1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2022 September 15.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2021 September 15; 143(36): 14676-14683. doi:10.1021/jacs.1c05908.

Combinatorial Assembly of Modular Glucosides via
Carboxylesterases Regulates C. elegans Starvation Survival

Chester J. J. Wrobel,
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Jingfang Yu,
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Pedro R. Rodrigues,
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Andreas H. Ludewig,
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Brian J. Curtis,
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Sarah M. Cohen,
Division of Biology and Biological Engineering, California Institute of Technology, Pasadena,
California 91125, United States

Bennett W. Fox,
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Michael P. O’'Donnell,
Department of Molecular, Cellular and Developmental Biology, New Haven, Connecticut 06511,
United States

Paul W. Sternberg,

Corresponding Author Frank C. Schroeder — Boyce Thompson Institute and Department of Chemistry and Chemical Biology,
Cornell University, Ithaca, New York 14853, United States; schroeder@cornell.edu.

Author Contributions

All authors have given approval to the final version of the manuscript.

The authors declare no competing financial interest.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/jacs.1c05908.

General methods, bioassay procedures, methods for metabolomics, synthetic procedures with NMR spectroscopic data, Figures
S1-S15, and Tables S1-S3, NMR spectra (PDF)

Table S4 (XLSX)

Table S5 (XLSX)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wrobel et al. Page 2

Division of Biology and Biological Engineering, California Institute of Technology, Pasadena,
California 91125, United States

Frank C. Schroeder
Boyce Thompson Institute and Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, New York 14853, United States

Abstract

The recently discovered modular glicosides (MOGLSs) form a large metabolite library derived
from combinatorial assembly of moieties from amino acid, neurotransmitter, and lipid metabolism
in the model organism C. elegans. Combining CRISPR-Cas9 genome editing, comparative
metabolomics, and synthesis, we show that the carboxylesterase homologue Cel-CEST-1.2 is
responsible for specific 2- O-acylation of diverse glucose scaffolds with a wide variety of building
blocks, resulting in more than 150 different MOGLs. We further show that this biosynthetic

role is conserved for the closest homologue of Cel-CEST-1.2 in the related nematode species C.
briggsae, Cbr-CEST-2. Expression of Ce/-cest-1.2and MOGL biosynthesis are strongly induced
by starvation conditions in C. elegans, one of the premier model systems for mechanisms
connecting nutrition and physiology. Ce/-cest-1.2-deletion results in early death of adult animals
under starvation conditions, providing first insights into the biological functions of MOGLSs.
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INTRODUCTION

The nematode C. elegans has become an important model system for metabolomics and
small molecule signaling in animals. These efforts have led to the identification of a

large, structurally diverse library of signaling molecules derived from glycosides of the
dideoxysugar ascarylose (Figure 1a).1# Ascarosides play a central role in the regulation of
development and behavior in C. elegans and other nematodes and mediate interactions of
nematodes with animals, plants, and microbiota.>8 Examples include the dispersal signal
osas#9 (1), in which A-succinylated octopamine is attached to the 4”-position of the
ascarylose, the dauer pheromone component ascr#8 (2), incorporating a folate-derived p-
aminobenzoic acid moiety, and uglas#11 (3), featuring an A2-glucosylated uric acid moiety
(Figure 1a). Several recent studies demonstrated that carboxylesterase (cesf) homologues are
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responsible for the ester and amide bonds connecting other building blocks to the ascaroside
scaffold (Figure 1a).”® CEST enzymes belong to the a/B-hydrolase superfamily of serine
hydrolases, which includes more than 200 other members in C. elegans and a similar number
in mouse and humans, many of which have no characterized function.10-11

