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Abstract

We report the development and testing of an accurate mass — time (AMT) tag approach for the
LC/MS-based identification of plant natural products (PNPs) in complex extracts. An AMT tag
library was developed for approximately 500 PNPs with diverse chemical structures, detected in
electrospray and atmospheric pressure chemical ionization modes (both positive and negative
polarities). In addition, to enable peak annotations with high confidence, MS/MS spectra were
acquired with three different fragmentation energies. The LC/MS and MS/MS data sets were
integrated into online spectral search tools and repositories (Spektraris and MassBank), thus
allowing users to interrogate their own data sets for the potential presence of PNPs. The utility of
the AMT tag library approach is demonstrated by the detection and annotation of active principles
in 27 different medicinal plant species with diverse chemical constituents.
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1. Introduction

Throughout human history plant extracts have been used in traditional medicines to treat a
multitude of different ailments. These extracts often contain complex mixtures of
structurally diverse small molecules generally referred to as plant natural products (PNPs),
secondary (or specialized) metabolites, or phytochemicals (Li and Vederas, 2009). Isolated,
pharmacologically active, PNPs have been the source of many successful drugs and their
structures have inspired medicinal chemists to synthesize derivatives in order to further
develop specific desirable properties. Examples of well-known PNP-derived anticancer
drugs include paclitaxel (taxol®) (1) from Pacific yew ( 7axus brevifolia), vincristine (2)
from Madagascar periwinkle (Catharanthus roseus), camptothecin (3) (topotecan (4)) from
the Happy Tree (Camptotheca acuminata, and podophyllotoxin (5) (etoposide (6)) from the
Himalayan mayapple (Podophyllum hexandrum) (Newman and Cragg, 2012) (Fig. 1). Other
important uses of PNPs, among others, are in pain management (e.g., morphine (7) from
opium poppy [Papaver somniferum]) and as antimalarial treatments (e.g., quinine (8) from
the genus Cinchona or artemisinin (9) from Sweet wormwood [Artemisia annua]) (Newman
and Cragg, 2012) (Fig. 1). From the mid 1990s to mid 2000s, there was a decline of PNP
research in the pharmaceutical industry, in part because of a lack of compatibility of plant
extract libraries with high-throughput screening technologies (Koehn and Carter, 2005).
However, recent innovations in plant extract screening, combined with the realization that
structurally complex and diverse libraries are difficult to synthesize using high-throughput
approaches, have led to a renewed interest in PNP-based drug discovery (Li and Vederas,
2009).

The plant kingdom is a source of extraordinary chemical diversity (Buckingham, 2011). It is
thus essential to develop fast and reliable methods for the chemical screening of plant
extracts. Liquid chromatography (LC) is the most common method used for the separation
of PNPs. The LC system can be interfaced with various different detectors, which are often
used in series. Diode array, fluorescence and refraction index detectors provide excellent
sensitivity and dynamic range, but the extractable structural information is limited. High
resolution mass spectrometers (HRMS) are exceptionally sensitive and, in particular in MS/
MS mode, contribute highly valuable structural information, but the dynamic range
achievable with these instruments can be limiting, when one considers that the concentration
range of metabolites in plants can exceed 106 between the most and least abundant
metabolites (Moco et al., 2007). Nuclear magnetic resonance spectroscopy is immensely
important for structural elucidation, particularly of complex molecules with (multiple) chiral
center(s), but its limited sensitivity has placed constraints on its online use with LC (Koehn,
2008). A full elucidation of novel chemical structures requires, however, the use of several
complementary chromatographic and spectroscopic techniques. Yet, if authentic standards
are available, a combination of (ultra) high performance LC with HRMS is a very rapid and
powerful approach for the structural identification of PNPs in complex plant matrices.
HRMS analyses can be used to deduce empirical formulas from accurate mass-over-charge
(m/z) determinations, which is of great importance for metabolite profiling, extract
authentication and dereplication in screening efforts (Kind and Fiehn, 2007). However, it is
crucial to perform these analyses using various different ionization modes and polarities to
assess if protonated or deprotonated ions are formed and to which extent adducts or
fragments need to be considered. The confidence level for peak annotations is further
increased when such data sets are combined with information about chromatographic
behavior (such as (relative) retention time on a specific stationary phase under controlled LC
conditions) (Korfmacher, 2005). Additional complementary information can be acquired in
MS/MS or MS" mode, which can be used to determine the decoration patterns of
glycosylated or prenylated PNPs, the presence of certain structural cores or, if a large
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number of structurally related compounds is available, to establish fragmentation rules for
structure prediction (Kind and Fiehn, 2010; Sawada et al., 2012).

