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ABSTRACT: Earthworm metabolism is recognized as a useful Malylglutamate
tool for monitoring environmental insults and measuring
ecotoxicity, yet extensive earthworm metabolic profiling using
'H nuclear magnetic resonance (NMR) spectroscopy has been
limited in scope. This study aims to expand the embedded
metabolic material in earthworm coelomic fluid, coelomocytes,
and tissue to aid systems toxicology research. Fifty-nine
metabolites within Eisenia fetida were identified, with 47
detected in coelomic fluid, 41 in coelomocytes, and 54 in
whole-worm samples and tissue extracts. The newly detected
but known metabolites 2-aminobutyrate, nicotinurate, a5
Nb,N6,No-trimethylornithine, and trigonelline are reported H (ppm)
along with a novel compound, malylglutamate, elucidated using

2D NMR and high-resolution MS/MS. We postulate that malylglutamate acts as a glutamate/malate store, chelator, and anionic
osmolyte and helps to provide electrolyte balance.
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B INTRODUCTION insults and motivate our efforts to seek a more comprehensive
analysis of the E. fetida metabolome.

Metabolic studies have largely focused on whole-worm
extracts but have also been extended to coelomic fluid (CF), a
yellow liquid that fills the worm’s coelom that connects to the
environment through a dorsal pore in each of its segments."”
Despite these pores, the earthworm’s coelom avoids sepsis,
leading many researchers to hunt for unique defense proteins
and peptides within the CF and to better understand the role of
coelomocytes (CC) in combating pathogens and parasites.” CF

As detritivores and ecological engineers, earthworms are at the
forefront of soil health and an obvious choice for environmental
monitoring. Studies to assess the impacts of heavy metals,
persistent contaminants, and pesticides provide evidence of the
potential of using earthworm metabolomics as an indicator of
ecological stress." Proteomic and transcriptomic strategies have
also been assessed as potential methods to monitor earthworm
health.” Metabolomic and proteomic approaches were used to

examine the systemic impact of polybrominated diphenyl ether _ _ _ 1o -
47 (PBDE 47) on Eisenia fetida.” Evidence of perturbation of holds  cytotoxic, hemolytic, proteolytic, and antimicrobial

energy metabolism was observed in both data sets as a result of defense mechanisms and plays critical roles in immunity,
exposure to PBDE 47, while metabolomics also indicated movement, excretion, nutrient storage, and metabolism.
disruption in osmoregulation and the proteomics results In assessing the effects of exposure to a contaminant, CF
identified changes consistent with oxidative stress, apoptosis, offers several advantages over whole-worm extracts including
and impeded protein synthesis. In a study of copper toxicity on nonlethal sampling, simple sample preparation, and greater
Lumbricus rubellus, disruption of carbohydrate metabolism was temporal resolution.” Although typically discarded for metab-
observed in the transcriptomics and metabolomics profiling olomic studies, CC are free-moving cells within the CF that
data.* These studies highlight the potential of systems biology

approaches, including metabolomics and metabolic profiling, to Received: June 22, 2017

interpret the biochemical changes resulting from environmental Published: July 28, 2017
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serve immunological and hepatocytic functions. To our
knowledge, the CC metabolome has not been profiled or
used in metabolomic studies, although it has been used to
assess toxicity. For example, Burch et al. described an in vitro
CC immunotoxicity assay, while others have used the comet
and other genotoxic assays to evaluate genotoxicity.”” There-
fore, analysis of earthworm CC metabolites may provide an
additional source of information to augment these toxicity
assessments.

From relatively inert soil amendments like sulfur and lime to
the transport of agricultural and industrial contaminants to
foods, methods to measure and control various aspects of
ecological stress are essential for crop production, water quality,
and environmental health."”"" Upon exposure to 3-fluoro-4-
nitrophenol, Bundy et al. demonstrated that relative concen-
trations of trimethylamine N-oxide and succinate increased in
the CF of E. veneta, while malonate and acetate concentrations
decreased. The metabolomic impact of endosulfan on the CF
and whole-tissue extract of E. fetida was measured via the
Organization for Economic Co-operation and Development
(OECD) filter paper test.'” Decreases in a-ketoglutarate,
malate, spermidine, and succinate were observed in the tissue
and CF of exposed worms, while alanine, ATP, betaine, lactate,
and myo-inositol levels increased. In the whole-worm extract,
fumarate also decreased in comparison with the control. Similar
metabolic perturbations were found in further studies on
endosulfan and endosulfan sulfate in soil."> Additionally, CF
and whole-worm metabolomics has been used to distinguish
between earthworm species, including the morphologically
similar E. fetida and E. andrei."*

The earthworm’s habitat has evolved its unique metabolome
to help it adapt to changing water content and temperatures,
complex food sources, and soil types. This work aims to
provide a more complete metabolic profile, advancing our
understanding of the biochemical impacts of environmental
stress, and ultimately, expanding insights into the differences in
metabolism among species. In this work, nuclear magnetic
resonance (NMR) spectroscopy was used to profile the E. fetida
CF and CC metabolomes (i.e., the coelom metabolome) and
compare these against extracts of whole-worm and tissue (ie.,
worm samples post-CF/CC extrusion) to better understand the
biochemical role of the coelom and expand overlooked facets of
the earthworm metabolome. NMR is well-suited for metab-
olomic analyses and environmental research and is independent
of solvent choice, polarity, and pK,. A robust analytical tool,
NMR offers a large dynamic range and is inherently
quantitative, in that peak intensity is directly proportional to
concentration.'* "

B EXPERIMENTAL PROCEDURES

Earthworm Culturing

Earthworms (Eisenia fetida) were purchased from Ward’s
Science (Rochester, NY) and cultured in Magic Worm Ranches
containing Ma%ic Worm bedding (Magic Products, Amherst
Junction, WI)."® Earthworms were fed biweekly with Magic
Worm food, and bedding was changed every 4 months to
maintain colony health. Bedding was prepared by adding 4 L of
dechlorinated water for every bag of bedding and then left for
24 h prior to transferring the earthworms. Earthworms from
different ranches were mixed together when changing soils to
main population homogeneity. Only adult earthworms with
fully developed clitellia were used for this study.