The biosynthesis of most cest-dependent ascarosides further depends on the activity of
Cel-GLO-1, a Rab GTPase that is required for the formation of lysosome-related organelles
(LROs), cellular compartments similar to mammalian melanosomes.”12 Recent comparative
metabolomic studies of Ce/-g/o-1 mutants and wildtype C. elegans led to the discovery of

a previously undescribed class of metabolites, a large library of over one hundred modular
ghicosides (MOGLs).” The MOGLSs are derived from combinatorial attachment of a wide
range of metabolic building blocks to several different core scaffolds, e.g., indole glucoside
(iglu#l (4), iglu#2 (5)), anthranilic acid glucoside (angl#1 (6), angl#2(7)), or tyramine
glucoside (tyglu#3 (8), tyglu#l (9), Figure 1b).713.14 These scaffolds are decorated with

one or two additional building blocks and usually bear a phosphate at the 3 position of the
glucose, although smaller amounts of nonphosphorylated derivatives are also found.”14 The
biosynthesis of most MOGLSs is abolished in Ce/-glo-1 mutants, indicating that, like modular
ascarosides, their biosynthesis requires the LROs. In contrast to ascarosides, which are
excreted into the growth media, MOGLs are primarily retained in the worm body, suggesting
that they serve intraorganismal functions.’

In the MOGLs, other building blocks are linked to the core scaffolds via ester bonds,
suggesting that MOGL biosynthesis may also be mediated by cesthomologues. Comparative
metabolomic analysis of Ce/-cest-4 mutants recently showed that Cel-CEST-4 is required

for 6- O-attachment of anthranilic acid in two MOGLs, iglu#3 (10) and iglu#4 (11) (Figure
1b); however, it remained unclear how enzymatic pathways could furnish a library of over a
hundred MOGLs.’

Cel-CEST-1.2 Contributes to Biosynthesis of >150 MOGLs.

Following the initial discovery of the MOGLs,”1416 we noted that their production is
greatly increased under starvation conditions. Surveying published transcriptomic data sets
for starvation-induced cesthomologues, we noted that Ce/-cest-1.2 expression is rapidly
induced 4-5-fold by starvation (Figure 1c).15 Ce/-cest-1.2is a close paralog of Ce/-cest-1.1,
which we had recently shown to be required for attachment of the ascaroside side chain

to the 2-position of the gluconucleoside moiety in uglas#11 (3) (Figure 1a). Therefore, we
hypothesized that Ce/-cest-1.2, may be required for the production of 2- O-acylated MOGLS.
Like Cel-CEST-1.1, Cel-CEST-1.2 features a conserved C-terminal transmembrane domain
and is predicted to be expressed primarily in the intestine (Figure S1 of the Supporting
Information, SI).17

To investigate the biosynthetic role of Ce/l-cest-1.2, we obtained a mutant lacking the first
1500 bp of the coding sequence, including the serine at the putative active site (Figure S2).
Using HPLC-HRMS followed by comparative analysis utilizing the Metaboseek platform,
we analyzed the endo-metabolome (compounds extractable from the worm bodies) and exo-
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metabolome (compounds secreted into the media) of Ce/-cest-1.2 mutants for compounds
whose production was more than 50-fold reduced compared to C. elegans wildtype

(Figure 1d, Table S4).18 These analyses revealed that Ce/-cest-1.2 deletion has a dramatic
impact on the C. elegans metabolome, as we detected >150 distinct metabolites whose
production were strongly reduced or abolished in Cel-cest-1.2 mutants (Figure 1d, Table
S4). Most of the Cel-cest-1.2-dependent compounds were detected in the endo-metabolome,
whereas comparatively few differences were observed in the exo-metabolomes. MS/MS
fragmentation indicated that most of the detected Ce/-cest-1.2-dependent metabolites are
based on the recently described MOGL scaffolds and are further modified with a wide
variety of acyl moieties, primarily derived from amino acid and fatty acid metabolism
(Figures 1e,fand S3, Table S4). In contrast, production of the metabolites previously shown
to be Cel-cest-1.1-dependent (e.g., uglas#11l, 3) or Cel/-cest-4 dependent (e.g., iglu#4, 11)
was not affected in the Cel-cest-1.2 mutant (Figure S4). Similarly, abundances of ascarosides
were largely unchanged in Ce/-cest-1.2 mutants (Figure S5). Conversely, none of the Ce/-
cest-1.2-dependent compounds were abolished in mutants of Ce/-daf-22, which codes for

