 mL). Beads were then air dried and PDMs were cleaved from
the resin with treatment with TFA/water/TIPS (95:2.5:2.5, 100 µl) for 1 h. Supernatant
from the cleavage reaction was collected and beads were washed with TFA/water/TIPS
(95:2.5:2.5, 2 x 25 µl). Supernatant and washes were combined into a conical tube and
evaporated with a speedvac (Thermo). Residue was dissolved in DMSO/water (9:1, 60
µl), and tubes were centrifuged (10,000 G, 3 min) to pellet any remaining beads.
Supernatant was carefully gathered as an LC-MS sample.

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
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source. Metabolites were separated using water−acetonitrile gradient on Agilent Zorbax
Eclipse XDB-C18 column (150 mm × 2.1 mm, particle size 1.8μm) maintained at 40 °C.
Solvent A: 0.1% formic acid in water; Solvent B: 0.1% formic acid in acetonitrile and flow
rate was 0.5 mL/min. A/B gradient started at 1% B for 2 min after injection and
increased linearly to 100% B at 23 min. 100% B was held for 4 min before reducing to
1% in 0.1 min. The column was allowed to equilibrate at 1% B for the remaining 2 min of
the 30 min method.

Mass spectrometer parameters were: spray voltage 3.0 kV,

capillary temperature 380°C, auxiliary gas heater temperature 400°C; sheath, auxiliary,
and spare gas flow was 60, 20, and 1, respectively; S-lens RF level 50.
MS1 data was collected in both positive and negative modes separately for 0.7 to 29
minutes of the 30 min method. Resolution was set at 240,000, AGC target was 5e6,
maximum injection time was 300 ms and the scan range was set to m/z 100-1000.
Features designated as PDMs of interest (see below) were subjected to positive and
negative MS/MS analysis. The data dependent analysis (DDA) included the following:
Full MS resolution at 30,000, AGC target of 1e6, maximum injection time of 20ms and
scan range of m/z 100-1000. For MS2 parameters, resolution was set at 15,000, AGC
target was 5e4, maximum injection time was 70ms, loop count was 10, the normalized
collision energy (NCE) was set at 10, 35, 60, and a minimum AGC target was set to
1e3. For MS2 analysis, inclusion lists were always used, which typically had start and
end time of a feature 20 seconds before and 20 seconds after the apex of the feature.

PDM feature identification
LC−MS RAW files (Thermo) from enriched probe-fed and incubation control samples
were converted to mzXML (profile mode) using MSConvert (ProteoWizard), followed by
analysis using a customized XCMS in-house R-script based program (MetaboSeek) to
extract all features. Resulting tables of all detected features were used to find likely
PDMs and generate inclusion lists for MS/MS analysis. To find PDMs as differential
features between enriched probe-fed samples and enriched incubation control samples,
we applied a filter retaining entries with peak area ratios larger than 50 for probe-fed
over the incubation control. Additionally, peak area for minimum intensity was set to
10000, and maximum intensity for incubation control was set to 2000. Isotopes and
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adducts were manually removed to produce inclusion lists which were then subjected to
MS/MS analysis.
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Synthesis

Synthesis of BTTAA

BTTAA was synthesized according to a literature procedure.3 Resulting product was
purified with semi-preparative HPLC as described above.

Synthesis of ascr#3-YNE

ascr#3-YNE was synthesized according to a literature procedure and purified with semipreparative HPLC to confirm the presence of a single peak (Figure B4).4

Synthesis of ACER resin

Polyethylene glycol acrylamide (PEGA) Rink-amide resin with a loading capacity of 0.35
mmol/g (50 mg, 0.0175 mmol, 1 eq) (Novabiochemi) was weighed out into a flame
dried 4 mL vial and dry NMP (3 mL) was added. Valeric acid azide (3.8 mg, 0.027
mmol, 1.5 eq), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
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(TBTU, 16.9 mg, 0.053 mmol, 3 eq), and Diisopropylethylamine (DIEA, 9 µL, 0.053
mmol, 3 eq) were added, and the reaction was capped and placed on a rotisserie at
room temperature. A Kaiser test was used to determine that the reaction was complete
after 0.5 h.5 The reaction mixture was transferred to a 20 mL tarred vial and washed
with NMP (10 mL), water (10 mL), NMP (10 mL), DCM (10 mL), and allowed to air dry.
Bead stocks were made at a concentration of 10 mg/mL (dry weight) in NMP and stored
at 4 °C.
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APPENDIX C

NOVEL COMPOUNDS DISCOVERED WITH DIMEN
Figures

Figure C1. Amino-acid conjugated PDMs. A) MS/MS analysis supported the structure of ascr#3-Phe-LNK.
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Figure C2. Acox1.1 mutant analysis to confirm amino-acid conjugated ascarosides. A) acox1.1
facilitates alpha-beta oxidation of fatty acids, which is a necessary step for peroxisomal beta oxidation.1,2
Deletion of this gene results in ascr#10 accumulating in the worm. B) ascr#10 is significantly greater in
acox1.1 worms as compared to wild-type worms. C) As an example of the increased concentration of
amino-acid conjugated ascarosides, ascr#10-Phe and ascr#10-Gln are shown to be enriched in acox1.1
mutant exo-metabolome compared to wild-type worms.
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Figure C3. Amino acid conjugates of ascarosides found in exo-metabolome. A) MS/MS spectra for
amino acid conjugates ascr#10-Gln and ascr#18-Gly supports their identity, the placement of the amino
acid onto the fatty acid tail, and demonstrates that amino acid conjugation is not limited to ascr#10. B)
ascr#10-Phe was synthesized and was shown to co-elute with ascr#10-Phe found in acox1.1 exometabolome. C) The exo-metabolome of acox1.1 mutant knockouts increases the concentration of
ascr#10, ascr#18 and ascr#22 beyond the concentration of wild-type worms. This allows amino-acid
conjugates of these ascarosides to become visible. Some conjugates can be observed in N2 as well
(ascr#10-Gly). All EICs are within 1ppm mass accuracy. Asterisks mark ambiguous identities (for example,
ascr#10-Val and ascr#18-Ala) which are isobaric.
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Figure C4. MS/MS for ascr#3(P)-LNK. Negative MS/MS spectra for ascr#3(P)-LNK is dominated by
phosphate-derived fragments at m/z 78.958 and 96.969. However, positive MS/MS spectra supported
the putative structure for ascr#3(P)-LNK by affording the reporter-ion, and a series of fragments specific
to the fatty acid tail-linker moiety.

Figure C5. Standard curves for ascr#15 and ascr#15(P) in a daf-22 matrix. Concentrations of ascr#15
and ascr#15(P) were initially determined by 1D NMR in CD3OD. A small amount of the original NMR
sample was then diluted accordingly in daf-22 adult exo-metabolome in order to control for ion
suppression from coeluting metabolites.
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Figure C6. Annotation of ascr#3(P). A) Analysis in positive ionization is greatly diminished for both
ascarosides and phosphorylated ascarosides compared to negative ionization, thereby preventing the
acquisition of MS/MS data in positive mode. B) Negative MS/MS of ascr#3 is compared to ascr#3(P).
ascr#3 produces a number of informative fragments originating from the ascarylose ring. On the other
hand, ascr#3(P) has an MS/MS spectra dominated by phosphate fragments. A closer examination of the
MS/MS spectra of ascr#3(P) (in blue) shows that there is no trace of the characteristic ascarylose
fragment at m/z 73.03.1
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Figure C7. Negative MS/MS for ascr#10-fucose-0xMe and isobaric features in acox1.1 exometabolome. Three features with a parent mass of m/z 449.239 were fragmented. Fragmentation data
indicates that the feature at 8.62 min is actually a shorter chain ascaroside bound to fucose with 2
methyl groups. Ascr#10-fucose-0xMe (red) and oscr#10-fucose-0xMe were assigned based on their
elution times as oscrs typically elute later.3
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Figure C8. Negative MS/MS for ascr#10-fucose-1xMe and isobaric features in acox1.1 exometabolome. Four features with a parent mass of m/z 463.255 were fragmented. Three different
ascaroside side chains are observed, containing 10 carbons (ascr#16), 9 carbons (ascr#10 and oscr#10),
and 8 carbons (ascr#14). ascr#10-fucose-1xMe (red) and oscr#10-fucose-1xMe are assigned based on
their elution times.3
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Figure C9. Negative MS/MS for ascr#10-fucose-2xMe and isobaric features in acox1.1 exometabolome. Four features with a parent mass of m/z 477.271 were fragmented. 2 different ascaroside
side chains are observed, containing 11 carbons (ascr#18 and oscr#18) and 9 carbons (ascr#10 and
oscr#10). ascr#10-fucose-2xMe (red) and oscr#10-fucose-2xMe are assigned based on their elution
times.3
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Figure C10. Negative MS/MS analysis for natural and synthetic ascr#10-fucose-0xMe. Features
consistent with the retention time and m/z of ascr#10-fucose-0xMe displayed the same fragmentation
pattern, supporting the synthetic validation for ascr#10-fucoxe-0xMe.
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Figure C11. Synthetic fraction analysis for ascr#15(P) and ascr#10-fucose-0xMe NMR. Synthesis of
ascr#15(P) and ascr#10-fucose-0xMe resulted in fraction sets that contained the desired feature that coeluted with the natural compound in acox1.1 exo-metabolome (shown in red). Other isomers were also
synthesized and were moderately separated with silica-gel chromatography. (A) Synthetic fraction 10
was used to identify features corresponding to the naturally occurring ascr#15(P) isomer. Fraction 11,
containing significantly more material, was then used analyze this spin system with HMBC and HSQC. (B)
Synthetic fraction 14 was used to eliminate two isomers of ascr#10-fucose-0xMe from the analysis of
fraction 15. The strongest set of remaining signals were taken to correspond to the desired ascr#10fucose-0xMe isomer.
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Methods

