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Abstract

Nucleosides are essential cornerstones of life, and nucleoside derivatives and synthetic analogues
have important biomedical applications. Correspondingly, production of non-canonical nucleoside
derivatives in animal model systems is of particular interest. Here, we report the discovery of
diverse glucose-based nucleosides in Caenorhabditis elegans and related nematodes. Using a
mass spectrometric screen based on all-ion fragmentation in combination with total synthesis, we
show that C. elegans selectively glucosylates a series of modified purines but not the canonical
purine and pyrimidine bases. Analogous to ribonucleosides, the resulting gluconucleosides exist
as phosphorylated and non-phosphorylated forms. The phosphorylated gluconucleosides can be
additionally decorated with diverse acyl moieties from amino acid catabolism. Syntheses of
representative variants, facilitated by a novel 2”-O-to 3"-O-dibenzyl phosphoryl transesterification
reaction, demonstrated selective incorporation of different nucleobases and acyl moieties.

Using stable-isotope labeling, we further show that gluconucleosides incorporate modified
nucleobases derived from RNA and possibly DNA breakdown, revealing extensive recycling of
oligonucleotide catabolites. Gluconucleosides are conserved in other nematodes, and biosynthesis
of specific subsets is increased in germline mutants and during aging. Bioassays indicate that
gluconucleosides may function in stress response pathways.
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INTRODUCTION

Ribo- and deoxyribonucleotides are the building blocks of RNA and DNA, serve as
ubiquitous chemical signals, and play essential roles in intracellular energy transfer.
Correspondingly, nucleoside derivatives obtained from natural sources as well as synthetic
analogues are of great interest for biomedical research, and nucleoside analogues represent
amajor class of antiviral and anticancer drugs.l2 For example, the 2’-fluoronucleoside
analogue sofosbuvir, an FDA-approved hepatitis C drug, also has the potential to inhibit
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replication of SARS-CoV-2 in cell culture.3 Surprisingly, nucleoside metabolism in animal
model systems has not been investigated using state-of-the-art untargeted metabolomics
and high-resolution mass spectrometry (HRMS), which greatly facilitate the identification
of cryptic chemotypes. Identification of nucleoside derivatives from animal sources may
reveal new aspects of nucleoside function and may provide valuable new leads for drug
development.

Signaling networks in the model organism Caenorhabditis elegans and other nematode
species have revealed a few cases in which pentose-based nucleosides possibly derived

from RNA breakdown are attached to glycosides derived from the 3,6-dideoxysugars
ascarylose and paratose.*-8 Examples include the ascaroside, nuclas#31 (1),% from C.
elegans, which incorporates A®, AB-dimethyladenosine (m6,6,A), as well as npar#1 (2), a
paratoside from the satellite model Pristionchus pacificus.® Uniquely, the structure of npar#1
includes an AB-threonylcarbamoyladenine-based p-xylopyranose, instead of the canonical
p-ribofuranose. npar#1 functions as an inter-organismal signal that potently triggers arrest
of larval development at the dauer stage, demonstrating the biological significance of
nucleoside-derived natural products in nematodes.®

In addition to pentose-based nucleosides, recent studies revealed the presence of

unusual hexose-based nucleosides in C. efegans. These include pugl#1 (3), featuring
AB-isopentenyl-2-methylthioadenine linked via the AP-position to S-glucopyranose? and

the uglas-family glucosides, e.g., uglas#11 (4), representing an AB-linked uric acid
B-glucopyranoside that is acylated and phosphorylated in positions 2” and 3" of the
glucopyranose, respectively (Figure 1).% Notably, glucosylation of modified adenines also
plays an important role in plant biology. Examples include (£)-zeatin and kinetin glucosides
(5 and 6, respectively), which belong to the cytokinin family of plant hormones.” Cytokinins
control many aspects of plant growth and development, and their activity is regulated in part
via glucosylation at the A®- or A7-positions on the adenine moieties.8

Based on the biological significance and biomedical potential of nucleoside derivatives, we
set out to survey the C. elegans metabolome for the presence of non-canonical nucleosides.
Whereas the above examples were discovered serendipitously while pursuing biological
phenotypes lacking any obvious connection to nucleoside metabolism, we here develop

a targeted approach using a combination of several mass spectrometric (MS) approaches
and synthesis. Following identification of several series of gluconucleosides, we then
employ stable-isotope labeling to demonstrate their likely origin from RNA catabolism and
investigate conservation of gluconucleoside production across different species. In addition,
we consider factors that affect gluconucleoside production.