3408

Coelomic Fluid Extrusion

CF was extruded from the earthworms similarly to previously
described methods.”'” Earthworms were dipped in EMD
Millipore Simplicity ultrapure water to remove soil and patted
dry. The earthworm was transferred to a 35 X 10 mm Falcon
Petri dish containing 500 xL of 0.1% NaCl in ultrapure water. A
voltage was applied across the earthworm 10 times in <1 s
increments using a 9 V battery with a wire snap. For pooled
samples, this step is repeated with additional worms. Next, the
fluid was transferred to a 1.5 mL Eppendorf tube, and the Petri
dish was rinsed with 500 #L of NaCl solution and transferred to
the same Eppendorf tube. The sample was centrifuged for 20
min at 16 168¢, and the supernatant evaporated overnight using
a Savant SC110 Speedvac equipped with a refrigerator vapor
trap (RVT400). The dried samples were stored at —80 °C until
analysis.

Coelomocyte Extraction

Following centrifugation and transfer of CF, a pellet of CC and
biosolids remains. Cellular metabolism was quenched by adding
500 uL of ice-cold Fischer Scientific Optima methanol (Fair
Lawn, NJ) to the pellet immediately after CF transfer. The
sample was vortexed and sonicated briefly and stored on ice
until extraction. An equal quantity of ice-cold ultrapure water
was added to the sample and mixed using vortex and
sonication. Lipids were removed with two additions of 250
uL of ice-cold chloroform (Macron Fine Chemical, Center
Valley, PA). The aqueous layer was transferred to a fresh tube,
dried via Speedvac, and stored at —80 °C.

Whole-Worm and Tissue Extraction

Metabolites were extracted from earthworms after CF/CC
extrusion, referred to here as tissue extracts, and whole-worm or
whole organism extracts, as typically reported in literature.
Earthworms were flash-frozen in liquid nitrogen, lyophilized,
and homogenized by bead-beating with 1 mL of (50:50) cold
methanol/water. The sample was centrifuged at 16 168g for 20
min, and the supernatant was transferred to a new tube for
cleanup with 500 uL of ice-cold chloroform. The aqueous layer
was dried and stored at —80 °C.

Weak Cation Exchange Separation

A dried 10-worm pooled CF sample was reconstituted in 2 mL
of ultrapure water and titrated to pH 3 with hydrochloric acid
(Fisher Scientific) prior to separation on a PerkinElmer Supra-
Clean SPE WCX column (100 mg/3 mL) (France). The
cartridge was conditioned with 6 mL of methanol and ultrapure
water, loaded, and washed with 1 mL of methanol until dry.
Cations were eluted with 2 mL of 84:14:2 Fischer Scientific
Optima acetonitrile/H,O/trifluoroacetic acid (Acros, Fair
Lawn, NJ).

NMR Sample Preparation

Most samples for NMR analysis were reconstituted with 500
uL of 50 mM phosphate buffer in D,O (pD 7.4S) containing
0.5 mM 3-(trimethylsilyl)propane-1-sulfonic acid-dy (DSS-ds)
and 0.2 mM ethylenediaminetetraacetic acid-d,; (EDTA-d,¢)
(Cambridge Isotope Laboratories, Tewksybury, MA) and
vortexed until dissolved. For experiments conducted in 90%
H,0, samples were reconstituted in 500 pL of ultrapure water
and vortexed until dissolved. The samples were passed through
a washed 3K Amicon Ultra 0.5 mL centrifugal filter to remove
macromolecules. Centrifugal filters were washed to remove
glycerol by mixing on a stir plate for ~20 h in 400 mL of
ultrapure water, with the water replaced after ~S h. Prior to use,
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Table 1. List of Aqueous Metabolites and Their "H Chemical Shifts Detected in Pooled and Individual Coelomic Fluid (CF),
Coelomocytes (CC), and Tissue Extracts”

coelomic

no. metabolite fluid coelomocytes tissue 'H chemical shifts (ppm)”

1 acetate ab,e ab abe 1.91 (s)

2 adenosine diphosphate ab,c,d abcd 422 (m), 438 (m), 4.53 (t), 6.14 (d), 8.25 (s), 8.52 (s)

3 adenosine monophosphate ab,c,d abcd  4.01 (dd), 4.36 (dd), 4.50 (dd), 6.13 (d), 8.25 (s), 8.60 (s)

4 adenosine triphosphate ab,c,d abcd 422 (m), 438 (m), 4.53 (t), 6.14 (d), 8.25 (s), 8.52 (s)

S alanine ab,cde ab,cde abcde 147 (d), 3.78 (q)

6 asparagine ab,c,d ab,c,d 291 (m), 4.01 (dd)

7 aspartate ab,cd ab,c,d abcde 274 (m), 3.89 (dd)

8 betaine ab,c,de ab,c,de abcde 326 (s), 3.90 (s)

9 choline ab,c,de ab,cde abcde  3.21 (s), 3.52 (m), 4.07 (m)

10  cytosine a,b,c,d 595 (d), 7.49 (d)

11  formate ab,e ab ab,e 8.44 (s)

12 fumarate ab,e ab,e ab,e 6.50 (s)

13 glucose ab,c,de ab,c,de abcde 323 (dd), 3.39 (m), 3.46 (m), 3.52 (dd), 3.73 (m), 3.82 (m), 4.83 (d), 5.22 (d)

14 glutamate ab,c,de ab,c,de abgcde 205 (m), 2.12 (m), 2.34 (m), 3.74 (q)

15 glutamine a,b,c,de ab,c,de ab,c,d 2.02 (m), 2.12 (m), 3.76 (t)

16  glycine ab,c,d ab,cde abcde  3.54 (s)

17 glycerol abcde  3.60 (m), 3.77 (m)

18  glycerophosphocholine ab,e ab,e ab,e 3.22 (s), 3.64 (m), 3.91 (m), 4.32 (m)

19  histidine a,b,c,d abcd  3.13 (dd), 2.23 (dd), 3.97 (dd), 7.06 (d), 7.80 (d)

20  histidine-betaine ab,e ab,e ae 3.26 (s)

21  inosine ab,c,d ab,c,d abcd  3.83 (dd), 3.91 (dd), 4.27 (dd), 4.43 (dd), 6.09 (d), 8.23 (s), 8.33 (s)

22 isoleucine ab,c,d ab,c,d abcde 093 (t), 1.00 (d), 1.25 (m), 1.46 (m), 1.97 (m), 3.66 (d)

23 lactate ab,c,de ab,cde abcde  1.32 (d), 4.10 (q)

24 leucine a,b,c,d ab,c,d abcde 095 (t), 1.71 (m), 3.72 (m)