a peroxisomal 3-ketoacylthiolase required for ascaroside biosynthesis (Figure S6a).19:20
Consistent with previous results for the role of LROs in MOGL biosynthesis, production of
Cel-cest-1.2-dependent compounds was also strongly reduced or abolished in LRO-defective
Cel-glo-1 mutants (Figure Séb).

Next, we categorized the large number of Ce/-cest-1.2-dependent metabolites based on their
MS/MS fragmentation patterns, which enabled putative assignment to families of MOGLSs
based on several different scaffolds, e.g., M- or O-glucosylated indole and anthranilic acid
(Figures 1e and S3, Table S4). Importantly, biosynthesis of the unmodified parent scaffolds,
e.g., iglu#l (4) or angl#2 (7), is not abolished in Cel-cest-1.2 mutants (Figure 2a). Instead,
abundances of these parent scaffolds are slightly increased relative to wildtype C. elegans,
suggesting that they may accumulate as shunt metabolites. Detailed analysis of the MS/MS
fragmentation patterns further suggested that all Ce/-cest-1.2-dependent metabolites are
derived from attachment of one or two of 16 different acyl moieties to the parent scaffolds
(Figure 1f, Table S4), some of which we had previously shown to be incorporated into
MOGLs.” Metabolomic analysis of wildtype C. efegans supplemented with isotope labeled
L-[U-13Cg]-leucine and L-[3,3-D5]-tyrosine supported the assignment of isovaleryl as well as
tyramine and octopamine moieties in the identified MOGLs (Figure S7, Table S4).7:22

CEST-1.2 is Specifically Required for 2-O-Acylation.

On the basis of the previous examples, we proposed that Ce/-cest-1.2-dependent MOGLS
are 3-O-phosphorylated and feature 2-O- and/or 6-O acylation (Figures 1e and S4d).”14
Importantly, almost all monoacylated MOGLs were represented by two isomers with near-
identical MS/MS fragmentation patterns but distinct HPLC retention times. Of these, only
the earlier eluting isomer was abolished in Ce/-cest-1.2 mutants, whereas abundance of the
later eluting isomers was generally unchanged or increased (Figures 2b,c and S8).

These results suggested that Cel-CEST-1.2 may be required for site-selective acylation of
the parent glucoside scaffolds. To determine whether Cel-CEST-1.2 is responsible for 2-
or 6- O-acylation, we selected the 2- O-acylated variants of three monoacylated MOGLSs
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for total synthesis via established methods (Figure 2d).”23 To selectively synthesize 2-O-
acylated MOGLs, scaffold iglu#1 (4), was 4,6-di- O-protected using 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane. Esterification with different carboxylic acids gratuitously yielded
primarily the 2-O-acylated derivative, which was 3- O-phosphorylated and subsequently
deprotected to furnish the target MOGLs (Figure 2d). Synthetic samples of the 2- G-acylated
iglu#121 (25), iglu#101 (26), and iglu#401 (28) matched HPLC retention times and
MS/MS spectra of the corresponding natural compounds (Figures 2b and S8), confirming
their structures. In all cases, these Ce/-cest-1.2-dependent, 2- O-acylated glucosides have
earlier HPLC retention time than their putative 6- O-acylated isomers, consistent with the
previously reported retention time patterns of acylated uric acid glucosides.23 Since Ce/-
cest-1.2 mutants are defective specifically in the production of the earlier eluting isomer
of monoacylated MOGLSs, these observations indicate that Cel-CEST-1.2 is specifically
required for 2-C-acylation of MOGLs (Table S4).

