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ABSTRACT: Mass spectrometry combined with related tandem techniques has become the most popular method for plant
secondary metabolite characterization. We introduce a new strategy based on in-database searching, mass fragmentation behavior
study, formula predicting for fast profiling of glucosinolates, a class of important compounds in brassica vegetables. A MATLAB
script-based expert system computer program, “GLS-Finder”, was developed. It is capable of qualitative and semi-quantitative
analyses of glucosinolates in samples using data generated by ultrahigh-performance liquid chromatography—high-resolution
accurate mass with multi-stage mass fragmentation (UHPLC—HRAM/MS"). A suite of bioinformatic tools was integrated into
the “GLS-Finder” to perform raw data deconvolution, peak alignment, glucosinolate putative assignments, semi-quantitation, and
unsupervised principal component analysis (PCA). GLS-Finder was successfully applied to identify intact glucosinolates in 49
commonly consumed Brassica vegetable samples in the United States. It is believed that this work introduces a new way of fast
data processing and interpretation for qualitative and quantitative analyses of glucosinolates, where great efficacy was improved in

comparison to identification manually.
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B INTRODUCTION

Glucosinolates are a group of sulfur- and nitrogen-containing
secondary metabolites widely distributed in the family of
Brassiaceae (syn. Cruciferae), especially for the Brassica genus.

The epidemiologic studies showed that the intake of
cruciferous vegetables may reduce the risks for occurrence of
tumors.'~* The primary mechanisms for cancer risk reduction
and consumption of cruciferous vegetables are phase I enzyme
inhibition and phase II enzyme induction, which may be
attributed to the isothiocyanates, the breakdown products of
glucosinolates.5 During food processing, storage, and cooking
procedure, glucosinolates are broken down to biologically
active compounds, such as isothiocyanates, thiocyanates, indole
derivatives, and nitriles, by the mediation of myrosinase.’”®
Glucosinolates exhibit a common chemical structure of
CgH,,0:S (f-p-1-thioglucopyranose) moiety in the structure.
They can be grouped into aliphatic, aromatic, and indolic
glucosinolates depending upon whether they originate from
aliphatic amino acids (methionine, alanine, valine, leucine, and
isoleucine), aromatic amino acids (tyrosine and phenylalanine),
or tryptophan.”” To date, about 200 individual glucosinolates
have been reported in natural products.””"°

Mass spectrometry (MS) is usually used as one of many key
technologies for the identification and structural elucidation of
glucosinolates."'~'® Glucosinolates naturally occur in anion
form. Typical MS fragmentation patterns of glucosinolates have
been investigated using multi-stage mass slpectrometry (MS"),
primarily in the negative ionization mode.' """ ~** With new
instrumental technologies, such as ultrahigh-performance liquid
chromatography (UHPLC) and high-resolution accurate mass
(HRAM), putative identification of glucosinolates can be
achieved with much more confidence. Data-dependent
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acquisition (DDA) using UHPLC—HRAM/MS" can produce
comprehensive data from a single run with minimal user input
and interaction, which yields information-rich data in a
relatively short period of time. However, the acquired data
are in the form of a very complex data array, including diode
array detection (DAD) spectra, full-MS spectra, and multi-stage
fragmentation spectra (MS*—~MS* or even higher) as a function
of the retention time. Manual data mining of targeted
compounds from such a complex data array, first and foremost,
needs highly trained personnel in the field of study. The manual
profiling of glucosinolates in huge sample sets is considered to
be labor-intensive and error-prone, and the result of the analysis
depends highly upon the skills of the person who performs the
data mining. Therefore, interpretation of the UHPLC-—
HRAM/MS" data is a major bottleneck in the glucosinolate
analysis process. Hence, the concept of the development of an
“expert system” for rapid analysis of glucosinolates in foods was
conceived.

