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Abstract

Glycosylation of metabolites serves multiple purposes. Adding sugars makes metabolites more
water soluble and improves their biodistribution, stability, and detoxification. In plants, the
increase in melting points enables storing otherwise volatile compounds that are released

by hydrolysis when needed. Classically, glycosylated metabolites were identified by mass
spectrometry (MS/MS) using [M-sugar] neutral losses. Herein, we studied 71 pairs of glycosides
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with their respective aglycones, including hexose, pentose, and glucuronide moieties. Using liquid
chromatography (LC) coupled to electrospray ionization high-resolution mass spectrometry, we
detected the classic [M-sugar] product ions for only 68% of glycosides. Instead, we found that
most aglycone MS/MS product ions were conserved in the MS/MS spectra of their corresponding
glycosides, even when no [M-sugar] neutral losses were observed. We added pentose and

hexose units to the precursor masses of an MS/MS library of 3057 aglycones to enable rapid
identification of glycosylated natural products with standard MS/MS search algorithms. When
searching unknown compounds in untargeted LC-MS/MS metabolomics data of chocolate and
tea, we structurally annotated 108 novel glycosides in standard MS-DIAL data processing. We
uploaded this new in silico-glycosylated product MS/MS library to GitHub to enable users to
detect natural product glycosides without authentic chemical standards.

Graphical Abstract
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INTRODUCTION

About 100,000 to one million specialized metabolites are collectively produced by plants.
Any single plant species may produce thousands of these metabolites.! Owing to the sessile
nature of plants, they must rely on innate immunity to protect themselves from the threats
of environmental stresses. Such immunity is based on the inherent flexibility of metabolic
modifications that are dynamic and largely reversible, such as acetylation, methylation,
hydroxylation, prenylation, and glycosylation.2 Glycosylation is one of the most efficient
metabolite modifications in all kingdoms of life because sugars can be added to both N-, O-,
or S-heteroatoms and carbon. Upon glycosylation, hydrophobic metabolites become more
water soluble, which improves their biodistribution and metabolism, assisting long-distance
transport,? raising melting points of otherwise volatile compounds,134 and improving
biodistribution of pharmacokinetic parameters in humans.> Many compound classes can

be glycosylated, including hormones, sweeteners, alkaloids, flavonoids, antibiotics, and
others. It is generally expected that glycosylation leads to earlier retention times in
reversed-phase liquid chromatography, but this has only been illustrated with a limited
selection of compounds, mainly glucosylated flavonoids.6=10 Similarly, it is frequently
hypothesized that glycosylated compounds show neutral loss product ions of the glycosyl
residues in tandem mass spectrometry (MS/MS), leading to 162 Da losses for hexoxides
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or 147 Da for rhamnosides and 133 Da for arabinosides.1 Currently, only 11.9% of the
largest Natural Compounds database (COCONUT) comprises glycosylated compounds.12
Owing to the biological importance of glycosylation in nature, this number of modified
compounds in COCONUT is very likely due to underreporting of glycosylated metabolites
in classic natural product research. This critical nature of glycosylation is underscored by
the presence of more than 100 families of glycosyltransferases across all kingdoms of life.
Therefore, methods for comprehensive annotation of glycosylated natural products need
to be improved. Unfortunately, glycosylated natural products are mostly absent in mass
spectral libraries, although there have been notable developments in the identification of
flavonoid glycosides through the use of aglycone’s MSMS, such as FlavonoidSearch,13
GNPS similarity search,14 SIRIUS,1® and others,16:17 especially for glycosides that have
been previously studied and characterized. As these tools are mostly trained flavonoids,
other types of glycosides require new analytical methods.

We, herein, developed a method for identification of glycosides that does not rely on

the neutral loss of a sugar. We present a freely available MS/MS library for rapid
identification of glycosides based on their MS/MS fragmentation by full MS mode with
HCD fragmentation using orbital ion trap mass spectrometry. We showcase the use of such
an approach by detecting 23 novel glycosylated compounds in food products.

EXPERIMENTAL METHODS
Aglycone and Glycoside Standards.

Seventy-one glycoside/aglycone pairs were purchased from Sigma-Aldrich, Cayman
Chemicals, and AnalytiCon Discovery with >98% purity. Authentic standards were
dissolved in methanol at a concentration ranging from 1 to 100 ppm and stored at 20 °C until
analysis.

Preparing Food Samples for Untargeted Metabolomics.

