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ABSTRACT: Plant seeds are a renewable resource that can furnish access to medicinal natural products that can only otherwise be
isolated from aerial or root parts, the harvest of which may be destructive to the plant or threaten its viability. However, optimization
of the isolation of such compounds from seeds would be greatly assisted if the spatial distribution of the molecules of interest within
the plant tissue were known. For example, iboga alkaloids that hold promise for the treatment of opioid use disorder are typically
isolated from the leaves, bark, or roots of Tabernanthe or Voacanga spp. trees, but it would be more environmentally sustainable to
isolate such compounds from their seeds. Here, we leveraged the unique capabilities of the ambient mass spectral imaging technique
termed laser ablation direct analysis in real-time imaging—mass spectrometry (LADI-MS) to reveal the spatial distributions of a
range of molecules, including alkaloids within V. africana seeds. In addition to six compounds previously reported in these seeds,
namely, tetradecanoic acid, n-hexadecanoic acid, (Z,Z)-9,12-octadecadienoic acid, (Z)-9-octadecenoic acid, octadecanoic acid, and
A'"-vincamine, an additional 31 compounds were newly identified in V. africana seeds. The compound classes included alkaloids,
terpenes, and fatty acids. The ion images showed that the fatty acids were localized in the embryo of the seed. The alkaloids, which
were mainly localized in the seed endosperm, included strictamine, akuammidine, polyneruidine, vobasine, and A'*-vincamine. This
information can be exploited to enhance the efficiency of secondary metabolite isolation from V. africana seeds while eliminating the
destruction of other plant parts.

B INTRODUCTION

Indole alkaloid natural products are ubiquitous secondary
metabolites that are produced by plants, animals, and
microbes. They range in form from simple endogenous central
nervous system (CNS)-active signaling molecules, such as
serotonin, to exquisitely complex molecular scaffolds such as
villalstonine," paraherquamide J,* and the mangrovamides D—
G.? Plants in particular, both terrestrial and marine, serve as a
rich source of these compounds, with many well-known
examples that are used clinically, such as the anti-cancer drugs
vincristine, vinblastine, vinflunine, and vinorelbine derived
from the plant Catharanthus roseus. Their skeletal frameworks
and biological activity have also inspired the synthesis of
various lead drug candidates®” and various synthetic
approaches for their generation.” However, their structural
complexity and stereochemical intricacy make them difficult to

synthesize, and overall, their inaccessibility and the scarcity of
the biological resources from which they are derived limit
exploration of their biological properties that may be of
therapeutic benefit, even when these properties appear
promising for the treatment of disease. One case in point are
the indole alkaloids derived from Tabernanthe’ and Voacanga’
genus plants, from which ibogaine, a compound that holds
promise for the treatment of opioid and other chemical
addictions,””” has been isolated. While there are approaches to
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the synthesis of ibogaine,m_14 these remain costly, and

furthermore, the scheduling of ibogaine in the United States
has stymied efforts to conduct studies of its potential as an
anti-addiction treatment. Tabernanthe and Voacanga spp. also
contain numerous other related but currently unregulated
compounds, which have CNS activity that may be useful for
the treatment of drug addiction. However, the lack of
availability of these molecules in purified form has hampered
efforts to study their potential utility.

Indole alkaloids with biological activity that have been
isolated from the plant include voafolidine from leaves,"
voacan_;ine and voacamine from bark,'® and vobtusine from
roots.'” But concerns for the preservation of plants from which
the molecules are derived make it critical to seek alternative
sources of these natural products that avoid removal of plant
parts, the harvesting of which threatens plant survival and
viability. In this regard, seeds may serve as a readily available,
renewable source of medicinal indole alkaloids that in and of
themselves can be isolated and purified for use in clinical
medicine, or provide access to molecular frameworks that can
be used in semi-synthetic approaches to generate drugs of
interest (e.g., the use of the natural product vincamine for the
semisynthesis of vinpocetine for the treatment of cerebrovas-
cular and cognitive disorders).'® The seeds of V. africana are
considered the most economically important plant part'” and
have been reported to contain a number of types of
compounds, including lipids and terpenes, as well as indole
alkaloids. Medicinal natural products such as tabersonine
(which has anti-cancer properties) have been isolated from V.
africana seeds."” These compounds have been isolated using
various extraction protocols,'”'*™** in addition to column
chromatozgraphy”’19_22 and thin layer chromatography
(TLC),"”*" and structurally characterized by 'H nuclear
magnetic resonance (NMR) spectroscopy,17’19’21’22 13C NMR
spectroscopy,’”'>*'™** 'H-'H COSY,”" infrared (IR) spec-
troscopy,”’ high-resolution mass spectrometry’”*"** and gas
chromatography—mass spectrometry (GC-MS).””** Once the
presence within seeds of compounds of interest is established,
a next step would be to develop a method by which to isolate
them. To optimize the isolation protocol for the extraction and
purification of relevant compounds from seeds, it would be
extremely helpful if the spatial distributions within the seed
tissue can be determined beforehand, as this would reduce the
expense, waste and overuse of solvent, save time, and enable
institution of pretreatment steps to avoid the processing of
tissues which do not contain the material of interest. However,
the locales of Voacanga alkaloids within the seed structure have
not been reported.