A particularly powerful strategy, termed accurate mass — time tag (AMT) analysis, was
originally developed for the integration of orthogonal LC and HRMS data sets, and enabled
a higher throughput for quantitative shotgun proteomics by eliminating (or at least
drastically reducing) the necessity of repetitive MS/MS analyses (Bruce et al., 1999; Shen et
al., 2001). Further standardization has facilitated the development of AMT tag databases for
the proteomics community (Tarasova et al., 2009). Online resources for MS/MS spectral
searches of PNPs have been developed recently (METLIN, Smith et al., 2005; MassBank,
Horai et al., 2010; ReSpect, Sawada et al., 2012). However, the integration of LC, HRMS
and MS/MS data in metabolomics experiments has only recently been reported for human
lipids (Ding et al., 2008; Sorensen et al., 2010). Herein reported is the successful adaptation
of the AMT tag approach for PNP discovery in medicinal plant extracts. Our PNP spectral
library uses the MassBank output format and can be integrated into and interrogated by
various online resources, including our own Spektraris tool (http://langelabtools.wsu.edu/
amt/).

2. Results and discussion
2.1 AMT tag library design

To ensure consistent chromatographic results, a normalized LC flow path was used in
combination with a rapid resolution LC method suitable for the reversed phase separation of
a wide range of bioactive PNP analytes. A mid-polarity compound was then sought that was
not present in plant extracts and would ionize under all relevant ionization conditions, thus
enabling the calculation of relative retention times. Among several tested candidate
compounds, anthracene-9-carboxylic acid (10) was selected as an internal standard with the
desired properties (Sana et al., 2008a). Authentic standards of PNPs were arranged in bins of
8-16 compounds each (52 bins total) and mixed with the internal standard before injection
onto the LC system.

HRMS data were acquired with standardized methods using electrospray ionization (ESI)
and atmospheric pressure chemical ionization (APCI) sources in both positive (pos) and
negative (neg) polarity modes, thus generating 4 separate result files for each compound bin
(Fig. 2A). ESI is generally a softer ionization method compared to APCI, which means that
fewer fragments are formed (Wolfender, 2009), and this is also reflected in our data sets
(Supplementary Table 1). Protonation in positive mode (generating the [M+H]* pseudo-
molecular ion) tends to work best with compounds that contain basic functional groups that
form stable cations, such as amines. An example would be the alkaloid skimmianine (11)
(peak 5 in the chromatograms reproduced in Fig. 2A), which ionizes well in ESI(pos) and
APCI(pos), but is difficult to detect in ESI(neg) or APCI(neg). Deprotonation in the negative
mode (generating the [M—H]~ pseudo-molecular ion) is most useful with acidic species,
including hydroxyl and carboxyl groups. The multiply oxygenated quinoline alkaloid
foliosidine (12) (peak 8 in the chromatograms reproduced in Fig. 2A) would be an example
of a metabolite that is readily detected in ESI(neg), while the diterpene forskolin (13) ionizes
well in all modes and polarities. Cationization in positive mode (formation of adducts most
commonly containing alkali or ammaonium ions) or anionization in negative mode
(formation of adducts most commonly containing acetate or formate ions), and the formation
of multimers can lead to the occurrence of additional ions in the mass spectrum. Thus, the
m/z values of all ion species detected by HRMS using a QTOF mass spectrometer
(excluding fragments) were recorded and interpreted (Supplementary Table 1). Agilent’s
molecular formula generation (MFG) algorithm was then used to calculate and score
empirical molecular formulas (Sana et al., 2008b) (Fig. 3). HRMS data were acquired for a
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total of 740 compounds, of which 492 gave satisfactory spectral results when highly
stringent selection criteria were employed (100 % match between empirical and actual
molecular formula; > 95 % match of isotopic abundance and spacing patterns; minimum
relative retention time of 0.05). For each detected compound, the accurate mass in all modes
and polarities (mass tags), relative retention time (time tag), and relevant meta data (e.qg.,
trivial name, IUPAC name, and CAS number) were compiled using a custom script (MS!
Extractor) and stored in an AMT tag database that uses the MassBank record format (Horai
et al., 2010) (Fig. 3). The meta data set for the AMT tag library is available for download as
Supplementary Table 1.