25 lysine abcde 147 (m), 1.72 (m), 1.90 (m), 3.02 (t), 3.74 (t)

26  malate ab,cde ab,cde abcde  2.36 (dd), 2.66 (dd), 4.29 (dd)

27  malylglutamate* a,b,c,de a,b,c,de ab,cde 1.88 (m), 2.05 (m), 2.23 (m), 4.14 (dd), 2.52 (dd), 2.74 (dd), 4.33 (dd)

28  maltose-x ab,c,de ab,c,de abcde  3.27 (dd), 3.41 (t), 3.58 (m), 3.63 (m), 3.66 (m), 3.70 (m), 3.76 (m), 3.84 (m),
3.90 (dd), 3.93 (d), 3.96 (m), 5.22 (d), 5.40 (d)

29  mannose abcd  3.37 (ddd), 3.56 (t), 3.65 (m), 3.74 (m), 3.80 (m), 3.84 (m), 3.88 (dd), 3.93
(m), 5.17 (m)

30  myo-inositol ab,cde ab,cde abcde 267 (t), 3.52 (dd), 3.61 (t), 4.05 (t)

31  nicotinamide abcd  7.57 (m), 8.22 (m), 8.69 (dd), 8.90 (dd)

32 nicotinate abcd  7.51 (dd), 8.24 (m), 8.60 (dd), 8.93 (d)

33 nicotinurate ab,cd  3.96 (s), 7.57 (m), 8.23 (tt), 8.68 (dd), 8.91 (m)

34 N,N-dimethylhistidine ab,c,d ab,c,d ab,c,d 2.90 (s), 3.25 (dd), 3.86 (dd), 7.04 (s), 7.76 (s)

35 NgNeNe-trimethyllysine ab,cde ab,cde abcde 146 (m), 1.89 (m), 3.11 (s), 3.34 (m), 3.75 (t)

36 NO,NO,NoO-trimethylornithine™ a,b,c,de a,b,c,de ab,c,de  1.94 (m), 3.13 (s), 3.38 (m), 3.78 (t)

37  N,N,N-trimethyltaurine*® abe ab,e ab,e 3.19 (s)

38  phenylalanine ab,c,d abcde  3.20 (m), 3.98 (dd), 7.32 (d), 7.36 (m), 7.42 (m)

39  proline-betaine abe 3.10 (s), 3.29 (s)

40  propionate a,b,c,d ab,cd 1.05 (t), 2.17 (m)

41  putrescine ab,cde ab,cde abcde 1.76 (m), 3.05 (m)

42 pyruvate abe abe abe 2.35 (s)

43 riboflavin ab,c,de ab,c,de ab,c,d 247 (s), 2.58 (s), 3.72 (dd), 3.87 (dd), 3.92 (m), 3.97 (m), 4.43 (m), 4.95 (m),
5.13 (m), 7.95 (s), 7.97 (s)

44 scyllo-inositol ab,e ab,e ab,e 3.33 (s)

45 spermidine ab,c,de ab,c,de abcde 1.78 (m), 2.11 (m), 3.08 (m)

46  spermine ab,c,de ab,c,de abcde  1.82 (m), 2.12 (m), 3.11 (m)

47  succinate ab,e ab,e ab,e 240 (s)

48  threonine a,b,c,d ab,cde abcde  1.32 (d), 3.57 (d), 424 (m)

49  trehalose ab,c,d ab,c,d ab,c,d 3.44 (t), 3.64 (dd), 3.76 (m), 3.81 (m), 5.18 (d)

50 trigonelline ab,c,d 443 (s), 8.08 (m), 8.83 (m), 9.11 (s)

S1  tyrosine ab,c,d abcde  3.05 (dd), 3.19 (dd), 3.93 (dd), 6.89 (m), 7.18 (m)

52 uridine S’-diphospho-N- ab,cd ab,c,d abcd  2.07 (s), 3.55 (dd), 3.80 (m), 3.86 (dd), 3.92 (dd), 3.98 (tt), 4.21 (m), 4.28

acetylglucosamine (m), 4.36 (m), 5.51 (dd), 3.96 (d), 5.97 (d), 7.95 (d)

53  uridine ab,cd 3.79 (dd), 3.90 (dd), 4.12 (m), 4.22 (dd), 4.34 (dd), 5.89 (d), 5.91 (d), 7.86 (d)

54 valine ab,c,d ab,c,d abcde 098 (d), 1.03 (d), 2.27 (m), 3.60 (d)

55 a-ketoglutarate ab,cde ab,c,d abcd 243 (t), 3.00 (t)

56  y-butyrobetaine a a 3.02 (m), 2.26 (t), 3.12 (s), 3.31 (m)
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Table 1. continued

coelomic
no. metabolite fluid coelomocytes tissue
57  2-aminobutyrate a,b,c,d
58  2-hexyl-S-ethyl-furan-3-sulfonate ab,c,d,e
(HEFS)*
59  3-hydroxybutyrate ab,c,d

'H chemical shifts (ppm)”

0.97 (t), 1.89 (m), 3.70 (t)
0.84 (t), 1.17 (t), 1.28 (m), 1.63 (m), 2.58 (q), 2.82 (t), 6.17 (s)

1.18 (d), 2.29 (m), 2.39 (m), 4.13 (m)

“NMR spectra in which metabolites are confirmed are noted (a = 1D 'H NMR, b = 2D 'H J-Resolved, ¢ = COSY, d = TOCSY, and e = '"H-2C
HSQC) within each matrix. Bolded metabolites are new to earthworm metabolomics, and the spectra of authentic standards were not recorded for
metabolites marked with an *. bSignal multiplicity is represented by s = singlet, d = doublet, dd = double doublet, m = multiplet, q = quartet, and t =

triplet.

the filters were rinsed a final time with 500 yL of D,O buffer
and spun at 16 168g¢ for 15 min. Samples were applied to the
filter and centrifuged at the same speed for 30 min. A 400 uL
aliquot of the filtered extract was transferred to a S mm NMR
tube with 200 uL of buffer and mixed well prior to analysis. For
the 90% H,O samples, 60 uL of D,O buffer was added to 400
uL of filtrated and 40 uL of ultrapure water prior to titration
with deuterium chloride (Sigma-Aldrich, St. Louis, MO).