Free Nucleobases in the C. elegans Metabolome.

Although little is known about the biosynthesis of non-ribose-based nucleosides in
nematodes, it seemed likely that the previously identified gluco- and xylonucleosides
are derived from glycosylation of free nucleobases originating from RNA and DNA
catabolism.? For example, npar#1 incorporates a highly modified adenine conceivably
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derived from tRNA breakdown.® To assess the extent to which diverse modified or
unmodified nucleobases are available for potential incorporation into secondary metabolic
pathways in C. elegans, we first surveyed the C. elegans exo- and endo-metabolomes

for the presence of known modified nucleobases, in addition to the canonical adenine,
guanine, cytosine, uracil, and thymine. Targeted analysis via HPLC, coupled to HRMS, for
known nucleobases revealed the presence of large quantities of methylated purines, most
prominently AA-methyladenine (7), AE- and AZ-methylguanine (9 and 10), as well as A2,
AE-dimethylguanine (11), in addition to the canonical bases (Figures 2a and S1, Table S1).
Xanthine, AB-isopentenyl-2-methylthioadenine, and threonylcarbamoyladenine (t6A) were
also detected.

All-lon Fragmentation (AIF) Reveals Non-Canonical Methylpurine Metabolites.

To assess if and to what extent the identified free nucleobases are integrated into other
metabolites, e.g., non-canonical nucleosides, we employed HPLC-HRMS analyses in AIF
mode. In AIF mode, also referred to as MSE or MS/MSALL, the analyte is continuously
and indiscriminately (without prior ion selection) fragmented, which enables screening
metabolome samples for specific product ions across the entire retention time/polarity
range.10-12 Applied to nucleosides, AIF takes advantage of the relative resilience of the
nucleobase cores toward additional fragmentation and their facile ionization in ESI* mode.
To obtain a comprehensive overview of potentially nucleobase-incorporating metabolites,
we conducted AlF analyses of C. elegans endo- and exo-metabolome samples using

both reversed-phase (C18) and hydrophilic interaction liquid chromatography (HILIC)
chromatography, providing coverage of metabolites from a wide polarity range (Figure
2b,c). These analyses revealed an unexpectedly large number of compounds, primarily in
the endo-metabolome, that produced fragment ions indicative of incorporation of modified
nucleobases. Manual curation of the corresponding MS? data revealed a large number of
putative derivatives of methylated adenine and guanine as well as dimethylguanine. In
contrast, few peaks were observed that featured fragments derived from the unmodified five
canonical nucleobases (e.g., adenine and guanine, Figure 2c).

The MS2 spectra of the putative methylpurine-containing peaks detected via AIF suggested
that they belong to two distinct metabolite families, (i) simple hexose-based nucleosides and
corresponding phosphates and (ii) larger structures in which the hexosylated nucleobases
were combined with building blocks from other metabolic pathways (Figure 2d,e, Tables S2
and S3). In total, we detected putative hexosylated derivatives of several different modified
purine bases and ~30 more complex metabolites representing hexosylated nucleosides
bearing additional acyl moieties, most of which appeared to be derived from amino acid
catabolism (e.g., phenylacetyl, anthranoyl, nicotinoyl, etc., Figure 2e). Conversely, AIF
peaks for the canonical nucleobases were found to represent the corresponding ribo- or
deoxyribonucleosides and their corresponding phosphates; hexosylated derivatives were not
detected, indicating that hexosylation is selective for modified purines (Figure S2). We

next asked whether the hexose-based nucleosides could originate from the Escherichia
colibacteria that are used as food for growing C. elegans. However, none of the putative
non-canonical nucleoside derivatives were detected in E. coli extracts, suggesting that they
are products of C. elegans metabolism.
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Identification of Glucosylated Methylpurines.