As a test case, dark chocolate and green tea samples were purchased from a local grocery
store. Twenty milligrams of lyophilized food samples were homogenized for 30 s at

1500 rpm using a Genogrinder 2010 homogenizer (Spex Sample Prep, Metuchen, NJ).
Homogenized samples were extracted using a 1000 L ice-cold 50:50 ethyl acetate/H,0O
mixture and centrifuged at 12,0009 for 10 min. Supernatants were transferred to 1.5 mL
Eppendorf tubes and dried down using a Centrivap (LabConCo, Kansas, MO). Dried

extract were reconstituted in the LC starting buffer (97/3 H,O:ACN, v/v), including 10
internal standards (hippuric acid-d5, caffeine-d10, (-)epigallocatechin gallate-d3/d4, trans-
cinnamic acid-d5, trans-resveratrol-d4, daidzein-d4, quercetin-d3, genistein-d4, apigenin-d5,
2-hydroxyfluorene-d9, reserpine-d9).

LC-MS/MS Data Acquisition.

Measurements were performed on a ThermoFisher Q Exactive HF instrument. For polar
aromatic compounds, 5 gL of diluted samples were separated on a Kinetex UPLC PFP
C18 column (50 x 2.1 mm; 1.7 gm). Concentrations ranged from 5 to 1000 pm depending
on compound ionization efficiency to give optimal peak shapes and intensities without
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column or MS saturation. The column was maintained at 40 °C with a flow rate of 0.4
mL/min. The mobile phases consisted of (A) water (100%) with formic acid (0.1%) and
(B) acetonitrile (100%) and formic acid (0.1%). The separation was conducted under the
following gradients: 0 min 7% B; 0-4.5 min 30% B; 4.5-6.5 min 100% B; 6.5-7.5 min
100% B; 7.5-8.0 min 7% B; and 8-10.0 min 7% B. The Q Exactive HF mass spectrometer
was operated using negative-mode electrospray ionization with a mass range from 120

to 1700 ml/ z, sheath gas flow rate 60; aux gas flow rate 25; sweep gas flow rate 2;

spray voltage 3.6 kV; capillary at 300 °C; S-lens RF level 50; and aux gas heater at 370
°C. MS! parameters: 70,000 resolving power; 1e6 automatic gain control target; 100 ms
maximum injection time; and centroided spectra. Data-dependent MS? parameters: 17,500
resolving power; 1e5 automatic gain control target; 100 ms maximum injection time; 4
loop count; TopN 4; 1 Da isolation window; 70 mi/ z fixed first mass; (stepped) normalized
collision energy (NCE) 35-45-65; and centroided spectra. All 80 pairs of authentic chemical
standards were analyzed at 65 NCE in negative electrospray mode.

Data Processing and Glycoside/Aglycone MS/MS Matching.

LC-MS/MS data was analyzed by MS-DIAL software. MS-DIAL ver. 3.9620 was used with
10,000 counts/spectrum as a lower threshold for peak peaking in LC-Orbitrap MS/MS and
80% identification cutoff with an accurate mass filter of 0.01 Da for the precursor and
0.05 Da for MS2 ions. Detailed parameter settings are listed in Supporting Table 2. Mass
spectra were exported from MS-DIAL in a text file format and uploaded to MassBank of
North America (http://masshank.us) including compound identifier InChl keys, molecular
formulas, exact isotope masses, and precursor m/z. The Vaniya/Fiehn Natural Products
Library of 3257 compounds was downloaded from MassBank.us, which comprised of
28,260 spectra in positive and negative modes and different adducts (Figure 1). These
spectra were modified as new in silico libraries by adding glycosides to be used as.msp
file for MS/MS matching in standard data processing software such as MS-DIAL. To

this end, the following neutral precursor mass shifts were added to mimic glycosylated
natural products: +162.0533 (glucose or galactose), +176.0319 (glucuronide), +147.0660
(rhamnose), +133.05003 (arabinoside), double glycosylation +324.1066, and rhamnose +
glucose (or galactose) +309.1201. Corresponding SMILES and InChl keys were generated
for these virtual structures and uploaded to GitHub for public use. All food metabolome
spectra with a similarity score >800 were automatically annotated, while spectra with

a similarity dot score of 400-600 were manually curated. Annotations of glycosylated
metabolites were required to elute earlier than their aglycone counterparts.

RESULTS AND DISCUSSION

Determining Glycosides by Detection of Sugar Loss.

