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Technical Note
Chemical Proportionality within Molecular Networks
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Abstract: Molecular networking of non-targeted tandem mass spectrometry data connects
structurally related molecules based on similar fragmentation spectra. Here we report the
Chemical Proportionality (ChemProp) contextualization of molecular networks. ChemProp scores
the changes of abundance between two connected nodes over sequential data series (e.g.
temporal or spatial relationships) which can be displayed as a direction within the network to
prioritize potential biological and chemical transformations or proportional changes of
(biosynthetically) related compounds. We tested the ChemProp workflow on a ground truth data
set of defined mixture and highlighted the utility of the tool to prioritize specific molecules within
biological samples, including bacterial transformations of bile acids, human drug metabolism and
bacterial natural products biosynthesis. The ChemProp workflow is freely available through the
Global Natural Products Social Molecular Networking (GNPS) environment.
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Introduction

To understand the metabolism of a given biological system, the identification of metabolites and
their dynamical changes through (bio)chemical transformation is fundamentally important. Many
metabolomics studies, that make use of non-targeted tandem mass spectrometry (MS/MS), are
performed in a longitudinal or spatial fashion.>? From such data, one can hypothesize the extent
of putative (bio)chemical modifications by correlating changes in peak area that are associated
with temporal or spatial patterns.

There are numerous challenges in the interpretation of non-targeted mass spectrometry
data. Two fundamental challenges are the annotation of MS/MS spectra and providing meaningful
interpretation of the biological role of the numerous compounds detected. Molecular networking
in the GNPS web platform (gnps.ucsd.edu) aims to tackle the former challenge in annotation by
connecting similar compounds based on their MS/MS spectra, which reflects similarities in
chemical structure.®>® By doing so, molecular networking provides a framework of chemical-
structural similarity in non-targeted MS/MS data upon which additional information can be
displayed such as relative metabolite abundance.® In addressing the latter challenge of identifying
potential (metabolic) transformations, several approaches have been described. A paired mass
distance (PMD) approach was developed to link biochemical reactions available in databases,’
such as KEGG,® through prediction of chemical transformations based on mass differences. Meta-
mass shift analysis is focused on all the mass differences within molecular networks,® irrespective
of whether a known metabolite has been mapped onto biochemical pathways. The use of
commonly observed delta masses for modification searches is also used in proteomic studies,
where the mass difference between two observed peptides arise via genetic changes, or via post-
translational and chemical modifications.®

We developed a chemical proportionality (ChemProp) approach, integrated with feature-
based molecular networking® to address the challenge in identifying related metabolites in non-
targeted MS/MS data. ChemProp aims to find two or more structurally related molecules that have
a proportional relationship to each other between sequential data series (e.g. time or space). For
example, a (bio)chemical reaction that causes the mass difference (IJ m/z) of 14.016 could result
both from a methylation or a demethylation reaction, but current methodology does not highlight
or in any way indicate that these changes are associated to spatial or temporal data. ChemProp
scores the peak area changes of connected nodes in a molecular network across a sequential
data frame by comparing their proportions. The ChemProp scoring can be used to guide the
formulation of hypotheses regarding the direction of the change, that can be indicated directly
within a molecular network or used on a dataset level to explore pattern changes between all
connected compounds (Figure 1).

In this technical note, we present illustrative examples of insights gained via ChemProp in
the case of a defined mixture (i.e. ground truth dataset) that illustrates an acetylation reaction of
sulfamethoxazole, biological datasets of bacterial transformations of bile acids, human drug
metabolism of omeprazole and proportional changes in the biosynthesis of bacterial natural
products.
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Experimental Concept

The concept of ChemProp is illustrated in Figure 1a and b. In order to establish a proportion based
directionality of potential transformations or pattern change of structurally related compounds,
ChemProp relies on the following assumptions. The first is that a given reactant and product or
two otherwise structurally related compounds are connected in a molecular network through their
MS/MS (chemical) similarity. And second, that the abundance of the initial compound would
decrease over time/space and the abundance of the new compound would increase.