This study describes the development of the GLS-Finder for
rapid profiling of intact glucosinolates in Brassica vegetables and
allows researchers to gain an overview of glucosinolate
distribution in one or multiple samples in a short time. The
strategy used for the development of the GLS-Finder and the
analysis of glucosinolates with UHPLC—HRAM/MS" data
acquired in-house are presented in this study. GLS-Finder can
also be used for metabolomics, if desired. The majority of
glucosinolates in 49 commonly consumed microgreen and
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Scheme 1. GLS-Finder Development Strategy for Fast Identification of Glucosinolates
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mature vegetable samples in the United States were successfully
analyzed using GLS-Finder, and their results were verified
manually.

B THEORY

Strategy Used for the Development of GLS-Finder.
The strategy used for the development of GLS-Finder is shown
in Scheme 1. The first step was to study the mass fragmentation
behavior of glucosinolates for different collision-induced
dissociation (CID) types with a variety of collision energies
and then employ the characteristic product ions and neutral
losses (NLs) as a preliminary diagnostic tool [glucosinolate
fragmentation filter (GFF)] that was coded in our program for
targeting the possible glucosinolate ions. The program finds the
precursor ions that can produce the characteristic product ions
with intensities above the pre-defined threshold using a GFF.
Then, GLS-Finder calculates the formula of the precursor ion
using glucosinolate formula generation rules based on the
HRAM measurement. The possible false-positive identification
is excluded by comparing the experimental and measured
isotopic distribution. The possible glucosinolate candidates are
compared to the in-house glucosinolate database for identi-
fication of the known glucosinolates and annotated on the total
ion chromatogram.

Glucosinolate peaks found by the program are inte§rated
automatically using the previous method reported”’ and
quantified using internal or external standards. For multiple
or grouped samples, peak retention time alignment is provided
using the correlation optimized warping (COW) method,”” and
the glucosinolate peak lists are exported to a Microsoft Excel
spreadsheet, including m/z, molecular formula, retention time,
MS" data, and putative identification. Several visualization tools,
such as glucosinolate extraction ion chromatograms, glucosi-
nolate distribution plots, and principal component analysis
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(PCA), are provided in GLS-Finder for
interpretation of the raw data.
Construction of a Glucosinolate In-House Database.
An extensive literature search was carried out through SciFinder
(American Chemical Society, Washington, D.C.) for previous
reports of glucosinolates from natural products. The synthetic
glucosinolates and their esters are not included. The semi-
systematic name, traditional name, CAS registry number,
molecular formula, molecular weight, side chain type, and
rings and double bond equivalent (RDBE) values were
collected and entered into a spreadsheet using Microsoft
Excel 2007 (Table S1 of the Supporting Information). A list of
calculated accurate masses ([M — H]™) of the 200 known
glucosinolates was created on the basis of their elemental

assisting with the

composition. The chemical structure of each glucosinolate was
downloaded from SciFinder through the web version for
exploring the chemical literature and saved in a “.mol” format.

Construction of Formula Generating Rules for
Glucosinolates. The R chains may contain double bonds,
oxo, hydroxyl, methoxy, benzoyl, indolyl, and carbonyl or
disulfide linkages.' From the review of the known glucosinolate
structures, the rules for calculating the formula of glucosinolate
candidates were implemented by GLS-Finder as follows: (a)
only five elements C, H, O, N, and S are included, and the
numbers of C, H, O, N, and S are in the ranges of 7—30, 12—
40, 6—20, 1—3, and 2—6, respectively; (b) the C/H ratios are
set ranging from 0.5 to 1; (c) the RDBE values are set ranging
from 2.5 to 16.5; and (d) the mass accuracy threshold is set at §
ppm according to the instrument performance by external
calibration.