Cbr-CEST-2 is the Functional Ortholog of Cel-CEST-1.2.

Cel-CEST-1.2 appears to be well conserved across the genus Caenorhabditis and possibly
other nematode genera, e.g., Pristionchus (Figure 3a). We recently showed that MOGLs
are also produced by C. briggsae, a species closely related to C. elegans, and that MOGL
biosynthesis in C. briggsae also requires the LROs.” Similar to C. efegans, the C. briggsae
genome encodes a large family of carboxylesterase homologues, including Cbr-CEST-2,
which has the highest sequence similarity to Cel-CEST-1.2 (Figure S9).24 Therefore,

we hypothesized that the production of a subset of MOGLs, including any Ce/-cest-1.2-
dependent compounds also produced by C. briggsae, may require Cbr-CEST-2. Like Cel-
CEST-1.2, Cbr-CEST-2 includes a C-terminal transmembrane domain and the conserved
active site serine (Figures S1 and S2).

Using CRISPR/Cas9, we generated two Cbr-cest-2null mutant strains and compared their
endo- and exo-metabolomes with C. briggsae wildtype via HPLC-HRMS-based comparative
metabolomics, as above. We found that Cbr-cest-2 mutants are defective in the production of
>150 different MOGLSs, including 97 MOGLs also produced by C. elegans, all of which are
Cel-cest-1.2-dependent (Figure 3a,b, Table S4). These data suggest that, like Cel-CEST-1.2,
Cbr-CEST-2 is specifically required for 2-O-acylation in MOGL biosynthesis (Figure 3b).
We further detected several Cbr-cest-2-dependent MOGLs that are specific to C. briggsae.
For example, Cbr-cest-2 mutants are defective in the biosynthesis of ascaroside-containing
tyramine glucosides (e.g., tyglas#9, S7), which are not produced in C. elegans (Figure

S10). Similarly, C. briggsae produce two isomers of tigloyl or isovaleroyl-modified tyglu
glucosides, of which only the earlier eluting peak is Cbr-cest-2-dependent (tyglu#701 35,
tyglu#131 37) (Figure 3c,d), whereas C. elegans only produce the later eluting isomer,
which is Cel-cest-1.2-independent and thus likely represent the 6- O-acylated variant (Figure
3c,d). Taken together, these findings indicate that Cel-CEST-1.2 and Cbr-CEST-2 represent
functional orthologs with highly similar substrate ranges and are required for 2- C-acylation
of a range of scaffold glucosides.
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Lifestage- and Starvation-Dependent Roles of Cel-CEST-1.2.

Biosynthesis of small molecules in C. efegans is often strongly dependent on developmental
stage and nutritional state.25-27 Previous transcriptomic analysis showed that Ce/-cest-1.2
expression peaks at the third larval stage (L3) and is induced by starvation (Figures 1c and
4a).17 To investigate the effect of developmental stage and starvation on the production of
Cel-cest-1.2-dependent MOGLs, we obtained enndo-metabolome samples from all four larval
stages as well as gravid adults, under nutrient-replete conditions and after 24 h of starvation,
followed by targeted analysis via HPLC-HRMS.

Biosynthesis of most Ce/-cest-1.2-dependent MOGLs was strongly induced by starvation.
Pyrrolic acid-containing MOGLs were most strongly upregulated (e.g., iglu#58 (40)),
whereas MOGLs incorporating nicotinic acid were not increased or even slightly
downregulated (e.g., iglu#601 (42)) Figures 4a,b and S11-S13, Table S5). These trends
were observed consistently across different glucose scaffolds (Figures 4a and S11-S13).