NMR Acquisition Parameters

A Bruker Avance NMR spectrometer operating at 599.52 MHz
and equipped with a BBI and a Bruker Avance III NMR
spectrometer operating at 700.23 MHz and equipped with a
TCI CryoProbe were used for these experiments. '"H NMR
survey spectra were acquired at 600 MHz using presaturation
water suppression (zgpr) with 512 scans, 32 dummy scans, 2 s
delay time, 2.38 s acquisition time, 11.4864 ppm spectral width,
and 32 768 points at 25 °C. Water suppression was conducted
using 1D NOESY (noesyprld) with presaturation during the
120 ms mixing time for the 'H survey spectra with 700 MHz
and were acquired with 256 scans, 16 dummy scans, 2 s delay
time, 2.03 s acquisition time, 11.5169 ppm spectra width, and
32768 points at 25 °C. At 600 MHz, the double quantum
filtered COSY spectra (cosygpprqf) were measured with a 45°
pulse, while the TOCSY spectra (mlevgpphwS) were measured
using a mixing time of 120 ms.'”~>* Both experiments were
performed with 32 scans and 16 dummy scans, with 2048
points acquired in F2 and 512 in F1. The 2D J-Resolved spectra
(jresgpprqf) were acquired at 600 MHz with 8192 points in F2
and 64 in F1 with 64 scans and 16 dummy scans.” Lastly, the
"H-"C edited HSQCs (hsqcedetgpsisp2.2) were acquired with
2048 by 128 points in F2 and F1, respectively, at 700
MHz227

Data Processing

Bruker TopSpin 3.2 was used for initial phasing and chemical
shift referencing to DSS (0 ppm) prior to processing with
MestReNova 10. Free induction decays (FIDs) for 'H survey
spectra were apodized by multiplication with an exponential
function equivalent to 1 Hz line broadening, zero-filled to
131 072 points, drift corrected by 5%, and baseline corrected
using Bernstein Polynomial Fit. All 2D spectra were baseline
corrected using Bernstein Polynomial Fit with polynomial
order 3 and the reduce T noise function was applied. For the
TOCSY, COSY, and HSQC, spectra were zero filled to 4096 by
2048 in both dimensions, while the 2D 'H J-resolved spectra
are zero filled to 16384 by 128. The TOCSY and HSQC
spectra are apodized using a cosine’ function in both
dimensions, while the COSY and 2D 'H J-resolved spectra
were apodized with a sine® function.

Authentic standards were acquired and analyzed for all
assigned resonances unless noted with a * in Table 1. The

3410

Human Metabolome Database and Madison Metabolomics
Consortium Database were used to aid metabolite identi-

. 2829
fication.™

Sample Preparation for Mass Spectrometry Analysis

A five-worm CF was reconstituted in 1 mL of (50:50) H,O/
methanol with 0.1% formic acid (Sigma-Aldrich), 300 uL was
transferred to a fresh tube and diluted to 1 mL with mobile
phase. The sample was centrifuged at 16 168g for 1 min prior to
direct infusion (DI)—MS experiments. Liquid chromatogra-
phy—mass spectrometry (LC—MS) experiments were con-
ducted using eluate from the WCX separations. WCX eluates
were first reconstituted in 100 xL of ultrapure water with 0.1%
trifluoracetic acid for desalting with Agilent OMIX SCX 100 xL
tips, following the manufacturer’s instructions. Desalted
samples were dried via Speedvac, reconstituted in 20 uL of
0.1% formic acid in ultrapure water, centrifuged at 16 168¢g for 1
min, and subjected to LC—MS.

Direct Infusion Tandem Mass Spectrometry Analysis

Samples were loaded into a 500 uL syringe and introduced into
an LTQ-Orbitrap Velos mass spectrometer equipped with a
heated electrospray ionization source (Thermo Fisher
Scientific, San Jose, CA) at a flow rate of 10 yL/min.’’ The
instrument was operated in the positive-ion mode, and full-scan
MS in the range of m/z 50—1000 were acquired in the Orbitrap
mass analyzer with the resolution of 100 000 at m/z 400. The
precursors for the metabolites of interest were subjected to
collision-induced dissociation (CID) to acquire the MS/MS in
the linear ion trap.

Liquid Chromatography—Tandem Mass Spectrometry
Analysis

Online LC—MS/MS analysis was performed on an LTQ-
Orbitrap Velos mass spectrometer coupled to an EASY-nLC
1000 HPLC system and a nanoelectrospray ionization source
(Thermo Fisher Scientific, San Jose, CA). Sample injection,
enrichment, desalting, and HPLC separation were conducted
automatically. The nLC was equipped with an in-house packed
trapping column, followed by an in-house packed separation
column, both packed with ReproSil-Pur C18-AQ resin (3 ym,
Dr. Maisch HPLC, Germany). The metabolites were separated
using a 120 min linear gradient of 2—40% acetonitrile in 0.1%
formic acid at a flow rate of 230 nL/min and electrosprayed
(spray voltage 1.8 kV) into an LTQ-Orbitrap Velos mass
spectrometer operated in the positive-ion mode. Full-scan MS
(50—1000 m/z) were acquired at a resolution of 60 000 (at m/
z400) and followed by data-dependent acquisition (normalized
collision energy of 35.0) of MS/MS for the 20 most abundant
ions found in the full-scan MS exceeding a threshold of 1000
counts.
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Figure 1. "H NMR spectra of 20-worm concentrated coelomic fluid (CF), 60-worm concentrated coelomocytes (CC), and 55 mg of pooled tissue
extracts. The relative intensity of each region is listed on the right side of each spectrum. The spectra are divided into four regions: (A) 0.75—2.8, (B)
2.8—4.6, (C) 4.7—6.7, and (D) 6.7—9.2 ppm and resonances are annotated to their corresponding metabolite in Table 1. Several metabolites were
identified but not annotated due to low intensity or because they were present in only a subset of samples.

Mass Spectrometry Data Analysis

Data were analyzed manually using Xcalibur Qual Browser
(Thermo Fisher Scientific) software. Raw MS data were
analyzed by searching the calculated exact mass of each
metabolite of interest. Using the advanced processing within
chromatogram ranges, data were analyzed by enabling
smoothing using the boxcar algorithm with seven points, and
the mass tolerance was user-defined at 10 ppm. The plot type
was set to mass range with the full MS scan filter applied using
the MS detector and the ICIS peak algorithm was used. The
calculated exact mass of the metabolite of interest was placed in
the range and the data were searched for analyte peaks. Each
metabolite under investigation was searched individually using
the same method. Signal was then averaged in the time range
for the peaks found in the ion chromatogram to give MS for
each metabolite.