MS/MS data were acquired at three different collision energies in separate analytical runs
(Fig. 2). This was done to sample at least 5 times across each mass peak, thus ensuring
accurate mass measurements. With newer, faster scanning QTOFs, such analyses could
potentially be performed in individual runs (Kueger et al., 2012). The patterns generated in
MS/MS mode by fragmentation of compounds in the QTOF collision cell depend on the
energy applied and are indicative of structural features. For example, when 11 (peak 5 in the
chromatograms reproduced in Fig. 2A) was analyzed in MS/MS mode, the [M+H]* peak
was very prominent at a collision energy of 10 eV, while the [M-CH3-H,0+H]* peak was
the most abundant at 20 eV, and several fragments in the lower mass range were detected at
40 eV (Fig. 2B). A custom script (MS? Extractor) was used to associate MS/MS data files
with relevant meta information, and the resulting data files were integrated into the AMT tag
library in MassBank record format (Horai et al., 2010) (Fig. 3). All MS and MS/MS records
are available for download on the Spektraris websites (http://langelabtools.wsu.edu/amt/)
and MS/MS data files have also been submitted to MassBank (www.massbank.jp).

2.2 AMT tag library searching

Raw data files obtained in LC-MS runs with plant extracts were first processed using
Agilent’s molecular feature extraction (MFE) algorithm within the MassProfiler software
(Sana et al., 2008b) (Fig. 4). This algorithm enables (1) the grouping of multiple ions
generated from the same compound (e.g., molecular ion, adducts and dimers) to one
molecular feature and (2) the automated listing of all molecular features (compounds) in a
chromatographic run. From the output of the MFE analysis in .csv (comma-separated
values) format, the following information was extracted: (1) unique compound IDs, (2)
retention times or relative retention times (time tags), and (3) m/z values (mass tags),
monoisotopic masses or empirical formulas. These data sets were then copied into the
appropriate data entry field of our Spektraris online resource (http://langelabtools.wsu.edu/
amt/). An online search against Spektraris generates result files that include the full meta
data for each compound, including alternative names, CAS number, chemical structure
(.mol), SMILES (Simplified Molecular-Input Line-Entry System) representation, relative
retention time, and other relevant information (Fig. 5). Our MS/MS data sets can also be
accessed via the online version of the MassBank community resource (Horai et al., 2010)
(www.massbank.jp). Alternatively, a distributed copy of the MassBank database can be
downloaded on a local computer and searches against our (and other) data sets can be
performed.

2.3 Testing the robustness of the accurate mass - time tag approach

As a first test the reproducibility of the retention time and HRMS data over longer periods of
time was determined. A standard mix was run on LC columns from different production lots
between 2009 and 2012. The relative standard deviation for the retention times of 5
individual components ranged between 0.35 and 1.52 % (n=11) (Supplementary Table 2),
and all analytes were properly identified by a Spektraris search, thus providing evidence for
the utility of the approach when used with columns of different ages and use patterns, and a
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mass spectrometer that was used for various different applications between replicate
analyses. It is, however, important to note that regular system maintenance is a prerequisite
for reliable peak annotation. When the LC and QTOF systems had been in use for other
projects and not been cleaned thoroughly, an increased tendency for the formation of
adducts was observed, thus complicating spectral pattern matching. In general, peak
annotations based on MS/MS fragmentation patterns confirmed those made by the AMT tag
approach. However, examples were also documented when MS/MS data acquisition proved
essential for high confidence peak annotation. This was particularly true for isobaric
compounds (same molecular formula) with identical chromatographic behavior (same
retention time). For example, the flavonoids 7,3’ -dihydroxyflavone (14) and 2’6-
dihydroxyflavone (15) could not be distinguished by the AMT tag approach but MS/MS
patterns obtained at different collision energies were clearly discernible (Supplementary Fig.
1), thus demonstrating the potential of combining AMT tag and MS/MS data sets for aiding
PNP identification.

2.4 Validating the AMT tag approach by screening chemically diverse plant extracts for
known active principles

To evaluate the utility of the AMT tag library for the tentative identification of PNPs,
extracts from medicinal plants with known active principles and diverse chemistry were
analyzed. While presenting the results of these analyses, the pharmaceutical relevance of the
PNPs of interest is also briefly described for each.