While the previous identification of the gluconucleoside pugl#1 (3) suggested that the
hexosylated purines represent glucosides, establishing their exact identities was non-trivial,
given the presence of several different methyladenine and methylguanine isomers and
since some purine bases can be glycosylated at different positions.13:14 Therefore, we
developed a flexible synthetic approach that would provide access to diverse structural
variants, which then could be compared with the natural isomers via retention times and
MS? (Figure 3). We first focused on methyladenine derivatives, one of the most abundant
nucleobase-derived metabolite families. HPLC—-MS? analysis revealed one major peak for
a putative methyladenine glucoside, in addition to trace amounts of potential isomers.
Since we detected both A2 and AB-methyladenine in our initial metabolomic analysis, we
synthesized the corresponding AP-&-linked glucosides,1® of which the AA-isomer (maglu#1,
13) was identified as the major natural isomer (Figure 3a), based on comparison of MS?
spectra and retention times (Figures S3 and S4). In addition, we detected trace amounts of
AB-methyladenine glucoside (maglu#3, 14) (Figures 3a and S4), reflecting the much lower
abundance of free AB-methyladenine relative to the A2-isomer.

For putative methylguanine glucosides, our metabolomic analyses revealed at least three
isomers of roughly similar abundance (Figure 3b). Since our nucleobase screen had revealed
M-, N2-, and A'-methylguanine, we synthesized the corresponding AP-B-glucosides as well
as the M7-B-glucoside of AL-methylguanine via Vorbriiggen conditions1 using appropriate
purine base precursors (Scheme S1). As in the case of the methyladenine derivatives,

we used MS? spectra and multiple chromatographic conditions to establish the identities

of the naturally occurring isomers. We found that the AP-g-glucosides of A2 and AZ-
methylguanine (mgglu#1, 15 and mgglu#3, 18) co-eluted with the less abundant natural
isomers (Figures 3b, S5, and S6), whereas the major natural isomer was identified

as M-methyl-A7-glucosylguanine (mgglu#5, 16, Figure S5). In contrast, A7-methyl-AP-
glucosylguanine did not co-elute with any of the natural isomers, even though free AV/-
methylguanine is similarly abundant as its isomers (Figures S1 and S6).

Finally, we targeted the putative dimethylguanine glucoside isomers, which we assumed to
be derived from A2, M2-dimethylguanine as the only purine observed in the metabolome
samples (Figures 2a, 3c, and S1). Both the AP- and A/-glucosylated isomers were
synthesized using a SnCl-mediated coupling of 2,6-dichloropurine and peracetylated
glucose for preparation of the A/-isomer (Figure 3b,c).1” Comparison of MS? spectra

and retention times indicated that C. elegans produces primarily A2, A2-dimethyl-A/-
B-glucosylguanine (dmgglu#3, 21, Figure S7), in addition to smaller amounts of the
corresponding AP-glucosylated isomer, dmgglu#1 (19).

Synthesis of Phosphorylated Derivatives via 2°-O- to 3’-O-Transphosphorylation.

Having established the identities of the non-phosphorylated glucosides, we next pursued
their corresponding phosphates. These were assumed to represent the 3”- O-phosphorylated
isomers, in analogy to uglas#11 (4) and other phosphorylated glucosides recently
identified in C. elegans.8-18-21 Toward selective installation of a 3’-O-phosphate in A2-
methyladenine glucoside (maglu#1, 13), we first protected the 4’-O- and 6”-O-positions
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of AP-glucosyladenine (22) using TIPDSICl, (Figure 4a). To introduce a 3"- O-phosphate
ester moiety, we originally planned to employ selective 2”-O-protection with carboxybenzyl
(Cbz);2! however, subsequent dibenzyl phosphorylation, using a P(OBn),N(iPr),/mCPBA
addition/oxidation sequence, was difficult to control, and it produced significant amounts of
N-phosphorylated side products even in the presence of ImOTf.22:23