Construction of a GFF for Raw Data Mining. In tandem
mass spectrometry (MS/MS), especially for triple quadrupole
mass spectrometers, the precursor ion scan and NL scan are
very useful when a particular product ion or NL is characteristic
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for a class of compounds. Although the LTQ Orbitrap mass
spectrometer used in our study is not able to perform real-time
NL and precursor ion scans, a pseudo-precursor ion or NL ion
map can be generated by GLS-Finder in the post-data-
processing stage. The mass fragmentation behavior of
glucosinolates can be considered characteristic because all of
the glucosinolates share a core sulfated isothiocyanate group,
which is conjugated to thioglucose, and a further R group. This
characteristic structure leads to the similar fragmentation
behavior in MS, which can produce common product ions or
NLs. The mass fragmentation behaviors of glucosinolates were
studied extensively to obtain the characteristic product ions,
NLs, or combinations of the two. Then, a GFF for extracting
the precursor ions from specified common glucosinolate
product ions and NLs was developed in the post-data-
processing stage. This filter serves as the first explorative tool
for identifying glucosinolate candidates from the raw data.
Construction of Glucosinolate Isotopic Distribution
Rules. All glucosinolates share a common structure and possess
at least two sulfur atoms. The natural 3*S distribution is 4.25%,
providing a prominent isotopic A + 2 peak (ie, ~2 mass
heavier than monoisotopic ion A should be observed in most
MS spectra of glucosinolates). We calculated the theoretical
isotope distribution pattern for the glucosinolate candidates
based on the International Union of Pure and Applied
Chemistry (IUPAC) and provided a code in our program for
comparison to the experimental value. An experimental value
was checked with known glucosinolates in broccoli vegetables
with the ion intensity from 10* to 10°. The relative ion
abundance (RIA) errors were calculated as shown in eq 1
RIA,, — RIA
RIA,., (%) = 100 X —2 feo "
1

where the theoretical RIA values are calculated by Xcalibur
software (version 2.2.0) at infinite resolution.

theo

B EXPERIMENTAL SECTION

Chemicals. (—)-Sinigrin hydrate (>99.0%) was purchased from
Sigma-Aldrich (St. Louis, MO). Glucoerucin and glucoraphanin
monopotassium salts were obtained from Chromadex (Irvine, CA).
LC/MS-grade methanol, acetonitrile (ACN), and formic acid (99%)
were from Sigma-Aldrich (St. Louis, MO). Ultrapure water was
produced using a Milli-Q RG system from Millipore (Bedford, MA).

Plant Materials. A total of 30 microgreen vegetable samples were
provided by the Food Quality Lab of the Agricultural Research Service
(ARS), United States Department of Agriculture (USDA). A total of
19 mature vegetable samples were purchased from local supermarkets
in Maryland. All samples were lyophilized immediately upon arrival
and ground into powder. Powdered samples (300 mg) were extracted
in triplicate with S mL of methanol/water (60:40, v/v) using
sonication (Branson 1200, Branson Ultrasonics, Danbury, CT) for
60 min at room temperature and then centrifuged at 5000g for 15 min
(IEC Clinical Centrifuge, Damon/IEC Division, Needham, MA). The
supernatant was filtered through a 17 mm (0.4S ym) polyvinylidene
fluoride (PVDF) syringe filter (VWR Scientific, Seattle, WA), and 2 uL
of the extract was used for each UHPLC—HRAM/MS" analysis.

UHPLC—Photodiode Array (PDA)—Electrospray lonization
(ESI)/HRAM/MS" Conditions for Glucosinolate Profiling. The
UHPLC—HRAM/MS" system consists of a LTQ_Orbitrap XL mass
spectrometer with an Accela 1250 binary pump, a PAL HTC
autosampler, a PDA detector (ThermoFisher Scientific, San Jose, CA),
and an Agilent G1316A column compartment (Agilent, Palo Alto,
CA). Separation was carried out on a Hypersil Gold AQ RP-C,g
UHPLC column (100 X 3.0 mm inner diameter, 1.9 um,
ThermoFisher Scientific) with an UltraShield pre-column filter
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(Analytical Scientific Instruments, Richmond, CA) at a flow rate of
0.3 mL/min. The mobile phase consists of a combination of A (0.1%
formic acid in water, v/v) and B (0.1% formic acid in acetonitrile, v/v).
The linear gradient was from 4 to 15% B (v/v) at 10 min to 70% B at
20 min and held at 70% B to 25 min. The re-equilibration time for the
initial gradient is 5 min. The MS parameters were optimized using a
standard solution of (—)-sinigrin hydrate (100 ng/mL) infused with
the initial mobile phase at a flow rate of 0.3 mL/min. The optimized
conditions were set as follows: sheath gas at 70, aux and sweep gas at
1S, spray voltage at 4.8 kV, capillary temperature at 270 °C, capillary
voltage at 15 V, and tube lens at 70 V. The mass range was from 100 to
1500 amu with a resolution of 30 000, FTMS AGC target at 2 X 105,
FT-MS/MS AGC target at 1 X 10% isolation width of 1.5 amu, and
maximum ion injection time of 500 ms. The most intense ion was
selected for the data-dependent scan to offer their MS*~MS* product
ions, with a normalization collision energy at 35%.