1.1 General synthetic information
Chemical reagents and solvents were purchased from Sigma Aldrich unless otherwise
noted. Syntheses were stirred with a Teflon-coated stir bar. If required, argon (Airgas)
was supplied through a drier column into the headspace of reactions under a constant
flow. Solvents were dried by adding flame-dry 3 Å molecular at a ratio of 33% w/v with
respect to the solvent and allowing to sit overnight. Silica gel flash chromatography was
accomplished with a CombiFlash Rf (Teledyne ISCO) with the gradients provided in
each synthetic step. Solvents were removed in vacuum with a rotary evaporator (Buchi).

1.10 acox-1.1 mutant metabolome preparation
125,000 synchronized null acox-1.1 mutant C. elegans were counted and seeded in 500
mL Erlenmeyer flasks containing 100 mL S-complete media and 4 mL concentrated OP50. Cultures were incubated (22 °C, 220 RPM 3 days). Cultures were harvested by
centrifugation (1000 G, 22 °C, 10 min) in two 50 mL centrifuge tubes, and the
supernatant removed and lyophilized. Samples were extracted with methanol (15 mL)
for 24 h. Extracts are clarified via centrifugation (5250 G, 22 °C, 10 min). The extracts
are dried with a SpeedVac Vacuum Concentrator (ThermoFisher Scientific) and then
resuspended in methanol (700 μL). Samples are then centrifuged (10,000 G, 4°C, 10
min) to remove particulates.

1.11 Fucose identification from PDM hydrolysis and permethylation
20 µl of dried ascr#3-YNE DIMEN product was hydrolyzed by reconstituting the dried
sample in 200 µL of 4M methanolic hydrochloride and heating (85 °C, 8 h). The
resulting product was evaporated in vacuum and lyophilizing to a residue (Figure C10).
Permethylation of the hydrolyzed ascr#3-YNE DIMEN product, and a 20 µg sample of Lfucose followed established procedures.4 Briefly, for both samples, 100 mg pellets of
sodium hydroxide were homogenized with a bead-beater and dry dimethylsulfoxide
(DMSO, 0.3 mL) was added. The resulting slurry was then vortexed and added to each
sample. Methyl iodide (MeI, 0.2 mL) was added to each sample, and both samples were
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reacted in a bath sonicator (2 sec on/off, 90% amplitude, 2 h, with running water to cool
sample).
After reacting, samples were transferred to an 8 mL vial containing water (1 mL). 2.4 M
hydrochloric acid was added drop-wise until the slurry became clear and solution was
neutralized. The resulting aqueous solution was extracted with benzene (5 x 3 mL).
The organic layers were washed with water (2 x 2 mL) and then dried in vacuum.
Samples were reconstituted in methanol (100 µL) and analyzed with LC-MS on the
same day as the methylation reaction.

1.12 Daf-22 vs N2 cultures
C. elegans were grown at 20 °C unless otherwise indicated. 3-4 late larval (L3-L4) C.
elegans were placed onto 10 cm NGM agar plates seeded with standard laboratory diet
E. coli OP50. 3-4 late larval worms were picked to fresh plates once every 4 days for at
least 10 days prior to starting an experiment. 1 cm2 chunks from the 10 cm
maintenance plates were added to 10-12 10 cm plates. After 3-4 days, worms were
washed off the plates and bleached (20% bleach, 300 mM NaOH) for approximately 6
minutes with vigorous shaking. Recovered eggs were washed three times with M9
buffer, suspended in 10 mL S-Basal, and shaken at 200 RPM for 20-28 hours to allow
hatching and L1 synchronization. Liquid cultures were initiated with 60,000
synchronized L1 larvae in 20 mL S-complete containing 3 mg/mL freeze-dried OP50
powder (InVivoBiosystems, formerly NemaMetrix Inc. Cat# OP50-31772). C. elegans
liquid cultures were shaken at 200 RPM and harvested after 64-70 hours, at which time
population staging was a mixture of young and gravid adults, determined by
microscopic inspection. Cultures were centrifuged at 1,000 RCF for 1 minute, and the
resulting supernatant (exo-metabolome) was transferred to a fresh tube and snap
frozen in liquid nitrogen. The worm pellet was washed twice with M9 buffer and snap
frozen in liquid nitrogen. Frozen samples were stored at -20 °C prior to extraction.

1.13 Staged and starved cultures
Data was obtained from previously published experiments.5
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1.14 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 water−acetonitrile gradient on Agilent Zorbax
Eclipse XDB-C18 column (150 mm × 2.1 mm, particle size 1.8μm) maintained at 40 °C.
Solvent A: 0.1% formic acid in water; Solvent B: 0.1% formic acid in acetonitrile and flow
rate was 0.5 mL/min. A/B gradient started at 1% B for 2 min after injection and
increased linearly to 100% B at 23 min. 100% B was held for 4 min before reducing to
1% in 0.1 min. The column was allowed to equilibrate at 1% B for the remaining 2 min of
the 30 min method. Mass spectrometer parameters were: spray voltage 3.0 kV,
capillary temperature 380°C, auxiliary gas heater temperature 400°C; sheath, auxiliary,
and spare gas flow was 60, 20, and 1, respectively; S-lens RF level 50.

MS1 data was collected in both positive and negative modes separately for 0.7 to 29
minutes of the 30 min method. Resolution was set at 240,000, AGC target was 5e6,
maximum injection time was 300 ms and the scan range was set to m/z 100-1000.

Features designated as PDMs of interest (see below) were subjected to positive and
negative MS/MS analysis. The data dependent analysis (DDA) included the following:
Full MS resolution at 30,000, AGC target of 1e6, maximum injection time of 20ms and
scan range of m/z 100-1000. For MS/MS parameters, resolution was set at 15,000,
AGC target was 5e4, maximum injection time was 70ms, loop count was 10, the
normalized collision energy (NCE) was set at 10, 35, 60, and a minimum AGC target
was set to 1e3. For MS2 analysis, inclusion lists were always used, which typically had
start and end time of a feature 20 seconds before and 20 seconds after the apex of the
feature.

1.15 PDM feature identification
LC−MS RAW files (Thermo) from enriched probe-fed and incubation control samples
were converted to mzXML (profile mode) using MSConvert (ProteoWizard), followed by
analysis using a customized XCMS in-house R-script based program (MetaboSeek) to
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extract all features. Resulting tables of all detected features were used to find likely
PDMs and generate inclusion lists for MS/MS analysis. To find PDMs as differential
features between enriched probe-fed samples and enriched incubation control samples,
we applied a filter retaining entries with peak area ratios larger than 50 for probe-fed
over the incubation control. Additionally, peak area for minimum intensity was set to
10000, and maximum intensity for incubation control was set to 2000. Isotopes and
adducts were manually removed to produce inclusion lists which were then subjected to
MS/MS analysis.

