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ABSTRACT: Natural products (or specialized metabolites) are historically the main
source of new drugs. However, the current drug discovery pipelines require miniaturization
and speeds that are incompatible with traditional natural product research methods,
especially in the early stages of the research. This article introduces the NP*> MS Workflow,
a robust open-source software system for liquid chromatography—tandem mass
spectrometry (LC—MS/MS) untargeted metabolomic data processing and analysis,
designed to rank bioactive natural products directly from complex mixtures of compounds,
such as bioactive biota samples. NP* MS Workflow allows minimal user intervention as well
as customization of each step of LC—MS/MS data processing, with diagnostic statistics to
allow interpretation and optimization of LC—MS/MS data processing by the user. NP* MS
Workflow adds improved computing of the MS” spectra in an LC—MS/MS data set and \
provides tools for automatic [M + H]* ion deconvolution using fragmentation rules; 0 e - Hcoriain

chemical structural annotation against MS® databases; and relative quantification of the o

precursor ions for bioactivity correlation scoring. The software will be presented with case studies and comparisons with equivalent
tools currently available. NP> MS Workflow shows a robust and useful approach to select bioactive natural products from complex
mixtures, improving the set of tools available for untargeted metabolomics. It can be easily integrated into natural product-based
drug-discovery pipelines and to other fields of research at the interface of chemistry and biology.

H INTRODUCTION lines.”'"'*'* Evolutions on dereplication approaches, aligned
with recent advances in chromatographic and spectroscopic/
spectrometric instrumentation and analysis,” have pushed the
reemergence of natural products in modern drug discovery
pipelines.

Untargeted metabolomics has played a central role in natural
product dereplication as this approach allows rapid and small-
scale investigation of natural products, even directly from
complex mixtures, such as crude extracts and fractions derived
from biota bioactive samples.”'*~'” The advancement of mass
spectrometry (MS) instrumentation and chemoinformatic
tools is a determinant in the field of untargeted metabolomics.
MS/MS fragmentation spectra (MS?) represent the fingerprint
of a chemical substance, and this information can be used to

Natural products (or specialized metabolites"”) are well-
known for their biological activity and historically are the main
source of new drugs.’ These natural molecules cover the
chemical space of approved drugs™ and further expand the
biologically relevant chemical space. Natural products
constitute attractive chemical probes to unveil new chemical
(e.g., novel chemical scaffolds acting through a given biological
target) and biological strategies (e.g, novel mechanisms of
action) to fight diseases and understand biology.6

Although about 300 thousand natural products have been
discovered by traditional methods in the last 100 years,’
technical limitations inherent to natural product research had
limited the use of natural products in modern drug discovery
pipelines.””"" Such pipelines use large natural chemical

libraries that are screened, and consequently, a large number Received: December 20, 2023
of hits are found. Dereplication (the process of identifying Revised:  April 2, 2024
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unpurified natural products are nowadays possible and
essential for natural product-based drug discovery pipe-
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scan the chemistry of biodiversity in a rapid and informative
way. The MS? of virtually each natural product present in a
sample from the biota can be readily collected in user-friendly
mass spectrometers, which are nowadays available in most
analytical chemistry laboratories'®'® or in open facilities
around the world.

MS? and liquid chromatography (LC)—MS/MS data
processing have evolved over the last years, allowing more
automated data treatment, noise reduction, and feature
annotation.”’~** In addition, MS? databases have been created,
making available thousands of annotated MS* data for natural
compounds™ and hundreds of thousands MS? data predicted
in silico”® for most of the already reported natural products.
Global Natural Products Social Molecular Networking
(GNPS), a web-based and open-access MS knowledge base
created for community-wide organization and sharing of MS?
data, represents one of the most important efforts in the field
of MS? for small molecules.”> Algorithms for querying and
comparing MS® databases have also been developed,”™**
which allow readily structural annotation for virtually any MS*
experimental data sets.

In addition to drug discovery, these advancements have also
aided in the fields of chemical ecology,z()_31
omy,32’33 human metabolomics,”* microbiota characteriza-
tion,” and synthetic biology,” among many other fields.
However, the availability of integrated tools for the different
scientific fields that can benefit from untargeted metabolomics
is still being improved in the current days.