Therefore, we opted for phosphorylation of the 2”-O-unprotected 23, which resulted

in reduced A-phosphorylation but produced predominantly the 2"-O-phosphate, in

addition to smaller amounts of the desired 3’-O-phosphate. Gratifyingly, we found that
subsequent treatment with TBAF for silyl deprotection additionally promoted 2”-O- to
3’-O-migration of the phosphate moiety? (Figures S8 and S9, Table S4), producing the
3’-O-phosphorylated 24 as the predominant isomer, from which small residual amounts of
the corresponding 2”-O-isomer could be easily separated. AL-methylation of 3"-C-isomer 24
followed by Pd/C-catalyzed hydrogenation under basic conditions2® furnished maglu#2 (25),
whose HPLC retention times and MS? spectra were identical to those of the natural isomer
(Figures 4d and S10).

Use of the TBAF-mediated 2’-O- to 3’- O-transphosphorylation strategy simplified synthesis
of the other proposed gluconucleoside phosphates, including the AP- and A/-glucosylated
derivatives of M-methylguanine [mgglu#2 (31) and mgglu#6 (30), Figures 4b and S9].
TBAF treatment yielded generally 65-70% of the 3”-O-phosphorylated species from
starting materials that consisted predominantly (~95%) of the 2"-O-phosphorylated isomers.
Comparison of retention times of mgglu#2 (31) and mgglu#6 (30) with the corresponding
peaks in the C. elegans metabolome confirmed the proposed structures, consistent with
glucosylation patterns of the non-phosphorylated derivatives 15 and 16 (Figures 4c and
S11).

C. elegans Produce Diverse 6’-O-Acylated Gluconucleosides.

For identification of the putative acylated gluconucleoside derivatives, we considered that
in nematodes, 2”-O- and/or 6 -O-acylation of diverse 3’-O-phosphorylated glucosides
was recently shown to be mediated by a family of carboxylesterase (ces?) homologues,
whereby 2”-O-acylated derivatives are generally observed at earlier retention times than
the corresponding 6’-O-acylated isomers.1920 Since almost all so-far characterized 2”-
O-acylated glucosides require CEST-1.1 or CEST-1.2, we first assessed whether the
abundances of acylated gluconucleosides were affected in cest-1.1 and cest-1.2 mutants.
We found that minor earlier eluting isomers of acylated methylguanine derivatives

were abolished in cest-1.2 mutants, suggesting that most of the detected acylated
gluconucleosides represent 6”- O-acylated derivatives (Figure 5a, Table S3).

To confirm these assignments, we targeted one of the most abundant families of

acylated gluconucleosides, representing putative phenylacetyl derivatives, starting from
dibenzyl phosphate precursors (24, 28, and 29). Acylation with phenylacetic acid using
TBTU/pyr26:27 afforded the corresponding 6”-O-phenylacetylated derivatives (32—34) with
high selectivity (Figure 5b). Methylation of adenine derivative 32 followed by Pd/C
hydrogenation under basic conditions afforded maglu#11 (35), whose identity as the
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naturally produced isomer was confirmed via HPLC retention times and MS? spectra
(Figures 5¢ and S12). Similarly, deprotection of A7- and AP-linked A2-methylguanine
derivatives 33 and 34 afforded mgglu#51 (36) and mgglu#11 (37), with the A7-glucosylated
derivative 36 representing the more abundant natural isomer (Figures 5d and S13).

