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Abstract

Complete structural elucidation of natural products is commonly performed by nuclear magnetic
resonance spectroscopy (NMR), but annotating compounds to most likely structures using high-
resolution tandem mass spectrometry is a faster and feasible first step. The CASMI contest 2016
(Critical Assessment of Small Molecule Identification) provided spectra of eighteen compounds
for the best manual structure identification in the natural products category. High resolution
precursor and tandem mass spectra (MS/MS) were available to characterize the compounds. We
used the Seven Golden Rules, Sirius2 and MS-FINDER software for determination of molecular
formulas, and then we queried the formulas in different natural product databases including DNP,
UNPD, ChemSpider and REAXY'S to obtain molecular structures. We used different in-silico
fragmentation tools including CFM-ID, CSI:FingerID and MS-FINDER to rank these compounds.
Additional neutral losses and product ion peaks were manually investigated. This manual and time
consuming approach allowed for the correct dereplication of thirteen of the eighteen natural
products.
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1. Introduction

Natural compound identification commonly employs multiple analytical techniques.
Especially NMR is highly useful to determine the correct connection table and
stereochemistry of compounds (Wolfender et al., 2001). It is however possible to perform a
dereplication of known natural products looking up such compounds in natural product or
public compound databases (Corley and Durley, 1994) and using only mass spectral
information. We here discuss the manual methodology for annotation of known natural
products by interpreting and utilizing high resolution tandem mass spectrometry information
(Kind and Fiehn, 2010). Our approach included MS/MS search for fast compound
annotation and for those compounds that are not covered in MS/MS databases a manual
procedure. This involved the determination of molecular formulas, the subsequent query of
these molecular formulas in natural product databases and retrieval of compound isomer
structures. These were ranked by in-silico fragmentation algorithms and MS/MS spectra and
rankings were refined by a manual and time consuming process.

2. Materials and methods

The challenges for the CASMI 2016 Category-1 contest are natural products from several
organisms of different possible origin (plants, fungi, marine sponges, algae or micro-algae)
acquired on QToF instruments from Waters and Agilent (see Figure 1). Based on the MS and
MS/MS, the goal was to determine the correct molecular core structure (without any stereo
information) at the given retention time using the spectral data and the additional
information provided. The contest website lists detailed results and participant lists (http://
www.casmi-contest.org/2016/results-catl.shtml). The submitted structures are then ranked
according to the absolute rank of the correct solution and for tied scores the average of tied
ranks is used.

Molecular formulas were determined with the Seven Golden Rules (Kind and Fiehn, 2007)
and Sirius? (Bécker et al., 2009). In some cases the CASMI provided data was not sufficient
and MS?! and MS? data were extracted from the raw files using ProteoWizard (Kessner et al.,
2008) and MZMine2 (Pluskal et al., 2010). Molecular formulas were queried in the
Dictionary of Natural Products (http://dnp.chemnetbase.com/), the UNPD database (Gu et
al., 2013) (http://pkuxx]j.pku.edu.cn/UNPDY/) as well as ChemSpider (Pence and Williams,
2010) (http://www.chemspider.com/) and REAXY'S (http://www.reaxys.com) and Chemical
Structure Lookup Service (CSLS) (Sitzmann et al., 2008) (https://cactus.nci.nih.gov/cgi-bin/
lookup/search) to obtain molecular isomer structures. Obtained isomer candidates from the
natural product databases were downloaded as SMILES or InChl (Heller et al., 2013) and
InChlIKey (Heller et al., 2015). The CSI:FingerID website (Diihrkop et al., 2015) (http://
www.csi-fingerid.org) and the freely available MS-FINDER software (Tsugawa et al., 2016)
(http://prime.psc.riken.jp/Metabolomics_Software/) were utilized for in-silico fragmentation
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and compound ranking. Additionally CFM-ID (Allen et al., 2014) (Allen et al., 2015) was
used to generate in-silico MS/MS spectra. ChemAxon Molconvert and MSketch software
(ChemAxon, 2016) and Open Babel 2.3.2 (O'Boyle et al., 2011) were used to view and
convert compound structures. Finally all compound data was manually converted into MGF
format and MS/MS spectra were submitted to NIST14 GUI MS/MS database search using a
5 ppm or 10 ppm precursor filter. For some cases additional neutral losses and characteristic
product ion peaks were investigated with the MS-FINDER GUI.