B RESULTS

This study aimed to provide a more comprehensive survey of E.
fetida endogenous metabolites using pooled and individual
tissue, CF, and CC samples. 'H NMR spectroscopy (Figure 1)
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was employed to detect 59 metabolites within E. fetida, with 47
detected in CF, 41 in CC extracts, and 54 in extracts of whole-
worm samples and tissue samples depleted of CF and CC
(referred to as tissue samples). Because of the high similarity
between whole-worm and tissue extracts, we will only discuss
our tissue data sets and reserve discussion of whole-worm
extracts to data sets reported in literature. Five metabolites, 2-
aminobutyrate, malylglutamate, nicotinurate, N6,NO,No-trime-
thylornithine, and trigonelline, are new to earthworm
metabolomics (Table 1). Importantly, we believe this to be
the first report of the identification of malylglutamate in any
biological system.

"H NMR Metabolic Profiling of Earthworm CF, CC, and
Tissue

Global metabolic profiling was conducted using an array of
NMR experiments to determine endogenous metabolites
within earthworm tissue, CF, and CC. These findings are
highlighted in the '"H NMR spectra in Figure 1 and are
summarized in Table 1 and Table S-1. In cases where it was not
possible to conclusively identify metabolite spectroscopic
signatures at neutral pH, the titration of a pooled CF sample
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Figure 2. NMR spectra of unassigned resonances and comparison of closely related structures. (A) "H NMR spectra of CC and the authenticated
standards of glutamate (Glu), glutamylaspartate (Glu-Asp), aspartylglutamate (Asp-Glu), and N-acetylaspartylglutamate (NAAG) are stacked below
and proton position is annotated. The two sets of unassigned resonances are annotated in the CC spectrum as 1H (green) and 2H (blue), and the
malate (Mal) resonances are annotated in black. (B) TOCSY spectrum of CC annotated with the correlated spin systems of 1H, 2H, and Mal. (C)
TOCSY spectrum of pooled CF sample at pD 3.18 in 90% H,O, revealing a strong correlation between an amide proton and a spin system
resembling glutamate.

in ~0.5 intervals between pD 3.06 and 7.40 was useful to extracts. ATP was previously reported in CF but was not
resolve resonances and confirm assignments (Figure S-1). For detected in our samples.'> A major component of the coelom
instance, the downfield shift of malate reveals the gamma metabolome is TCA cycle constituents and their perturbation
protons of glutamate (2.35 ppm, Figure S-1B) beginning at pD can give insights into bioenergetic stress. The '"H NMR spectra
542 and the methyl resonance of threonine at pD 4.06, as of tissue extracts also contain the resonances of many of these
lactate shifts downfield with increasing acidity (1.32 ppm, constituents, although small changes in the levels of these
Figure S-1C). metabolites may be more difficult to discern. Tissue extracts
Because of the complexity of the samples, correlation contain mostly amino acids, while, except for alanine, they tend
spectroscopy (COSY) and total correlation spectroscopy to be minor components of the coelom.
(TOCSY) were employed to reveal coupled spins and spin Recently, Liebeke et al. unlocked a key defense required for
systems, assisting in identification of metabolites such as the biogeochemical cycling: dialkylfuransulfonate (termed drilode-
heavily overlapped polyamines, putrescine, spermidine, and fensin) metabolites, which protect earthworms from the
spermine, as annotated in the representative COSY spectrum in multitude of plant polyphenols to which they are exposed
Figure S-2.'”7% Further confidence in resonant assignments through their diet.”' Tissue extracts contain a substantial
was gained using homonuclear 2D J-resolved spectroscopy concentration of the drilodefensin 2-hexyl-5-ethyl-furan-3-
experiments to differentiate several overlapping peaks and was sulfonate (HEFS) (Figure 1), which is not observed within
particularly useful for assigning singlets that were filtered out in the coelom, in addition to glycerol, lysine, mannose,
the double quantum filtered COSY spectra or resonances nicotinamide, nicotinate, nicotinurate, and trigonelline (Table
uncoupled to a spin system in the TOCSY spectra.23 The 2D 1 and Table S-1).
"H J-resolved spectra greatly aided identification of the betaine The high degree of similarity between the '"H NMR spectra
analog singlets between 3.0 and 3.4 ppm (Figure S-3A), measured for CC and CF indicates that there is a close
including betaine, choline, glycerophosphocholine, histidine- interaction between the two compartments. As observed in
betaine, N¢,Ne,Ne-trimethyllysine, N,N,N-trimethyltaurine, and Figure 1, the lower intensity of the sugar resonances in the
proline-betaine. Measurement of *C chemical shifts using the coelomocytes reveals additional resonances from myo-inositol,
"H-"C heteronuclear single quantum coherence (HSQC) Ne,Ne,Ne-trimethyllysine (TML), and riboflavin. The reso-
experiment at 700 MHz was valuable in the validation of nances of glutamine and glutamate are also less overlapped with
resonance assignments (Table S-1), as demonstrated in the other signals in the coelomocyte spectra. Metabolite inves-
N(CH;); region (Figure S-3B) in which the 'H—"*C chemical tigations in CF, CC, and tissue provide complementary and
shift pairs helped reaffirm resonant assignment of betaine unique insights into earthworm metabolism.
analogs.”* ™" With these several layers of metabolite con- Identification of a New Metabolite: Malylglutamate

firmation, compounds identified by NMR are well-vetted, thus

providing high levels of confidence. Malylglutamate or 2-(3-carboxy-2-hydroxypropanamido)-

pentanedioic acid is a previously unreported metabolite

Comparison of the CF, CC, and Tissue Metabolomes elucidated in these studies using NMR and high-resolution

Thirty-three common metabolites were observed in CF, CC, mass spectrometry (HRMS). Two sets of unassigned
and tissue extracts, mostly consisting of sugars, organic acids, resonances (Figure 2A), denoted as 1H (green) and 2H
and amino acids (Table 1). 2-Aminobutyrate, asparagine, (blue), were consistently observed in all matrices. The
cytosine, histidine, 3-hydroxybutyrate, phenylalanine, propio- resonance at 2.23 ppm (2Hy; Figure 2A) was initially noted
nate, and uridine were only detected in the CF and tissue, while for its uncanny similarity in terms of coupling and intensity to

ADP, AMP, and ATP were only found in the CC and tissue that produced by the Hy of the free amino acid glutamate

3412 DOI: 10.1021/acs.jproteome.7b00439
J. Proteome Res. 2017, 16, 3407—3418


http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.7b00439/suppl_file/pr7b00439_si_001.pdf
http://dx.doi.org/10.1021/acs.jproteome.7b00439

Journal of Proteome Research

(Figure 2A), suggesting the possibility of a glutamate (Glu)
analog. The Glu-like 2H spin system was revealed in the
TOCSY spectrum (Figure 2B), further supporting the
hypothesis. Through comparison of numerous CF and CC
spectra, we noticed a correlation in the intensity of the 2H and
1H resonances (Figure S-4), which we initially hypothesized
could arise from an aspartyl moiety as a dipeptide due to its
shared ABX coupling pattern.