We present the NP* MS Workflow (Figure 1) developed to
address this issue. NP> MS Workflow allows for automated
LC—MS/MS data processing in a user-friendly environment,
enabling its use by scientists from different disciplines. The
NP* MS Workflow further brings customizations for natural
product-based drug discovery pipelines, presenting robust

chemotaxon-
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shortcuts for bioactive natural product selection and structural
annotation.

B METHODS

NP* MS Workflow is a free software (https://github.com/
danielatrivella/NP3_MS Workflow), with 10 major steps to
process and analyze LC—MS/MS data in positive mode. The
steps can be executed through a command line interface,
thoroughly or step-by-step, and their parameters may be
redefined by the user. In step 1, the user provides a Metadata
Table as input, describing the LC—MS/MS samples and
sample groups. Preprocessing (step 2) detects LC—MS
features (MS' peaks) for each sample, extracts their MS*
spectra, determines correspondence among MS' and MS?,
and enriches MS” spectra with chromatographic information.
Preprocessing results in an MS? file in Mascot Generic Format
(MGF) for each sample and produces a diagnosis report with
values for the most critical workflow parameters. It may be re-
executed to optimize isomer resolution according to data
quality and instrument accuracy.

Clustering, Quantification, and Cleaning (steps 3—5) cluster
preprocessed MS® data relying on spectral similarity, peak
intensity, peak area, and MS' information, creating clean
consensus spectral representatives. These steps minimize the
redundancies of multiple spectra from the same ion’” while
keeping isomers separated. Similarity comparisons in Cleaning
use the NP*-shifted cosine function, a greedy version of the
modified cosine®® developed for the NP> MS Workflow.

Library Identification (step 6) uses the Tremolo tool” to
search for clean consensus spectra in the In Silico MS?
DataBase (ISDB)24 to retrieve structure information about
natural products present in the samples. NPClassifier,”
ClassyFire,”* and NPAtlas*' are used to add origin and
chemical class information to the UNPD compound database.
Annotation and Merging (steps 7—8) reduce redundancies due

https://doi.org/10.1021/acs.analchem.3c05829
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to different ionization variants, indicating that real metabolites
(M + H]" ions) are present in the samples. The NP> MS
Workflow solution to resolve ionization variants is the pairwise
chemical annotation of putative ionization variants. This is
done by using an ionization variant annotation molecular
network (IVAMN),” based on a “ionization rules table” and
the use of the PageRank42 algorithm to select the [M + H]*
representative ions.

Biocorrelation (step 9) computes the bioactivity correlation
coefficient (BCC) of each consensus spectra to the
biocorrelation groups and bioactivity scores of each sample,
as provided by the user. BCCs may be used to rank the
consensus spectra according to their likelihood of representing
a bioactive compound in a given bioactive mixture.

Molecular Networking (step 10) creates the spectral
similarity molecular network (SSMN), which connects every
pair of clean consensus spectra that have NP*-shifted cosine
similarity above a given cutoff. The SSMN is then filtered to
remove links below the minimum number of matched peaks,
keeping only the K-most similar neighbors of each node, thus
limiting the size of each component using a smooth approach
(damped pruning). The final filtered SSMN has components
of similar spectra that represent chemical and structurally
related compounds. Annotations from step 7 are included as
attributes in SSMN links, when available. The SSMN can be
opened by graph visualization tools, such as Cytoscape.”

NP* MS Workflow also has separated commands to open
MS' and MS? viewers, to incorporate experimental chemical
annotations from GNPS, to assist the software setup, and to
execute the test suit. More information on NP> MS Workflow
development and implementation is in Supporting Information
Methods and Notes S1—S6.

Experimental Section. The MA9 strain (Annulohypoxylon
moriforme) was cultivated in PDB medium (10 L, 28 °C) for
14 days and extracted with ethyl acetate (EtOAc). Dried
extracts were dissolved in methanol and submitted to partition
with n-hexane. Methanolic final extract (882 mg, MA9 crude
extract) was submitted to fractionation using reverse-phase
C18 bench column. A stepwise gradient of H,O/MeOH was
used, rendering fractions A—G. Fractions E—F inhibited the
proteasome, were joined, and refractionated using reverse-
phase, rendering fractions EF1-6. Bioactive fractions EF2-4
were joined and fractionated by semipreparative high-perform-
ance liquid chromatography (HPLC) in a C18 InterSustain S
um, 4.6 X 250 mm (GL Sciences) using a H,0/MeCN/
MeOH solvent gradient. A major UV peak was purified using
C18 X-Terra column (S uym, 4.6 X 250 mm), resulting in
isolated TMCA/B (1.9 mg). The procedure was repeated to
accumulate mass for NMR analysis, starting with 18 L of a
fungal culture. Similar yields were obtained. All generated
fractions were used in case study #4.