In contrast, abundances of the unmodified scaffolds (e.g., iglu#2 (5)) were reduced during
starvation, possibly due to lack of dietary input or because scaffold pools get depleted as

a result of increased production of acylated MOGLs via Cel-CEST-1.2 and related CEST
enzymes under these conditions (Figures S11-S13, Table S5). In addition, production of
Cel-cest-1.2-dependent MOGLs was found to be strongly life stage-specific. Reflecting the
expression pattern of Cel-cest-1.2 during development, Cel-cest-1.2-dependent metabolites
were generally most abundant at the L3 larval stage; however, several compounds (e.g.,
iglu#42 (39) and iglu#58 (40)) showed alternate patterns with maximal production e.g. at
the L4 larval stage (Figures 4b and S11-S13, Table S5). Production of most Ce/-cest-1.2-
dependent MOGLs was increased by starvation in most tested developmental stages, except
the L1 larval stage, where starvation seemed to have little effect.

C. elegans is an important model for how starvation and dietary restriction affect lifespan in
animals,28-31 and small molecules have been shown to play a major role in the underlying
mechanisms.32 Because MOGL biosynthesis is strongly upregulated during starvation, we
tested whether Cel-CEST-1.2 is required for starvation survival (Figure 4c). We found

that lifespan of starved Ce/l-cest-1.2 adults was significantly reduced compared to wildtype
(Figure 4c), whereas there were no significant differences in development or lifespan under
food-replete conditions (Figure S14). Reduced lifespan during starvation of Ce/-cest-1.2
animals was exclusively due to internal hatching of larvae, a matricide phenotype that results
in bursting of the worm body, known as “bagging”.32-35

DISCUSSION

Our results demonstrate that Cel-CEST-1.2 and Cbr-CEST-2 are required for 2- O-acylation
in the biosynthetic pathways of >150 different MOGLs. The product ranges in the two
nematode species largely overlap, and differences may be due primarily to differences

in available substrate pools. Despite the very large number of Cel-CEST-1.2/Cbr-CEST-2-
dependent metabolites, their biosynthetic roles appear to be specific to 2- C-acylation, since
every significant metabolic feature strongly downregulated or abolished in Ce/-cest-1.2

or Cbr-cest-2mutants, as detected in our comparative metabolomic analysis, could be
assigned to a 2- O-acylated glucoside. Members of the a/f hydrolase family are known to
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exhibit broad substrate promiscuity,38 for example, the human Cel-CEST-1.2 homologue,
carboxylesterase 2 (CES2) is capable of cleaving a diverse range of xenobiotics.3”

In conjunction with the previous finding that Ce/-cest-4 is specifically required for 6-
O-attachment of anthranilate in indole glucosides (e.g., iglu#4 (11) in Figure 1b), our
results for Cel-cest-1.2 or Cbr-cest-2 mutants allow proposing a combinatorial model for
MOGL biosynthesis (Figure 4d). Following assembly of the glucoside scaffolds from
indole, neurotransmitters (e.g., tyramine, octopamine) and other building blocks via UDP-
glucuronosyltransferases, a wide range of acyl moieties are attached to the 2-position

of glucose via Ce/-cest-1.2 or the 6-position via Ce/-cest-4 and additional homologues.
Attachment of a second acyl moiety to produce diacylated MOGLSs likely involves additional
CEST-homologues. Whereas none of the abundant diacylated MOGLSs are strictly cest-4-
dependent,’ production of a large number of diacylated MOGLs is fully abolished in Ce/-
cest-1.2 mutants, suggesting that Cel-CEST-1.2 is primarily responsible for 2- O-acylation,
whereas there must be additional homologues mediating 6- O-acylation, in addition to Cel-
CEST-4, which compared to Cel-CEST-1.2, appears to have a much narrower substrate
scope. Attempts to recapitulate the biosynthetic activities of CESTs in vitro have been
unsuccessful so far, likely due to the presence of the C-terminal transmembrane domain
which may cause improper folding under in vitro conditions.”-9:38