Alkaloid-containing extracts were obtained from various tissues of 16 different species (29
samples total) (Table 1). Using the Spektraris tool, the presence of 11 signature alkaloids
was evaluated in these extracts. Most alkaloids, with the exception of 8 (detectable in all
modes and polarities), were detected preferentially in ESI(pos) and APCI(pos), whereas only
very weak signals, if any, were detected in ESI(neg) and APCI(neg). The quinoline alkaloid
camptothecin (3) was detected, as expected, in leaf, root and stem tissue of the Happy Tree
(Camptotheca acuminata Decne.; Nyssaceae). Semisynthetic analogues of 3, including 4, are
approved chemotherapeutic agents for the treatment of ovarian and lung cancer (Venditto
and Simanek, 2010). Both harringtonine (16) and homoharringtonine (17) were found to be
present in leaves of Cephalotaxus drupaceae and C. harringtonia ‘Duke Gardens’
(Cephalotaxaceae), whereas only small amounts were detectable in leaves of C. harringtonia
‘Watnong’. Homoharringtonine (17) has been investigated in phase 2 and phase 3 clinical
trials for the treatment of chronic myeloid leukemia (Quintas-Cardama et al., 2009). The
quinoline alkaloid quinine (8), the first effective treatment for malaria (Achan et al, 2011),
was detected in bark, leaf, root and xylem extracts from Cinchona pubescens \ahl
(Rubiaceae). Based on our AMT tag data, colchicine (18) was present in corm, fruit and leaf
tissue extracts from autumn crocus (Colchicum autumnale L.; Colchicaceae) and in extracts
of fruit, leaf and tuber tissue from flame lilly (G/oriosa superba; Colchicaceae). Colchicum
has been used for the treatment of gout since ancient times and isolated colchicine (18) has
additional commercial uses in cellular genetics as a mitotic poison (Bhat et al., 2009). The
tropane alkaloids atropine (19) and scopolamine (20) were detected in leaf extracts of 5
tested species of the genus Datura (Solanaceae) and Black henbane (Hyoscyamus nigerL.).
Atropine (19) has a long history as an ophthalmic agent and is also useful in treating
bradycardia (slow resting heart rate) or heart block, while scopolamine (20) is used to treat
motion sickness (Grynkiewicz and Gadzikowska, 2008). The alkaloid galanthamine (21),
which is approved in several countries for the treatment of Alzheimer’s disease (Birks,
2006), was found to be present in bulb, flower and leaf tissues of wild daffodil (Narcissus
pseudonarcissus L. (Amaryllidaceae). The sporophyte of Huperzia squarrosa, a clubmoss,
was demonstrated to contain the alkaloid huperzine A (22), which is currently being
investigated in advanced clinical trials for the treatment of vascular dementia in China (Hao
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et al., 2009). The benzylisoquinoline alkaloids morphine (7) and codeine (23) were readily
detectable in capsule, leaf and root extracts of the opium poppy (Papaver somniferum L.,
Papaveraceae). The opioids have a long history of use as analgesics (7 and 23) and as a
cough suppressant (23) (Trescot et al., 2008).