Streptomyces sp. BRA346 wild-type bacteria were grown in
Al media for 7 days (200 rpm, 30 °C) and extracted with
EtOAc, as described in ref 17. Five milligrams were used
forsemipreparative fractionation in a C18 column (Gemini, S
um, 110 A, 150 X 10 mm, Phenomenex) in HPLC
Autopurification (Waters) system, rendering fractions #1—
#95. The fractions were dried, resuspended in 25 uL of
dimethyl sulfoxide (DMSO) (Sigma, cell culture grade), and
directly assayed against proteasome inhibition. Bioactive
fractions #57—#58 were selected for case study #3.

For TMC-86A isolation, the heterologous organism .
coelicolor M1146-epn/tmc-BRA-346°° was cultivated in Al
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media for 72 h (8 X 100 mL), 200 rpm, 30 °C. The culture
media was acidified with HCI 0.1 M (1:2) and extracted with
EtOAc. MgSO,, was added to the organic fraction to adsorb
water. The organic fraction was filtered and dried under
vacuum. The dried extract (100 mg) was subjected to reversed-
phase HPLC (Autopurification Waters). The m/z 343 peak
was dried and isolated by UPLC (Acquity HClass Waters),
rendering 0.4 mg of the pure compound. The procedure was
repeated from 1.6 L of culture, resulting in equivalent yields of
m/z 343.

LC—MS/MS data was acquired as reported in ref 29 using a
H-Class UPLC (Waters, column: BEH18 1.7 um, 2.1 X 100
mm, Aquity, Waters) coupled to an Impac II qQToF (Bruker),
operating in positive mode. LC was conducted in a 0.3 mL/
min flow rate, column at 40 °C, sample at 20 °C. The
electrospray source was set to the range of 30—2000 Da, a
detection speed of 8 Hz 500 V end plate offset, a capillarity of
4500 V, nebulizer at 4.0 bar, and drying gas flow (nitrogen) at
10 L/min with a drying temperature of 200 °C. For MS/MS,
the collision cell was 5.0 eV, with collision energy in the range
0f 20—70 V and an absolute fragmentation cutoff of 1000. Ions
below 200 Da were excluded, and the “active exclusion”
function was enabled. For internal calibration, 10 mM sodium
formate solution was used.

Proteasome inhibition assays followed ref 17 using in-house
purified yeast 20S proteasome and the suc-LLVY-Amc (R&D
systems) fluorogenic substrate. Experiments were carried out
in Greiner 384-well black plates. The fluorescence was
acquired using a Clario Star plate reader (BMG Labtech).
Positive (reaction carried out with buffer replacing the
enzyme) and negative (DMSO vehicle) controls were used
to normalize the inhibitory data. Experiments were conducted
in three replicates.

For NMR analyses, the isolated compounds were
resuspended in DMSO-d;, (TMC-95) or MeOH-d (TMC-
86) and analyzed in 600 MHz Varian/Agilent Inova (TMC-
86A) or 600 MHz Bruker AVANCE III (TMC-95A and B).
Detailed information is given in the Supporting Information
(Extended Methods).

B RESULTS AND DISCUSSION

Case Studies. NP* MS Workflow was initially evaluated by
analyzing the results on three data sets made available by the
scientific community: two from the GNPS Feature-Based
Molecular Networking (FBMN) work™® (case studies #1 and
#5) and one from the GNPS Ion Identity Molecular
Networking (IIMN) paper’” (case study #2). Case studies
#2 and #5 are presented in Supporting Information, Notes S10
and S11, respectively. FBMN data sets show NP® MS
Workflow capabilities to separate isomers and to handle
fragmented clusters. [IMN data sets help demonstrate NP* MS
Workflow capabilities to annotate ionization variants and to
select the putative [M + H]" ions. These results also provide a
comparison of the NP> MS Workflow and GNPS-FBMN-
IIMN.