Given that we had also identified A2-methylguanine glucoside (18), we additionally
synthesized the corresponding 6’ - O-phenylacetyl 3-O-phosphate 39 (Figures 5b,d,

and S16, Scheme S2);21 however, this compound did not correspond to any of the

natural isomers, demonstrating a high level of selectivity in the biosynthesis of these
acylated gluconucleosides. To further investigate selectivity of the assembly of acylated
methylguanine-derived gluconucleosides, we also synthesized the 6 - O-benzoylated
derivative of A7-glucosylated AM2-methylguanine (mgglu#52, Figures S14 and S15), which,
like the related phenylacetyl derivative, was found as the major isomer of the corresponding
series of AlF-detected isobaric gluconucleosides. These results suggested that major
isomers of the remaining acylated gluconucleosides represent 6”-C-acylated derivatives

of M -glucosylated-A2-methylguanine and AP-glucosylated-AE-methyladenine (see Figures
S17 and S18 for chromatograms and proposed structures).

Gluconucleoside Profiles Are Species-Specific.

Next, we investigated whether gluconucleoside biosynthesis is conserved in other nematode
species. We found that the closely related species, C. briggsae, produces an overall

similar profile of gluconucleosides; however, relative abundances of isomers differed
significantly between the two Caenorhabditis species (Figure S17). For example, C. briggsae
produces the phenylacetyl derivative of AP-glucosylated A2-methylguanine (39, mgglu#31),
which is absent in C. elegans, in addition to smaller amounts of the A7-glucosylated
AM-methylguanine derivative 36, which is the major isomer in C. efegans (Figure 5d).
Abundances of isomers of other acylated methylguanine derivatives (anthranoyl, benzoyl,
etc.) show similar differences between C. briggsae and C. elegans (Table S5, Figure S17). In
another example, C. briggsae produces only the later-eluting AP-glucosylated isomer of AZ,
A-dimethylguanine, dmgglu#1 (19), whereas the AV-glucosylated variant (dmgglu#3, 21),
the major isomer in C. elegans, is absent (Figure S19).

Furthermore, we surveyed the metabolome of 2 pacificus,?® a nematode species that has
been established as a more distantly related “satellite” model system to C. elegans. Like C.
elegans and C. briggsae, P. pacificus also produces AL-methyladenine glucoside (maglu#1,
13) and the corresponding phosphate (maglu#2, 25, Figure S20). In contrast, most other
gluconucleosides identified from the two Caenorhabditis species could not be detected in
P, pacificus, including all annotated methylguanine derivatives (Figure S21), except for AP,
AB-dimethyl-AP-glucosyladenine (dmaglu#1, 19), which was detected in all three analyzed
species (Figure S22). Additionally, several acylated A, Af-dimethyladenine-containing
glucosides were detected in the 2 pacificus endo-metabolome, which were not observed

in C. elegansor C. briggsae (Figure S23). Taken together, these analyses demonstrate that
among the tested species, gluconucleoside production is generally conserved, but compound
profiles differ between species.

JAm Chem Soc. Author manuscript; available in PMC 2024 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Curtis et al.

Page 8

Assessing the Origin of Methylated Gluconucleosides.

Our AlF-based analysis of the C. elegans metabolome revealed diverse putative
methyladenine and methylguanine glucosides whose structures we subsequently confirmed

via synthesis. In contrast, we did not detect any glucosides of unmodified adenine or

guanine (Figures 2c and S2), even though free adenine and guanine are highly abundant
(Figure 2a), suggesting that the identified gluconucleosides originate from glucosylation
of RNA breakdown-derived methylpurine substrates, instead of methylation of adenine or
guanine glucosides. To further support a possible RNA origin of the modified purines, we
isolated and enzymatically hydrolyzed C. elegansand C. briggsae total RNA. HPLC-MS
analysis of hydrolyzed RNA revealed both A2- and AB-methyladenosine as well as several
methylguanosine isomers, including A2, A2-, and A7-methylguanosine,? similar to the
observed profile of free nucleobases in the endo-metabolome (Figure S24). Next, we
supplemented synchronized C. efegans cultures with CHs-or CD3-A~-methyladenine (7
and 40) until reaching sexual maturity (Figure 6a). HPLC-HRMS analysis of the endo-
metabolome of methyladenine-supplemented animals revealed extensive incorporation of
the CD3 label into AX-methyladenine glucoside (41) and its derivatives (Figure S25).
These results are consistent with a model in which modified purines derived from RNA
and/or DNA catabolism are repurposed for the biosynthesis of gluconucleoside derivatives.
Interestingly, we also observed a smaller amount of incorporation of the CDj3 label

into AL-methylriboadenosine (Figure S26); however, no incorporation was observed in
M-methylriboadenosine derived from hydrolyzed RNA (Figure S27), consistent with the
canonical origin of A-methylriboadenosine from methylation of RNA and DNA.