Few plant glycosides are commercially available or present in MS/MS libraries. We first
compared MS/MS spectra and retention times of 71 matched pairs of authentic aglycone
standards and their corresponding glycosides (Table S1). Only the intrinsically cationic
compounds cyanidin and cyanidin-3- G-glucoside were analyzed in positive electrospray
(ESD); all other compounds showed best ionization efficiency as deprotonated species [M —
H]™ in negative ESI mode. Lower abundant formate adducts [M + HCOO]~ were detected

Anal Chem. Author manuscript; available in PMC 2024 October 21.


http://massbank.us/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez et al.

Page 5

in 10% of the cases. Glycoside spectra and aglycones were compared as shown in Figure

2, giving details of the fragmentation of the rings A, B, and C of luteolin and luteolin-4-O-
glucoside.”:8 This example typifies a liable fragmentation of the sugar, leaving the aglycone
intact until further fragmentation. The MS2 spectrum for Luteolin-4- O-glucoside shows that
all of the ions produced are characteristic of the flavonoid subgroups of aglycone (®-2A-,
02p- 1.3A- 138~ 1.3A") and water and CO losses for each ring [7]. We found that identical
fragmentations also applied to luteolin-4- O-glucoside that showed a dominant loss of the
glycosyl residue (M-162), followed by the fragmentation of aglycones. Next, we studied

the 80 authentic chemical standard pairs using 10, 15, 25, 35, and 65% NCEs to determine
if MS/MS fragmentation of glycosides always showed a typical neutral loss of a sugar
moiety, including for di- and triglycosylated metabolites and glucuronide variants (Figure
3). Accurate masses, retention times, and similarity scores of authentic standards between
aglycones and glycosides are given in Table S1. In total, 69% of our 71 pairs of authentic
standards of glycosides and corresponding aglycones demonstrated a characteristic neutral
loss of a sugar moiety between glycosylated- and non-glycosylated natural products (i.e.,
glucose, galactose, rhamnose, arabinose, xylose, and fucose). Surprisingly, two out of seven
glycosylated pairs of the same aglycone parent molecule did not show the same neutral
glycoside loss under identical fragmentation conditions. An example of different spectra of
glycosylated regioisomers is given for Isorhapontigenin glycosides (Figure S4). Across all
71 glycosylated compounds, the abundance of characteristic glycosyl neutral loss fragments
ranged from 0.3 to 100%. For O-glycosides, the aglycone ion often became the most
abundant fragment ion (base peak). Conversely, however, for C-glycosides, product ions
resulting from the neutral loss of 120 and 90 /77/z never exceeded 0.8% abundance.18:19 we
concluded that lower abundant fragments may easily become absent from MS/MS spectra or
indistinguishable from noise ions if total metabolite levels (and corresponding precursor ion
intensities) become too low to obtain high-quality spectra. Hence, confident identification
of glycosides in untargeted metabolomics should not solely depend on the presence of
corresponding neutral loss fragments.

Identification of Aglycone Residues for Glycosylated Compounds.

As neutral losses of glycoside residues were found to be insufficient to detail the presence
of a glycosylated natural product, we investigated the MS/MS spectra for the 71 pairs

of aglycones and glycosylated derivatives of these aglycones that were available to

us, including four C-glycosides. We specifically studied if the MS/MS spectra of the
glycosylated intermediates showed fragments that directly indicated the presence of the
corresponding specific aglycones. Fragmentation mechanisms and rules were tested for 10
subclasses of flavonoid glycosides, including anthocyanin, coumarin, fatty acyl, flavonoid,
isoflavonoid, flavones, steroidal, stilbene, terpene, and lignan glycosides. Initial studies on
15 glycosides showed insufficient fragmentation at 35 NCE. We then tested optimal energies
in ten random glycosides ranging from 10 to 65 NCE and found 65 NCE to be optimal to
match with aglycone spectra in all cases (Figure S1).

Spectral matching was not dependent on glycoside adducts, as both [M — H]™ and [M
+ HCOO]™ showed high similarity of glycosides with their corresponding aglycones.
This data showed that MS/MS spectra can be used for compound identification even if
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formate adducts dominate MS1 precursor ions, and thus, would be preferentially chosen

for fragmentation in data-dependent untargeted MS/MS acquisition schemes. However, 31%
of the tested glycosides did not show a characteristic neutral loss of a sugar. For these

22 glycosylated products, we only obtained an average MS/MS similarity score of 542,
whereas glycosides that showed the neutral sugar loss of a sugar gave a 682 average
similarity score. Interestingly, 54/71 glycosylated compounds even showed an in-source
fragmentation loss of sugar moieties (Table S1). However, only 14 of these cases showed
more than 25% abundance of in-source fragmentation when comparing precursor intensities
of the glycosylated intermediate and the in-source fragment aglycone ion based on identical
retention times. Eight cases showed more than 70% in-source fragmentation abundance.