Additionally, two in-house data sets (case studies #3 and #4)
are presented, reporting the application of NP* MS Workflow
to deconvolute bioactive natural products from complex biota
samples, representing typical natural product-based drug
discovery projects, in which enzyme inhibitors from biota
samples are searched for. These case studies report the
identification of proteasome inhibitors in extracts and enriched
chromatographic fractions of Brazilian bacteria and fungi, in

https://doi.org/10.1021/acs.analchem.3c05829
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Figure 2. Accurate isomer separation by NP’MS Workflow exemplified by the FBMN data set I. (A) EIC for m/z 589.31 highlights the presence of
at least 11 isomers when all 16 samples from the E. dendroides data set are displayed (NP> MS Workflow MS' viewer command was used to plot the
chromatogram). The number of isomers shown in the BPC matches the number of clean consensus spectra returned by the NP* MS Workflow,
excluding the fragmented cluster of peak VI'. (B) Nine isomers, I-VIII and X, from m/z 589.31 had their clean consensus spectra clustered
together in the same spectral cluster from the filtered SSMN, with 100 nodes (the figure focuses on 40 nodes). Two other isomers from peaks IX
and XI were isolated, totalizing 11 isomers. A maximum component size of 150 would keep all of the isomers in the same component (data not
shown). Nodes annotated with the GNPS spectral database are shown as diamonds; and nodes that were not annotated are represented by a circle.
The node size is proportional to its MS* base peak intensity. (C) The molecules annotated with the GNPS MS? library for m/z 589.31 isomers are
shown in three different arrangements of the 4-deoxyphorbol esters: isomer with R; corresponds to the GNPS spectrum CCMSLIB00000840552
and was matched with peaks V, VII, and VIII of spectra B and D; isomer with R, corresponds to CCMSLIB00006716184 and was matched with
peaks I=VI and X of spectra A and C; and isomer with R; and 20-oxo corresponds to CCMSLIB00000840338 and was matched with peaks IX and
XI of spectra E (Figure S7C).

which the use of the NP> MS workflow was essential for the MS/MS data (MSV000080502) from Euphorbia dendroides

early discovery of their bioactive components. Experimental plant extract. The analysis focused on the target m/z 589.31,
proof-of-concept of the NP? results are also presented using the 4-deoxyphorbol esters. Two isomers were isolated and
traditional and orthogonal experimental methods. characterized by NMR in the original paper’ and deposited at
Case Study #1: Isomer Separation. GNPS Data set I, GNPS, CCMSLIB00000840551:12b-O-[deca-2Z,4E,6E-trieno-
made available by the GNPS-FBMN group,”’ consists of LC— yl]-13-isobutyroyloxy-4b-deoxyphorbol and
7463 https://doi.org/10.1021/acs.analchem.3c05829
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CCMSLIB00000840552:12b-O-[deca-2Z,4E,7Z-trienoyl]-13-
isobutyroyloxy-4b-deoxyphorbol). The EIC for ion m/z 589.31
in this data set shows the presence of at least 11 LC—MS
peaks, with retention times between 1400 and 1800 s in all 16
samples (Figures 2A and S7A).

Two indicators were computed to assist the comparison of
NP® MS Workflow to GNPS-FBMN: (1) the number of
probable exclusive features and (2) the number of duplicated
features or fragmented clusters. The first is the number of
features (called clean consensus spectra in NP* MS Workflow),
computed either by NP® MS Workflow or GNPS-FBMN
within m/z and retention time tolerances. Isotopes are not
counted. The second is the number of features that have the
same m/z and retention time of another feature (within
tolerance) in the results of each method. Neither indicator
counts m/z from the blank samples.

Preprocessing was optimized focusing on the target m/z.
Then, the NP* MS Workflow was run with similar parameters
adopted by the GNPS’ for data processing (Supporting
Information, Note S7).