To obtain this information, ChemProp makes use of Feature-based Molecular Networking
(FBMN)® and the peak areas of a given feature pair (connected in the networking, e.g. Compound
A and B in Figure 1a) across a sequential data series. The ChemProp score is derived via the
log-ratio of the proportional value of feature pairs at one time point vs. the proportional value at a
sequential time point.

In the hypothetical example in Figure 1a, this would correspond to the log-ratio of Ai/B1 by A2/B..
In practice, samples 1 and 2 can be time points in a longitudinal study, but also data points in a
spatial study, or other experimental designs such as two treatment groups. Note, a constant (k =
1.0 e9) is added to each value to avoid any zero values before calculating the ratio. A positive
ChemProp score indicates a forward change (A -> B), whereas a negative ChemProp score
indicates a reversed change (B ->A).

Figure 1b showcases different examples of relations that would be captured with high scores as
well as challenging relations that would result in low scores. The magnitude of the change in
abundance is thereby reflected in the absolute changes in proportions and represented as a
ChemProp score (the higher the score, the higher the ratio). As a default cut-off we recommend
to use a ChemProp score of 2, which would represent a 10-fold change in the feature pair.
However, an optimal cut-off is compound and study dependent.

The input required to perform the ChemProp workflow is a FBMN GNPS task ID from a job that
includes metadata indicating the sequential order of samples. We recommend using the ReDU
metadata template,’® that is validated to be compatible with ChemProp. The output of the
ChemProp workflow consists of a .graphML file which can be directly loaded into network
visualization software such as Cytoscape. The .graphML is a summary file that contains the delta
mass as well as ChemProp and cosine scores of the connected nodes. The sign of the ChemProp
score can be used to map the directionality in the form of arrows in Cytoscape. In addition to the
.graphML network file, ChemProp also provides a tabulated output of node connections, delta
masses and ChemProp scores as a .csv file that can be used for further statistical analysis of
global transformations within datasets.
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Figure 1. ChemProp concept, expected scenarios and ground truth experiment.
(a) Concept illustrated with the example of the (bio)chemical formation of N-acetyl sulfamethoxazole. (b)
Plausible scenarios captured by the ChemProp approach. (c) Observed abundance changes (Y axis) of
sulfamethoxazole and acetyl-sulfamethoxazole in a demonstration of proof-of-concept data (concentration
X axis). If T1 (98 pg/mL; 2 yg/mL) and T2 (2 pyg/mL; 98 pg/mL) are considered as two time points, the
resulting chemical directionality in the molecular network indicates an acetylation reaction (+ m/z 42.01).
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Results and Discussion

To evaluate the ChemProp approach, defined mixtures of sulfamethoxazole and N-acetyl-
sulfamethoxazole in a dilution series with linear changing proportion were created and analyzed.
The resulting peak areas and molecular network are shown in Figure 1c. The defined mixture
mimics an acetylation reaction with linear conversion of reactants to products over time which
represents a common metabolic phase Il reaction and microbial resistance strategy (excluding
reaction kinetics).112 Looking at the experimentally derived peak areas of sulfamethoxazole and
N-acetyl-sulfamethoxazole, an expected anti-correlation was observed. @ The maximum
ChemProp score was 7.80 between concentration point 1 and 7, which are considered as T1 (98
ug/mL A; 2 ug/mL B) and T2 (2 ug/mL A; 98 ug/mL B), representing the largest differences in the
mock acetylation reaction.

To test ChemProp with real-life samples, we applied the workflow to three publicly available
MS/MS datasets. All datasets were from studies with temporal sampling. In order to explore all
datasets for putative transformations and identify patterns of frequent reactions (mass shifts), we
plotted the delta masses from all molecular networks from data sets against their particular
ChemProp score. The global transformation patterns for all four data sets can be evaluated
between the datasets and are shown in Figure 2a. The results reveal that different time
dependent (biological) changes are distinct to each experiment. For instance, the anaerobic
culturing of Clostridium cadaveris showed more frequently negative ChemProp scores, indicating
mass losses (e.g. demethylation or dehydration). ChemProp can thus give insights into catabolic,
or anabolic behavior, and can highlight the frequency of particular mass shifts/modifications.