The ability to map the spatial distributions of small
molecules within complex matrices, particularly tissues, has
enjoyed numerous technological advancements, with one of
the most notable and well-developed being matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry
imaging (MSI),** although a number of other methods have
also appeared.””™>’ These techniques have facilitated un-
precedented access to proteome spatial distributions in
particular. For MALDI-MSI analyses, the sample is first coated
with a matrix, and this is followed by laser-facilitated
desorption of analytes from the surface of the sample, which
are then detected by the mass analyzer while the system is
under vacuum. Factors critical to the success of the analysis
include choice of matrix (which is often accomplished by trial
and error and can be very time-consuming to develop); the
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choice of solvent used for dissolution of the matrix;
appropriate application of the matrix such that distortion of
the spatial distributions of small molecules is avoided or
minimized; sample thickness (for example, the optimal
thickness for tissue samples has been found to be 2—6
um);”* and the importance of the sample having a uniform flat
surface. There are a number of biological materials that cannot
be analyzed by MALDI-MSI because of these requirements. In
addition, for samples that are rare, the trial and error nature of
method development to optimize the acquisition of useful data
can preclude the utilization of this approach because not
enough sample may be available for method development. If
the material is hard and/or brittle (e.g., wood or bone), it can
be impossible for it to be prepared in thin enough slices
without it breaking apart. Furthermore, if it is porous, the high
vacuum required can be achieved only with great difficulty or
not at all. For small-molecule analysis in particular, the low
molecular weights of the matrices themselves can complicate
the detection of m/z values of interest in the low mass range.
Also, small molecules may sublime under the high vacuum,
precluding their detection in the MALDI-MSI experiment, and
the solvent used to solubilize the matrix can distort the spatial
distributions of small molecules of interest. A recently
developed alternative technique that circumvents several of
the aforementioned challenges, and which thereby can enable
spatial distribution mapping in a broader range of biological
materials, is termed laser ablation direct analysis in real-time
imaging—mass spectrometry (LADI-MS). The approach
couples a UV laser with an ambient ionization direct analysis
in real-time (DART) ion source, interfaced with a time-of-
flight (TOF) mass analyzer.”” The surface of the sample is
ablated with the laser to create an ablation plume that is
transported via a helium gas flow (through a heated steel
transfer line) to the DART gas stream, where the analytes are
ionized before entering the mass spectrometer.”” LADI-MS
does not require the use of a matrix or solvent. Samples can be
directly analyzed to both preserve the spatial distributions and
allow for detection of molecules in the low mass range. It is
performed under ambient conditions. Thus, porous samples
can readily be analyzed because reduced pressure is not
required. MALDI-MSI requires that the surface of the sample
be completely flat, and the actual size of the sample is normally
restricted to that of a glass slide (approximately 2.5 cm X 7.6
cm). Extremely thin sections of samples are used, and in some
cases, samples must be frozen and sliced with a cryostat.””*°
LADI-MS has a sample chamber of 10 cm X 10 cm, and as
such, it can accommodate large and irregularly shaped samples.
It also has a 2 cm depth so that thick and uneven surfaces can
be analyzed. Recently, it was used to map the spatial
distributions of carcinogens in coffee beans, compounds
along the bioszfnthetic pathway leading to tropane alkaloid
biosynthesis,”””" and small molecules within wood transects®>
whose analysis was previously not possible by conventional
methods. In this study, we utilized the LADI-MS approach to
determine the spatial distributions within V. africana seeds of
compounds that may be of interest for further studies of the
biological activity of the observed indole alkaloids.

B RESULTS AND DISCUSSION

Identification and Detection of Chemical Constitu-
ents in V. africana Seeds. As a preliminary step to the
determination of the spatial distributions of compounds within
V. africana seeds, and to anticipate what compounds might be
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Table 1. Compounds Reported or Detected in V. africana Seeds”

Previously

Detected

Molccutar | Reported | by GC- Det;;ted LADI-MS
Entry Compound Formula in V. MS in DART- Ion Image
africana this HRMS Generated
Seeds Work
1 3-Ethylpyridine C7HoN v /ABCDE
2 1,3-Diethylbenzene CioHia v v/AB
3 o-Pinene CioHis v v/ABD
4 o-Terpineol CioHi50 v v'D v
5 Naphthalene CioHs v ve
6 Tetradecanoic acid Ci4H250, V33 Ve VA
7 Sesquiterpene Compounds” CisHps V24 v/AB
8 n-Hexadecanoic acid C1sH3,0, v Ve v/ABCD v
9 (Z,2)-9,12-Octadecadienoic acid CisH30, v Ve v/ABCD v
10 (E)-9-Octadecenoic acid CisH340, v v CE v/ ABCD v
11 (Z)-9-Octadecenoic acid Ci5H340, V'3 v/ CF v/ ABCD v
12 Octadecanoic acid Ci5H360> V43 ve v/ABC v
13 Vincamone/A'*-Vincanol Ci9H2N,O V1523 Ve
14 Iboluteine/Iboxygaine CaoHa6N>0, V1520 vA
15 3-Oxotabersonine/Perakine CoiHpoN,03 | V192022 TR v
16 Compound 1" C21HN,05 v vCE v
v'15,17,19,22,
17 Tabersonine C21H2N0; . /ABCDE v
Deoxoapodine/16-
18 Hydroxytabersonine/Lochnericine/ | C21H24N>0;3 /T 12,22 M ECRE v
Pachysiphine
19 A'-Vincamine C21HuuN, O3 v v v ABCDE v
20 Voacafrine M C21H24N»04 v v ABCE v
21 (-)-B-Yohimbine/Coronaridine C21HasN, O, v v/ABCE v
2 Vmcamme/z{l;ig:i)rir:);neB—epl—u— Ca1HaN>Os V18,20  ABCE
23 Voacafrine N C21HasN,O4 v v/BC
24 Jerantinine B CpH6N,0s v2 ve
25 Brassicasterol CasHus0 V'35 V/AB
26 Stigmasterol CroHi0 V'3 v/AC
27 DL-a-Tocopherol CoH500» v vA
28 Voacafrine D/Voacafrine G Ca4pHy6N4Os v2 Ve
29 Vobtusine Cy3Hs0N4Op V15,17, 20 ve
30 Voacamidine/Voacamine CyiHsNyOs | VI3 1720 ve
31 Voacaline C43Hs5oN4O06 v'20 v'D
32 1H-Indole-4-carboxaldehyde CoHNO v’F
33 Tryptophol CioH;1NO vF VA
34 (E)-Coniferyl alcohol C1oH1203 veC ve
35 trans-Sinapyl alcohol C11H 1404 v’F
36 Dihydroactinidioide C11H160, vE v/ ADE v
37 Loliolide C1iH1603 vF v/AC
Hexahydro-3-(2-methylpropyl)- X
3 pyrrolo}[ll ,2-(1]1()yrazime}f 1134—3?:)1)16 CiiHisN:0 v v
39 B-Carboline C1HgN, vFE
40 Harmane Ci2HioNa v’F v/ABCDE v
41 Acetone anil Ci2HisN v CE vC
42 N-Nitrosocarbazole CpHsN,O vF
43 3-Methyl-9H-carbazol-2-ol Ci3HINO ve v/ CE
44 Dehydrovomifoliol Ci3H;530; vF
45 2-Anthracenamine CisHiuN vE v/BCE
8-Dimethylamino-1-
46 naphthalenecarboxylic acid methyl C14H sNO, ve v/BC
ester
47 1 ,2,3,4—Tetr§h_ydro—_5—methyl-9— CrHieNa v
acridinamine
48 Hexadecanoic acid methyl ester Ci7H;340, vC vE
49 (E)-2,4-Diphenyl-4-methyl-2- CreHao v C v
pentene
50 Triphenylmethanol Ci9H;60 vFE
51 Decarbomethoxytabersonine Ci9HN, v/ CF
N,N-Dimethyl-6,6-
52 dimethylbicyclo[3.1.1]hept-2- CioH2N vE
eno|2,3-anaphthalen-4'-amine
53 Strictamine C20H22N>0, vE v/BC v
54 20,50-3-Methylene-aspidofractinine CoH24N, vF v'B
N-[2-(3-Ethyl-1-methyl-9H-
55 carbazol-2-yl)ethyl]-N- C20H24N>O vE
Methylacetamide
56 Tributyl acetylcitrate C20H3405 vF VA
57 Vobasine C21H24N,03 vFE v/ABCDE v
58 Akuammidine C1H4N,05 Ve v/ABCDE v
59 Polyneuridine C21H24N,03 vFE v/ABCDE v
20,3B,50,12P,190,20R-6,7-
Didehydro-3-methanol-2,20-
@ cycloas};;idospermidine (acetate CoHoN20: 4
ester)
61 2,6-Di-tert-butyl-4-cumylphenol CxH30 ve SR
62 2.,4-Bis(dimethylbenzyl)phenol Ca4H60 ve