3. Results

An overview of all the challenge compounds can be found in Figure 1 and compound names,
molecular formula and database ranks are listed in Table 1.

Compound 1 was dibromophakellin (MKCFBJDWCJAOTN-GXSJLCMTSA-N) a bromine
containing alkaloid that was first observed in the marine sponge Phakellia flabellate (Sharma
and Burkholder, 1971). The compound was measured with LC-MS/MS and less than 5ppm
mass accuracy on a QTOF instrument. MS-FINDER, CSI:FingerID and the Seven Golden
Rules all confirmed the formula C;11H11Br,NsO. Isomers were searched in four different
databases (see Table 1). CSl:FingerID ranked the compound as #5 and MS-FINDER
reported the compound as #3. A manual investigation after the automatic ranking showed a
loss of 59 Da from m/2387.9 to m/z328.89 which could be attributed to the loss of a
guanidine moiety H2N-CNH-NH2 from the dibromophakellin. However this useful
information was not correctly included which lowered the assignment to rank #5 in the
submission.

Compound 2 was oroidin (QKIJAXHBFQSBDAR-OWOJBTEDSA-N) a bromo-pyrrole
derivative first discovered in the sponge Agelas oroides (Forenza et al., 1971) with the
structure later corrected (Aiello et al., 2007). MS-FINDER, CSI:FingerID and the Seven
Golden Rules all confirmed the formula C11H11BroNsO. Ten isomers were found in the
Dictionary of Natural Products. The MS/MS spectrum was devoid of fragment ions with the
exception of m/z122.0708 in the product ion spectrum which was also correctly modelled
by CFM-ID. CSl:FingerID and MS-FINDER correctly ranked the Oroidin isomer as first hit.
No MS/MS database search could be utilized and use of retention time information was not
possible. The correct structure was submitted as first hit.

Compound 3 was excluded from the challenge by the organizers.

Compound 4 was cytochalasin B (GBOGMAARMMDZGR-TYHYBEHEBX) which is a
cytotoxic compound independently isolated by two different groups in 1966 from Fungi
imperfectiand Helminthosporium dematiaceous (Peterson and Mitchison, 2002). The
formula CogH37NOs5 was received as top hit with the Seven Golden Rules, CSI:FingerID and
MS-FINDER. The core skeleton structure was correctly determined by CSI:FingerID and
MS-FINDER, however with different stereochemistry. MS/MS spectra were simulated with
CFM-ID with Cytochalasin B ranking highest in MS/MS dot-product search. The compound
showed very rich fragmentations with over hundred product ion peaks and the correct
solution (but slightly different stereochemistry) was submitted as top hit.
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Compound 5 was cymoside (GMIJDEOWOJAKXGU-JUSLMEEHSA-N) a recently
discovered monoterpene indole alkaloid from the flowering plant Chimarrhis cymosa
(Lémus et al., 2015). The formula was correctly determined by MS-FINDER as
C,7H34N>01¢ and as fourth ranking formula in CSI:FingerID. The compound itself was not
yet covered in the Dictionary of Natural Products (DNP), the CSLS DB or in Chemspider,
only in PubChem. The MS/MS spectrum reveals a loss of 179 Da which can be related to a
hexose moiety. Only DNP, Reaxys and CSLS DB were considered in this case for structure
lookup. A SciFinder search and the inclusion of PubChem candidates could have led to the
submission of a potentially correct candidate. Interestingly only one team out of seven
participating Category-1 CASMI teams submitted a valid candidate. No correct candidate
structure was submitted for this challenge.