1.16 Molecular networking
Molecular networks were created using the online workflow at GNPS and visualized in
Cytoscape. The data was clustered with MS-Cluster with a parent mass tolerance of
0.005 Da and a MS/MS fragment ion tolerance of 0.005 Da to create consensus
spectra. Maximum connected component size was set to 200. Consensus spectra that
contained less than two spectra were discarded. A network was then created where
edges were filtered to have a cosine score above 0.4 and more than 3 matched peaks.
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Synthesis

Scheme C1. Synthesis of ascr#15(P)

Reagents and conditions: (a) Mg(s) (1.16 eq), I2(s) (cat.) 6-bromo-1-hexene (1 eq) dry
THF, rt, 4 h; (b) CuI (0.06 eq), (R)-(+)-propylene oxide (1.6 eq), dry THF, rt, 12h, 62%;
(c) Imidazole (2 eq), tert-butyldimethylsilyl chloride (2.5 eq), dry DMF, rt, 2h, 63%; (d)
benzoquinone (0.24 eq), ethyl acrylate (8.9 eq), Grubbs 2 nd generation catalyst (0.06
eq), dry DCM, 40 °C, 12 h, 88%; (e) 40% hydrofluoric acid, ACN, rt, 21 h, 46%; (f) 5 (0.6
eq), TMSotf (0.2 eq), dry DCM, 0 °C, 10 min 74%; (g) 2M LiOH / dioxane (1:1), 60 °C,
1.5 h, 81%; (h) TMSN2CH2 (3.1eq), dry MeOH, 0 °C to rt, 1.5 h, 45%; (i) POCl3 (3 eq),
pyridine (3.4 eq), dry dioxane, rt, 12 h; (j) 2M LiOH / dioxane (1:1), 40 °C, 12 h, 8%.
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(R)-non-8-en-2-ol (2)

Magnesium turnings (192 mg, 8.35 mmol, 1.16 eq) and a single iodine crystal
(approximately 1 mm3) were suspended (stirred) in dry tetrahydrofuran (THF, 4.5 mL) in
a flame-dried 25 mL round-bottom flask and refluxed under argon with vigorous stirring
for 30 min, when the reaction mixture changed from brown to colorless. Then, 6-bromo1-hexene (962 µl, 7.19 mmol, 1 eq) was added dropwise to the reaction mixture while
stirring over 4 h. The reaction mixture was then cooled in an acetonitrile/dry ice bath,
covered with a rubber septum and temporarily stored under argon.
Copper iodide (CuI, 81 mg, 0.427 mmol, 0.06 eq) and dry THF (2 mL) were added to
the cooled reaction mixture while stirring, resulting in an opaque and gray suspension.
After 10 min, the (R)-(+)-propylene oxide (1, 810 µL, 11.56 mmol, 1.6 eq) was added via
syringe over 10 min (80 µL/min). The reaction was then stirred at room temperature
overnight. The following day, the reaction was quenched with saturated aqueous
ammonium chloride (NH4Cl, 5 mL), and product was extracted with diethyl ether (3 x 10
mL), dried over MgSO4, and concentrated in vacuum. Crude product was purified with
silica gel flash chromatography using a gradient of 0-100% ethylacetate in hexanes
affording 2 as a yellow oil (631 mg, 4.44 mmol, 62%).
1H

NMR (600 MHz, chloroform-d1): δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J

= 17.1, 1.7 Hz, 1H), 4.93 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 3.82 – 3.75 (m, 1H), 2.10 –
2.02 (m, 2H), 1.49 – 1.29 (m, 8H), 1.18 (d, J = 6.2 Hz, 3H).
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ethyl (R,E)-9-((tert-butyldimethylsilyl)oxy)dec-2-enoate (3)

A solution of 2 (493 mg, 3.47 mmol, 1 eq) in dry dimethyl formamide (DMF, 6 mL) and
dry tetrahydrofuran (THF, 3 mL) was stirred while cooled in an ice bath and sparged
under argon. Imidazole (480 mg, 7.05 mmol, 2 eq) was added followed by tertbutyldimethylsilyl chloride (TBDMSCl, 1.3 g, 8.62 mmol, 2.5 eq). The reaction stirred at
room temperature for 2 h before it was quenched with water (6 mL), extracted with
diethyl ether (3 x 10 mL), dried over MgSO4 and concentrated in vacuum for 918 mg of
crude product. Crude product was purified with silica gel flash chromatography using a
gradient of 0-30% ethyl acetate in hexanes (626 mg, 2.2 mmol, 63%).
A portion of the pure TBDMS-protected product (480 mg, 1.69 mmol, 1 eq) was stirred
with dry dichloromethane (DCM, 1.5 mL), benzoquinone (43.7 mg, 0.404 mmol, 0.24
eq), and ethyl acrylate (4 mL, 15.04 mmol, 8.9 eq) in a flame-dried 20 mL vial while
sparging under argon for 15 min. Grubbs 2nd generation catalyst (83 mg, 0.098 mmol,
0.06 eq) in dry DCM (0.5 mL) was then added and the reaction was stirred at 40 °C
overnight. The following day, the reaction was concentrated in vacuum and purified with
silica gel flash chromatography using a gradient of 0-20% ethyl acetate in hexanes for
pure product (4, 488 mg, 1.49 mmol, 88% (55% over two steps))
1H

NMR (600 MHz, chloroform-d1): δ 6.96 (dt, J = 15.5, 6.9 Hz, 1H), 5.81 (dt, J = 15.6,

1.6 Hz, 1H), 4.18 (q, J = 7.14 Hz, 2H), 3.77 (m, 1H), 2.19 (qd, J = 7.2, 1.6 Hz, 2H), 1.49
– 1.34 (m, 6H), 1.29 (t, J = 7.2 Hz, 3H), 1.11 (d, J = 6.0 Hz, 3H), 0.88 (s, 9H), 0.04 (d, J
= 3.0 Hz, 6H).
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ethyl (R,E)-9-hydroxydec-2-enoate (4)

3 (390 mg, 1.1 mmol) was dissolved in acetonitrile (ACN, 0.5 mL). 15 drops of 40%
hydrofluoric acid (HF) was added and the reaction was stirred at room temperature for
21 h. The reaction was quenched with saturated sodium bicarbonate (1 mL), extracted
with dichloromethane (3 x 10 ml), concentrated in vacuum and purified with silica gel
flash chromatography using a gradient of 0-20% ethyl acetate in hexanes for pure
product (4, 103 mg, 0.48 mmol, 46%).
1H

NMR (500 MHz, chloroform-d1): δ 6.95 (dt, J = 15.6, 7.0 Hz, 1H), 5.81 (dt, J = 15.7,

1.6 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.79 (m, 1H), 2.20 (qd, J = 7.2, 1.6 Hz, 2H), 1.51 –
1.31 (m, 6H), 1.28 (t, J = 7.1 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H).

(2S,3R,5R,6S)-2-methyl-6-(2,2,2-trichloro-1-iminoethoxy)tetrahydro-2H-pyran-3,5diyl dibenzoate (5)

Activated Bz-ascarylose (5) was synthesized according to a literature procedure.6
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(2R,3R,5R,6S)-2-(((R,E)-10-ethoxy-10-oxodec-8-en-2-yl)oxy)-6-methyltetrahydro2H-pyran-3,5-diyl dibenzoate (6)

4 (103 mg, 0.515 mmol, 1.7 eq) and 5 (150 mg, 0.301 mmol, 1 eq) were dissolved and
stirred in dry dichloromethane (DCM, 2 mL) in an ice bath, under argon. Trimethylsilyl
trifluoromethanesulfonate (TMSotf, 20 µl, 0.11 mmol, 0.37 eq) was then added via
syringe, turning the reaction yellow. After 10 min, the reaction was quenched with
saturated sodium bicarbonate (1 mL), extracted with dichloromethane (3 x 5 mL),
concentrated in vacuum and purified with silica gel flash chromatography using a
gradient of 0-70% ethyl acetate in hexanes for pure product (6, 134.3 mg, 0.243 mmol,
74%).
1H

NMR (400 MHz, chloroform-d1) δ 8.11 (dd, J = 8.3, 1.4 Hz, 2H), 8.04 (d, J = 7.5 Hz,

2H), 7.58 (m, 2H), 7.47 (m, 4H), 6.98 (dt, J = 15.6, 6.9 Hz, 1H), 5.83 (d, J = 15.8 Hz,
1H), 5.19 (m, 1H), 5.15 (bs, 1H), 4.95 (s, 1H), 4.18 (q, J = 7.27 Hz, 3H), 3.84 (q, J = 5.9
Hz, 1H), 2.41 (dt, J = 13.5, 3.6 Hz, 1H), 2.22 (m, 3H), 1.34 – 1.70 (m, 8H), 1.25-1.31 (m,
6H), 1.19 (d, J = 6.09 Hz, 3H).