“Molecules previously reported to be present are indicated in the fourth column with a ( \/ ) and include the reference that describes the detection
of the indicated molecule. Molecules detected by GC-MS in this work are denoted with a (\/ ) in the fifth column, along with an indication of the
type of extract within which the compound was detected (methanol or alkaloid). The observations of masses detected by DART-HRMS that were
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Table 1. continued

consistent with the formulas of molecules that have been identified by GC-MS are denoted with a ( \/ ) in the sixth column, along with an
indication of the material within which the mass was detected (ie., seed slice, seed powder, or an extract). High-resolution masses detected by
LADI-MS, and which corresponded to m/z values for compounds confirmed by GC-MS to be present, or which were consistent with compounds
previously reported to be isolated, and for which ion images illustrate their spatial distributions, are listed with (\/ ) in column seven. Green shading
indicates the identification is tentative because the structure was not confirmed. Yellow shading indicates that the molecule is of confirmed identity
and is newly reported in this work to be in seeds. “Detected in a seed slice; ®detected in seed powder; “detected in the methanol extract; "detected
in the hexanes extract; ®detected in the methanol extract after defatting with hexanes; and "detected in the alkaloid extract;. “several sesquiterpenes
were reported in the literature and include (+)-5-cadinene, acoradiene, allo-aromadendrene, epi-a-selinene, eudesma-4(14),11-diene, germacrene
D, a-cedrene, a-longipinene, ff-cedrene, f-farnesene, f-himachalene, f-sesquiphellandrene, and (—)-f-elemene.

detected, a survey of the literature was conducted to determine
the compounds that have already been identified to be present
in the seeds. The names, molecular formulas, and associated
literature references for these molecules are listed in Table 1 as
entries 1 through 31, and Supporting Information (SI) Table
S1. Entries 1 through 31 in Table 1 are compounds that have
been previously reported in the seeds and which were also
detected by one or more of the mass spectrometric approaches
used in this work. The 59 compounds listed in SI Table S1 are
molecules for which no masses consistent with their presence
were detected in this work. Among the classes of compounds
that have been isolated are terpenes and terpenoids (e.g., Table
1 entries 3, 4), fatty acids (e.g., entries 6, 8—12), and a range of
alkaloids (such as entries 13—17), among a range of other
miscellaneous molecule types. To determine whether these
compounds were present in our V. africana seeds, gas
chromatography—mass spectrometry (GC-MS) analysis was
performed on methanol and alkaloid (i.e., methanol extraction
after defatting with hexanes) solvent extracts. Representative
chromatograms of the methanol and alkaloid extracts are
presented in Figure 1A/B, respectively. The peaks are labeled
using Roman numerals with the corresponding identified
compounds listed within the tables in the insets. Peaks that
were not identified are labeled “u.” Of the compounds 1
through 31 in Table 1 that were previously reported to be
present in seeds, only entries 6, 8, 9, 11, 12, and 19 (namely,
tetradecanoic acid, n-hexadecanoic acid, (Z,Z)-9,12-octadeca-
dienoic acid, (Z)-9-octadecenoic acid, octadecanoic acid, and
A'.vincamine) were tentatively identified based on the
matching of their electron ionization (EI) mass spectral
fragmentation patterns with those of the corresponding
compounds in the National Institute of Standards and
Technology (NIST) mass spectral database. In the methanol
extract, entries 6, 8, 9, 11, and 12 corresponded to peaks i, vii,
x, xi, and xii in the chromatogram (Figure 1A), and in the
alkaloid extract, entry 19 corresponded to peak xxi in the
chromatogram (Figure 1B). While the majority of the
compounds previously reported to be present in V. africana
seeds were not observed, 31 other compounds that have not
been previously reported in V. africana seeds were detected
and tentatively identified. These are listed as entries 32 to 62 in
Table 1. It is interesting to note that we found 11 reports of the
small-molecule constituents in V. africana seeds, and
comparing these reports, there was very little overlap in the
range of compounds detected. In other words, multiple studies
reported different compounds. For example, from an ethanol
extract, Li et al. observed 3-oxotabersonine, 3a-acetonylvoafr-
ine B, lochnericine, 17,18-dehydrovincamine (A'*-vincamine),
tabersonine, and a new compound with the formula
C, H,,N,O;, which were characterized by NMR spectrosco-
py.”” On the other hand, Zhao et al. reported an entirely