Methanolic extracts of 9 tissue samples obtained from 5 different terpenoid-producing and 7
samples from 3 different phenylpropanoid-accumulating species were used to further assess
the utility of the AMT tag library for PNP screening purposes (Table 2). Diterpenoids were
generally detectable in all modes and polarities (with the exception of triptolide (24), which
did not ionize well in APCI(neg) and the triterpenoid glycoside digoxin (25), which was
only detectable in ESI(neg) and APCI(neg)). Phenylpropanoids were detectable in all modes
and polarities tested, as described below. The diterpenoid lactone andrographolide (26),
which has anti-inflammatory, immunosuppressive and neuroprotective activities (Lim et al.,
2012), was detected in leaf extracts of Kalmegh (Andrographis paniculata (Burm. F.) Nees;
Acanthaceae). The labdane diterpenoid forskolin (13), which has been investigated in
preliminary clinical trials as a weight loss aid (Godard et al., 2005), was found to be present
in extracts of roots (fairly high amounts) and leaves (very low amounts) from Plectranthus
barbatus (syn. Coleus forskohlii, Lamiaceae) but was undetectable in leaf and root extracts
of P. caninus Roth (syn. Coleus caninus), which is consistent with the published occurrence
of 13 in the genus Plectranthus (Waldia et al., 2011). The anti-cancer agent paclitaxel
(taxol®) (1) (Kingston, 2007) was detected in extracts from 7axus x media cell suspension
cultures. Root extracts of Regel’s threewingnut ( 7ripterygium regelii Sprag. & Takeda;
Celastraceae) were found to contain the diterpene triepoxide triptolide (24), which is
currently being evaluated in clinical trials as a treatment for rheumatoid arthritis auto-
immune diseases and cancers (Zhou et al., 2012). As expected, the cardiac glycoside digoxin
(25), which is used for the treatment of certain heart conditions (Ehle et al., 2011), was
readily detected in leaf and root extracts of foxglove (Digitalis lanata Ehrh.; Plantaginaceae).
Leaf and rhizome extracts from Podophyllum hexandrum Royle and P. peltatum L.
(Berberidaceae) contained the lignan podophyllotoxin (5), which is the pharmacophore for
the anticancer drug etoposide (6) (Baldwin and Osheroff, 2005). Flower, leaf and root
extracts from Golden flax (Linum flavum L.; Linaceae) also contained the structurally
related lignan, 5-methoxypodophyllotoxin (27). Finally, the lignan nordihydroguaiaretic acid
(28), an antioxidant with various promising biological activities and potential clinical
applications (L0 et al., 2010), was detected in leaf samples of the creosote bush (Larrea
tridentata (DC.) Coville).

Our Spektraris searches often returned hits for various metabolites, in addition to the known
active principles mentioned above, but, when stringent criteria (small tolerances for m/z and
relative retention time) were used, cases of highly unlikely hits were very rare. For example,
in root extracts of Cinchona pubescens Vahl, in addition to quinine (8), several other known
constituents such as cinchonamine (29), cinchonine (30), hydrocinchonine (31), and
hydroquinidine (32) were tentatively identified (Kaufmann and Ruveda, 2005)
(Supplementary Table 3), but other unrelated alkaloids were not found to be present. In
Taxus cell cultures, baccatin 111 (33), 10-deacetylbaccatin (34), and cephalomannine (35)
were detected with high confidence, in addition to the anticancer agent taxol (1) (Ketchum
and Croteau, 2006) (Supplementary Table 3). A larger number of other putative taxanes was
also detected but a unequivocal identification would require the inclusion of data for
additional authentic taxane standards into the database. The expansion of our database with
additional PNPs is thus our highest priority.
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2.5 Testing the utility of AMT tag data acquisition methodology for PNP quantitation

The data acquisition parameters used to test medicinal plant extracts were chosen with the
intention to enable qualitative analyses of PNPs. When screening various species within a
genus, such data can be very valuable to support the decision process with regard to which
plants or extracts to select for follow-up analyses. For PNP screening and follow-up
biosynthetic studies it is also important to gather quantitative data on the tissue-specific
accumulation of PNPs. Thus, methods were validated for the quantification of 26 and 13 in
different tissues of Andrographis paniculataand Plectranthus barbatus, respectively
(Supplementary Data File 1). These validation experiments, which assessed (1) the recovery
of the analyte, (2) the precision, sensitivity, and linearity of analyte detection, and (3) ion
suppression effects within the QTOF ion source, employed the same acquisition parameters
as those used for the AMT tag library.

The andrographolide (26) concentration in greenhouse-grown A. paniculata plants was
highest in leaves (up to 2.4 + 0.3 % of dry weight biomass), but the metabolite was also
detectable in stems (up to 0.4 + 0.03 % of dry weight biomass), whole seedlings (up to 0.3 =
0.04 % of dry weight biomass) and flowers (up to 0.07 £ 0.005 % of dry weight biomass)
(Fig. 6A). Andrographolide (26) was undetectable in root and seed extracts. These patterns
of accumulation are in general agreement with literature reports, although the determination
of 26 in flowers and seeds has not yet been reported by others. Pholphana et al. (2004) used
an HPLC-based method to determine the contents of 26 in leaves and stems (1.7 and 0.8 %
of dry weight biomass) of A. paniculata harvested in Thailand. Akowuah et al. (2006)
reported contents of 26 (determined by HPLC) between 2.1 to 3.0 % of dry weight biomass
in leaves of A. paniculata harvested at different locations within Malaysia.