In the example of microbial transformations of bile acids, cholic acid and deoxycholic acid were
added to a Clostridium cadaveris culture and incubated. After extraction and LC-MS/MS analysis,
the ChemProp workflow was applied to identify potential bile acid transformation products. Figure
2b shows a molecular network of a subset of bile acids detected in the culture extracts. High
ChemProp scores were observed between nodes of deoxycholic acid (DCA) (detected as [M-
3H20+H]") or cholic acid (CA) (detected as [M-H,O+H]") and leucine conjugated deoxycholic acid
(Leu-DCA). Based on a priori knowledge that the bile acids were fed to the culture, we hypothesize
that either parent bile acid could be the substrate for formation of Leu-DCA. The conversion of
CA to Leu-DCA would require a conjugation to leucine and dehydroxylation. There was also
alanine conjugated CA (Ala-CA) detected but the deoxycholic derivative was not observed.
Looking at the abundance change in these relationships, the ChemProp score reflects the
decrease of CDCA and CA over time while Ala-CA and Leu-CDCA increase (Figure S1).

Next, we applied ChemProp to a dataset from a study that investigated the metabolism of
omeprazole®®, a proton pump inhibitor drug, in healthy humans. Figure 2c displays the molecular
network component in which omeprazole, 5-hydroxyomeprazole and carboxyomeprazole
(omeprazole metabolites), and a deuterated standard (i.e. omeprazole-ds) were detected. Further,
a phase Il metabolite, hydroxyomeprazole-5-O-glucuronide was connected in the network. The
largest ChemProp value observed was 2.89 between the omeprazole-omeprazole-ds; node pair,
(60 to 120 min time interval). We observed that omeprazole-ds remains constant (as it was spiked
into each sample), while the level of omeprazole increased from 60 to 120 min (Figure S2). While
not offering any biological insight, this observation supports the intended measure of ChemProp.
On the other hand, the CYP2C19 transformation of omeprazole to 5-hydroxyomeprazole, a


https://www.zotero.org/google-docs/?bIW5hN
https://www.zotero.org/google-docs/?KXt6iB

167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

primary metabolite of omeprazole which is of biological relevance, had a ChemProp value of 0.45.
While the absolute ChemProp value was smaller than that of other test cases within the study,
the value was sufficient to be prioritized as interesting and was found to reflect the combined
effect of pharmacokinetic absorption from the orally dosed (single dosage) omeprazole into the
blood plasma, as well as the subsequent metabolism by CYP2C19 in the intestine and liver.
Combined absorption and metabolism is reflected in the omeprazole-carboxyomeprazole node
pair. The hydroxyomeprazole-5-O-glucuronide and 5-hydroxyomeprazole node pair had a greater
ChemProp value (2.02) during the 60 to 120 min interval which reflects the lesser signal of
glucuronide metabolite as its formation is dependent on the 5-hydroxyomeprazole precursor
(Figure S2).