Raw Data Conversion. GLS-Finder was developed in MATLAB
R2012b (MathWorks, Inc., Natick, MA), which currently supports MS
data formats netCDF and mzXML. Raw data from different
manufacturers of mass spectrometers can be converted into these
two common data formats using commercial or open-source tools. In
the presented work, the raw data files acquired were converted to
mzXML files using ProteoWizard 3.0.6965 (http://proteowizard.
sourceforge.net/) with a binary encoding precision of 64 bits, no
zlib compression, and MS level from 1 to 5 (means full-scan and MS*—
MS?® data were converted). A peak-picking filter was used to convert
the raw data from profile to centroid. The calculation was performed
on a Dell Precision T3610 eight-core Intel Xeon 3.00 GHz processor
with 16 GB RAM running a Microsoft Windows 7 Enterprise 64-bit
operation system (Microsoft Corp., Redmond, WA).

B RESULTS AND DISCUSSION

Typical Fragmentation of Aliphatic, Aromatic, and
Indolyl Glucosinolate. Both higher energy collisional
dissociation (HCD) and CID were used to examine the
fragmentation behaviors of the three classes of glucosinolates
under different collision energy levels. The first step was to find
the characteristic product ions in MS/MS or MS" fragmenta-
tion. Glucheirolin (3-methylsulfonylpropylglucosinolate), glu-
cotropaeolin (benzylglucosinolate), and glucobrassicin (3-
indolylmethyl glucosinolate) represent aliphatic, benzyl, and
indolyl glucosinolates, respectively. Consistent with previous
reports,"'¥'?*37 four product ions, mass-to-charge ratio (m/
z) of 195, 241, 259, and 275, can be used as diagnostic ions for
glucosinolates in the spectra acquired by the LTQ Orbitrap XL
mass spectrometer. The ion at m/z 195 is formed from cleavage
of the sulfur—aglycone bond; the ion at m/z 241 is produced by
loss of H,O from m/z 259; and the ion at m/z 259 is formed
via cleavage of the sulfur—sugar bond, followed by rearrange-
ment of the sulfate group to the glucose residue. The ion at m/
z 275 is formed via the NL of R—-N=C=0 from the [M —
H]™ ion. The NL of 242 Da, which originated from the
combined loss of sulfur trioxide (SO;, 80 Da) and
anhydroglucose group (C¢H,;,Os, 162 Da) is another common
fragmentation pathway observed for the glucosinolates. Among
all of these characteristic product ions and the NLs, observation
of product ions at m/z 259 and 275 in MS? spectra can be
considered as the most indicative of the existence of the
glucosinolates. As shown in Figure S1 of the Supporting
Information, the occurrence of the two typical ions can be
observed for a wide range of collision energies. A universal
normalization fragmentation energy of 35% under CID mode
with data-dependent acquisitions was used for all further
studies of the Brassicaceae vegetables.