In greenhouse-grown P. barbatus plants, the concentrations of forskolin (13) were highest in
roots (0.09 + 0.02 % of dry weight biomass), with small amounts in stems and seedlings (<
0.002 % of dry weight biomass) (Fig. 6B). Forskolin (13) was undetectable in leaf and seed
extracts. Literature reports for concentrations of 13 in roots vary between 0.01 and 0.2 % of
dry weight biomass, whereas the metabolite was not detected in leaves (Schaneberg and
Khan, 2003; Saleem et al., 2006; Ahmad et al., 2008; Zhang et al., 2009), which is
consistent with the data presented herein. These examples demonstrate that the methods
used for acquiring data for our AMT tag database can be readily adapted for quantitative
follow-up studies.

3. Concluding remarks

Described in this study is an AMT tag library approach to improve the rapid preliminary
identification of PNPs in LC/MS runs of medicinal plant extracts. By employing orthogonal
data sets, including accurate mass/empirical formula, relative retention time and MS/MS
fragmentation patterns, peak annotation can be carried out with high confidence. It would be
desirable to include a range of more common metabolites to the AMT tag library in the
future, so that users can benchmark their extractions. The LC method used for the existing
library is very versatile and allows the separation of metabolites in the medium to low
polarity range, and the inclusion of data for additional phenylpropanoids/flavonoids,
alkaloids, terpenoids and lipids in the database would thus further increase its utility.

However, the current LC method has limited resolving power for polar metabolites (e.g.,
sugars and sugar phosphates, short-chain amino acids and organic acids, nucleotides and
sugar nucleotides), which generally elute in the void volume. Hydrophilic interaction
chromatography has been used successfully for the untargeted separation of polar
metabolites for several years (reviewed in Cubbon et al., 2010). An emerging alternative is
the use of silica hydride-based stationary phases (Pesek et al., 2008; 2011), which has been
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employed successfully for polar metabolome analyses to differentiate microbial strains
(Weisenberg et al., 2009), study microbial metabolism of specific carbon substrates (de
Carvalho et al., 2010a), profile enzyme function (de Carvalho et al., 2010b), discover
biomarkers to indicate human cancer progression (Putluri et al., 2011), and enable the broad-
spectrum profiling of biological extracts (Callahan et al., 2009). The expansion of the AMT
tag database to include polar metabolites would enable the tentative identification of a much
broader range of metabolites, which would be another significant contribution to improving
peak annotation in LC/MS-based metabolomics.

An alternative to acquiring MS/MS data at different fragmentation energies would have
been to perform MS" (higher order MS/MS) analyses with a high resolution orbitrap
instrument. MSn analyses can also be used to calculate elemental compositions of analytes
(Rojas-Chertd et al., 2011). The development of online resources for depositing and
searching these types of data should be considered as a priority for the metabolomics
community.

4. Experimental

4.1. Plant growth conditions

The sourcing of seeds and plant materials is summarized in Supplementary Table 4. This
table also provides details about the growth conditions in greenhouses at different locations.
Voucher specimens were deposited, after careful morphological and phytochemical
evaluation, with the herbarium of the Field Museum of Natural History in Chicago, IL
(Supplementary Data File 2).

4.2. Tissue harvest and metabolite extractions

A detailed description of the methods used for extracting various metabolite classes from
different medicinal plants is provided as Supplementary Protocol 1.

4.3. Liquid chromatography mass spectrometry

HPLC-MS and HPLC-MS/MS runs were performed using a 1200 Rapid Resolution HPLC
system coupled to a 6520 QTOF mass spectrometer (Agilent Technologies). Instrument
control and data acquisition used the MassHunter Acquisition Software (Revision B.02.01;
Agilent Technologies). MS and MS/MS data were processed and analyzed with the
MassHunter Qualitative Analysis Software (Revision B.03.01; Agilent Technologies).
Chromatographic separations were achieved on a ZORBAX SB-Aq column (2.1 x 50 mm,
1.8 um particle size) connected to a ZORBAX SB-C8 guard column (2.1 x 30 mm, 3.5 um
particle size) (Agilent Technologies). The temperature of the column compartment was kept
at 60°C and the solvent flow rate was set to 0.6 mL/min. Analytes were separated using a
linear gradient from 98 % solvent A (0.2% AcOH) and 2 % solvent B (0.2% AcOH in
MeOH) to 98 % B and 2 % A in 13 min. These final conditions were maintained for 6 min,
before the column was returned to the initial solvent composition for another 5 min of
equilibration. Injection volumes varied between 1 and 5 pL. A reference mass solution
(containing hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine (250 nM) and purine (300
nM)) was infused into the ion source using an isocratic pump at a flow rate of 0.05-0.1 mL/
min. Alternatively, the reference mass solution was introduced from a reservoir using a
second sprayer needle. Varying flow rates were used in different modes and polarities to
achieve a reference ion abundance of roughly 40,000 counts. The QTOF mass spectrometer
was set to 2 GHz high gain in positive ion mode for MS experiments and 4 GHz high
resolution mode for MS/MS experiments, with the following settings: the drying gas flow
was 5 L min~1, the nebulizer pressure was 60 psi, the drying gas temperature was 325°C,
and the scan rates were set to 1.4 scans s for MS and to 4 scans s~1 for MS/MS. Data
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acquisition was performed in four different modes and polarities: electrospray (ESI)/positive
polarity, ESl/negative polarity, atmospheric pressure chemical ionization (APCI)/positive
polarity and APCl/negative polarity. The source vaporizer temperature was set to 450°C in
APCI mode. MS/MS spectra were acquired at three different collision energies: 10, 20 and
40 eV.