Gluconucleoside Production Is Age- and Sex-Dependent.

Next, we considered the biological conditions that may influence production of the
methylpurine-derived gluconucleosides. Methylation in DNA and RNA serves as a
biomarker for various diseases as well as aging and plays important roles during
gametogenesis in the germline.31-34 First, we profiled gluconucleoside production during
development, at different larval stages, as well as during early and late adulthood. Overall,
gluconucleoside production remained low during development and increased significantly
after reaching sexual maturity and increased further in aged adults (Figures 6b, S28,

and S29). The levels of the corresponding non-glycosylated methylpurines also increased
throughout development and aging, though less dramatically (Figure S29). Next, we
investigated a series of germline mutants and found that production of two gluconucleoside
derivatives bearing a phenylacetyl moiety, maglu#11 (35) and mgglu#51 (36), was greatly
increased in animals with a masculinized germline (Figures 6b and S30),3° whereas

levels of the unmodified gluconucleoside, maglu#2 (25), were largely unchanged in
masculinized animals. It thus appears that production of the phenylacetylated maglu#11
and mgglu#51 is specifically associated with the presence of a male germline. Finally, we
found that production of acylated gluconucleosides was generally increased under starvation
conditions, possibly as a result of increased RNA degradation in response to reduced
nutrient levels (Figure $31).3% The strong increase of gluconucleoside production during
aging and starvation suggested that gluconucleoside production may be part of organismal
stress responses. To investigate this idea, we selected maglu#1 (13), which is produced by
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all three species analyzed in this study, for a bioassay that measures resistance to juglone-
induced oxidative stress36 (Figures 6¢ and S$32). Preconditioning of animals for 24 h with
maglu#1 (13) resulted in significantly increased survival following juglone exposure. More
detailed analyses are needed to investigate the underlying mechanisms; however, these initial
results indicate that maglu#1 (13) may prime or activate stress response pathways.

DISCUSSION

Our AlF-guided metabolomic analyses revealed an unexpected facet of nucleoside
metabolism in C. elegans. a wide range of methylpurine-derived gluconucleosides,
corresponding phosphates, and additionally acylated variants. In contrast to many other
metabolites identified from C. efegans, e.g., the ascarosides, which serve as inter-organismal
signals, the gluconucleosides and especially their phosphorylated variants are mostly
retained in the endo-metabolomes, suggesting a role in intra-organismal processes.
Phosphorylated methylpurine glucosides are structurally similar to ribcadenosine and
riboguanosine phosphates and their cyclic derivatives, which are of central importance as
second messengers involved in almost every aspect of intra- and intercellular signaling.3”
Although a detailed functional evaluation of gluconucleosides is beyond the scope of this
study, our preliminary survey of conditions associated with gluconucleoside production
suggests distinct biological contexts for the identified gluconucleoside variants; for
example, the phenylacetyl derivatives 35 and 36 are specifically associated with the

male germline, whereas non-acylated variants are produced upon reaching reproductive
maturity independent of sex. Furthermore, we found that gluconucleoside production is
strongly induced upon aging and during starvation, suggesting that they may play a role
in modulating purinergic signaling in stress response pathways. Consistent with this idea,
pretreatment with maglu#1 (13) increased oxidative stress resistance, providing a starting
point for the biological roles of gluconucleosides.