Compound 6 was again dibromophakellin (MKCFBJDWCJAOTN-GXSJLCMTSA-N)
(C11H11BraNs0), but this time measured with 10ppm mass accuracy on a different vendor
instrument. The experimental isotopic abundance error for /m/z387.9 was 19.48%. However
an isotopic abundance of 10% was falsely assumed and the formula was consequently
wrongly determined as C1oH11BroN3O,. The remaining peaks in the LC-MS/MS
chromatogram were not used to determine the isotopic abundance error. The MS/MS
spectrum was not comparable to that from compound 1 but only confirmed two bromine
compounds. Due to the false formula assignment no correct isomer structure was submitted
for this challenge.

Compound 7 was again oroidin (QKJAXHBFQSBDAR-OWOJBTEDSA-N), however
measured on a 10ppm instrument. The molecular formula was correctly determined as
C11H11BryNsO. The MS/MS spectrum was not comparable to that from compound 2, only
my/z 122.07 was matching. The only other two product ion peaks at /m/z249.8 and 251.8
were both around 5% abundance. The peak at 122 Da is not a diagnostic peak and can refer
to multiple elemental compositions and multiple isomer structures. Over 500 product ion
peaks from different compounds were found when performing a sequential MS/MS database
search. It was falsely assumed that the contest designers will not give out duplicate challenge
candidates. Also the manual investigation yielded no useful insight into the correct structure
candidate. Therefore five final compounds were intentionally submitted with the same score
and the correct compound was ranked 3.

Compound 8 was again cytochalasin B (GBOGMAARMMDZGR-TYHYBEHESA-N) this
time measured on a different instrument with 10 ppm mass accuracy. The formula was
correctly determined as CogH37NOs. Eleven structures were submitted with the same score,
nine of these compounds were annotated as different sterecisomers of Cytochalasin B, only
differentiated by a different second block of the InChiKey stereochemistry layer. The correct
structure was submitted as top hit and the average rank was calculated as #2.

Compound 9 was brucine (RRKTZKIUPZVBMF-IBTVXLQLSA-N) is a compound related
to strychnine and was discovered by Joseph Pelletier and Joseph Caventou in 1817
(Delepine, 1951) and named after the traveler James Bruce who collected samples of tree
Brucea antidysentericawhen travelling to Egypt (Hepper, 1980). The compound with the
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formula Cy3Ho6N204 was directly discovered from the MS/MS spectra in MassBank and
NIST14. The correct structure was submitted ranking first.

Compound 10 was creatinine (DDRJAANPRJIHGJ-UHFFFAQY SA-N) and is a compound
found in high concentrations in urine and blood (Narayanan and Appleton, 1980). The
formula of the compound is C4H7N30 and the compound was found by MS/MS search in
MassBank and NIST14 and subsequently confirmed by MS-FINDER. The correct structure
was submitted as first hit.

Compound 11 was anthrone (RIGDLRCDCYRQOQ-UHFFFAQY SA-N) a compound
commonly found in plants (Perkin and Hummel, 1894). Interestingly no reference MS/MS
spectrum was found in common mass spectral databases, despite over 2,400 published
research papers. The formula C14H10O and structure was determined correctly by MS-
FINDER and submitted as first hit.

Compound 12 was flavone (VHBFFQKBGNRLFZ-UHFFFAOYSA-N) an anthracene
derivate and plant dye, which was synthesized over 100 years ago (Feuerstein and v.
Kostanecki, 1898) by the group of von Kostanecki in Bern (Tambor, 1912). The compound
with the formula C15H190, was found with MS/MS search in the NIST14 database and
correctly submitted after MS-FINDER confirmation as first hit.