4.4. Generation of the AMT tag library

Authentic standards were combined in bins (8 — 16 compounds per bin) at a final
concentration of 1-10 ng/pL in MeOH. Each bin also contained the internal standard (1S),
anthracene-9-carboxylic acid (10), thus allowing the calculation of relative retention times
(Rt(analyte) / Rtas))- The composition of the bins is listed in Supplementary Table 1. The raw
data file for each bin was opened and extracted ion chromatograms were generated for all
target m/z values. The target ion and its isotope peaks were selected and the Molecular
Formula Generation (MFG) algorithm of the MassHunter software (Agilent Technologies)
was used to calculate the elemental composition of each analyte (Bristow et al., 2008).
Chromatograms were also screened for the occurrence of common adducts ([M+Na]™* in
ESI(pos), [M+CH3COQ] ~ in ESI(neg) and [M+CI] ~ in APCI(neg)) and the presence of
dimers and/or trimers (the target ions for all compounds are listed in Supplementary Table
1). A unique identifier was assigned to each PNP, and the monoisotopic mass, molecular
formula, theoretic masses of the molecular ion and all adducts were calculated and tabulated
in EXCEL format (Supplementary Table 1). The chromatographic properties (retention time
and relative retention time) of each PNP and the relative intensities of all relevant ions in all
modes and polarities were included in the AMT tag library file as well (Supplementary
Table 1). A custom script, termed MS?® Extractor, was then used to integrate entries from the
AMT tag library file with additional information about each PNP from the PubChem online
database (list of associated names, SMILES string, IUPAC name, formula, monoisotopic
mass and the chemical structure in MDL .mol file format) and general information about
data acquisition (instruments, HPLC protocol, MS parameters, and data acquisition and
analysis software packages). The MS! Extractor tool generates an output file in MassBank
format (Horai et al., 2010) that includes a listing of all detected peaks, their relative intensity
(rounded to 999 for the peak of highest intensity according to MassBank record format
requirements), and evaluates if the monoisotopic mass and formula for each PNP match
between those calculated based on our mass spectrometric data and those listed in the
PubChem database.

Based on the MS data sets for each PNP, a target ion for MS/MS fragmentation was
selected, and MS/MS data were acquired at three different collision energies (10, 20 and 40
eV) in three separate chromatographic runs. Nitrogen was used as a collision gas. MS/MS
raw data files were opened and the MS/MS data extracted using the MassHunter software
(Agilent Technologies). Data for at least three MS/MS spectra were averaged and the results
exported to a file in .csv format. A custom script, termed MS? Extractor, was then employed
to merge the spectral data with meta information about the PNP and data acquisition
conditions as listed above.

4.5. Searching against the AMT tag library

Raw data files were opened using the MassHunter qualitative analysis software (Agilent
Technologies) and the Molecular Feature Extraction (MFE) algorithm was employed to
locate individual sample components (Sana et al., 2008). The Molecular Formula Generation
(MFQG) algorithm was then used to calculate molecular formulas based on mss spectrometric
data. These data sets were exported to a file in .csv format and saved. The exported file was
opened in Microsoft EXCEL and the contents of columns with the molecular feature 1D,
retention time, calculated mass, m/z value, and the molecular formula (last value is optional)
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copied into the query field of the Spektraris search tool (http://langelabtools.wsu.edu/amt/).
The retention time of the internal standard was added and tolerances for selected search
parameters were entered (£ 0.05 for relative retention time (unitless) and + 10 ppm for m/z
value). MS/MS data files were also integrated into the online MassBank community
resource (www.massbank.jp). All data sets can be downloaded, in MassBank format, from
the Spektraris website (http://langelabtools.wsu.edu/amt/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.