To investigate the presence of a dipeptide, we measured the
TOCSY spectrum of a concentrated CF sample in 90% H,O at
pD 3.18, revealing a strong correlation between an amide
proton and a spin system resembling glutamate (Figure 2C)
further supporting the assignment to a dipeptide. Several
dipeptides were obtained, and their 'H NMR spectra were
recorded under conditions similar to those of the CF and CC
extracts. Glutamylaspartate (Glu-Asp) produced similar chem-
ical shifts for the aspartyl moiety but notably different chemical
shift and J-coupling pattern for the GluHy resonance, which
collapsed to a triplet (Figure 2A) and is consistently observed
in aspartylglutamate (Asp-Glu) and N-acetylaspartylglutamate
(NAAG). The GluHy of Asp-Glu and NAAG is shifted upfield
to Glu (Figure 2A) like the unassigned 2Hy, unlike the GluHy
of Glu-Asp, which is shifted downfield. On the basis of this
result, we surmised that the glutamate group must be present at
the dipeptide C-terminus, and indeed the Asp-Glu and NAAG
coupling patterns, besides GluHy, produced similar resonances
to those observed in our CF and CC spectra (Figure 2A).
Because of the lack of correspondence of the Asp chemical
shifts of these dipeptides with the unassigned 1HABX
resonances (Figure 2A), we were forced to consider other
alternatives.

We proceeded to consider the similarity of the unassigned
ABX resonances with malate, as annotated in Figure 2A,B,
suggesting that the dipeptide could be malylglutamate (Mal-
Glu). Supporting this hypothesis, the 'H and "*C chemical
shifts and 2Hy J-coupling of our unknown closely resembled
that of S-citrylglutamate, described in Collard et al.”* We were
unable to identify reference to Mal-Glu in the literature or to
locate a commercial source of the compound for verification by
NMR. Therefore, we turned to HRMS to explore our
hypothesis that the unknown metabolite could be Mal-Glu.

A diluted CF sample was directly infused into the mass
spectrometer (DI—MS), yielding the Mal-Glu parent ion at m/
2 264.0667 (the calculated m/z 264.0719 for the [M + H]" ion;
Figure 3A). Ions in the MS/MS (Figure 3B) of the [M + H]*
ion were assigned: m/z 246.1 [M — H,0]%; 2279 [M —
2H,0]%; 220.1 [M — CO,]*; 190.0 [M — CH;CH,COOH]*%;
and 146.0 [M — CHOCH(OH)CH,COOH]*. The fragments
at m/z 146.0, 190.0, and 220.1 show the loss of three distinct
groups around the single central nitrogen, confirming the
presence of the amide bond and C-terminus of the Glu residue.
The peak at m/z 232.1 is thought to arise from a cofragmenting
species with the same m/z value as the newly discovered
analyte due to the nature of the complex matrix of CF. Taken
together, the NMR and HRMS results provide a high level of
confidence that the unknown metabolite is Mal-Glu, first
reported herein.

Identification of N§,N§,N6-Trimethylornithine—A New
Metabolite in CF

NG,N5,NS-Trimethylornithine or TMO (3.129 ppm) (CAS:
66101-16-4) was identified as the neighboring singlet to
Né,Ne,Ne-trimethyllysine or TML (3.108 ppm), as shown in
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Figure 3. Confirmation of malylglutamate in a diluted CF sample
using positive-ion ESI-MS and MS/MS. (A) Positive-ion ESI-MS of
malylglutamate (the calculated m/z 264.0719 for [M + H]* ion) with
its structure and (B) annotated MS/MS for the [M + H]* ion of
malylglutamate. * indicates a peak from an ion cofragmenting with the
[M + H]" ion.

Figure 4A, using a combination of NMR and HRMS. In the CF
pH titration experiments, the chemical shifts of N(CHs,),
groups were affected minimally with increasing acidity (Figure
S-1A), demonstrating that the singlets belonged to non-
titratable groups. A weak cation exchange (WCX) solid-phase
extraction strategy was employed simplify the mixture but did
not offer any additional NMR insights due to the high chemical
shift similarity of N(CH,); groups (Figure S-SA). To aid
identification, the WCX eluate was subjected to LC—MS,
allowing detection of the TMO parent ion at m/z 175.1431
(the calculated m/z 175.1447 for M" ion; Figure 4B). Figure
4C illustrates the MS/MS of the M' ion, yielding major
fragments at m/z 116.1 [M — N(CH,);]* and 60.1 [HN-
(CH;);]* and minor fragment ions at m/z 157.0 [M — H,0]*,
1471 [M — COJ% 133.1 [M — CO,]%; and 130.1 [M —
HN(CHj,),]". In this context, the loss of dimethylamine (i.e.,
HN(CHj,),) may be initiated from the migration of a methyl
group from the trimethylammoium moiety, and such migration
was previously observed for singly charged peptides harboring a
trimethyllysine.”> The fragmentation of TMO, TML, and
betaine (Figure S-SB—E), is consistent with reported
fragmentation of betaine analogs.”*

TMO’s NS&(CH;); chemical shift is downfield of TML,
consistent with the additional CH, group of TML. Also, the
resonance is consistent with the reported N6(CH,); shift of
ornithine betaine, which has ornithine trimethylated on both
amines.”® The other TMO resonances are observed in our
TOCSY spectra (Figure 4D) at similar chemical shifts to TMO,
as described in Patti et al.*® Finally, the TMO/TML ratios were
approximately 1:5 and 1:3, respectively, in HRMS and NMR. It
is expected that these ratios are not identical due to differences
in ionization, resolution, and sample preparation; however, the
similarity of the two ratios obtained with orthogonal analytical
platforms further supports the assignment of TMO as the
unknown.