(R,E)-9-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)dec2-enoic acid (ascr#15)

6 (134 mg, 0.243 mmol) was dissolved in 2M LiOH (1.5 ml) and dioxane (1.5 ml) and
stirred at 60 °C for 1.5 h. The reaction was quenched with 20 drops of acetic acid,
concentrated in vacuum, and purified with silica gel flash chromatography using a
gradient of 0-50% methanol is dichloromethane for pure ascr#15 (62.3 mg, 0.197 mmol,
81%).
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1H

NMR (599 MHz, CD3OD) δ 6.95 (dt, J = 15.5, 7.0 Hz, 1H), 5.80 (dt, J = 15.5, 1.6 Hz,

1H), 4.64 (s, 1H), 3.78 (m, 1H), 3.71 (bs, 1H), 3.63 (dq, J = 9.4, 6.3 Hz, 1H), 3.52 (ddd,
J = 11.5, 9.4, 4.6 Hz, 1H), 2.23 (qd, J = 7.1, 1.5 Hz, 2H), 1.95 (dt, J = 13.1, 3.95 Hz,
1H), 1.77 (ddd, J = 13.1, 11.3, 3.1 Hz, 1H), 1.61 – 1.3 (m, 8H), 1.22 (d, J = 6.3 Hz, 3H),
1.12 (d, J = 6.1 Hz, 3H).
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Phosphorylated ascr#15 (ascr#15-2’(P) and ascr#15-4’(P))

ascr#15 (70.9 mg, 0.224 mmol, 1 eq) was dissolved in dry methanol (2 mL) and stirred
at 0 °C. 2M trimethylsilyldiazomethane (TMSN2CH2) in ether (350 µl, 0.7 mmol, 3.1 eq)
was added via syringe over 3 min (120 µL/min), and the reaction was stirred for 1.5 h,
before quenching with 20 drops of acetic acid. The reaction was then concentrated in
vacuum and purified with silica gel flash chromatography using a gradient of 0-50%
methanol in dichloromethane affording the methyl ester of ascr#15 (33.4 mg, 0.101
mmol, 45%).

ascr#15 methyl ester (11.9 mg, 0.0361 mmol, 1 eq) was dissolved in dry dioxane (0.6
ml) with phosphoryl chloride (POCl3, 10 µl, 0.107 mmol, 3 eq) and pyridine (10 µl, 0.124
mmol, 3.4 eq). The reaction was stirred at room temperature overnight before
concentrating in vacuum to 40 mg. Crude product was isolated with a c18 solid phase
extraction (SPE) cartridge (Waters). The 50 mg c18 cartridge was conditioned with
acetonitrile/water with 0.1 % trifluoroacetic acid (TFA) (1:1, 1 mL). The cartridge was
then equilibrated with 0.1% TFA in water (2 mL), crude product was loaded with 0.1%
TFA in water (2 mL), and subsequently washed with 0.1% TFA in water (2 mL). The
cartridge was eluted with acetonitrile/water with 0.1% TFA (9:1, 1 mL) for 16.7 mg of
crude desalted product.
Crude product was dissolved in dioxane (250 µl) and a 2M lithium hydroxide aqueous
solution (150 µl) and stirred at 40 °C for 12 h. The reaction was quenched with 40 drops
of acetic acid and evaporated in vacuum. Crude product was purified with reversephase flash chromatography using a c18 column and a gradient of 0-50% acetonitrile in
water with 0.1% acetic acid to afford moderately pure samples of ascr#15-4’(P) (1.1
mg, 0.0028 mmol, 8%) and ascr#15-2’(P) (1.3 mg, 0.0033 mmol, 9%). (8% yield over 3
steps)
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Scheme C2. Synthesis of ascr#10-fucose-0xMe

Reagents and conditions: (a) Ac2O/pyridine (4:7), rt, 12 h; then concentrate; then (b)
STol (1.7 eq), BF3 (0.11 eq), dry DCM, rt, 8 h, 59%; (c) TMSN2CH2 (7.9 eq), dry MeOH,
0 °C, 2.5 h, 70%; (d) H2(g), Pd/C, ethanol, rt, 2 h, 99%; (e) NIS (2 eq), 7 (2 eq), TfOH (
0.25 eq), dry DCM, -70 °C, 3 h; then concentrate; then (f) 2M LiOH / dioxane (1:1), 60
°C, 2 h, 12%.
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(2S,3R,4R,5S,6R)-2-methyl-6-(p-tolylthio)tetrahydro-2H-pyran-3,4,5-triyl triacetate
(7)

7 was produced according to literature.

In a 20 mL vial, L-fucose (480 mg, 2.93 mmol, 1 eq) was dissolved in acetic anhydride
(Ac2O, 2 mL), pyridine (3.5 mL) and was stirred overnight at room temperature. The
following day, the reaction was diluted with dichloromethane (DCM, 10 mL), poured into
a separation funnel with ice-water (20 mL), and extracted with DCM (3 x 10 mL). The
organic layer was dried with MgSO4 and concentrated in vacuum to 776 mg of crude
product as a yellow oil.
The crude product was dissolved in dry dichloromethane (DCM, 10 mL) and thiotoluene
(STol, 650 mg, 5.07 mmol, 1.7 eq) was added. The reaction was stirred and sparged
with argon for 15 min. Boron trifluoride (BF3, 0.80 mL, 0.0325 mmol, 0.11 eq) was
added at room temperature and the reaction was stirred for 8 h. The reaction was
quenched by the addition of saturated sodium bicarbonate (10 mL) and was extracted
with DCM (3 x 10 mL,) dried with MgSO4 and concentrated in vacuum to a crude oil.
Purification was accomplished with silica gel flash chromatography and a gradient of 0100% ethylacetate in hexanes to afford pure product (7, 689 mg, 1.74 mmol, 59%) as a
yellow oil.
1H

NMR (599 MHz, CDCl3) δ 7.41 (d, J = 8.1 Hz, 2H), 7.13 (d, J = 8.1 Hz, 2H), 5.25 (m,

1H), 5.20 (t, J = 9.89 Hz, 1H), 5.04 (dd, J = 9.89, 3.44 Hz, 1H), 4.63 (d, J = 10.09 Hz,
1H), 3.80 (q, J = 6.4 Hz, 1H), 2.34 (s, 3H), 2.14 (s, 3H), 2.09 (s, 3H), 1.97 (s, 3H), 1.22
(d, J = 6.37 Hz, 3H).
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ascr#3

ascr#3 was synthesized according to a literature procedure.6

ascr#10 methyl ester

ascr#3 (23 mg, 0.076 mmol, 1 eq) was dissolved in dry methanol (1 mL), transferred to
a 4 mL flame-dried vial, cooled to 0 °C, and sparged with argon for 0.5 h. 2M
trimethylsilyldiazomethane in ether (TMSN2CH2, 0.3 ml, 0.6 mmol, 7.9 eq) was added
dropwise. The solution stirred for 2.5 h at 0 °C, before being quenched with 10 drops of
glacial acetic acid and concentrated in vacuum. Crude product was purified with silica
gel flash chromatography using a 0-40% gradient of methanol in to afford pure ascr#3
methyl ester (16.9 mg, 0.053 mmol, 70%) to be used immediately.
Ascr#3 methyl ester (16.9 mg, 0.053 mmol) was dissolved in ethanol (1 mL) and added
to palladium on carbon (10% Pd/C, 45 mg) in a 4 mL vial. While stirring, hydrogen gas
(H2(g)) was bubbled through the reaction. After 2 h, the reaction was sparged with argon
for 15 minutes, 10% Pd/C was removed by filtering the reaction mixture over celite, and
filtrate was concentrated in vacuum for pure ascr#10 me ester (17 mg, 0.053 mmol,
99%) (70% yield over two steps).
1H