different set of detected molecules (i.e., voacafrines A—N,
voafrine A, voafrine B, 3-oxotabersonine, 3a-acetonyltaberso-
nine, 3@-acetonylvoafrine B, 3-oxovoafrine B, and melodinine
S), which were detected and characterized using a methanol
extraction protocol, column chromatography, and NMR
spectroscopy.”” Given that in these studies, the approaches
taken to analyze the seeds were distinct, the observation of a
different range of molecules in each case could be a
consequence of the differences in experimental methods,
which may have favored detection of some compounds over
others depending on the protocol used. In addition, it is not
unusual to find that the profile of molecules detected in a
particular plant part can vary depending on geographic
provenance, climate conditions, and/or soil characteris-
tics.” ™ Prior to the present report, the maximum number
of compounds identified in a single study was 27, described in
the work by Liu et al. that was focused on detection of
sesquiterpenoids.”* The work reported here utilized two
different extraction methods to both optimize the range of
molecules detected, and target the investigation of biologically
relevant alkaloids in particular. This is likely another reason
that a greater range of compounds were detected in this work,
compared to other studies. With the exception of A'-
vincamine, the mass spectral fragmentation pattern matches
for detected compounds and those in the NIST EI mass
spectral database, rendered as head-to-tail plots, are presented
in Suppporting Information Figures S1—S40, while the A'™-
vincamine match was based on the mass spectral data reported
by Zhang et al.*” Figure 2 shows the structures of the identified
compounds. These molecules represent both polar and
nonpolar compounds and include aromatic alcohols, phenols,
sesquiterpene lactones, fatty acids, and numerous alkaloids that
have been detected in various V. africana plant parts and other
species from the Apocyanaceae family such as Tabernanthe
genus plants (e.g., vobasine,”” akuammidine,* and polyneur-
idine*®). In Figure 2, the detected compounds are sorted by
class using color coding (i.e., light blue, gray, orange, red,
green, yellow, brown, purple, and pink represent fatty acids,
carbazoles, sesquiterpenoids, extraneous contaminants, mis-
cellaneous metabolites, carbolines, monoterpene lactones,
aromatic alcohols, and indole alkaloids, respectively).

In LADI-MS, the sample is ablated at each x, y-coordinate of
the survey area, and the ablation plume that is generated (and
which contains the analytes desorbed from the sample surface)
is directed via a positive flow of helium gas to the high-
resolution time-of-flight mass analyzer that utilizes a DART
source for analyte ionization. Because the ion source is DART,
any molecules in the ablation plume that are not detectable by
DART will not be detectable in the LADI-MS experiment.
Accordingly, the seeds were first analyzed by DART-HRMS to
determine which of the masses corresponding to compounds
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10"/ Voacanga africana Seed Methanol Extract A)
18 Xi | Peak Number | Identified Compound |Peak Number Identified Compound
' i (E)-Coniferyl alcohol ix 2,6-Di-tert-butyl-4-cumylphenol
1.6 i Tetradecanoic acid X (2,2)-9,12-Octadecadienoic acid
lii (€)-2,4-Diphenyl-4-methyl-2- xi (2)-9-Octadecenoic acid
pentene
1.4 iv Acetone anil xii Octadecanoic acid
v Hexadecanoic acid methyl ester xiii 3-Methyl-9H-carbazol-2-ol
1.2 8-Dimethylamino-1-
" v naphthalenecarboxylic acid xiv 2,4-Bis(dimethylbenzyl)phenol
vii i i ( | l)phenol
€1.0- methyl ester
‘E : vii n-Hexadecanoic acid XV Decarbomethoxytabersonine
=]
o 1,2,3,4-Tetrahydro-S-methyl-9- -
0.8 viii acridinamine xvi Akuammidine
0.6 x\ xii
0.4 H u
Xiv
. vi u
0.24i iii ’l ‘ | xi Itf X{‘ Vil
.. . i uj | w R R [ |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Time (min)
1| Voacanga africana Seed Alkaloid Extract B)
1.6 Peak Number Identified Compound Peak Number Identified Compound XXi
1 i Dihydroactinidioide xiii (2)-9-Octadecenoicacid
1.4 il Tryptophol xiv Triphenylmethanol
i Loliolide XV Decarbomethoxytabersonine
1 iv Dehydrovomifoliol xvi Tributyl acetylcitrate
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Figure 1. Panel A displays the chromatogram of a V. africana methanol extract, and Panel B displays the chromatogram of a V. africana alkaloid
extract, each analyzed by gas chromatography. The identities of the peaks labeled with Roman numerals are indicated in the tables that appear as

“« »

insets. Peaks labeled

u’ were uni

dentified.

detected by GC-MS could also be detected by DART-HRMS.
The seeds were prepared in two ways for analysis. First, seeds
that were cut in half to expose their inner cores were analyzed
by suspending them directly into the DART gas stream.
Second, seeds were ground to a fine powder, and the seed
powder was analyzed directly by DART-HRMS. Representa-
tive spectra are presented in Figure 3A/B, respectively. Their
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corresponding mass spectral data tables are provided in
Supporting Information Tables S2 and S3. As the DART
ionization mechanism is protonation, and since the analyses
were conducted under soft ionization conditions in positive-
ion mode, the observed peaks represent the unfragmented
protonated precursors of the detected compounds. As
anticipated, the mass spectral profiles in Figure 3A/B were
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Figure 2. Compounds confirmed to be present in V. africana seeds. The detected compounds are sorted by class using color coding (i.e., light blue,
gray, orange, red, green, yellow, brown, purple, and pink represent fatty acids, carbazoles, sesquiterpenoids, extraneous contaminants, miscellaneous
metabolites, carbolines, monoterpene lactones, aromatic alcohols, and indole alkaloids, respectively).
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Figure 3. DART high-resolution mass spectra of V. africana seeds analyzed in positive-ion mode at 350 °C. Panel A shows the results for a seed
slice, and panel B shows the results for the seeds after being ground to a powder.
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Figure 4. DART high-resolution mass spectra of V. africana extracts analyzed in positive-ion mode at 350 °C. Panel A: methanol extract; panel B:
hexanes extract; and panel C: alkaloid extract (methanol extract after hexanes defatting).