The NP* MS Workflow results showed the presence of all 11
distinct isomers of m/z 589.31, annotated with the GNPS
spectral database (job link). A fragmented cluster of peak VI,
named peak VI', was present in the NP> MS Workflow result,
but its corresponding chemical structure was not annotated. In
the filtered SSMN, nine isomers of m/z 589.31 were grouped
together into the same spectral cluster (Figure 2B). Other 91
features were also observed in this spectral cluster, 39% of
which were exclusively detected by NP® MS Workflow.
Isomers IX and XI of m/z 589.31 were isolated in the filtered
SSMN and represent a different MS* spectra type (Figure
S7B). Peak VI’ is also in a distinct spectral cluster, with only
one neighbor. The only exclusive feature identified by the NP*
MS Workflow present in the m/z 589.31 spectral cluster that
could be annotated was m/z 607.32 (Figure 2B). The signal at
m/z 607.32 also appears only in NP> MS Workflow results. It
was annotated as an analogue of 4-deoxyphorbol esters
(Figures 2B and S10E, GNPS entry CCMSLIB00000840365),
reflecting the validity of this clean consensus spectra and its
annotation within the chemical family represented by this
spectral cluster.

The MS? spectra for the precursor m/z 589.31, that were
annotated in GNPS, present common fragment ions with
different relative intensities that could establish four distinct
spectral types (named spectra A, B, C and D—Figure S7B).
Also, a fifth spectral type was observed with most intense
fragment ions m/z having a 2 Da shift from the other spectral
types (named Spectra E) that represent isomers IX and XL
This 2 Da difference is an indication of deoxyphorbol
oxidation, which is a known behavior of this class of
compounds.*¥*°

Regarding the filtered SSMN size and minor compound
detection, the NP*> MS Workflow resulted in a larger molecular
network, with 1.9 times more nodes compared to FBMN
(1413/765) and with 51.2% exclusive features. This and other
NP* MS Workflow options that may influence the number of
detected features are commented on in Supporting Informa-
tion, Notes S7 and S8.

NP* MS Workflow achieved a good library annotation rate,
equal to 5.1% (vs 5.4% in FBMN). This rate represents 1.8
times the number of unique annotations and 1.8 times the
number of total annotations of FBMN results.”” Together with
a rate of duplicated consensus spectra equal to only 1.5% (vs
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0.4% in FBMN) and a rate of single nodes equal to 35.32% (vs
44.71% in FBMN), it enables inferring that NP* MS Workflow
kept the chemical diversity of the data set maintaining relevant
features of good quality minor compounds. The distribution of
the MS? base peak intensity and of the maximum peak area of
NP* MS Workflow exclusive features also corroborate this
statement (Supporting Information, Note S8). A full
comparison of both methods plus an analysis of the noise
cutoff impact to NP* MS Workflow results are listed in Table
S1 and Figure S10. Analysis of the noise cutoff and chemical
rules impact on the annotations of m/z 589.31 isomers in the
IVAMN are in Supporting Information, Note S9. Case study
#2 (Supporting Information Note S10) provides evaluation of
IVAMN and chemical rule impact on [M + H]" ion selection
by NP°.

Case Study #3: Pointing Bioactive Natural Products
in Complex Mixtures—Streptomyces sp. BRA-346 Data
Set. A robust LC—MS/MS data processing is essential for
metabolomic data mining. In natural product-based drug
discovery projects, deconvoluting the bioactive compound
from a mixture of natural products (i.e., extracts or enriched
fractions) is one of the main challenges that can be assisted by
untargeted metabolomics and was one of our main goals while
developing the NP? MS Workflow. To evaluate the
Biocorrelation step of NP> MS Workflow (step 9), we used
two in-house data sets: Streptomyces sp. BRA-346 and A.
moriforme MA9.

The BRA-346 data set consists of LC—MS/MS data from
Streptomyces sp. BRA-346 extract and enriched fractions
(MSV00091453). Streptomyces sp. BRA-346, isolated from a
Brazilian endemic tunicate,'” was reported to produce the
epoxy-f-aminoketones TMC-86A, dihydroeponemycin, and
eponemycin and analogues that exhibited high cytotoxicity
against glioma cell lines through proteasome inhibition.'”*®

Streptomyces sp. BRA-346 extract was fractionated, resulting
in 96 fractions. The extract and derived chromatographic
fractions were screened for the inhibition of the 20S
proteasome core particle.”"% Fractions 57—58 and 83-93
showed the highest inhibition (Figure S16). Initially, only the
first inhibition peak was used for computing the biocorrelation.
The metadata table was constructed with the LC—MS/MS
data and the inhibition scores for the extract and fractions 54—
63 (Table S2).