Compound 13 was medroxyprogesterone (FRQMUZISZHZSGN-UHFFFAOYSA-N) a
steroid derivative and progestin drug first synthesized by Syntex S.A. in Mexico in 1956
(GB 868303, 6a-Alkyl-4-pregnene and later Upjohn with both companies known for strong
interest in steroid synthesis (Djerassi, 1992; Hogg, 1992). The compound with the formula
CyoH3,03 was found by MS/MS search in the NIST database and the correct structure was
submitted.

Compound 14 was abietic acid (RSWGJHLUYNHPMX-ONCXSQPRSA-N) a diterpene
first discovered by Kelbe in 1880 (Kelbe, 1880) and later also found in Callitris quadrivalvis
conifers (Henry, 1901). The formula from the MS1 spectrum was correctly annotated by
MS-FINDER as CygH300,. A database search in DNP revealed 669 potential isomer
candidates for this formula. An MS/MS search revealed isopimaric acid had a very similar
matching spectrum and was falsely submitted as top ranking solution. MS-FINDER ranked
the structure on position 128 in the selected dataset. Interestingly none of the competitors
was able to rank the substance correctly or positions for this compound were extremely low.
In the final submission Abietic acid only ranked 292" (average rank based on tied scores)
and therefore was ranked the worst for all category one submissions.

Compound 15 was estrone-3-(beta-D-glucuronide) (FJAZVHYPASAQKM-JBAURARKSA-
N) a mammalian steroid metabolite which is now screened frequently because of high
concentrations in wastewater and concerns about hydrolysis back to the active steroidal form
(Shrestha et al., 2012). The compounds formula C4H30Og was correctly identified and
Estrone 3-glucuronide was ranked highest in MS-FINDER. The compound identity was also
confirmed by MS/MS search in the NIST14 database. The correct solution was submitted as
top hit.
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Compound 16 was alizarin (RGCKGOZRHPZPFP-UHFFFAOYSA-N) and is a red colored
anthraquinone derivate found in roots of Rubia tinctorum plants (Angelini et al., 1997). The
correct formula C14HgO,4 was annotated by MS-FINDER and the compound ranked 3 in
the in-silico fragmentation when compared to the experimental MS/MS spectrum. There are
a number of very similar dihydroxyanthraquinones including Dantron, Quinizarin and
Xanthopurpurin that only differ in the position of the hydroxy substitution. The compound
was confirmed by MS/MS search and the correct candidate was submitted.

Compound 17 was thyroxine (XUIIKFGFIJCVMT-UHFFFAOY SA-N) an iodine containing
thyroid compound characterized by Kendall in 1918 after processing 2 tons of thyroid
glands (Kendall, 1918). The formula was correctly found by MS-FINDER as C15H1114NO4.
The MS/MS spectrum was information poor as it only contained a very abundant /7/2126.9
which is related to iodine and two minor peaks with 2% abundance. No matching MS/MS
was found. Of the six isomers in ChemSpider with this formula only three distinct structures
are covered. MS-FINDER scored the correct compound first and this structure was
submitted as top hit.

Compound 18 was purpurin (BBNQQADTFFCFGB-UHFFFAQY SA-N) another
anthraquinone dye which was first isolated by Robiquet and Colin in 1827 (Wisniak, 2013).
The discovery of synthetic pathways for dye stuffs lead to a breakdown of the natural dye
industry (Travis, 1994) and to a huge uprising of chemical enterprises producing synthetic
dyes (Decelles, 1949). The formula C14HgOs for purpurin was correctly identified by MS-
FINDER and the compound ranked on 10" position.. The compound was confirmed by
MS/MS search and the correct structure was submitted as first hit.

Compound 19 was monensin (GAOZTHIDHYLHMS-GDMSFIFLSA-N) an anticoccidial
antibiotic discovered in 1967 (Agtarap et al., 1967) with formula C3gHg2011. The MS/MS
spectrum consisted of only one abundant precursor ion and a number of very low abundant
fragment ions. It must be argued that without MS/MS reference spectra it is impossible to
elucidate such low information tandem mass spectra. Only eleven isomers are covered in
natural product databases, with monensin the most prominent compound, thus leading to the
correct annotation. MS-FINDER ranked the compound as second hit and an additional
MS/MS reference database search confirmed the correct hit which was then submitted as top
hit.