Applying the Fragmentation Filter and the Formula
Generating Rules for Glucosinolate. Armed with knowl-
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Figure 1. (A) Total ion chromatogram of broccoli microgreen. (B) Extracted ion chromatogram of precursor ions after applying the GFF for NL of
242 Da. (C) Extracted ion chromatogram of precursor ions of glucosinolate candidates after applying the GFF for product ions of m/z 259 and 275.
(D) Extracted ion chromatograms for glucosinolate candidates after applying GFF and the glucosinolate formula generation rules.

edge of the fragmentation behavior and diagnostic product ions
of glucosinolates, a GFF was used for selecting possible
glucosinolate candidates from the raw data. GFF was defined as
the selection of characteristic product ions, NLs, or their
combinations. From the application of the GFF, GLS-Finder
will annotate the scans in the raw data where the typical
glucosinolate mass fragmentation occurred. The selection of
GFF determines the results of the glucosinolate peak extraction.
More accurate results can be achieved if more characteristic
product ions and NLs are included. However, the risk of
missing minor glucosinolate peaks may increase. The users
need to decide the best compromise on how to apply the rules.
Using the broccoli microgreen sample as an example, Figure 1A
shows the results of applying different GFFs. Figure 1B shows
the extracted ion chromatogram of precursor ions that produce
typical NL of 242 Da, while Figure 1C shows the extracted ion
chromatogram of precursor ions of glucosinolate candidates
that produce a NL of 242 Da and product ions of m/z 259 and
275 in MS? spectra. False-positive ions may exist during this
step, especially if the intensity threshold is set very low at the
10" level (as in Figure 1, the intensity threshold is defined as the
product ion intensity in the MS? scan). The intensity threshold
is a user-selectable parameter that can be adjusted to achieve
the best compromise between detecting all minor glucosino-
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lates and too many false positives. However, this parameter is
not limiting because the false positives can be eliminated easily
by applying the glucosinolate formula generating rules. The
intensity threshold was set at a very low value in this example to
demonstrate the ability of the GLS-Finder at eliminating false
positives. Figure 1D shows the extracted ion chromatograms of
glucosinolate candidates after applying the rules, and all of the
false positives (m/z 723, 753, and 929) were eliminated.

The formula generating rules also provide a more accurate
glucosinolate formula compared to the existing formula
generation tools included in Xcalibur and are capable of
identifying new glucosinolates not present in the database. For
example, m/z 509.0751 was a unique glucosinolate found by
GLS-Finder in arugula (Eruca sativa) that produces character-
istic product ions at m/z 259 and 275. Manual generation of
formulas using Xcalibur Qual Browser will lead to 18 possible
formula hits with less than 5 ppm mass accuracy tolerance if
only defining the elements of C, H, O, N, and S. The correct
glucosinolate formula (C,,H,;0.,N,S,) is not the top hit.
However, in GLS-Finder, using the glucosinolate formula
generating rules, the false formulas are easily eliminated.

Verification of Possible Glucosinolate Candidates
Using Isotopic Distribution Rules. If a user still suspects
that false positives are included in the results, the isotopic
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Theoretical and experimental isotopic peak distribution for m/z 420.0457 at RT 3.51 min
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Figure 2. Verification of glucosinolates using isotopic distribution rules.
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distribution check function can be used to exclude any
remaining false positives. This can be executed automatically
or manually in GLS-Finder. In this study, a relatively
conservative setting of 20% for positive identification is based
on relative isotopic analysis (RIA) of 130 positively identified
known glucosinolates with ion intensity from 10* to 10°. As
shown in Figure S2 of the Supporting Information, the RIA
errors were lower than 15% for glucosinolates containing two,
three, and four sulfurs using the mass spectrometer in the lab of
the authors. Consequently, for automatic annotation of
glucosinolates, the use of the natural isotope patterns has
proven to be very useful for excluding false positives. Figure 2A
shows that a possible ion at m/z 420.0457 can produce ions m/
z 275 and 259 above the predefined intensity threshold. A
possible formula with m/z 420.0457 (mass error of 0.06 ppm)
was given as C,H,;NOoS; by GLS-Finder. The measured
isotopic distribution was compared to the theoretical
distribution with the RIA error of 5.66%. Hence, this peak
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could be unambiguously identified as a glucosinolate because of
the good agreement between theoretical and measured values.
Conversely, Figure 2B is an example of a false-positive peak
found by the program. The ion at m/z 723.2122 also produces
product ions at m/z 275 and 259 (although in low abundance
but over the threshold setting of 10') in the MS/MS spectrum.
It lead to a possible glucosinolate formula of C,sH,,0,5N,S;
(mass error of 2.30 ppm), However, it does not pass the RIA
analysis with the error over 20%, and the formula of this ion
most likely has an elemental composition of Cy33H;005 (2-
feruloyl-1-sinapoylgentiobiose) and can be easily excluded as a
false positive.