very similar, although the relative intensities were different,
with the latter observation being a consequence of the powder
being a more homogeneous sample and the seed being more
heterogeneous. What is important to note with DART-HRMS
is that because ionization efficiency is based on the proton
affinity of the analytes in comparison to that of water, peak
intensity is not necessarily correlated to the concentration of
the analyte that is present. For example, if two analytes are
present in equal concentrations, but one has a much higher
proton affinity (e.g, an amine) than the other (e.g, an ester),
the ion counts will be far greater for the former because it is
more readily ionized than the latter. Therefore, the peak

intensities in the spectra in Figure 3A/B cannot be used to
infer the relative amounts of the corresponding analytes that
are present. DART-HRMS analysis was also performed on
methanol, hexanes, and an alkaloid extract of the seeds, with
Figure 4 displaying the results. It can be observed that the
methanol (panel A) and hexanes extract (panel B) are nearly
identical with the same base peak at nominal m/z 337. Using a
1% relative abundance cutoff, the methanol extract had 26
peaks, and the hexanes extract had 13. The alkaloid extract
(panel C), which was a methanol extract performed after
defatting with hexanes, also has the same base peak, but a
number of additional peaks can be detected. Using a 1%
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relative abundance cutoff, 85 peaks were detected. This
highlights the importance of the defatting step in revealing
the presence of compounds in the m/z region of 300—400
which is where a majority of the alkaloids appear. The
corresponding mass spectral data tables are presented in
Supporting Information Tables S4 through S6.

The high-resolution masses provided by the DART mass
spectra enabled assignment of molecular formulas to the
detected peaks. Masses observed by DART-HRMS that were
correlated to formulas for compounds identified by GC-MS
analysis (in both this work and other reports—listed in
columns 4 and S in Table 1) are indicated in the “Detected by
DART-HRMS” column of Table 1 (i.e., column 6). Entries in
this column indicate the nature of the material in which the
high-resolution mass corresponding to the indicated molecular
formula was detected (i.e., a seed slice; pulverized seed (i.e.,
powder); methanol extract; hexanes extract; or defatted
methanol extract).

From the results presented in Table 1, a number of
conclusions can be drawn. First, using DART-HRMS and GC-
MS, this work was able to confirm the presence of six
compounds that have previously been reported in the seeds of
V. africana, namely, tetradecanoic acid, n-hexadecanoic acid,
(Z,Z)-9,12-octadecadienoic acid, octadecanoic acid, and A'*-
vincamine.'”***?  9-Octadecenoic acid was also detected.
However, both E and Z configurations have been reported,
and this work did not specifically determine the configuration
of the detected compound.”*” All six of these compounds
have been isolated from other plants, and A'*-vincamine
isolated from the leaves and twigs of Melodinus hemsleyanus
was shown to have vasorelaxant™ and hypoglycemic
activities."*

Second, a total of 31 compounds were newly detected in V.
africana seeds. These are indicated with yellow shading in
Table 1. The structures of these compounds are shown in
Figure 2. Some have been reported in V. africana and/or other
Voacanga species but not in their seeds, while others have not
been detected in Voacanga genus plants but have been
observed in other unrelated genera. Most have been discovered
to exhibit biological activity, a synopsis of which is presented in
Table 2, which lists the compounds, examples of their reported
biological activities, and the species and plant parts from which
they have been isolated. For example, vobasine has been
isolated from V. africana bark, and was discovered to have anti-
cancer’™®® and anti-plasmodial activity."® f-Carboline has a
skeletal framework that is the basis of numerous alkaloids
widely observed in plants,”” and many of which have been
reported to exhibit various biological properties such as
antibiotic,"®*’ anti-oxidant," and anti-cancer activities."’
Harmane is one such derivative that is known to have anti-
anxiety, anti-depressant, anti-platelet, anti-diabetic, acetylcho-
linesterase and myeloperoxidase inhibitory, anti-oxidant, anti-
parasitic, hypotensive, and anti-nociceptive properties.’’ It has
been found in Camellia sinensis tea leaves,*” as well as brews of
coffee (Coffea arabica),” but has not previously been reported
in V. africana.

Third, a number of the detected compounds are not known
to be natural products and therefore may be extraneous
contaminants. These include 2-anthracenamine (a volatile
reported to be released in the decomposition of pig
remains);”* acetone anil; triphenylmethanol; 2a,5a-3-methyl-
ene aspidofractinine (a reported constituent of landfill
leachate);*° 2,4-bis-(dimethylbenzyl)phenol (a ubiquitous

compound used in plastics and consumer products);*' N-[2-
(3-ethyl-1-methyl-9H-carbazol-2-yl)ethyl]-N-methylacetamide
(which has been identified in oil shale) ;82 N,N-dimethyl-6,6-
dimethylbicyclo[3.1.1]hept-2-eno[2,3-a]naphthalen-4’-amine;
(E)-2,4-dipheny-4-methyl-2-pentene; and
2a,36,5a,123,19a,20R-6,7-didehydro-3-methanol-2,20-cyclo-
aspidospermidine (acetate ester).