NP* MS Workflow was executed for BRA-346 data set using
the parameters presented in Supporting Information, Note
S13. The BCCs were computed for the clean consensus spectra
regarding proteasome inhibition, being filtered to only keep the
m/z ions that did not appear in the blank or culture media
samples. Then, the clean consensus spectra were ranked
according to the BCCs (Table 1). One clean consensus
spectrum was ranked with the highest value: m/z 343.187
(BCC 0.80).

The m/z ion 343.187 (rt 4.24 min) was detected only in the
bioactive fractions of peak 1 (Figure 3), and its peak area
follows the bioactivity value of the fractions (Figure S17). In
the molecular networks, the node of the [M + H]" ion m/z
343.187 exhibited the colors of the bioactive fractions (Figure
3A,B); most of its area was painted in red (highest bioactive
fractions 57 and 58) and the remaining area being painted
orange (moderated bioactive fractions 56 and 59) or black
(BRA-346 extract). The yellow color, that refers to the inactive
fractions (fractions 54, 55, 60, 61, 62, and 63), is not visible.
This reflects that the fractions that contained m/z 343.187

https://doi.org/10.1021/acs.analchem.3c05829
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Table 1. Ranking of the Candidate [M + H]* Ions in
Streptomyces sp. BRA-346 Samples, According to the NP*
BCC for the Observed 20S Proteasome Inhibition”

m/z consensus rt mean BCC
343.1870 4.24 0.8072
218.1400 3.70 0.7439
366.1779 4.95 0.6536
433.2293 4.24 0.6307
408.9794 0.39 0.5986

“rt: retention time; BCC: COR_ALL_INHIBITION.
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Figure 3. Selection of TMC-86A (m/z 343.187) as the bioactive
compound in Streptomyces sp. BRA-346 data set using the NP* MS
Workflow. (A) Filtered SSMN for TMC-86A and analogues present
in Streptomyces sp. BRA-346 extract and derived chromatographic
fractions. (B) IVAMN for TMC-86A. (C) Extracted ion chromato-
grams (EIC) of m/z 343.18 in fraction #58.

were bioactive (inhibited the 20S proteasome) and the
fractions that did not contain this m/z were inactive.
Regarding library annotation, Tremolo showed 10 sugges-
tions of compounds from the UNPD database for m/z ion
343.187, based on its MS? fragmentation. The suggested
compounds were ranked according to the highest Tremolo
score and the lowest m/z error (Table S3). Among the
suggestions, the compound with the lowest m/z error was
TMC-86A (MQscore 0.27, m/z error 1.87 ppm), a bioactive
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epoxy-f-aminoketone known as a specialized metabolite
produced by Streptomyces,”” including BRA-346.""*°

The clean consensus spectrum of m/z ion 343.187 exhibited
fragment ions of m/z 325.176, 251.103, 186.113, 168.102,
150.091, and 130.050 (Figures S18A and S19), which match
the experimental spectra of isolated TMC-86A™**" (Figure
S18C), supporting the initial structure annotated by Tremolo
using the UNPD-ISDB database. Although TMC-86A was not
ranked with the highest score, its lowest m/z error was a
determining factor among Tremolo suggestions. This suggests
that for high-resolution mass spectrometers, m/z error should
be considered for the selection of annotated chemical
structures, in conjunction with the Tremolo score (MS*
spectra match). Importantly, the MS* spectral annotations, in
particular with in silico databases such as UNPD-ISDB, should
be used as a guide for structure annotations and must be
followed by experimental validations.

For this case study, we have further compared the
experimental MS® spectra of our putative TMC-86A with
experimental literature data for TMC-86A*** (Figure S$18C).
In addition, as a proof-of-concept of TMC-86A being
produced by BRA-346 and acting as a proteasome inhibitor,
we have also sequenced the genome of BRA-346 and found the
biosynthetic gene cluster (BGC) producing TMC-86. This
BGC was cloned and heterologously expressed, conﬁrming the
presence of TMC-86 in Streptomyces sp. BRA-346.° In
addition to TMC-86 being a known proteasome inhibitor
with ICy, value in the low micromolar range,”” a duplicated
copy of the bacterial proteasome gene was also found within
the TMC-86A biosynthetic gene cluster in the Streptomyces sp.
BRA-346 genome.” This further evidenced its proteasome
inhibition capacity. Aiming to unequivocally define the
chemical structure of m/z 343.187, we further purified the
compound by traditional methods (Figures S29—S30) and
confirmed its chemical structure using uni and bidimensional
NMR analysis (Figures $S33—38). The chemical shifts were
compared to literature data, showing a perfect match with
published TMC-86A**** NMR data (Tables S7—S8). The
isolated compound was further tested in concentration—
response curves against proteasome enzymatic activity (Figure
$39), showing ICs, values compatible with that previously
reported.’’