Interestingly, all identified gluconucleoside variants incorporate modified nucleobases,
whereas unmodified glucoadenosine or glucoguanosine was undetectable in C. elegans,
despite free adenine and guanine being highly abundant in the endo-metabolomes. This
suggests that gluconucleosides are produced selectively from a subset of free nucleobases,
as also supported by the incorporation of stable-isotope-labeled AL-methyladenine into
M-methylglucoadenosines (Figure 6a). The modified nucleobases in the gluconucleosides
all represent known RNA and DNA modifications, and we confirmed that C. elegans and
C. briggsae RNA does contain the corresponding ribonucleosides. Therefore, it appears that
the nucleobase pool used for gluconucleoside production is derived from RNA and DNA
catabolism (Figure 6d). Likely, both nematode and bacterial oligonucleotide catabolism
contribute since methylpurines were abundant in £. coli extracts and, as we showed,

can be incorporated when externally applied. Curiously, we also observed incorporation
of stable-isotope-labeled AL-methyladenine into A2 -methylriboadenosine, indicating that
whereas glucosylation is specific for modified nucleobases, ribosylation may be less
selective. Stable-isotope-labeled A2-methylriboadenosine was not detected in hydrolyzed
total RNA, consistent with post-transcriptional base methylation, and thus, the production
of M-methylriboadenosine suggests that modified ribonucleosides may have other roles
beyond representing intermediates of nucleic acid catabolism.
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The identified gluconucleosides are all based on modified purine bases that are particularly
abundant in tRNA and rRNA. Notably, tRNA and rRNA degradation represents a conserved
stress response,38-40 and fragments resulting from tRNA breakdown (tRFs) have been
shown to serve diverse cellular functions.*143 Our finding that maglu#1, based on primarily
tRNA- and rRNA-derived AE-methyladenine, promotes stress resistance suggests that
gluconucleoside production may represent another layer of stress-induced metabolic changes
that, like tRFs, contributes to the activation of stress resistance pathways.

Highly regioselective glucosylation of modified purines suggests involvement of dedicated
glucuronosyltransferases (UGTS) or other glycosylation enzymes (Figure 6d), similar to
the putative biosynthesis of cytokinin glucosides in Arabidopsis and other plants.#4.45
Subsequent 6”-C-acylation of the resulting gluconucleosides may involve members of the
cestfamily of carboxylesterases, which have been recently shown to mediate attachment of
diverse acyl moieties to structurally similar glucosides.192046 For example, 2’-C-acylation
featured in uglas#11 (4) requires cest-1.1,20 and 6’-O-acylation of A-acetylserotonin
glucosides requires cest-4.21

From a metabolomics perspective, the use of the AlF-based screen enabled detection

of a large number of nucleobase-derived metabolites, whose identification via traditional
chromatography/nuclear magnetic resonance (NMR)-based strategies would not have been
feasible, given the enormous complexity of animal metabolomes. The large number

of possible methylation and glycosylation positions presented additional challenges.
Ultimately, close integration of synthesis with the MS-based structure elucidation process
was central to the success of this work. Compound identification thus partly depended

on adaption of nucleoside chemistry for gluconucleoside synthesis and was facilitated by
the serendipitous discovery of facile 2"-O- to 3"-O-phosphoryl transesterification, greatly
reducing the need for A~ and O-protective groups. This dibenzyl phosphate migration

is analogous to well-known acyl migration between adjacent equatorial OH groups in
hexoses24:47:48 or the TBDMS 2”-O-to 3’-O-migration on cyclodextrins.49:50

CONCLUSIONS

Our results show that gluconucleoside production is conserved in nematodes and may
motivate a broader reinvestigation of nucleoside metabolism in animals and other

phyla. Beyond nematodes, there is building evidence for reuse and further metabolism

of nucleoside building blocks in other organisms. For example, the venom of hobo

spiders, 7egenaria agrestis, contains a collection of sulfated guanosines, including
fucosylated derivatives, such as 45.51:52 Microbial examples include sinefungin (46)3 from
Streptomyces and the recently reported human vaginal microbiota-derived tyrocitabine-626
(47), featuring an unusual orthoester-phosphate combined with a tyrosine-derived building
block (Figure 6e).54 Moreover, production of the antiviral 3"-deoxy,-3",4"-didehydro-
cytidine triphosphate (ddhCTP, 47) via the radical SAM enzyme, viperin, provides an
intriguing example of a non-canonical nucleoside encoded by mammalian genomes.>®

Finally, our analyses confirmed the presence of several broadly conserved DNA and RNA
modifications in C. elegans,?%:56-58 including A2- and A2-methylguanosine. These had
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previously been assigned only putatively,2? highlighting a surprising lack of characterization
of nucleoside metabolism in model systems, in spite of the discovery opportunities enabled
by HRMS-based metabolomics.
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Refer to Web version on PubMed Central for supplementary material.
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Pentose-based nucleoside derivatives
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Figure 1.