Other Newly Identified Metabolites in CF, CC, and Tissue

2-Aminobutyrate in the CF and nicotinurate and trigonelline in
tissue extracts were also newly detected metabolites using 1D
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Figure 4. LC—MS identification of TMO and NMR confirmation. (A)
N(CH;); singlets of TML and TMO between 3.05 and 3.15 ppm. (B)
Positive-ion ESI-MS of TMO (the calculated m/z 175.1447 for the
M ion); shown are the monoisotopic peak at m/z 175.1431 and the
structure of TMO. (C) MS/MS for the M* ion of TMO and (D) CF
TOCSY spectrum with labeled TMO and TML spin systems. The
TMO Né (CH,); and TML Ne(CH;); singlets are not correlated with
these spin systems because the carbon-bound protons on either side of
the nitrogen are too distant to be coupled to one another. Overlapped
resonances of TML and alanine (Ala) are annotated to emphasize that
the peak does not belong to the TMO spin system.

and 2D NMR spectra and by comparison with authentic
standards (Figure S-6). Previously maltose has been reported
within earthworms, but here we report the resonances as
maltose-x due to the several overlapping resonances of maltose,
maltotriose, and potentially other closely related sugars.
Rochfort et al. recently described an E. fetida and E. andrei
specific aromatic metabolites that we suspect may correlate
with resonances in our CF NMR spectra and peaks detected in
our DI-MS experiments, but because of the limited HRMS and
NMR data reported and commercially unavailable standards,
we could not confidently assign the ion or similar resonances as
the reported metabolites.”” Earthworms contain an abundance
of unique metabolites, and further elucidation of new
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metabolites and probing of their biochemical function could
aid environmental monitoring and diagnostics.

B DISCUSSION

In this work, the complex and metabolite-rich E. fetida CF, CC,
and tissue metabolomes were characterized using NMR
spectroscopy. The abundance of TCA metabolites, osmolytes,
polyamines, and other metabolites detected in these studies
indicates that the CF may serve as a metabolic reservoir. Our
elucidation of the coelomocyte metabolome offers a new source
to evaluate earthworm health and possible insights into
hepatocytic and immune function, while tissue extracts offer a
metabolic summary of global processes occurring within the
earthworm. These studies newly detected 2-aminobutyrate,
nicotinurate, NJ,N6,No-trimethylornithine, and trigonelline
and, notably, elucidated a new compound: malylglutamate.

Possible Biochemical Significance of Malylglutamate

Malylglutamate is structurally analogous to p-citrylglutamate
and NAAG (Figure 5), and we hypothesize that its synthesis

A Ho B HO
HO o HO (0]
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HO 0 o) OH O O
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Malylglutamate B-Citrylglutamate
c HO HO D
o] OH
O O o)
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N-Acetylaspartylglutamate 1,3,4,6-Tetracarboxyhexane

Figure S. Chemical structures of (A) malylglutamate, (B) f-
citrylglutamate, (C) N-acetylaspartylglutamate (NAAG), and (D)
1,3,4,6-tetracarboxyhexane.

and hydrolysis occurs via parallel pathways. NAAG and f-
citrylglutamate are synthesized by homologous ligases to
Escherichia coli RIMKLA and RIMKLB, respectively.*> Whereas
citrate is not a suitable substrate for RIMKLA, RIMKLB can
ligate N-acetylaspartate and glutamate at similar rates to citrate
and glutamate. The authors were not surprised by this finding
because citrate and N-acetylaspartate are nearly isosteric. This
suggests that RIMKLB is less specific than RIMKLA, and it is
feasible that the structurally similar malate could be a suitable
substrate in an environment or system with higher malate levels
compared with citrate, as is the case with E. fetida CF. f3-
Citrylglutamate is cleaved into citrate and glutamate by p-
citrylglutamate hydroxylase (i.e, glutamate carboxypeptidase
3), a glycosylated, membrane-bound ectoenzyme that is active
only extracellularly.*® Malate levels are strikingly higher in the
CF compared with the CC (Figure 1 and Figure S$-4),
suggesting that malylglutamate hydrolysis may occur by this or
a related ectoenzyme in the coelomic cavity, presumably to feed
the TCA cycle and provide energy to muscle and CC.
Malylglutamate plausibly serves as a TCA cycle store that can
be hydrolyzed to malate and glutamate when energy demand
increases. Malylglutamate is also homologous to the anionic
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osmolyte 1,3,4,6-tetracarboxyhexane (Figure SD), found in
archaea, that helps counter K concentrations under osmotic
stress.”” Malylglutamate is found in approximately a 1:1 ratio
with TMO and TML (i.e., Mal-Glu:(TMO+TML)), suggesting
that malylglutamate assists homeostasis by maintaining charge
balance with the cationic betaine analogs, in addition to acting
as an anionic osmolyte to aid varying soil moisture contents.
Lastly, we hypothesize that malylglutamate is a chelator, like -
citrylglutamate which can sequester iron and copper.’”*" f-
Citrylglutamate may act as a chaperone for iron to aconitase
and protective complex against NO-induced aconitase inhib-
ition.””*’ Malylglutamate may form similar complexes to aid
biochemical processes or protect the worm against metal
burdens. The physiological functions of malylglutamate need
further exploration to understand its unique presence and
abundance in earthworms.

Betaine Analogs and Osmoregulation

As the cationic counterpart to malylglutamate, earthworms
contain an arsenal of betaine analogs, including: betaine,
choline, glycerophosphocholine, histidine-betaine, N,N-dime-
thylhistidine, N,N,N-trimethyltaurine, TML, and TMO. Pro-
line-betaine was only detected in tissue samples, while y-
butyrobetaine was only detected in the CC and CF. Liebeke
and Bundy reported y-butyrobetaine in the 'H—"*C HSQC
spectra measured at 800 MHz of E. fetida whole-worm extracts,
potentially due to increased sensitivity compared with our
measured HSQC data at 700 MHz. The authors also detected
carnitine and hydroxyproline-betaine in the whole-worm
extracts of other earthworm species, but these were not
detected in our NMR spectra.