Our results further demonstrate that MOGL biosynthesis is highly regulated during
development and depends on nutritional conditions. Different compound profiles at different
life stages likely result in part from regulation of cest-expression, but may also reflect
changes in substrate pools. For example, starvation is generally associated with increased
protein turnover, which may result in an increase in amino acid degradation-derived building
blocks, e.g., pyrrolic acid from proline or isovaleric and tiglic acid from leucine and
isoleucine, respectively.3%40 Further, the relatives abundance of MOGLs may also depend
on bacterial metabolism.22 For example. most bacteria occurring naturally with C. elegans
produce much smaller amounts of indole than £. co/i OP50.41 Correspondingly, we observed
that C. elegans fed Providencia alcalifaciens JUb39, a bacterial species found with C.
elegans in the wild, produce less indole-derived MOGLs compared to OP50-fed worms,
whereas production of tyramine-derived MOGLSs is increased, consistent with increased
tyramine production in C. elegans fed Jub39 bacteria (Figure S15).22:42

Notably, MOGLs are mostly retained in the worm body and not excreted, suggesting

that they serve specific intraorganismal function(s), paralleling the role of ascarosides

in interorganismal signaling. Their highly context-specific production further supports

the hypothesis that MOGLs may serve diverse biological functions. Our finding that
Cel-cest-1.2 plays an important role for starvation survival and is conserved across other
species provides a starting point for elucidating the role of MOGLs in C. elegans and other
nematodes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
HPLC-HRMS high performance liquid chromatography-high resolution mass
spectrometry
MOGL modular glucoside
MS/MS tandem mass spectrometry
LRO lysosome related organelle
UGT uridine diphosphoglucuronosyltransferase
UDP uridine 5’-diphosphate
CEST carboxylesterase
ESI- electrospray ionization negative mode
ESI+ electrospray ionization positive mode
mCPBA 3-chloroperoxybenzoic acid
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Modularity of C. elegans biosynthesis pathways and comparative metabolomics of Ce/-
cest-1.2mutants. (a) Assembly of modular ascarosides via CEST enzymes attaching,

e.g., glucosyl uric acid (Cel-CEST-1.1), p-aminobenzoic acid (Cel-CEST-2.2), indole-3-
carboxylic acid (Cel-CEST-3), succinylated octopamine (Cel-CEST-8), and ureidoisobutyric
acid (Ppa-UAR-1). (b) Structures of MOGL scaffolds and example MOGLs iglu#3 (10) and
iglu#4 (11). (c) Expression levels for Cel-cest-1.2 under fed and starvation conditions.1® (d)
Representative ESI- total ion chromatograms (left) and volcano plot (right) of comparative
analysis of the endo-metabolomes of wildtype and Ce/-cest-1.2 mutants. (e) Example

ESI+ MS/MS spectra, ESI- ion chromatograms, and putative structures of MOGLSs from
three main scaffold families, tyglu#32 (12), iglu#74 (13), and angl#34 (14). * Ce/-cest-1.2-
dependent isomer of angl#34 (14). (f) Schematic overview of Ce/-cest-1.2 dependent
metabolites. Points of attachment of the octopamine, methylguanine or hydroxyindole
moieties are not known. New metabolites were named using SMIDs (see Methods and Table

S4).
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Figure 2.
Characterization of Ce/-cest-1.2-dependent metabolites. (a) Abundances of glucoside

scaffolds in Cel-cest-1.2 mutants relative to wildtype C. elegans. (b) ESI- ion
chromatograms for 2- O-acylated iglu#121 (25) and its 6- O-acylated isomer, iglu#12 (15), in
Cel-cest-1.2and wildtype C. elegans, showing abolishment specifically of the 2- O-acylated
isomer. (c) Abundances of 2-O- (red) vs 6-O- (green) monoacylated MOGLs in Cel-cest-1.2
and Cbr-cest-2 mutants relative to wildtype C. elegans (N2) or wildtype C. briggsae (AF16),
respectively. Data and error bars represent the mean of 4 biological replicates and standard
deviation. (d) Synthetic scheme of 2- O-acylated MOGLs iglu#101 (26), iglu#121 (25), and
iglu#401 (28) from iglu#1 (4).14.21

JAm Chem Soc. Author manuscript; available in PMC 2022 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wrobel et al.