Targeted Glucosinolate Metabolomic Studies for
Comparing Glucosinolate Profiles/Levels between
Grouped Samples. Metabolomics represents another hot
area in plant science. The existing bioinformatic tools for
metabolomics are mostly optimized for non-targeted studies
and are not flexible enough for targeted analyses aimed at
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report of GLS-Finder. Blue, CaCl,-treated group; green, control group.
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M 4-Hydroxyglucobrassicin
M Glucoraphasatin isomer

™ Glucobrassicin isomer

Figure 4. Typical glucosinolate percentage plot from cauliflower with semi-quantitation results (#mol/g of DW).

specific classes of compounds. GLS-Finder, on the other hand,
can be used for targeted metabolomics to evaluate glucosinolate
levels or profile changes between groups of samples. Figure 3A
shows the PCA score plot of two group of broccoli samples
with different treatments (CaCl,-treated and control groups)
based on 11 glucosinolates and the peak areas manually
checked and integrated by a human using Quanbrowser in
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Xcalibur software from an instrument vendor. Figure 3B is the
PCA score plot based on the same 11 glucosinolates and the
peak areas exported by GLS-Finder. The first two principal
components explained 93.5% (R,X) total variance with the
predictability of 77.2% (Q*) for using the glucosinolate peak
areas from raw data, while the first two components explained
95.1% (R,X) total variance with the predictability of 78.9%

DOI: 10.1021/acs jafc.6b01277
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Glucosinolates found