We did not find a relationship between the abundance of in-source fragmentation and the
presence of a glycosyl neutral loss in MS/MS spectra.

The absence or presence of a neutral sugar loss fragment ion was consistent across all [M -
H]~, [M + HCOOH - H]~, and [M + CI]™ adducts except for two cases, 5’-O-glucoseis-
orhapontigenin and 2”-O-glucose-phloretin (Table S1). For these two compounds, the
neutral sugar loss product ion was exclusively seen in the [M — H]™ or [M + CI]™ precursor
ions, respectively. More interestingly, only one compound yielded sugar fragmentation to
yield a negatively charged glucose ion at 179.056 77/ z (Figure S2), concomitantly with a
[M-179]-product ion for the glycosyl residue.

When aglycone fragment anions Y, were highly unstable (e.g., cis-3-hexenol glycoside,
7-glycosyl-11-methylodeoside, isolariciresinol-9-O’-glycoside, (-)-erythro-anethole glycol
2-glucoside), glycosylated MS2 spectra did not show the aglycones. Although the intact
aglycones Y, were absent from the spectra, the remaining fragments were still highly similar
to the original unmodified aglycones. For example, for isolariciresinol-9- O’ -glycoside, the
most proximal ion to Y, was observed at 344 m/z, which is interpreted as an oxolane
formation followed by a water loss (—H,0).” The same mechanism was observed in

the isolariciresinol-9- O’ -glycoside [M — H]~ MS2 spectrum (Figure S3), with the most
proximal ion to Y, at 7/2 344, not at m/z521 nor at /m/z359. We interpret that the

further fragmentation of /m/z 344 leads as opening of the oxolane ring and splitting

into a coniferyl alcohol fragment yielding ions at /7/z 163 and 159 (Figure $3).21 The

same fragments were found for the corresponding authentic isolariciresinol aglycones

MS2 spectrum (Figure S3). Another example of an absent Y, aglycone fragment ion was
found for 3,4’ -dihydropropiophenone glucoside (Figure S2). For both the aglycone and the
glycoside, a water loss was observed at the para position of the phenol ring to yield n77/z 147
and m/z 119, respectively, with the carbonyl still attached to the phenol ring.

In Silico Library Creation and Validation.

Owing to the ubiquity of glycosylation in plant biology and metabolic engineering, it is
essential to develop methods that rapidly identify glycosylated compounds. To enable the
use of existing aglycone MS/MS libraries, we added 12 different sugar combinations for
producing in silico structures of mono-, di-, and triglycosides using pentose, deoxypentose,
and hexose as sugar units. To this end, we first combined all MassBank.us and NIST20
spectra into a single msp file. We then removed all spectra except for MS/MS spectra
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obtained by orbital ion traps. We then added the exact masses of the sugar moieties

to the corresponding adduct ions, leading to hypothetical precursor ions of 2,009,850
glycosylated metabolites. As plant glycosylation reactions are known to occur even for
unnatural exposome compounds like TNT,15 we did not constrain this hypothetical library
any further. Next, glycosylated spectra were separated into two libraries for positive ESI and
negative ESI mass spectra. We validated this newly generated glycoside MS/MS library by
matching our experimental glycoside MS/MS spectra against the newly generated library
with a precursor window of 3 mDa. The results were subjected to false discovery rate
(FDR). Combining test cases for both positive and negative ESI modes, 28 out of our 71
experimentally known glycosides were correctly ranked as top hit in this virtual MS/MS
library; 54/71 of the spectra were found in the top-5 ranks, and 61/71 of the spectra

gave the correct structures within the top-10 hits with an average similarity dot score

of 789. Three glycoside compounds were misidentified as constitutional isomers of their
aglycone scaffold, maesopin-4-glucose-4-rhamnoside, oleoside-11-methylester-4-glucoside,
and quercetin-3-glucoronide (Table S1). Finally, 12/71 compounds were identified as a near
identical isomer, distinguished by a single-bond difference. Many of these hits showed less
than 50 units difference in dot score similarities between both isomers, which are caused

by slight differences in ion abundances in library spectra. In compound annotation schemas,
such marginal differences do not lead to confident identifications but must be validated

by retention time differences or ion mobility differences using authentic compounds.