Fourth, a number of compounds with high-resolution
masses consistent with molecules previously detected in V.
africana seeds, but whose presence could not be confirmed in
this study by GC-MS, as we did not detect them in our GC-
MS experiments, were observed by DART-HRMS. Some of
the corresponding formulas were associated with only a single
previously identified molecule, while others were associated
with multiple isomers. For example, while there are numerous
monoterpenes with the formulas C;;H;4 and C;,H;O, only
one molecule corresponding to each of these formulas has
been reported in V. africana, namely, a-pinene and a-terpineol,
respectively. Iboluteine, tabersonine, voacafrine M, (—)-f-
yohimbine, voacafrine N, jerantinine B, brassicasterol,
stigmasterol, DL-a-tocopherol, vobtusine, voacaline, and 3-
ethylpyridine have all been isolated from V. africana seeds in
previous work, > 7192022253%535 4n{ their respective proto-
nated monoisotopic masses were detected. Li et al. identified a
compound with the formula C,;H,,N,O; in seeds (Table 1
entry 16)," and its corresponding formula in protonated form
was observed here by DART-HRMS. The mass corresponding
to the chemical formula C;H,, was observed and represents a
number of possible sesquiterpenes that have previously been
detected in V. africana seeds,”” including (+)-5-cadinene,
acoradiene, allo-aromadendrene, epi-a-selinene, eudesma-4-
(14),11-diene, germacrene D, a-cedrene, a-longipinene, f-
cedrene, f-farnesene, pB-himachalene, p-sesquiphellandrene,
and (—)-p-elemene. Both vincamone and A'*-vincanol,
which are isomers with the formula C,oH,,N,O,">*® have
been reported in V. africana seeds, and a corresponding
protonated mass was detected by DART-HRMS. The
protonated forms of the formulas associated with the isomers
3-oxotabersonine and perakine (C,;H,,N,0;), both of which
have been isolated from V. africana seeds,”**** were also
detected. Through our GC-MS analyses (see Table 1, column
5), we identified the formula C,;H,,N,O; to correspond to the
compounds vobasine, akuammidine, polyneuridine, and A'*-
vincamine. It should be noted, however, that multiple other
compounds that have this same formula have been detected in
V. africana seeds, although we did not observe them in the
present work. These include deoxoapodine, 16-hydroxytaber-
sonine, lochnericine, and pachysiphine (see entry 18 in Table
1).'71%3* DART-HRMS detected masses consistent with the
formulas C,H,¢N,O; (corresponding to vincamine, -
yohimbine, and 3-epi-a-yohimbine);'®*’ C,,H4N,O; (corre-
sponding to voacafrine D and voacafrine G);** and
C43Hs,N,O4  (corresponding to voacamidine and voac-
amine)">'”** were also detected. Further isolation and
structural characterization work will be required to confirm
the identities of the formulas deduced from the monoisotopic
masses.

Seed Tissue Analysis. Having tentatively identified
numerous compounds of varying biological activity and
importance, we next investigated their locales within the V.
africana seed tissue. Multiple V. africana seeds were imaged
using LADI-MS to verify that the observations made were
consistent across multiple individuals. Seeds were cut trans-
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versely to reveal the inner anatomy of the cross section, the
surface of which was surveyed by LADI-MS. Figure § displays a
light microscopy image of a representative seed. Highlighted
are some of its anatomical features, including the outer seed

lon Images Acquired Using LADI-MS. Figure 6 (panels
A through I) shows the ion images reflecting the spatial
distributions of the compounds confirmed to be present in V.
africana seeds by DART-HRMS and GC-MS (entries 8—12,

19, 36, 40, 49, 53, and 57—59 in Table 1), with their molecular
structures shown in Figure 2. Figure 7 displays the ion images
for m/z values (with their corresponding formulas) whose
structures were not confirmed but whose chemical formulas
are consistent with molecules previously reported in V. africana
seeds (entries 4, 15—17, 20, and 21 in Table 1). The images
shown in Figures 6 and 7 were derived from the seed whose
light microscopy image is shown in Figure 5. Each image
contains a color scale bar in which white and yellow indicate
high intensities and brown low or zero intensity. A size scale
bar representing 100 pm is also shown. The minor horizontal
shadows that appear in some images (such as in Figures 6C/
D/H and 7A/C) are a result of the uneven surface of the
sample. It should also be noted that because the ion source is
DART, the peak intensities do not necessarily represent the
relative concentrations of the detected ions and therefore the
differences in the intensity scales between ion images do not
necessarily indicate the relative levels of the detected ions.
Panels A, B, and C in Figure 6 show the spatial distributions
of dihydroactinidioide, harmane, and (E)-2,4-dipheny-4-
methyl-2-pentene, respectively. The high similarity of the ion
images is a consequence of the fact that these molecules are
localized to the same area. Although these three compounds
represent multiple compound classes, they are all primarily
located at the periphery of the endosperm. Panels D through G
represent the four fatty acids identified, namely, n-hexadeca-
noic acid, (Z,Z)-9,12-octadecadienoic acid, (E/Z)-9-octadece-

coat, the endosperm, and the embryo.

Figure S. V. africana seed transect analyzed by LADI-MS. Highlighted
are the outer seed coat (a), the embryo (b), and the endosperm (c).
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Figure 6. LADI-MS ion images of compounds confirmed to be present in V. africana seeds. The protonated monoisotopic masses detected in the
DART mass spectra that were used to generate the images are listed. For each, there is a corresponding chemical formula and the identified
compound(s) associated with the formula. The images are sorted by organelle presence. Panels A, B, and C highlight the outer portion of the
endosperm. Panels D, E, F, and G highlight the embryo. Panels H and I highlight the inner portion of the endosperm.

27199 https://doi.org/10.1021/acsomega.3c02464

ACS Omega 2023, 8, 27190-27205


https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02464?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

m/z155.1436
C10H150

6000

5000

4000

3000

2000

m/z351.1709
C21H22N203

m/z337.1916
C21H24N202

m/z369.1814
c21H24N204

30000

25000

20000

15000

10000

5000

m/z339.2073
CZIHZGNZOZ

2000

1500

1000

500

m/z383.1607
CZIHZZNZOS

Figure 7. LADI-MS ion images of compounds confirmed to be in V. africana seeds. The protonated monoisotopic mass detected in the DART
mass spectra that was used to generate the image is listed. For each, a corresponding chemical formula is listed. The images are sorted by organelle
presence. Panel A highlights the outer portion of the endosperm. Panels B, C, D, E, and F highlight the inner portion of the endosperm.

noic acid, and octadecanoic acid, respectively. The ion images
show that they are located primarily in the embryo. All of these
compounds have previously been found in seed embryos,*
which is unsurprising, given that the embryo uses fatty acids as
nutrients. Panels H and I represent alkaloids which were
distributed across the entire endosperm with higher levels in
the interior. Panel H was identified as strictamine, while the
ion image in Panel I corresponding to m/z 353.1865 could be
any one of four compounds, namely vobasine, akuammidine,
polyneuridine, and A'*-vincamine. As they are isomers, DART-
HRMS cannot differentiate between them, and the absence of
authentic standards precluded the possibility of confirming
their identities based on comparison with the fragmentation
patterns of authentic standards. However, our GC-MS analyses
revealed their presence. In any case, these alkaloids appear
localized to the same region.