MS" data

Possible Identification and CAS number

Feature ID ﬁass Feat Mass Featrtensity Formula Mass ErrolRDB MS2 MS3 Ms4 CAS number
1 1.62 388.0361 §15599932 C11H1801 2.796615 m@BSS.O%l) 258 (@259.0872) 138.980(&14) .0 2-Hydroxy-3-butenylglucosinol 31362-92-2; 19237-18-4; 585-95
2 1.71 372.0412 § 9207493 C11H180¢ 3.050165 3.5 (@372.0412) 259 (@259.0635) 96.9596 0 2-Methyl-2-propenyl glucosinol 956700-01-9; 19041-09-9
3 1.99 402.0514 17321818 C12H2001 3.672163 3.5 (@402.0514) 259 (@259.1354) 139.111; (@139.11§2)f81.1 2-Hydroxy-3-pentenyl glucosinc 1185047-99-7; 956700-09-7; 137
4 2.09 372.0412 B1156858 C11H180S 3.050165 3.5 (@372.0412) 259 (@259.1504) 139.075' (@139.07§9)81.0 2-Methyl-2-propenyl glucosinol 956700-01-9; 19041-09-9
5 2.33 388.0361 | 4652550 C11H1801 2.796615 3.5 (@388.0361) 25% 0 0 2-Hydroxy-3-butenylglucosinol 31362-92-2; 19237-18-4; 585-95
6 2.52 374.0573 | 9444107 C11H200S 1.632024 2.5 (@374.0573) 25¢ (@259.1338) 97.0321 0 2-Methylpropyl glucosinolate; r 38226-91-4; 35535-42-3; 499-24
7 2.81 388.0361 | 7120505 C11H1801 2.796615 3.5 (@388.0361) 259 (@259.1045) 97.0223 0 2-Hydroxy-3-butenylglucosinol 31362-92-2; 19237-18-4; 585-95
8 3.02 463.0465 12040203 C12H2307 3.402048 3.5 (@463.0465) 285 (@285.1239) 97.0878 (@97.087§) §1.08 1-Methoxyl-3-indolyl glucosino 355116-49-3; 87592-99-2; 83327
9 3.21 386.0562 /6935608 C12H200S 4.506134 3.5 (@386.0562) 259 (@259.2003) 139.078: (@139.07§1)}81.1 1-Pentenyl-glucosinolate; 4-Pe 956700-10-0; 19041-10-2; 67371
10 3.87 386.0562 | 3164238 C12H200S 4.506134 3.5 (@386.0562) 259 (@259.0663) 139.028; 0 1-Pentenyl-glucosinolate; 4-Pe 956700-10-0; 19041-10-2; 6737-1
1 3.97 386.0562 | 3122898 C12H200S 4.506134 3.5 (@386.0562) 259 (@259.1966) 169.127 0 1-Pentenyl-glucosinolate; 4-Pel 956700-10-0; 19041-10-2; 6737-1
12 4.73 386.0562 | 7945918 C12H200¢ 4.506134 3.5 (@386.0562) 259 0 0 1-Pentenyl-glucosinolate; 4-Pel 956700-10-0; 19041-10-2; 6737-1
13 4.87 438.0531 | 6839088 C15H2001 0.530954 6.5 (@438.0531) 259 (@259.1156) 139.084: 0 1-Hydroxy-2-Phenyl-ethyl glucc 827322-02- 1; 666235-43-4; 6662
14 5.07  447.05 p6574860 C12H230€ 0.109607 3.5 (@447.0500) 259 (@259.1135) 139.134 (@139.1341)104. 3-Indolylmethyl glucosinolate 4356-52-9
15 5.75 447.0546 | 6177312 C16H190S 3.049806 8.5 (@447.0546) 259 0 0 3-Indolylmethyl glucosinolate 4356-52-9
16 5.83 422.0584 17541916 C15H200S 1.084316 6.5 (@422.0584) 259 (@259.1642) 139.079' 0 2-Phenethyl glucosinolate 499-30-9
17 5.96 447.0546 | 3899087 C16H190S 3.049806 8.5 (@447.0546) 259 0 0 3-Indolylmethyl glucosinolate 4356-52-9
18 7.13 447.0546 §156007.9 C16H190S 3.049806 8.5 (@447.0546) 401 0 0 3-Indolylmethyl glucosinolate 4356-52-9
19 7.48  477.06 B1666584 C12H2101 0.534524 4.5 (@477.0600) 259 (@259.0482) 139.083: 0 7-Methoxyglucobrassicin; 5-Me 1143960-20-6; 87593-00-8; 8332
20 8.57 402.0894 | 1764749 C13H240S 0.406636 2.5 (@402.0894) 258 0 0 2-Ethylbutyl glucosinolate; 3-M 1160697-39-1; 956700-00-8; 138
21 10.27 477.0648 [12573851 C17H2101 2.269825 8.5 (@477.0648) 44¢ (@446.1096) 284.178! 0 7-Methoxyglucobrassicin; 5-Me 1143960-20-6; 87593-00-8; 8332
22 13.17 492.0637 } 2011130 C18H2201 0.460648 w@492.0637) 258 0 / 0 2-Benzoyloxy-3-butenyl glucosi 356534-71-9

Figure S. Typical report of GLS-Finder on turnip microgreen.
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Figure 6. Distribution plot of 146 glucosinolates in the 49 vegetables analyzed. Each dot represents one glucosinolate, and dot size represents the
content of glucosinolates (the larger the dot size, the larger the glucosinolate content) based on semi-quantitation results using glucoiberin. Different
glucosinolates were labeled in different colors. m, microgreen; r, mature vegetable.