LC/MS and MS/MS analysis of plant natural products and detection using different
ionization modes and polarities. A, Total ion current obtained with a mixture of authentic
standards in ESI(pos) (upper panel), ESI(neg) (second panel from top), APCI(pos) (third
panel from top) and APCI(neg) (lower panel). The elution order of the compounds in the
standard mixture were (note that these are not the compound numbers used in the text): (1)
isoalantolactone, (2) (6b-acetyl-13a-hydroxy-4a,6a-dimethyl-13-o0x0-1,2,3,4,4b,
5,6,7,8,9,10,10a,11,11a,11h,12-hexadecahydroindeno[2,1-a]phenanthren-2-yl) acetate, (3) 2-
[1-(1H-benzimidazol-2-yl)-3-(4-methylphenyl)propan-2-yl]-1H-benzimidazole, (4) 2-[1-
(1H-benzimidazol-2-yl)-3-(2-methoxyphenyl)propan-2-yl]-1H-benzimidazole, (5)
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skimmianine, (6) evoxine, (7) bucharaine, (8) foliosidine, (9) 9-methoxy-2,2-dimethyl-6H-
pyrano[3,2-c]quinolin-5-one, (10) methyllycaconitine, (11) 2-piperidin-1-ylethyl 10-
acetyloxy-2,4a,6a,6b,9,9,12a-heptamethyl-13-ox0-3,4,5,6,6a,7,8,82,10,11,12,14b-
dodecahydro-1H-picene-2-carboxylate, and (12) [1,3,4a-trimethyl-4,4a,9,9a-
tetrahydro-1H-9,2-(epoxymethano)xanthen-2(3H)-yl]Jmethyl phenylcarbamate. B, MS/MS
spectra of peak # 5 (skimmianine) at different collision energies; 10 eV (upper panel), 20 eV
(middle panel); 40 eV (lower panel). An annotation of detected fragments is provided in the
MS/MS spectral panels.
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Fig. 3.

Flow diagram for the development of an accurate mass — time tag (AMT tag) database. For
details see text. Acronyms: LC, liquid chromatography; MFG, molecular formula
generation; MS, mass spectrometry.
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LIcENsE: CC BY-2A
oyt ve cesencion time with respect to S-anchracene Carboryiic Acid is 1.375
Tass: w/A

s FORMLA: C2082008

HSEACT JRss: 324126159

CHESUILES: CC(CCC1C (O (C2=C1OC (CC220) C3=COnCORC3) 0)0)

cnszumac: 15 (21 3
HELINK: CAS 41983-53-5

CHELINX: CHEMSPIOER 2387096

1 10,18,21-22m, 9, 2302,

LC-MS Data Input

e Formula m/z  Exact_Mass

Ce H12 06 204.0631 7.578
€9 H10 N4 03 222.0752 7.578
Cl1 H14 S 178.0818 7.579
€25 HSS N13 08 665.4307 7.659

C24 H36 N2 03  401.2788 400.2715 7.749
C45 HO4 N2 O 679.7463 72.7396 2.179

=, =
—— 10285 245
Search
104.0247 148 47

Fig. 5.

20mm 3.5 miczon (quard); Milens SB-hq 2.1xSOmm 1.8 micron (sma

2M/588 a0 13 min, Kold € min av 2A/58E,

Workflow of accurate mass — time tag (AMT tag) database search using the Spektraris tool
(http://langelabtools.wsu.edu/amt/). (A) Screenshot showing the search options and a sample
data set (bottom). Executing the query brings up a new window with a summary of search
results (B). Clicking on an individual compound hit opens a window with relevant

compound information in MassBank format (C).
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Fig. 6.

Quantitation of (A) andrographolide (26) in tissue extracts (harvest date shown as days after
germination) obtained from Andrographis paniculata and (B) forskolin (13) in tissue extracts
obtained from mature Plectranthus barbatus plants. Photos of representative plants are
provided (C, Andrographis paniculata, D, Plectranthus barbatus).
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