NMR (599 MHz, CDCl3) δ 4.69 (s, 1H), 3.79 (m, 1H), 3.77 (m, 1H), 3.68 (dq, J =

9.26, 6.41 Hz, 1H), 3.66 (s, 3H), 3.58 (ddd, J = 11.2, 9.2, 4.6 Hz, 1H), 2.30 (t, J = 7.5
Hz, 2H), 2.07 (dt, J = 13.06, 4.03 Hz, 1H), 1.83 (ddd, J = 13.1, 11.2, 3.0 Hz, 1H), 1.62
(m, 2H), 1.53 (m, 1H), 1.42 (m, 2H), 1.32 (m, 5H) , 1.27 (d, J = 6.3 Hz, 3H), 1.11 (d, J =
6.1 Hz, 3H).
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ascr#10-fucose-0xMe

ascr#10-fucose-0xMe was synthesized based on literature.7

N-iodo succinimide (NIS, 7.2 mg, 0.032 mmol, 2 eq), powdered 3Å molecular sieves
(MS, 5 mg) and ascr#10 methyl ester (5 mg, 0.016 mmol, 1 eq) were stirred with dry
dichloromethane (DCM, 0.5 mL) and cooled to -78 °C while sparging under argon.
While stirring, 7 (13 mg, 0.033 mmol, 2 eq) was dissolved in dry DCM (0.5 mL) and
added dropwise. 1% Triflic acid (TfOH) in dry DCM was added (35 µL, 0.004 mmol, 0.25
eq) was added via syringe over 2 min (20 µL/min). After 3 h, TLC showed that all
ascr#10 methyl ester had reacted, and the reaction was quenched with 15 drops of
saturated sodium bicarbonate, diluted with DCM (3 mL), and washed with saturated
sodium bicarbonate (3 x 5 mL). The organic layer was concentrated in vacuum and
purified with silica gel flash chromatography with a gradient of 20-100% ethyl acetate in
hexanes for 7mg moderately impure product.
Impure product was dissolved in dioxane (500 µL) and 2M aqueous LiOH (500 µL), and
then stirred at 60 °C for 2 h. The reaction was quenched with 10 drops of acetic acid,
concentrated in vacuum to 114 mg of crude product and purified with reverse-phase
flash chromatography using a gradient of 0-70% acetonitrile in water with 0.1% acetic
acid. For 40% pure ascr#10-fucose-0xMe with isomers and di-fucosylated species (3.6
mg, 12%).
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Scheme C3. Synthesis of ascr#10-Phe

Reagents and conditions: (a) L-phenylalanine ethyl ester hydrochloride (2.2 eq), TBTU,
(2.8 eq), DIEA (0.9 eq), dry DMF, 0 °C, 10 min, 88%; (b) 2M LiOH / dioxane (1:1), 60
°C, 2 h, 82%.
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(R)-8-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2yl)oxy)nonanoic acid (ascr#10)

ascr#10 was synthesized according to a literature procedure.6

ethyl ((R)-8-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2yl)oxy)nonanoyl)-L-phenylalaninate (8)

L-phenylalanine ethyl ester hydrochloride (8.6 mg, 0.037 mmol, 2.2 eq) was added to
dry dimethylformamide (DMF, 1 mL) and stirred on ice. 2-(1H-Benzotriazole-1-yl)1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU, 15.5 mg, 0.048 mmol, 2.8 eq) was
added followed by di-isopropyl ethylamine (DIEA, 18 µL, 0.015 mmol, 0.9 eq) and
ascr#10 (5.3 mg, 0.017 mmol, 1 eq). The reaction was stirred for 10 min and TLC
indicated that the reaction was complete. The reaction mixture was concentrated in
vacuum and purified with silica gel flash chromatography with a gradient of 0-30%
methanol in dichloromethane for pure product (8, 7.4 mg, 0.015 mmol, 88%).
1H

NMR (599 MHz, CD3OD) δ 7.37 – 7.17 (m, 5H), 4.62 – 4.66 (m, 2H), 4.14 (q, J =

7.18 Hz, 2H), 3.77 (m, 1H), 3.71 (m, 1H), 3.62 (dq, J = 9.78, 6.24 Hz, 1H), 3.52 (ddd, J
= 11.4, 9.3, 4.5 Hz, 1H), 3.15 (dd, J = 13.8, 5.7 Hz, 1H), 2.94 (dd, J = 13.9, 9.2 Hz, 1H),
2.15 (td, J = 7.52, 1.48 Hz, 2H), 1.98 (dt, J = 13.16, 4.17 Hz, 1H), 1.77 (ddd, J = 13.2,
11.4, 2.96 Hz, 1H), 1.53 (m, 3H), 1.48 – 1.22 (m, 7H), 1.20 (d, J = 7.23 Hz, 3H), 1.12 (d,
J = 6.1 Hz, 3H).
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ascr#10-Phe

8 (5 mg, 0.0104 mmol) was dissolved in dioxane (0.5 mL) and 2M aqueous LiOH (0.5
mL) and stirred at 60 °C for 2 h before being quenched with 10 drops of glacial acetic
acid. The reaction was then concentrated in vacuum and purified with silica gel flash
chromatography using a gradient of 0-35% methanol in dichloromethane to afford pure
ascr#10-Phe (3.83 mg, 0.0085 mmol, 82%) of pure ascr#10-Phe.
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NMR tables for novel metabolites
Table C1. NMR spectroscopic data for ascr#15

No.
1
2
3
4

δc
17.82
70.87
68.04
35.61

Proton
1-H3
2-H
3-H
4-Hax
4-Heq

5
6
7
8
9

69.70
97.31
18.98
72.20
37.94

10
11
12
13
14
15
16

26.24
30.00
28.88
32.79
150.45
122.65
170.31

5-H
6-H
7-H3
8-H
9-Ha
9-Hb
10-H2
11-H2
12-H2
13-H2
14-H
15-H

δH(JHH[Hz])
1.21 (J1,2 = 6.16)
3.63 (J2,1 = 6.16) (J2,3 = 9.49)
3.52 (J3,4eq = 4.22) (J3,4ax = 11.6)
1.76 (J4ax,4eq = 13.12) (J4ax,3 = 11.6) (J4ax,5 =
3.37)
1.95 (J4eq,4ax = 13.12) (J4eq,3 = 4.22) (J4eq,5 =
3.12)
3.71 (J5,4eq = 3.12) (J5,4ax = 3.37) (J5,6 = 3.29)
4.64 (J6,5 = 3.29)
1.12 (J7,8 = 6.07)
3.78 (J8,7 = 6.07) (J8,9a = 8.3) (J8, 9b = 9.73)
1.56 (J9a,9b = 12.4) (J9a,8 = 8.3)
1.47 (J9a,9b = 12.4) (J9b,8 = 9.73)
1.39
~1.39
1.50 (J12,13 = 7.05)
2.23 (J13,12 = 7.05) (J13,14 = 6.8) (J13,15 = 3.26)
6.94 (J14,13 = 6.8) (J14,15 = 15.63)
5.80 (J15,14 = 15.63) (J15,13 = 3.26)
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HMBC
2, 3
1,3,4,6
1,2,4
2,3,5
1,2,3,5,6
2,3,4
2,4,5,8
8,9
6,9,10
7,8,10,11
7,8,10,11

10,11,13,14
11,14,15,16
12, 13, 15, 16
13,14,16

Table C2. NMR spectroscopic data for ascr#15-2’(P)

No.
1
2
3
4

δc
17.91
70.72
68.02
34.51

Proton
1-H3
2-H
3-H
4-Hax
4-Heq

5
6
7
8
9
10
11
12
13
14
15
16

74.50
95.69
19.10
72.33
37.94
26.44
29.89
29.04
32.80
150.86
122.22
169.82

5-H
6-H
7-H3
8-H
9-H2
10-H2
11-H2
12-H2
13-H2
14-H
15-H

δH(JHH[Hz])
1.20 (J1,2 = 6.17)
3.65 (J2,1 = 6.17) (J2,3 = 9.61)
3.52 (J3,4eq = 4.24) (J3,4ax = 10.85)
1.81 (J4ax,4eq = 15.19) (J4ax,3 = 10.85) (J4ax,5 =
5.7)
2.18 (J4eq,4ax = 15.19) (J4eq,3 = 4.24) (J4eq,5 =
5.56)
4.26 (J5,4eq = 5.56) (J5,4ax = 5.7z) (J5,6 = 2.63)
4.85 (J6,5 = 2.63)
1.13 (J7,8 = 5.97)
3.79 (J8,7 = 5.97) (J8,9 = 8.25)
1.57 (J9,8 = 8.25) (J9,10 = 8.25)
1.47 (J10,9 = 8.25)
1.40
1.48 (J12,13 = 7.47)
2.23 (J13,12 = 7.47) (J13,15 = 3.64)
6.96 (J14,13 = 6.96) (J14,15 = 15.58)
5.80 (J15,14 = 15.58) (J15,13 = 3.64)
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HMBC
3,2
1,4,3
1,4,2
2,3
5,2,6,3