4. Discussion

The first and easiest step for compound annotation is to check if the compound can be
directly matched in a MS/MS database. If there is no good spectral match, the compound
needs to be annotated by first determining the molecular formula. This step is crucial for the
correct selection of potential isomer candidates. Isotopic abundances and elemental
restriction information as well as MS/MS information should be used in this step. For large
molecular weight components multiple molecular formula candidates have to be considered.
For higher probability in correct formula identification we recommend to use multiple tools
such as the Seven Golden Rules, Sirius, CSI:FingerID and MS-FINDER. A critical step is to
correctly determine the experimental mass accuracy and isotopic abundance error. For this
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contest the mass accuracies were given by the CASMI organizers but isotopic abundance
errors were not. False isotopic abundance errors lead to false assumptions on our side and
subsequently to false annotation for compound 6. We extracted some of the peaks from the
raw data to confirm mass accuracies and adducts, but such an approach is quite time
consuming.

The second step is to query the molecular formula in natural product databases. Here we can
use the large compound databases including CAS SciFinder and PubChem. However in the
case of dereplication of natural product databases a more targeted approach towards natural
products is recommended hence, including only DNP, UNPD and REAXY'S, because they
will not return large numbers of isomers. In some cases such as compound 5 that can lead to
misses because at the time cymoside was not included in DNP or UNDP or Chemspider. The
REAXY'S database and the Chemical Structure Lookup Service are convenient to use
because they provides spreadsheet downloads of all compounds including their structures.
Merging results from multiple database lookups and organizing them according to
InChiKeys and their natural product sources is however a very time consuming but required
step.

The third step is to utilize the natural product structures from their InChl and SMILES codes
and perform in-silico fragmentation or manual fragmentation analysis. We observed that
CFM-ID performed well for assignment of low molecular weight compounds; however the
calculation of large molecular weight compounds took a long time or did not lead to correct
assignments in all cases. CSI:FingerID was not able to process negative mode spectra at the
time and compounds with complex rearrangements were ranked high but not always
correctly. The online availability and automated step-by-step guide by CSI:FingerID was the
fastest and most convenient annotation used for some of the natural products. The desktop
software MS-FINDER required manual prepossessing of input data, which can be time
consuming and was not fully parallelized which increases computational times. MS-
FINDER also scores compounds based on the occurrence in chemical databases. If a
compound is found more often it is subsequently ranked higher. In many cases very similar
fragmentation scores were calculated, leading to no direct distinction of compound rankings.
At the time no objective scoring advantage was observed between MS-Finder, CSI:FingerID
and MS-FINDER. Here a manual ensemble approach of combining individual results and
manual interpretation was used to assign rank scores. In the future it will be possible to
automate many of these workflows.

The fastest and most accurate approach for compound annotation we took was MS/MS
database search (see Table 2). For the first ten CASMI candidates such an approach was not
possible because no MS/MS spectra were acquired or shared by the community. Whenever
an MS/MS hit was retrieved it was scored higher than the in-silico fragmentation results.
Freely available tools such as MS-Dial, NIST MS Search and databases like NIST,
MassBank or Mona can be utilized if MS/MS spectra are available. We saw two extreme
situations where MS/MS annotations and reference spectrum searches failed. Product ion
spectra that only contain two or three peaks do not contain sufficient information to
potentially differentiate between the many isomers found in structure databases. Here the
fact that only few isomer structures are actually known and some are more prominent or
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better described in the literature often led to the correct identification. Conversely, when the
product ion spectra were very fragmentation rich, annotations also did not automatically lead
to higher rankings in distinguishing isomers, because rearrangement reactions are hard to
rationalize if a pool of possibly thousands of isomers need to be considered or cross-checked
manually.