Lastly, we applied the ChemProp approach to explore the production of bacterial natural products.
Over a culturing time course of Bacillus subtilis, the production of different surfactin derivatives, a
class of well-known and characteristic lipopeptides 4, changed in time dependent fashion (Figure
2d and Figure S3). From a biological perspective, we expected a change of surfactin levels over
time as they have been described in the context of motility in B. subtilis®>. We observed two
clusters of surfactin derivatives with similar ChemProp patterns. Notably, while the first group of
surfactins A-E (Figure 2d and Figure S3, left side of network) did not show strong variance over
the time course (low ChemProp score), the second cluster of surfactin derivatives (m/z 1036.69
and m/z 1067.73, right side of the network), started to increase after 24h of cultivation (high
ChemProp score, relationship 2). According to these proportional changes, the network shows
high ChemProp scores within the two groups of compounds (2.4-3.1) and low scores within these
groups (0.04-0.5). The observed mass differences with the networks were A m/z 14.02 and A
m/z 28.04 which correspond to methylations or variations in the amino acids incorporated during
the biosynthesis of these bacterial metabolites®. However, less frequently observed mass shifts
occurred between the two derivative groups (left and right side of network) with A m/z 31.04 and
A m/z 45.05 (Figure 3d) that are differentially produced over the time course.

Looking at the MS/MS spectra of the differential expressed variants (m/z 1036.69 and m/z
1067.73) both compounds contain a shared MS/MS fragment ion of m/z 685 [M+H]* (ys+H20) that
suggests amino acid composition (e.g. Leu/lle-Leu/lle-Val-Asp-Leu/lle-Leu/lle) (Figure S4), other
fragments such as m/z 356 and m/z 370 indicate chemical variations, likely present at the [1-
hydroxy fatty acid chain, which we speculate could indicate the requirement of a different enzyme
and/or signaling pathway that changed over the time course of B. subtillis growth.

This example highlights that ChemProp can be used to identify directionality of actual
(biochemical) reactions and to highlight potential pattern changes of structurally /biochemically
related compounds.

For both scenarios, it is important to note that the proportionality approach should be considered
as a prioritization and hypothesis generating strategy that complements chemical information
provided by the feature-based molecular networking workflow.
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Figure 2: Global analysis and examples of captured directionality from test datasets.

(a) Summary of delta mass shifts captured from complex datasets including drug metabolism, bile acids,
and fungal interaction. (b) Molecular network of bile acid modifications, highlighting conjugations with
common amino acids. This example corresponds to relationships 2 and 3 (shown in Figure 1). (c) Network
of detected features from a drug metabolism dataset involving omeprazole and its hydroxylated modification
mediated by cytochrome P450. This example of drug metabolism corresponds to relationship 2 (shown in
Figure 1). (d) Network of surfactins produced by Bacillus subtilis over a time course experiment. This
example corresponds to relationships 2, 3 and 4 (shown in Figure 1).
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Conclusion

Molecular Networking aims to enhance chemical insight from non-targeted MS/MS experiments
by connecting spectrally-related and thus structurally-related compounds. The ChemProp
approach facilitates the prioritization of relative changes of connected nodes within molecular
networks over sequential data series (e.g. time or space). ChemProp thus enhances one's' ability
to formulate hypotheses from non-targeted LC-MS/MS data with respect to mass changes in a
biological context, such as microbial modifications, drug metabolism, and changes in biosynthesis
patterns. The proportionality approach can be used to suggest directionality of (bio)chemical
reactions in time-courses, spatial mapping, or treatment/control experiments and in a broader
sense, to highlight abundance pattern changes among related compounds.

Data and Software availability

There are two portions of the ChemProp infrastructure, ChemProp GNPS/ProteoSAFe workflow
and the ChemProp Results Exploration Dashboard. The citable source code is available at
10.5281/zen0do0.4081635 and active development is at GitHub: https://github.com/CCMS-
UCSD/GNPS Workflows/tree/master/chemprop.

The ChemProp workflow is available through the GNPS environment and github at:
https://gnps.ucsd.edu/ProteoSAFe/index.jsp?params=%7B%22workflow%22%3A%20%22CHE
MPROP%22%7D.

Detailed instructions, including a step-to-step tutorial, for the use of ChemProp is available
through the GNPS documentation: https://ccms-ucsd.github.io/GNPSDocumentation/chemdir/.
All raw and centroid MS/MS data used in this manuscript can be downloaded from the MassIVE
repository under the following accession numbers: MSV000085688, MSV000084681,
MSV000082493, MSV000082402.
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