Furthermore, the top-ranked m/z 343.187 node was
connected in the filtered SSMN to the nodes of [M + H]*
ions m/z 343.187, 399.251, 399.250, and 413.266 (Figure 3A).
The [M + H]* ion m/z 343.187 (rt = 4.50 min) was mostly
detected in the bioactive fractions and showed the same mass
fragmentation pattern as TMC-86A (Figures S18B and S19),
an indication that it represents one of the possible
diastereomers of this molecule. Other TMC-86A analogues
were also detected in the BRA-346 extract (Figure 34, in
black), which also represent epoxy-f-aminoketone proteasome
inhibitors produced by the same BGC.*>*’ These TMC-86A
analogues, detected in the BRA-346 extract, are present in the
second peak of activity (fractions 83—93), which were not used
in this NP> MS Workflow analysis (more information in
Supporting Information, Note S13).

Case Study #4: Pointing Bioactive Natural Products
in Complex Mixtures—A. moriforme MA9 Data Set. The
second in-house data set comprises the LC—MS/MS analysis
of A. moriforme MA9 extract and derived chromatographic
fractions (MSV00009145S). The methanolic fraction of the A.
moriforme MA9 extract was fractionated (series 1) and

https://doi.org/10.1021/acs.analchem.3c05829
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screened for the 20S proteasome inhibition. Then, the most
bioactive fractions (E—F) were fractionated (series 2), with
EF2-3 showing the highest inhibition (Figure $40). The ICs,
values for the A. moriforme MA9 samples are in Table S9.
These data were used in the construction of the metadata file,
which used two series with correlation applied for both series
at the same time, assuming that series 2 was derived from
series 1. The parameters for the NP® MS Workflow are
presented in Supporting Information, Note S14.

The resulting BCC values for the clean consensus spectra,
candidates to inhibit the proteasome, are shown in Table 2.

Table 2. Ranking the Candidate Ions in A. moriforme MA9
Samples, According to the NP* MS Workflow Correlation
for the Observed 20S Proteasome Inhibition”

m/z consensus rt mean (min) BCC
679.2719 5.65 —0.8994
315.1349 3.97 —0.8875
257.1294 5.59 —0.8821
295.145 5.56 —0.8599
309.088 5.39 —0.8552

“rt: retention time; BCC: COR_FRACTIONS_ICj,.

Since IC, values were used in the construction of the
metadata, the biocorrelation values were inverse and the top
candidates presented the lowest BCC (negative values in Table
2). Considering series 1 and 2, the m/z ion 679.272 was
attributed with the lowest score (BCC = —0.90).

Extracted ion chromatograms for the ion at m/z 679.272 (rt
5.65 min) showed that it exhibited the highest intensities in the
inhibitory fractions and was not detected in the inactive ones
(Figure S41A). Regarding library annotation, the MS?
fragmentation pattern of this ion had a match with the
GNPS database, being annotated as TMC-95 (GNPS score
0.75 and m/z error 0.09 ppm). The clean consensus spectra of
m/z 679.272 exhibited ion fragments of m/z 661.261, 622.214,
594.219, 549.198, and 295.107 (Figure S40), as expected for
TMC-95 (Figure S41). TMC-95 are cyclic peptide metabolites
produced by microorganisms that are known as proteasome
inhibitors.>’