Most mass spectra from natural product publications are still shared in the very inefficient
way of listing very few m/z values and abundances in text format or publishing scanned
pictures of spectra in PDF format (Kind et al., 2009). In many cases peaks are even removed
or not listed, leading to errors and misassignments. But complex tandem mass spectra can
have up to 100 product ion peaks. Many publications still only provide the molecular ion
mass in electron ionization (EI) or fast-atom-bombardment (FAB) format. However the shift
clearly goes to a higher utilization of electrospray (ESI) ionization and such spectra and even
chromatograms of complex mixtures could be shared publicly to allow for collaborative
investigations using platforms such as GNPS (https://gnps.ucsd.edu) (Wang et al., 2016),
MetaboL.ights (http://www.ebi.ac.uk/metabolights/) (Haug et al., 2012), or the Metabolomics
Workbench (www.metabolomicsworkbench.org) (Sud et al., 2015). Electronic data sharing
solutions outside traditional paper publications are already in place to keep up with the
tremendous flow of information and allow fast access to novel compound information. Here
the MassBank database (http://www.massbank.jp/) laid the foundation for mass spectral data
sharing (Horai et al., 2010). The public MassBank of North America (MoNA) mass spectral
database (http://mona.fiehnlab.ucdavis.edu/) now provides upload functions for all types of
mass spectra as long as the compound structure is added.

The winner of the CASMI 2016 Category-1 contest Dejan Nikolic (University of Illinois at
Chicago) stated “the ability to rationalize as many fragment ions as possible as well as the
overall experience in working with a particular class of compounds™ helps to score high in
compound identification processes. The winning team identified 15 of the 18 compounds,
the second placed team (Team Vaniya at UC Davis) identified 14 of the 18 compounds. The
methodology described here identified 13 of the 18 compounds correctly, leading to the third
place. Our approach was very time consuming (see Table 2) and required the use of multiple
tools and databases. The extraction and validation of raw spectra from the chromatographic
runs was another negative time factor. However the existence of raw files was quite
important to investigate the correctness of certain data. A modified and more automated
approach with the MS-FINDER software, MS/MS database search and isomer database
lookup lead to victory in the Category-3 challenge with 159 correctly identified compounds
out of 208 unknowns. As a final conclusion one can state that it is now possible even for
non-natural product researchers to dereplicate known natural compounds (omitting the
stereo information) with the help of high-resolution tandem mass spectral data if the
compound is known and contained in a database.
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Highlights
. Dereplication of natural products utilizing tandem mass spectra
. Combination of database search, formula predication and in-silico
fragmentation software
. Manual ranking of potential candidates utilizing software scores
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Figure 1.

The CASMI (Critical Assessment of Small Molecule Identification) 2016 contest in
category one (natural products) provided the accurate MS and MS/MS spectra of eighteen
compounds. Based on the mass spectral information and other metadata correct structural
information needed to be assigned.
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Table 2

Time effort for the dereplication of a single natural product using high resolution MS and MS/MS data
averaged 5 hours total. Detailed tasks are listed below with MS/MS search being the fastest and most accurate
option.

Task Tool Time for one compound

Data downloading, formatting ProteoWizard, MZMine, 1h
conversion, literature lookup MS-FINDER

Molecular formula Seven Golden Rules and 30 min
determination and validation Sirius2

Quick Investigation of MS/MS ~ NIST MS Search 20 min

Manual MS/MS investigation NIST MS Search and 2 hours

including neutral losses, MS-FINDER

fragment analysis

In-silico MS/MS generation CFM-ID 30 min
Molecular formula calculation ~ MS-FINDER and 2 min
and isomer ranking CSlI:FingerID

1duosnuey Joyiny 1duosnuen Joyiny
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MS/MS database search

NIST MS Search

1 min
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