C. brenneri CBN31994 (55%)
C. sinica 00705.g14611 (59%)
P. pacificus PPA02721 (33%)
C. inopinata 50364800 (64%)
C. inopinata 50365210 (60%)
Cel-CEST-1.1 (59%)
Cel-CEST-1.2

C. latens FL83 21634 (57%)

C. nigoni chr V.g20731 (60%)
Cbr-CEST-2 (56%)

C. nigoni chr V.g20728 (57%)
C. inopinata 50364910 (57%)
C. remanei FL81 16507 (53%)
C. sinica 00705.914609 (59%)
C. japonica CJA09018 (52%)

HO Q
C. tropicalis 630.g19978 (64%) H,05PO o
O~

L. remanei FL81 16510 (60%)

b

C. briggsae specific
Cbr-cest-2-dependent

tyglu#26 (33)
20

97 shared MOGLs

C. elegans specific
Cel-cest-1.2-dependent

s

e 1
H,04PO. N/
2V3 %)

igluttd4 (34)
55

(o3
miz 462.1524 5
100 : Ha
8
= H203
2
E 50 tyglu#701 (35) Hzoa
3 l tyglu#7 (36)
o Cel-cest-1.2 pellet
,'\\ 2 - }’ 'L Cel-WT peliet
JAWLY /Cbr-cest-2 pellet
0 7 7 Cbr-WT pellet
6.0 7.0 8.0 Time [min]
d
100 m/z 464.1680 oﬁ)\
< Hzoapo
= o Hzoapo
2
£50 / / tyglu#13 (33)
& tyglu#1/31 1) Cel-cest-1.2 pellet
: | Cel-WT peliet
L 7 \\ /Chr-cest-2 pellet
0 ‘ ‘ ‘ Cbr-WT pellet
6.0 7.0 8.0 Time [min]

Figure 3.

Page 14

(a) BLAST analysis dendrogram relating Cel-CEST-1.2 to homologous predicted proteins in
other Caenorhabditis species and P, pacificus. Entries marked red were investigated in this

study. Percentages represent percent identity with Cel-CEST-1.2. (b) Venn diagram showing
representative MOGLSs unique to either C. briggsae (yellow) or C. elegans (blue). (c, d) ESI+
ion chromatograms showing levels of C. briggsae specific, Cbr-CEST-2-dependent MOGLs,

tyglu#701 (35, c) and tyglu#131 (37, d) in wildtype C. elegans, wildtype C. briggsae,

Cel-cest-1.2, and Cbr-cest-2 mutants.
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Figure 4.
Cel-cest-1.2-dependent MOGLs are induced by starvation and Ce/-cest-1.21s required for

starvation survival. (a) Quantitation of nicotinic acid- and pyrrolic acid-containing MOGLs
in starved relative to fed L3-stage larvae. Inset shows Ce/-cest-1.2 expression levels during
development. (b) Relative abundances of iglu#42 (39), iglu#58 (40), tyglu#12 (41), and
iglu#601 (42) in fed and starved larvae during development. Data points represent the
means, and shaded regions standard deviations. (c) Schematic for bioassay, using plates
without food. Ce/-cest-1.2 mutants exhibit reduced starvation survival due to bagging

(a “bursting” of the worm bodies due to internal hatching of larvae). Average time

of starvation survival (left) and fraction alive (right) of wildtype C. elegansand Cel-
cest-1.2mutants. (d) Model for MOGL biosynthesis. Scaffolds are glucosylated by putative
glucuronosyltransferases (UGTSs) and further modified in a combinatorial fashion via CEST
homologues that attach diverse building blocks from amino acid and fatty acid metabolism
(black, red, blue) within lysosome related organelles (LROs, shaded light blue).
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