The node of the clean consensus spectrum [M + H]" of m/z
679.2719 was marked with the color of the inhibitory fractions
(red and orange) on the filtered SSMN of this data set (Figure
4B). The yellow color, which refers to the inactive fractions,
was not displayed. Moreover, m/z 679.2719 was connected to
the nodes of the clean consensus spectra [M + H]* of m/z
679.2732 (rt = 5.25 min) and 679. 2717 (rt = 5.50 min). These
nodes were detected in the inhibitory fractions and showed the
same fragmentation pattern of TMC-95 (Figure S42B,C).
TMC-95 has four diastereomers (A to D) what can explain
the presence of three nodes in this cluster. Only one isomer,
m/z 679.2719 (rt 5.65 min, represented by the largest node),
was correlated to the inhibitory activity, and the others were
attributed with worse biocorrelation values (—0.60 for m/z
679.2732 and —0.56 for m/z 679. 2717). For reference, TMC-
9SA and TMC-95B are low-nanomolar inhibitors of the
proteasome, whereas TMC-95C and TMC-95D are 20—150
times weaker inhibitors.*’

As a proof-of-concept of the NP* MS Workflow data mining
results, the active compounds and annotated structures were
confirmed by traditional bioguided isolation methods and ICs,
curves. TMC-95A and TMC-95B were purified from MA9
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Figure 4. Selection of TMC9S as the bioactive natural product in A.
moriforme MA9 fractions data set using the NP> MS Workflow. (A)
TMC-9S structure and diastereomers A—D. (B) Filtered SSMN for

the MA9 data set, highlighting the TMC-95 (m/z 679.27) spectral
cluster. (C) EIC for m/z 679.27.

active fractions (fraction EF) and 'H and 3C NMR
experiments were carried out (Figures S46—S47 and Tables
S10—S12). The chemical shifts were compared to literature
data, showing a perfect match with published®® TMC-95A and
TMC-95B NMR data. The isolated compounds were further
tested in concentration—response curves against proteasome
enzymatic activity, showing that both compounds isolated
from A. moriforme MA9 active fraction EF (TMC-95SA and
TMC-95B) are low-nanomolar proteasome inhibitors (Figure
§45), as expected.*’

According to Figure $44C,D, isolated TMC-95A and TMC-
9SB elute as a double peak in the chromatogram (rt 5.6 min).
Therefore, this peak in MA9 fraction EF2 (Figures S44B and
4C) represents a mixture of these two diastereomers, which are
low-nanomolar proteasome inhibitors. The minor peaks (rt
5.25 and 5.5 min) would represent the less-potent TMC-95
diastereomers TMC-95C and TMC-95D. This is an example
showing that the NP> MS Workflow is capable of detecting and
attributing different BCCs even for diastereomers of a given
bioactive compound, correctly selecting the most bioactive
compounds from a complex mixture.

Figure S15 shows ionization variant profile distribution of
the in-house data sets and percent of clean consensus spectra
annotated in these data sets. The execution times for the NP*
MS Workflow are reported in Supporting Information, Note
S18.
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B CONCLUSIONS

We are now in an era in which very large prefractionated
natural product libraries are screened (currently on the 10—
100 thousand fractions and soon on the 1 million fraction
scale'); therefore, it is common to find hundreds of hit
samples after a screening campaign. It is impossible to isolate
and perform the NMR structure elucidation of all these hits.
The drug discovery team must prioritize which hits to follow.
Rediscovery of known compounds, for example, is something
that can be easily addressed by the NP* MS Workflow,
directing the team to the discovery of the desired new and
chemically relevant compounds for a given drug discovery
project.

The case studies presented highlight that the NP* MS
Workflow is a suitable and viable method for LC—MS/MS
data processing and analysis. Optimization of the preprocess-
ing step resolved adjacent isomers and prevented splitting large
elution peaks into fragmented clusters. Blank separation and
MS'/MS* match allowed for accurate reduction of the MS”
ions through the clustering methods. The use of the MS? base
peak intensity for a quality check resulted in noise removal
while keeping good quality minor compounds, what can be
important for novel, very potent bioactive compound
discovery. Structure annotation with UNPD-ISDB** showed
that it covers a wide range of natural products for which no
experimental data is available, serving as a guide for structural
annotation of natural products in bioactive samples. The BCC
score also showed a robust and readily useful approach to
select bioactive natural products from complex mixtures,
assisting decision making in natural product-based drug
discovery projects. Finally, the molecular networks (SSMN
and IVAMN) aid in LC—MS/MS data visualization and
mining. The NP* MS Workflow may be easily installed and
executed on personal computers, with the results automatically
obtained within minutes for small data sets. The modularity of
this pipeline further allows future upgrades to follow the
developments on LC—MS/MS data processing and mining.
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