Mass spectrometry often poorly performs in recognizing one-bond differences in positional
isomers, especially for labile sugar neutral losses or labile fatty acyl neutral losses. Hence,
with some justification, such annotations may be counted as true identifications, which bare
the position of the glucose residue.

Novel Glycosides in Food.

To find glycosylated food compounds, we examined comprehensive MS2 data from
replicates of six chocolate and green tea samples. Herein, we used the Vaniya-Fiehn Natural
Products Library of 3057 authentic standards that were run under the same chromatographic
and MS/MS conditions, including 469 glycosylated compounds. This library only confirmed
15 glycosylated metabolites in chocolate and green tea samples (Table S2). Using the

in silico expansion, LC-data-dependent MS/MS spectra yielded 108 newly identified
glycosylated compounds corresponding to 68 unique aglycones (Figure 5 and Table S2).
Annotations relied on <3 mDa accurate precursor mass differences and shifts toward earlier
retention times than the corresponding aglycones. All retention times and MS/MS data
were manually evaluated. Ninety-four compounds showed a weighted dot score >700,

while 14 compounds scored at <700 similarity (Table S2), Figure 4. Aglycones included
glycosylated flavonoids, benzenoids, benzodioxols, carboxylates, cinnamates, coumarins,
isocoumarins, isoflavonoids, linear 1,3-diarylpropanoids, phenols, prenols, and stilbenes
(Table S1). This list of aglycones confirms identifications in previous food studies.?2:23
Fifty-four novel glycosylated compounds were found as positional isomers defined by
well-separated chromatographic peaks but identical accurate precursor masses and highly
similar MS/MS spectra. Most novel glycosylated aglycones were found in both foods, but
21 glycosides were unique to chocolate and three compounds were unique in tea. Structural
annotation of glycosylations remained at the level of positional classifications because
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different hexoses or pentoses cannot be distinguished by MS/MS alone. Similarly, many
aglycones offered different potential glycosylation sites that remained indistinguishable
without fractionation and additional NMR investigations.2* Hence, annotations for these
compounds mostly remained at the MSI level 3.1 Additional glycosides might be found
if virtual MS/MS libraries were to be extended to additional precursor mass variants such
as chloride and acetate adducts, or to neutral losses of water. We here refrained from such
extension as neutral losses of water would coincide with differences between rhamnose
and arabinose glycosylations. Future experiments with different LC buffers or variation
of electrospray voltages might be needed to extend virtual libraries and identify more
glycosylated food compounds (Figure 5).

CONCLUSIONS

We present a novel in silico library for the detection of glycosylated compounds, which
expands the very few experimental negative electrospray MS/MS spectra that are publicly
available today in public libraries. We validated our observations on experimentally acquired
high-resolution mass spectra of chocolate and tea using untargeted metabolomics method
and identified 108 novel glycosides that could have only been identified using this approach
of expanding MS/MS libraries by precursor accurate mass shifts and matching retention time
shifts in comparison to authentic aglycone standards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Modifying MS/MS spectral libraries of natural products of aglycones in negative ionization
mode. By computationally adding the mass of a sugar (top panel), 13 libraries were
generated to be used in MS-DIAL data processing software (bottom panel).
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Figure 2.
Head-to-tail MS/MS comparison of an example pair of (A) luteolin-4"-O-glucoside and (B)

luteolin. Owing to neutral loss of glucose, glycosylated molecules often do not show the
precursor mass in MS/MS spectra. Therefore, MS/MS spectra of glycosylated compounds
are often highly similar to the corresponding aglycone. Aglycone fragmentations are
rationalized per Ma, Y. L.; Li, Q. M.; Van den Heuvel, H.; Claeys, M. (9).
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Matching arabinosides, rhamnosides, glucosides, and combinations against their
corresponding aglycones MS/MS spectra. (A) Catechin 7-arabinofuranoside, (B)
piceannetanol-3’-glucoside, (C) cyanidin-3-O-glucoside, (D) chrysin-7-O-glucoronide, (E)
naringenin-7-O-glucoside, and (F) quercetin-3-rhamnoside. All spectra are uploaded to the
public MassBank.us repository.
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Figure 4.

Reference

Examples of experimental tandem mass spectra of glycosides found in food (blue) versus
the conjugated libraries spectra (red). Examples in negative mode are (A) avicularin, (B)
2-hydroxy-3,4-dimethoxybenzoic acid, (C) tiliroside, and (D) phlorizin. Aglycone structures

are shown.
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Figureb.
Bar graph comparison of compounds annotated using novel libraries (left) versus in-house

m/zRT libraries (right).
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