The function of betaine analogs is unclear, but it is
hypothesized that they may serve as osmoprotective agents
for proteins and membranes. Earthworms must constantly
adjust to changing moisture content in soil, and CF contains
many other well known osmolytes like betaine, glucose,
inositol, trehalose, and polyamines. For instance, upregulation
of glucose and alanine was observed in Enchytraeus albidus
under drought conditions, while only alanine level increased in
A. caliginosa in response to estivation.**** Future studies should
explore the role of betaines under similar contexts and aim to
establish the biochemical functions of this diverse group of
earthworm metabolites.

It should also be noted that TML, y-butyrobetaine, a-
ketoglutarate, and succinate are a part of the carnitine
biosynthesis pathway, which is essential for converting fatty
acids into energy via mitochondrial and peroxisomal p-
oxidation. TMO was recently revealed as a suitable substrate
for TML hydroxylase, converting 75% of TMO to 3-hydroxy-
N§,N,N&-trimethylornithine.”® This may suggest that TMO
and other betaine analogs may act as an alternative substrate
when TML is limited. In mammals, the liver is the central
location of the final conversion of y-butyrobetaine by y-
butyrobetaine dioxygenase to carnitine.”” Because y-butyrobe-
taine is only observed in the coelom and some subsets of
coelomocytes serve liver-like functions, this may explain the
presence of y-butyrobetaine in CC extracts.

Polyamines

E. fetida also contains a significant quantity of polyamines
(putrescine, spermidine, and spermine) within its CC and CF.
Polyamines are fully protonated under physiological conditions,
consistent with their various functions, which include
moderating ion channels, cell growth and differentiation, gene
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expression, apoptosis, and chromatin status.*® Disruption of
polyamine synthesis, indicated by their downregulation, has
been suggested as a sign of genotoxicity, while their
upregulation acts as a protective response against oxidative,
osmotic, and thermal stress. Consistently observed in E. fetida,
organisms that are able to regenerate have a close association
with polyamine metabolism and synthesis.” Putrescine was
upregulated in response to removal and regeneration of worm
heads. In the same study, osmotic and heat shock temporarily
upregulated putrescine and spermidine. Elevation in putrescine
was additionally observed in L. rubellus exposed to high levels of
nickel.” Similarly, upregulation of putrescine and alanine in
two A. caliginosa populations exposed to the fungicide
epoxyiconazole was credited as a stress indicator.”’ Moreover,
endosulfan and endosulfan sulfate exposure were hypothesized
to induce genotoxicity that resulted in apoptosis and thus
subsequently decreased spermidine concentrations within E.
fetida CE.'>"? This suggests that the CF may act as a reservoir
for polyamines, and probing their alteration may prove to be a
useful indicator of environmental stress.

Coelomocytes

Giving its characteristic bright-yellow hue, riboflavin is found at
substantial concentrations within the CC and CF. Riboflavin
stored in CC has been identified as a coelomocyte chemo-
attractant in six earthworm species and may serve as a recruiting
factor to combat microbial invasion.’>** Interestingly, riboflavin
content in CC has been explored as an indicator of heavy metal
toxicity and soil health. Plytycz et al. hypothesized that the
heavy metal body burden is localized in the chloragogenous
tissue of the worm, a source of a type of CC called elocytes,
explaining how heavy metal exposure interferes with worm’s
immune response.”* In this study, stimulation of the immune
system by chronic heavy metal exposure led to riboflavin
depletion in the CC of Dendrodrilus rubidus, marking the
potential of riboflavin in elocytes as an indicator of heavy metal
toxicity. These studies highlight the potential of riboflavin and
coelomocytes as a tool to indicate metal contamination.

Bl CONCLUSIONS

From drilodefensins to betaine analogs to malylglutamate,
earthworms are equipped with an abundance of unique
metabolites. Still, unassigned resonances remain in earthworm
NMR spectra, particularly in the aromatic region where
conjugation and proton position on the aromatic ring result
in complex J-coupling patterns, whose coupling is difficult to
distinguish in complex mixtures. Separation techniques to
target aromatic compounds can be employed to simplify
spectra, but due to resonance overlap, other analytical
techniques like mass spectrometry may be more useful to
identify aromatic unknowns. Performing measurements at
higher magnetic fields improves both spectral resolution and
sensitivity and may be useful in the identification of minor
species. Complexity due to resonance overlap can also be
overcome through isotopic labeling of specific functional
groups; for example, *C-formlyation of amines and '*N-
ethanolamine tagging of carboxylates have improved the
sensitivity and resolution of metabolite assignments using 2D
NMR experiments.*”*® Less resonance overlap is observed in
BC and "N NMR compared with 'H NMR, and recent
advancements in dissolution dynamic nuclear polarization have
improved "°C sensitivity, thus increasing the feasibility of using
1D 3C experiments in metabolic profiling.”” Other tactics used
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identify metabolites include chemical separation or orthogonal
analytical techniques like Fourier transform-infrared spectros-
copy or mass spectrometry.

Mass spectrometry has remained sparse in earthworm
metabolomic research , but could offer insights into additional
biochemical pathways and new metabolites. Gas chromatog-
raphy—mass spectrometry (GC—MS) is commonly used in
untargeted metabolic profiling experiments.”® It been employed
to probe metabolic perturbations by xenobiotics in whole-worm
extracts, revealing insights into fatty acids, low-level amino
acids, carbohydrates, and lipids not detected in 'H NMR
spectra, yet GC—MS analysis of CF and CC extracts remains
unreported.””**~* LC—MS has been used to aid metabolite
elucidation, but surprisingly targeted and untargeted LC—MS
approaches remain unused to probe the earthworm metab-
olome. Targeted LC—MS can be used to survey chemical
classes or biochemical pathways, like phosphorylated sugars,
aiding metabolite elucidation or insights into specific metabolic
functions.* Extending the use of MS in earthworm
metabolomics can help elucidate unassigned resonances in
the 'H NMR spectra and give new insights into the biochemical
function of unique earthworm metabolites.

As demonstrated in this study, NMR offers a means to
quantify a diverse range of metabolites within earthworms for
systems toxicology research or environmental monitoring.
Ultimately, this study resulted in the elucidation of a new
metabolite: Malylglutamate, which we hypothesize acts as an
anionic osmolyte, helps maintain electrolyte balance within CF
and cells, is a metal ion chelator, and serves as a malate/
glutamate reservoir. Our work, and that of similar studies,
provides a platform to enhance the understanding of earth-
worm metabolism and illustrates the potential for high-
throughput NMR analysis to deliver a quick snapshot of
earthworm, soil, and ecological health.
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