(Q?) for using the data from GLS-Finder. These two PCA score
plots exhibit very similar data clustering trends, and it suggested
that GLS-Finder keeps the original data characteristics from the
raw data. GLS-Finder can also output a summarized spread-
sheet (Figure 3C) with retention times, HRAM data, and peak
areas that can be used for further chemometric analysis with

commercial third-party software.
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Glucosinolate Profiling and Semi-quantification. GLS-
Finder can perform automated semi-quantitation using either
internal or external standards. It also gave the individual/total
glucosinolate peak area ratio of a sample for fast estimation of
glucosinolate content. Figure 4 shows a typical glucosinolate
profile with the percentage of each individual glucosinolate.
The total glucosinolate concentration of cauliflower extract was
1.04 ymol/g of dry weight (DW), which was calculated using

DOI: 10.1021/acs jafc.6b01277
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glucoiberin as an external standard curve. This function can
give researchers a general idea of the glucosinolate content in a
very short time. More accurate results can be obtained with
standard curves of individual glucosinolates (if reference
standards are available) in a quantitative study if necessary.

Applying GLS-Finder to Different Kinds of Samples. A
total of 49 samples, including 30 microgreens and 19 mature
vegetables commonly consumed in the U.S. market, were
screened using the “GLS-Finder” program. A typical report is
shown in Figure 5. The information on glucosinolate retention
time, intensity, accurate mass, major MS>" fragment ions, CAS
registry number, and possible identification based on in-house
database search were reported in the spreadsheet.

GLS-Finder can identify glucosinolates found in the in-house
database very quickly in all samples studied, and it can also help
identify new glucosinolates. For example, two peaks with
retention times at 1.68 and 2.17 min with a deprotonated ion at
m/z 580.0438 were determined to be glucosinolates by the
program but not found in the in-house database. They were
flagged as potential new glucosinolates. Further manual
examination found base fragmentation ions at m/z 406 in
their MS? spectra. Their MS® spectra were identical to the MS*
spectra of 4-mercaptobutyl glucosinolate.'” In comparison to 4-
mercaptobutyl glucosinolate (C;;H,,O,NS;), these two com-
pounds have an additional —C,,HsOS side chain (174.0139
Da) attached to the structure. They are tentatively identified as
thieno[3,2-e]benzofura-n-mercaptobutyl glucosinolate and its
isomer. These two glucosinolates have not been reported
previously in the literature.

The typical run time for GLS-Finder for one sample (with 30
min elution time) is around 10 min compared to days for
manual data mining. The program greatly facilitates data
analysis of glucosinolates, displaying them as overlays of
multiple extracted ions (Figure 1D). The vegetables show a
great diversity in glucosinolate composition and content. Figure
6 provides a general distribution plot of the glucosinolates in
the 49 vegetables investigated. The x axis represents the 146
glucosinolates found by GLS-Finder, and the y axis represents
each vegetable sample investigated. Each dot represents a
glucosinolate found in the vegetable, and the dot size represents
the glucosinolate content from the semi-quantitation results.
The total content of glucosinolates ranges from 1.04 to 9.87
umol/g of DW among the 49 vegetables (Table S2 of the
Supporting Information). With the aid of this distribution
figure, it would be easy to compare glucosinolate profiles
between investigated vegetables to find out the common
glucosinolate distribution. Also, it can pinpoint unique
glucosinolates determined, such as dimeric 4-mercaptobutyl
glucosinolate and 10-methylthiodecyl glucosinolate in arugula,
6-methylthiohexyl glucosinolate in turnip root, etc.

In conclusion, a computational program “GLS-Finder” for
fast detection and identification of glucosinolates in commonly
consumed Brassica vegetables using UHPLC—HRMS data has
been developed. GLS-Finder is able to process single data,
multiple data, and grouped data and provides glucosinolate
detection, visualization, peak list alignment, putative assign-
ment, semi-quantitative results, and PCA. It provides additional
unique features for finding new potential glucosinolates. GLS-
Finder can also be modified to accommodate nominal MS data
but with less accurate results. It saves a significant amount of
time in data mining. The general design idea of our program is
not limited to glucosinolates. It can be extrapolated to other

plant secondary metabolites if they share common mass
fragmentation behavior.
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