4,2,8,5
9,8
10,9,6
7,8,10,11
8, 9, 11, 12
10, 13, 9,
14, 13, 11, 10
14, 15, 11
12, 13, 15, 16
13, 16

Table C3. NMR spectroscopic data for ascr#15-4’(P)

No.
1
2
3
4

δc
17.75
69.25
73.98
34.43

Proton
1-H3
2-H
3-H
4-Hax
4-Heq

δH(JHH[Hz])
1.26 (J1,2 = 6.27)
3.75 (J2,3 = 11.24)
4.19 (J3,4eq = 4.48) (J3,4ax = 9.75)
1.91 (J4ax,4eq = 12.97) (J4ax,3 = 9.75) (J4ax,5 = 3.0)
2.26 (J4eq,4ax = 12.97) (J4eq,3 = 4.48) (J4eq,5 =
5.79)
3.72 (J5,4eq = 5.79) (J5,4ax = 3.0) (J5,6 = 2.68)
4.66 (J6,5 = 2.68)
1.13 (J7,8 = 5.97)
3.79 (J8,7 = 5.97) (J8,9 = 8.25)
1.57 (J9,8 = 8.25) (J9,10 = 8.25)
1.47 (J10,9 = 8.25)
1.40
1.48 (J12,13 = 7.47)
2.23 (J13,12 = 7.47) (J13,14 = 3.64)
6.96 (J14,13 = 6.96) (J14,15 = 15.58)
5.80 (J15,14 = 15.58) (J15,13 = 3.64)

5
69.43
5-H
6
97.32
6-H
7
19.10
7-H3
8
72.33
8-H
9
37.94
9-H2
10
26.44
10-H2
11
29.89
11-H2
12
29.04
12-H2
13
32.80
13-H2
14
150.86
14-H
15
122.22
15-H
16
169.82
*grey indicates signals indistinguishable from 2’-phospho ascr#15
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HMBC
2, 3
1, 4, 3
3,
5, 3, 6
3
4, 2, 8
9,8
10,9,6
7,8,10,11
8, 9, 11, 12
10, 13, 9,
14, 13, 11, 10
14, 15, 11
12, 13, 15, 16
13, 16

Table C4. NMR spectroscopic data for ascr#10-fucose-0xMe

No.
1
2
3
4

δc
17.91
70.91
68.37
34.78

Proton
1-H3
2-H
3-H
4-Hax
4-Heq

5
6
7
8
9

78.10
95.73
19.07
72.70
38.13

10
11
12
13
14
15
16
17
18
19
20
21

30.25
30.21
26.38
36.28
179.42
16.63
71.74
72.82
74.85
71.95
105.05

5-H
6-H
7-H3
8-H
9-Ha
9-Hb
10-H2
11-H2
12-H2
13-H2
14-H2
16-H3
17-H
18-H
19-H
20-H
21-H

δH(JHH[Hz])
1.22 (J1,2 = 6.38)
3.66 (J2,3 = 11.03)
3.52 (J3,4ax = 11.5, J3,4eq = 4.29)
1.76 (J4ax,4eq = 12.83) (J4ax,3 = 10.96) (J4ax,5 =
3.12)
2.17 (J4eq,4ax = 12.83) (J4eq,3 = 6.09) (J4eq,5 =
2.77)
3.75 (J5,4eq = 3.12) (J5,4ax = 2.77) (J5,6 = 2.94)
4.81 (J6,5 = 2.94z)
1.13 (J7,8 = 6.08)
3.79 (J8,7 = 6.08) (J8,7 = 6.08) (J8,9 = 7.44)
1.46 (J9a,9b = 17.8) (J9a,8 = 4.19)
1.56 (J9b,9a = 17.8) (J9b,8 = 13.5)
1.37
1.36 (J12,13 = 6.7)
1.61 (J13,12 = 6.7) (J13,14 = 6.5)
2.24 (J14,13 = 6.5)
1.27 (J16,17 = 6.62)
3.63
~3.61
3.45 (J19,20 = ~7.1)
3.48 (J20,21 = 7.39)
4.24 (J21,20 = 7.39z)
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HMBC
2, 3
1, 3, 6
1, 2
2, 3,
2, 3, 5, 6
21
4, 5, 8
8, 9
9, 10
7, 8, 10
7, 8, 10

12, 14, 15
12, 13, 15
17, 18
16, 18, 19, 21
17, 18
19, 21
5, 17, 19

Table C5. NMR spectroscopic data for ascr#10-Phe

No.
1
2
3
4

δc
17.84
70.88
68.15
35.71

Proton
1-H3
2-H
3-H
4-Hax
4-Heq

5
6
7
8
9

69.71
97.25
19.01
72.25
38.06

10
11
12
13
14
15
16
17
18

26.26

19
20
21
22

139.09
130.18
129.01
127.25

29.92
26.64
36.79
175.56
55.94
177.08
38.55

5-H
6-H
7-H3
8-H
9-Ha
9-Hb
10-H2
11-H2
12-H2
13-H2
14-H2

δH(JHH[Hz])
1.21 (J1,2 = 6.22)
3.62 (J2,3 = 9.46)
3.51 (J3,4ax = 11.4, J3,4eq = 4.54)
1.77 (J4ax,4eq = 13.10) (J4ax,3 = 11.4) (J4ax,5 =
3.05)
1.95 (J4eq,4ax = 13.10) (J4eq,3 = 4.54) (J4eq,5 =
3.24)
3.71 (J5,4eq = 3.24) (J5,4ax = 3.05) (J5,6 = 2.35)
4.64 (J6,5 = 2.35)
1.11 (J7,8 = 6.10)
3.77 (J8,7 = 6.10) (J8,9a = 7.98) (J8,9b = 6.12)
1.42 (J9a,9b = 14.6) (J9a,8 = 7.98)
1.52 (J9a,9b = 14.6) (J9b,8 = 6.12)
1.38

HMBC
2, 3
1, 3, 4, 6
1, 2, 4
2, 3, 5
2, 3, 5, 6
3, 4, 6
2, 4, 5, 8
8, 9
6, 9, 26.26ppm
7, 26.26, 8
7, 26.26, 8

1.20 (J12, 13 = 7.83)
1.49 (J13,12 = 7.83) (J13,14 = 7.46)
2.14 (J14,13 = 7.46)

12, 13, 15

16-H

4.59 (J16,18a = 4.97) (J16,18b = 8.79)

15, 17, 18, 19

18-Ha
18-Hb

3.22 (J18a,18b = 13.76) (J18a,16 = 4.59)
2.93 (J18b,18a = 13.76) (J18b,16 = 8.79)

16, 17, 19, 20
16, 17, 19, 20

19-H2
20-H2
21-H

7.22
7.24
7.17

18, 19, 20, 21, 22
19, 20, 21, 22
19, 20, 21
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NMR Spectra of novel PDMs
COSY Spectrum (800 MHz for 1H in methanol-d4) of ascr#15

186

HSQC Spectrum (800 MHz for 1H in methanol-d4) of ascr#15

187

HMBC Spectrum (800 MHz for 1H in methanol-d4) of ascr#15

188

COSY Spectrum (800 MHz for 1H in methanol-d4) of 50% ascr#15(P) 4’ (red) and 50% 2’ (blue)

189

HSQC Spectrum (800 MHz for 1H in methanol-d4) of 50% ascr#15(P) 4’ (red) and 50% 2’ (blue)

190

HMBC Spectrum (800 MHz for 1H in methanol-d4) of 50% ascr#15(P) 4’ (red) and 50% 2’ (blue)

191

COSY Spectrum (800 MHz for 1H in methanol-d4) for 40% ascr#10-fucose-0xMe with isomers

192

HSQC Spectrum (800 MHz for 1H in methanol-d4) for 40% ascr#10-fucose-0xMe with isomers

193

HMBC Spectrum (800 MHz for 1H in methanol-d4) for 40% ascr#10-fucose-0xMe with isomers