Examples of nucleoside-related metabolites in nematodes and plants. Whereas nuclas#31
(1) is based on canonical dimethyladenine riboside, other recently described nucleoside

derivatives integrate other sugars, the pentose xylose in npar#1 (2) and glucose in pugl#1 (3)

and uglas#11 (4). Related cytokinin glucosides (5 and 6) found in plants.
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Figure 2.

Profiling the C. elegans metabolome for nucleoside derivatives. (a) Nucleobase profile
obtained from endo-metabolome samples. In addition, small amounts of t6A were detected
but could not be quantified. (b, c) HPLC-HRMS analyses of the endo-metabolome using
AIF and reversed-phase C18 (Method A, b) and HILIC chromatography (Method D, c)
reveal diverse methylpurine glycosides. (d) MS? of methylpurine-containing metabolites in
ESI* mode. (e) MS? analysis reveals a family of putative acylated methylpurine glycosides,
integrating diverse moieties from amino acid metabolism. A, adenine; C, cytosine;

G, guanine; T, thymine; U, uracil; MA, methyladenine; MG, methylguanine; DMA,
dimethyladenine; DMG, dimethylguanine; t6A, Af-threonylcarbamoyladenine; ms2i6A,
2-methylthio-AB-isopentenyladenine; MTA, 5’-methylthioadenosine; [0]-MTA, oxidized

MTA.
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Synthesis and identification of O-acylated gluconucleosides. (a) Extracted-ion
chromatograms (ESI*, C18-Method B) for acylated gluconucleosides in C. efegans
containing methylpurines, as inferred from MS? spectra (Figure 2). Metabolites whose
structures were confirmed in this study are marked by an asterisk (*). Other assignments
are putative and based solely on MS2. See Figures S17 and S18 for structures. (b)
Synthetic routes to 6”- O-phenylacetylated glucosides (35-37), starting from protected
3’-O-phosphates (32-34). A separate route utilizing 2"-0-Chz protection afforded 6"-C-
phenylacetylated A2-methylguanine (mgglu#31, 39). (c, d) Extracted-ion chromatograms
(ESI*) comparing C. elegans, C. briggsae, and synthetic standards of maglu#11 (c, C18-
Method A) and several mgglu#-family metabolites (d, C18, Method B).
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Figure 6.

Origin and bioactivity of gluconucleosides. (a) Supplementation of stable-isotope labeled
(CD3) and non-labeled (CH3) AA-methyladenine. Extracted-ion chromatograms (ESI™,
HILIC-Method C) reveal extensive incorporation of the isotope label into maglu#1 (13).

(b) Gluconucleoside production increases with age in adult animals. The shown trend

for maglu#2 (25) is representative of non-acylated gluconucleosides and their phosphates.
Phenylacetylated gluconucleosides, e.g., maglu#11 (35), are specifically associated with
the male germline (also see Figure S30 and data tables in ref 30). (c) maglu#1l (13)
increases survival under oxidative stress. Animals were treated with maglu#1 (13) 24

h prior to exposure to oxidative stress-inducing juglone. Data are from three individual
experiments with 50 animals/condition each. (d) Proposed biogenesis of methylpurine-
derived glucosides in nematodes. (€) Structures of unusual nucleoside derivatives, including
a sulfated guanosine (45) from 7egenaria agrestis, the microbial metabolites sinefungin (46)
and tyrocitabine (47), and the mammalian metabolite ddhCTP (48).
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