Figure 7 highlights m/z values detected by LADI-MS that
have chemical formulas that match with compounds that have
been previously reported in V. africana seeds. Panel A displays
the ion image of m/z 155.1436. This is localized in the outer
area of the endosperm and represents the chemical formula

CioH 3O, which is consistent with a-terpineol and other
monoterpenoids. Panels B, C, D, E, and F highlight ions that
are centralized in the inner portion of the endosperm (m/z
337.1916, 339.2073, 351.1709, 369.1814, and 383.1607,
respectively). These masses correspond to the chemical
formulas C,H,,N,0, (i.e., tabersonine), C,;Hy,N,O, (ie.,
(—=)-B-yohimbine), C,;H,,N,O; (i.e., vincamine, y-yohimbine,
3-epi-a-yohimbine), C,;H,,N,0, (ie, voacafrine M), and
C,H,,N,O4 (i, Compound 1'7), respectively. As can be
seen in the subset of images presented in Supporting
Information Figure S41 showing the results for a different
seed, the locales of the indicated ions are consistent with the
results shown here. For example, the distributions of m/z
339.2073 and 369.1814 in the seed shown in Figure S41 are
similar to those shown for the same m/z values in Figure 7 (see
panels C and E).

In summary, we were able to map the locations within seed
tissue of several compounds that had previously been reported
in V. africana seeds but whose locales were not known. We
were also able to detect and map the locations of several
additional compounds that had not previously been reported
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in V. africana seeds, many of which are of interest because of
their biological activity (Table 2). Their potential therapeutic
utility, scarcity, and interesting molecular frameworks have
made them targets of organic synthesis. For example,
strictamine, vobasine, akuammidine, polyneuridine, and A'*-
vincamine all have biological activity (as discussed above—see
Table 2). Multiple approaches have been devised for the
asymmetric synthesis of strictamine®*™*" and polyneuri-
dine,**™%° but reports of the szfnthesis of vobasine,”!
akuammidine,”® and A'*-vincamine’” are limited. The general
inaccessibility of these compounds makes the study of their
potential therapeutic utility very challenging or impossible. The
results presented here indicate that V. africana seeds can be a
source of these compounds. By leveraging the spatial
distribution information that can be readily revealed by
LADI-MS, it is possible to develop more efficient and targeted
natural product isolation protocols for compounds of interest
such as those detected here. Furthermore, the utilization of
seeds as a source of valuable natural products (as opposed to
roots, bark, or leaves) has the advantage of promoting
preservation of biodiversity and environmental stewardship,
as it prevents the destruction of plants, while also allowing
alkaloids and other compounds of interest to be isolated.

B CONCLUSIONS

Using GC-MS, six compounds previously reported in V.
africana seeds, ranging from fatty acids, alkaloids, and terpenes,
were confirmed to be present namely, tetradecanoic acid, n-
hexadecanoic acid, (Z,Z)-9,12-octadecadienoic acid, (Z)-9-
octadecenoic acid, octadecanoic acid, and A'*-vincamine. In
addition, 31 additional compounds falling under the classes of
carbazoles, sesquiterpenoids, carbolines, monoterpene lac-
tones, aromatic alcohols, indole alkaloids, extraneous con-
taminants, and miscellaneous metabolites were detected in V.
africana seeds for the first time. The spatial distributions of
several of these compounds, which could not be determined by
MALDI-MSI, were readily revealed by LADI-MS. Fatty acids
were primarily located in the embryo. The alkaloids that were
detected included strictamine, akuammidine, polyneruidine,
vobasine, and A'*-vincamine and were found to span the inner
portion of the seed endosperm. A range of other compounds
representing several classes (such as the monoterpene lactone
dihydroactinidioide, the carboline harmane, and the metabolite
(E)-2/4-dipheny-4-methyl-2-pentene) were localized to the
perimeter of the endosperm. The findings support the use of
LADI-MS for the mapping of small molecules to anatomical
features of plant tissue in such a way as to enable more efficient
and targeted isolation of compounds of interest. This would be
especially important for natural products of economic
importance and supports the utilization of seeds as a rich,
renewable source of biologically active compounds.

B MATERIALS AND METHODS

Seeds. Five ounces of Voacanga africana seeds were
purchased from World Seed Supply (Mastic Beach, NY).

Extraction of V. africana Compounds. Methanol
Extraction. To isolate the constituent compounds in V.
africana seeds, 100 mg of seeds were crushed with a mortar
and pestle. The powder was placed in a 2 mL Eppendorf tube,
and 1.5 mL of methanol (Pharmco-Aaper, Brookfield, CT) was
added. The solution was sonicated for 20 min using an FS30
sonic cleaner (Fisher Scientific, Pittsburgh, PA) and centri-

fuged, and the supernatant was filtered through a cotton plug
(Walmart, Albany, NY) lodged within a Pasteur pipette (VWR,
Radnor, PA). The filtrate was collected in a 1 dram vial (VWR,
Radnor, PA). The extraction process was repeated twice more,
and the supernatants were combined. The solvent was then
evaporated to dryness while wrapped in aluminum foil to
protect the sample from light. The sample was then
resuspended in 2 mL of methanol, and 1 mL of the solution
was filtered through a cotton plug into a GC vial (Agilent,
Santa Clara, CA) for analysis.

Alkaloid Extraction. Adapting the protocol published by
Krengel et al. for the extraction of alkaloids,” 1.7 g of seeds
were ground with a mortar and pestle and transferred to a glass
scintillation vial (Fisher Scientific, Pittsburgh, PA). To this, 3.5
mL of hexanes (Pharmco-Aaper, Brookfield, CT) was added,
and the solution was sonicated for 30 min. The solvent was
transferred using a Pasteur pipette to a separate scintillation
vial. This extraction was repeated twice more, and all of the
hexanes extracts were combined. To the seed powder residue,
3.5 mL of methanol was added, and the solution was sonicated
for 30 min. The solvent was transferred to a scintillation vial,
and the methanol extraction was repeated twice more, each
time combining the methanol extracts. The solvent was then
evaporated and resuspended in 0.001 M HCI (Sigma-Aldrich,
St. Louis, MO). The solution was filtered through a cotton
plug lodged within a Pasteur pipette, and the pH of the filtrate
was adjusted to 10 using a 10% solution of NaOH (Sigma-
Aldrich, St. Louis, MO). The organic layer was extracted thrice
using CH,Cl, (Pharmco-Aaper, Brookfield, CT) and dried
with Na,SO,. The solution was decanted, and the solvent was
subsequently evaporated off.