194

COSY Spectrum (600 MHz for 1H in methanol-d4) for ascr#10-Phe

195

HSQC Spectrum (600 MHz for 1H in methanol-d4) for ascr#10-Phe

196

HMBC Spectrum (600 MHz for 1H in methanol-d4) for ascr#10-Phe

197

NMR spectra for synthetic intermediates
1H NMR spectrum (CDCl3, 600 MHz) of compound 2

198

1H NMR spectrum (CDCl3, 600 MHz) of compound 3

199

1H NMR spectrum (CDCl3, 500 MHz) of compound 4

200

1H NMR spectrum (CDCl3, 500 MHz) of compound 6

201

1H NMR spectrum (CD3OD, 600 MHz) of ascr#15

202

1H NMR spectrum (CDCl3, 600 MHz) of ascr#10 methyl ester

203

1H NMR spectrum (CDCl3, 600 MHz) of 7

204

1H NMR spectrum (CD3OD, 600 MHz) of 8
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Table C6. All annotated PDMs from ascr#3-YNE DIMEN study
ID

rt(min)

Molecular
Formula
C17 H28 O7
N4

m/z(ES-)

MS/MS(ES-)

m/z(ES+)

MS/MS(ES+)

dataset

ascr#9

5.15

399.188
75

401.2039
123

C18 H30 O6
N4

N/A

100.07063
(C5H10ON+)[reporter ion],
253.12904
(C11H17O3N4+)[Sidechainwater],
225.12303(C11H17O3N2+),
100.07057(C5H10ON+)[report
er ion],
251.15013(C12H19O2N4+)[sid
echain-water]

2x25ml
ascr#3

5.7

73.02947 (C3H5O2)[ascaroside
fragment],
108.05671(C5H6N3-),
269.12490(C11H17O4
N4-)
N/A

ascr#2

ascr#1

6.18

C19 H32 O7
N4

427.219
67

73.02949 (C3H5O2)[ascaroside
fragment],
279.14539(C13H19O3
N4-)[sidechain-water],
180.07786(C8H10O2N
3-),
136.08807(C7H10N3-)

429.235

100.07052(C5H10ON+)[report
er ion],
281.16044(C13H21O3N4+)[sid
echain-water]

2x25ml
ascr#3

ascr#3-Lys

6.21

ascr#3-Asn

6.3

C27 H46 O8
N6
C25 H40 O9
N6

567.278
75

ascr#3-Ser

6.43

C24 H39 O9
N5

540.267
9079

ascr#3Met(ox)

6.51

C26 H43 O9
N5 S

600.270
6785

ascr#3
amide

6.53

C21 H35 O6
N5

452.251
7778

ascr#3-Asp

6.63

C25 H37
O10 N5

568.262
15

73.02947(C3H5O2)[ascaroside
fragment],
96.00904(C4H2O2N-),
114.01964(C4H4O3N)[Asn Z-fragment],
205.10977(C10H13ON
4-),
452.25015(C21H34O6
N5-)[ascr#3-amide]
73.02948(C3H5O2)[ascaroside
fragment], 188.08308
(C10H10ON3-),
219.12449
(C11H15ON4-),
510.25661
(C23H36O8N5-)

399.2247

583.3456
4
569.2935
2

100.07072
(C5H10ON+)[reporter ion],
421.22128(C19H29O5N6+)[sid
echain-water+Asn],
289.16659(C15H21O2N4+)

comments

2x25ml
ascr#3

2x25ml
ascr#3
2x25ml
ascr#3

542.2831

100.07064
(C5H10ON+)[reporter ion],
394.20845
(C18H28O5N5+)[sidechain+Ser
]

2x25ml
ascr#3

73.02938(C3H5O2)[ascaroside fragment]

602.2859
3

N/A

2x25ml
ascr#3

73.02947 (C3H5O2)[ascaroside
fragment], 205.10948
(C10H13ON4-)
[sidechain-linkerwater], 322.18835
(C15H24O3N5-)
[sidechain]
N/A

454.2663

100.07065 (C5H10ON+)
[reporter ion], 306.19239
(C15H24O2N5+)[sidechain],
289.16568(C15H21O2N4+),
278.18588 (C15H24O2N3+),
261.15919 (C15H21O2N2+)

2x25ml
ascr#3

N/A

N/A

2x25ml
ascr#3

Sodium
adduct
observed,
1.9e5 in
25ml Enr,
510.25661m
/z negative
fragment is
from a loss
of Methanol
has sulfur
isotope
pattern
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ascr#3-Gly

6.64

C23 H37 O8
N5

510.256
6444

73.02948 (C3H5O2)[ascaroside
fragment], 74.02473
(C2H4O2N-)[Glycine]

512.2714
2

100.07051
(C5H10ON+)[reporter ion],
382.20751
(C17H28O5N5+)[Sidechain],
364.19820 (C17H26O4N5+),
336.19180 (C17H26O4N3+)

2x25ml
ascr#3

ascr#3-Glu
(4' or 2')

6.78

C26 H41
O10 N5

582.277
34

584.2934
2

100.07625
(C5H10ON+)[reporter ion],
436.21811
(C20H30O6N5+)[Sidechain+Glu
]

400ml

ascr#3(P)

6.82

C21 H34
O10 N4 P

533.202
21

73.02947(C3H5O2)[ascaroside
fragment], 453.23526
(C21H33O7N4-)
[ascr#3-acid],
102.05595(C4H8O2N),
128.03554(C5H6O3N), 162.10313
(C9H12N3-)
78.95802 (PO3-),
96.96866 (H2PO4)

535.2168
753

100.07627
(C5H10ON+)[reporter ion],
307.17677 (C15H23O3N4+)
[Sidechain-H2O]

400ml

ascr#3-Glu
(tail)

7.1

C26 H41
O10 N5

582.277
83

N/A

584.2934
6

N/A

2x25ml
ascr#3
(neg)

ascr#3-Ala

7.12

C24 H40 O8
N5

524.272
8497

73.02948 (C3H5O2)[ascaroside
fragment], 88.04036
(C3H6O2N-) [Ala]

526.2876
6

2x25ml
ascr#3

2fuc-ascr#30Me

7.36

C34 H56
O15 N4

745.349
06

747.3658
4

1fuc-ascr#30Me

7.37

C27 H44
O11 N4

599.292
5624

601.3076

100.07054 (C5H10ON+)
[reporter ion], 325.18727
(C15H25O4N4+) [ascr#3
sidechain], 147.06792
(C6H11O4) [carbohydrate]

2x25ml
ascr#3

ascr#14

7.4

C20 H34 O7
N4

441.235
93

73.02948 (C3H5O2-)
[ascaroside fragment],
599.28893
(C27H43O11N4-)
[ascr#3+carb]
73.02947 (C3H5O2-)
[ascaroside fragment],
453.23512
(C21H33O7N4-)
[ascr#3-acid],
162.10381 (C9H12N3-)
[sidechain-linker-ascrCO2]
N/A

100.07055
(C5H10ON+)[reporter ion],
378.2181
(C18H28O4N5+)[sidechainH20+Ala], 244.13303
(C15H18O2N)
NA

443.2505

100.07066 (C5H10ON+)
[reporter ion], 295.17612
(C14H23O3N4+) [ascr#14
sidechain]

2x25ml
ascr#3

sodium
adduct

This is likely
modified at
tail (4'
modification
is at 6.78,
both are
differential
from
incubation
control

2x25ml
ascr#3

in negative,
appears at
7.42 (only
one peak
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2fuc-ascr#31Me

7.54

C34 H56
O15 N4

759.364
646

73.02953 (C3H5O2-)
[ascaroside fragment],
453.23659
(C21H33O7N4-)
[ascr#3-acid],
162.10395 (C9H12N3-)
[side-chain-linker-ascrCO2], 599.29347
(C27H43O11N4-)
[1fuc-ascr#3-0Me]

761.382

100.07053 (C5H10ON+)
[reporter ion], 325.18701
(C15H25O4N4+) [ascr#3
sidechain], 161.08084
(C7H13O4+) [fuc-Me],

2x25ml
ascr#3

7.54 peak
was MS2
analyzed,
but peak a
shoulder
peak at 7.75
also is
differential

ascr#3Ala+1Me

7.61

C25 H41 O8
N5

538.288
76

73.02951 (C3H5O2-)
[ascaroside fragment],
102.05604 (C4H8O2N) [Ala+Me], 453.23455
(C21H33O7N4-)
[ascr#3-acid]

540.3040
8

N/A

2x25ml
ascr#3

also smaller
peaks at
9.28 and
10.2 (8e3),
possibly
modified at
the head?

ascr#3-Pro

7.64

C26 H41 O8
N5

550.288
64

552.3037
1

N/A

2x25ml
ascr#3
neg

1fuc-ascr#31Me

7.76

C28 H46
O11 N4

613.308
387

615.3236

100.07059 (C5H10ON+)
[reporter ion], 325.18678
(C15H25O4N4+) [ascr#3
sidechain], 161.08107
(C7H13O4+) [fucose fragment]

2x25ml
ascr#3

MS1 peak is
only 9e4

ascr#3-Tyr

7.82

N/A

8.12

616.298
71
773.380
31

618.3136

2fuc-ascr#32Me

C30 H43 O9
N5
C35 H58
O15 N4

73.02950 (C3H5O2-)
[ascaroside fragment],
114.05618 (C5H8O2N) [proline], 259.15729
(C14H19ON4-)
[sidechain-linkerCO2+proline]
73.02955 (C3H5O2-)
[ascaroside fragment],
162.10387 (C9H12N3-)
[sidechain-linker-ascrCO2], 149.08213,
307.14151
(C13H23O8-)
[ascarylose+fucose],
131.07137 (C6H11O3-)
[fucose-1Me
fragment]
N/A

775.3977

100.07059 (C5H10ON+)
[reporter ion], 325.18712
(C15H25O4N4+) [sidechain]

2x25ml
ascr#3

first peak at
8.12, second
is at 8.31.
First is likely
double
methylated
on fucose
close the
ascaroside.
Second peak
may be
double
methylated
distant
fucose.

ascr#3-Val

8.16

C26 H43 O8
N5

552.304
08

73.02949 (C3H5O2-)
[ascaroside fragment],
162.10378 (C9H12N3-)
[sidechain-linker-ascrCO2], 627.32516
((only in first
peak))(C29H47O11N4) [ascr#3-fuc-2Me],
321.15428 ((only in
first
peak))(C14H25O8-)
[2xfucose-2Me],
149.08201 (C6H13O4), 85.02955 (C4H5O2-),
Only in second peak:
599.29455
(C27H43O11N4-)
[ascr#3-fuc-0Me]
73.02942 (C3H5O2-)
[ascaroside fragment]

554.3188
5

N/A
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1fuc-ascr#32Me

8.21

C29 H48
O11 N4

627.323
901

73.02954 (C3H5O2-)
[ascaroside fragment],
321.15534
(C14H25O8-)
[ascr+fucose+2Me],
162.10386 (C9H12N3-)
[sidechain - linker ascr- CO2], 149.08220
(C6H13O4-),
127.04010 (C6H7O3-),
85.02954 (C4H5O2)
[2xMe fucose
fragment]
73.02941 (C3H5O2-)
[ascaroside fragment],
162.10411 (C9H12N3-)
[sidechain-linker-ascrCO2]

629.3388
1

100.07057 (C6H13O4+)
[reporter ion], 325.18696
(C15H25O4N4+) [ascr#3
sidechain],

2x25ml
ascr#3

Sodium
adduct
observed,
6.4e4 in
25ml Enr

2fuc-ascr#33Me

8.36

C36 H60
O15 N4

787.395
89

789.4139
4

N/A

2x25ml
ascr#3

566.319
76

73.02937 (C3H5O2-)
[ascaroside fragment]

568.3350
7

N/A

2x25ml
ascr#3

C37 H62
O15 N4

801.411
1363

73.02954 (C3H5O2-)
[ascaroside fragment],
599.29536
(C27H43O11N4)
[ascr#3-fucose-0Me],
162.10378 (C9H12N3-)
[sidechain - linker ascr- CO2]

803.4296
9

100.07056 (C5H10ON+)
[reporter ion], 325.18707
(C15H25O4N4+) [ascr#3
sidechain], 171.06529
(C8H11O4+)

2x25ml
ascr#3

9.13

C30 H43 O8
N5

600.303
9371

602.3196

100.07053 (C5H10ON+)
[reporter ion], 454.24366
(C24H32O4N5+) [sidechain +
Phe]

2x25ml
ascr#3

ascr#3-Trp

9.13
9.18

641.330
44
542.226
1672

639.3127
4
544.2414

N/A

icas#9

C32 H42 O8
N6
C26 H33 O8
N5

73.02951 (C3H5O2-)
[ascaroside fragment],
309.17143
(C18H21ON4-)
[sidechain - linker CO2 + Phe], 147.04516
(C9H7O2-) [Phe
fragment]
N/A

Sodium
adduct
observed,
only 6e4 in
25ml Enr,
peak also at
8.70, MS2
data is of
low intensity
Also at
7.75min
(4.66e4),
weak MS2
also at 8.83,
sodium
adduct
observed,
"2xfucose"
assignment
is likely
1fucose+ an
unsaturated
nitrogen
compound
Also at
8.28min
(3.82e6),
7.91min
(5.92e4),
7.86min
(4.72e3)

ascr#3Leu/Ile

8.95

C27 H45 O8
N5

2fuc-ascr#34Me

9.09

ascr#3-Phe

100.07055 (C5H10ON+)
[reporter ion], 144.04443
(C9H6ON+) [indole acetate
fragment], 253.12944
(C11H17O3N4+) [ascr#9
sidechain - H2O]

2x25ml
ascr#3

hbas#3

9.7

C28 H39 N4
O0

573.257
69

575.2715
5

N/A

1x400m
l ascr#3

73.02953 (C3H5O2-)
[ascaroside fragment],
269.12557
(C11H17O4N4-)
[ascr#9 sidechain],
116.05055 (C8H6N-)
[indole], 160.04045
(C9H6O2N-) [indole
acetic acid],
399.18937
(C17H27O7N4-)
[ascr#9], 290.10330
(C15H16O5N-)
[ascaroside+indole
acetic acid]
N/A

Intensity is
very low
Shoulder
peak, also
peak at
8.46min
(1e4), and
possible
peak at
8.7min (1e4)
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icas#3(P)

9.73

C30 H40
O11 N5 P

676.238
1788

78.95804 (O3P-),
96.96858 (H2O4P-),
116.04983 (C8H6N-)
[indole]

678.2541
2

100.07559 (C5H10ON+)
[reporter ion], 144.04397
(C9H6ON+)[indole acetate
fragment], 325.18693
(C15H25O4N4+) [ascr#3 side
chain]
100.07551 (C5H10ON+)
[reporter ion], 144.04425
(C9H6ON+) [indole acetate
fragment], 299.17119
(C13H23O4N4+) [ascr#1 side
chain],

1x400m
l ascr#3

icas#1

9.8

C28 H37 O8
N5

570.257
26

73.02838 (C3H5O2-)
[ascaroside fragment],
427.21955
(C19H31O7N4-)
[ascr#1], 116.04949
(C8H6N) [indole]

572.2710
6

icas#3-Gly

9.83

C32 H42 O9
N6

653.294
19

N/A

655.3089
7

100.07564 (C5H10ON+)
[reporter ion], 144.04428
(C9H6ON+) [indole acetate
fragment], 382.20943
(C17H28O5N5+)[Sidechain+Gly
]

400ml

icas#3

10.66

C30 H39 O8
N5

596.272
5576

mbas#3

11.17

C26 H40 O8
N4

535.278
14

73.02843 (C3H5O2-)
[ascaroside fragment],
116.04969 (C8H6N-)
[indole], 453.23544
(C21H33O7N4-)
[ascr#3-linker]
73.02841 (C3H5O2-)
[ascaroside fragment],
99.04418 (C5H7O2-)
[tiglic acid], 453.23565
(C21H33O7N4-)
[ascr#3-linker]

598.2866

100.07622 (C5H10ON+)
[reporter ion], 144.04441
(C9H6ON+) [indole acetate
fragment], 307.17679
(C15H23O3N4+) [sidechainH2O]
100.07620 (C5H10ON+)
[reporter ion], 307.17712
(C15H23O3N4+) [sidechain H2O], 83.04982 (C5H7O+)
[tiglic acid fragment]

2x25ml
ascr#3

537.2922

Is only in
negative
mode

1x400m
l ascr#3

2x25ml
ascr#3
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