GC-MS Analysis. Identification of compounds was
performed by GC-MS using a 7890B gas chromatogram
interfaced with a 5977B mass spectrometer (Agilent, Santa
Clara, CA) coupled to a GERSTEL multipurpose sampler
(MPS) (GERSTEL, Linthicum, MD). The column used was a
DB-SMS UI (30 m, 0.25 mm LD., 0.25 ym) (Agilent, Santa
Clara, CA). The oven had an initial temperature of 150 °C that
was increased at a rate of 4 °C/min until reaching 300 °C. The
inlet temperature was 300 °C, the helium flow rate was 1 mL/
min, and 1 puL of the sample was injected. The mass
spectrometer parameters were as follows: the ionization
mode was electron ionization (EI), and the ion source
temperature was 230 °C. For the methanol extract samples,
1 mL of solution was transferred to a GC vial (Agilent, Santa
Clara, CA). A split of 1:5 was used, the m/z range was 50—
500, and the solvent delay was 8 min. For the alkaloid extract
samples, the residue was resuspended in chloroform (Sigma-
Aldrich, St. Louis, MO)), filtered, and transferred to a GC vial.
A split of 1:10 was used, the m/z range was 50—600, and the
solvent delay was 3.5 min. Data processing, which included
automatic and manual peak integration, was performed using
MassHunter Qualitative Analysis Software (Agilent, Santa
Clara, CA).

Seed Preparation for Mass Spectral Analysis. Using a
razor blade, V. africana seeds were sliced in half, transverse
wise. In addition, seeds were ground with a mortar and pestle
to generate a homogeneous powder. For LADI-MS analysis,
the seed halves were mounted separately into the laser ablation
airtight sample chamber using Loctite Fun Tak mounting putty
(Westlake, OH) with the interior face of the seed exposed.

DART-HRMS Analysis. For mass spectral analysis, a direct
analysis in real-time (DART) standardized voltage and
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pressure (SVP) ion source (IonSense, Saugus, MA) coupled to
an AccuTOF high-resolution mass spectrometer (JEOL USA,
Inc., Peabody, MA) was used. This instrument has a resolving
power of 6000 full width at half-maximum (FWHM) and a
mass accuracy of S millimass units (mmu). The analyses were
performed under soft ionization conditions in positive-ion
mode at 350 °C. The helium gas (Airgas, Albany, NY) had a
flow rate of 2.0 L/min. The mass spectrometer setting for
orifice 1 was 20 V, the orifice 2 and ring lens were 5V, and the
peak voltage was 400 V to acquire spectra within the m/z range
40—1000.

To analyze the seed halves directly, the sample was held with
tweezers and suspended in the DART gas stream for 5 to 10 s.
To analyze the seed powder, the closed end of a melting point
capillary tube (VWR, Radnor, PA) was dipped into the
powder, and the coated surface of the capillary was introduced
into the open-air space between the ion source and mass
spectrometer inlet. The methanol extract, whose preparation
for GC-MS analysis was described above, was analyzed by
DART-HRMS. The hexanes extract that was analyzed by
DART-HRMS was the product of the first extraction step of
the preparation of the alkaloid extract for GC-MS. Before the
alkaloid extract was evaporated and resuspended using aqueous
HCI (described above), it was analyzed after defatting with
hexanes. For all solvent extractions, the closed end of a melting
point capillary tube was dipped into the solution and then
suspended in the open-air space between the ion source and
mass spectrometer inlet. Each mass spectrum consisted of five
measurements that were averaged to generate a single
spectrum. Polyethylene glycol (PEG) 600 (Sigma-Aldrich, St.
Louis, MO) was used as a mass calibrant. TSSPro3 software
(Shrader Analytical, Grosse Pointe, MI) was used for the
processing of the mass spectra, including calibration, averaging,
background subtraction, and centroiding. The data were stored
as text files, and Mass Mountaineer software (RBC Software,
Portsmouth, NH) was used for mass spectral analysis and
elemental composition determination.

LADI-MS Analysis. The setup of the laser ablation imaging
system termed laser ablation direct analysis in real-time
imaging—mass spectrometry (LADI-MS) has previously been
described.”” In brief, an Elemental Scientific Laser NWR213
laser imaging system (ESL, Bozeman, MT) is coupled to a
DART-SVP ion source (IonSense, Saugus, MA) and JEOL
AccuTOF mass spectrometer (JEOL USA, Inc., Peabody, MA)
using heated stainless steel tubing and a glass T to acquire ion
images. The laser parameters were optimized on one of the
seed halves. The fluence was set to approximately 3.6 J/cm?,
the spot size was 60 X 60 um?, the helium gas (Airgas, Albany,
NY) flow was 725 mL/min, the frequency was 20 Hz, the
warm-up time of the laser was set to 5 s, and the washout time
was set to 2 s. The scan speed was 55 ym/s and is determined
by the spot size. Using a scan of speed S ym/s less than the
spot size was found to be optimal not only to ensure full
surface ablation but also to prevent excessive ablation of the
sample in one spot. For the mass spectra, the data were
acquired in positive-ion mode at 350 °C using a m/z range of
80—800. The orifice 1 voltage was set to 20 V, and the orifice 2
and ring lens voltages were both 5 V. The helium flow to the
DART-SVP ion source was 2.0 L/min, and the ion guide
voltage was set to 800 V to detect ions over m/z 80. The
spectrum recording interval was set to 0.6 s per scan. PEG 600
was used for calibration of the mass spectra. TSSPro3 software
(Shrader Analytical, Grosse Pointe, MI) was used for the data

processing of the mass spectra, including calibration,
centroiding, and generation of reconstructed ion chromato-
grams (RICs) for each ion of interest. The RICs were then
exported to Microsoft Excel files, the headings were changed to
an Agilent file format, and the data were imported into Iolite
imaging software (University of Melbourne, Australia)
(https://iolite.xyz). This software enables the coupling of the
mass spectral data to the file created by the laser system to
generate jon images. The images were generated using the
empirical cumulative distribution function (ECDF) scale with
the color gradient “Hot”.
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