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ABSTRACT: The mechanism of action (MoA) of a clickable fatty acid analogue 8-(2-cyclobuten-1-yl)octanoic acid (DA-CB) has
been investigated for the first time. Proteomics, metabolomics, and lipidomics were combined with a network analysis to investigate
the MoA of DA-CB against Mycobacterium smegmatis (Msm). The metabolomics results showed that DA-CB has a general MoA
related to that of ethionamide (ETH), a mycolic acid inhibitor that targets enoyl-ACP reductase (InhA), but DA-CB likely inhibits a
step downstream from InhA. Our combined multi-omics approach showed that DA-CB appears to disrupt the pathway leading to
the biosynthesis of mycolic acids, an essential mycobacterial fatty acid for both Msm and Mycobacterium tuberculosis (Mtb). DA-CB
decreased keto-meromycolic acid biosynthesis. This intermediate is essential in the formation of mature mycolic acid, which is a key
component of the mycobacterial cell wall in a process that is catalyzed by the essential polyketide synthase Pks13 and the associated
ligase FadD32. The multi-omics analysis revealed further collateral alterations in bacterial metabolism, including the overproduction
of shorter carbon chain hydroxy fatty acids and branched chain fatty acids, alterations in pyrimidine metabolism, and a predominate
downregulation of proteins involved in fatty acid biosynthesis. Overall, the results with DA-CB suggest the exploration of this and
related compounds as a new class of tuberculosis (TB) therapeutics. Furthermore, the clickable nature of DA-CB may be leveraged
to trace the cellular fate of the modified fatty acid or any derived metabolite or biosynthetic intermediate.

Bl INTRODUCTION

Tuberculosis (TB) is a disease caused by Mycobacterium
tuberculosis (Mtb)." In 2021, over 10 million new cases of TB

(2-cyclobuten-1-yl)octanoic acid (DA-CB), a cyclobutene-
containing analogue of decanoic acid, exhibited activity similar
to that of the TB drugs, isoniazid (INH) and ethionamide

were reported worldwide.” Currently, TB treatment is a slow
and tedious regimen, in which multiple drugs are prescribed
over the course of many months.>”® Moreover, non-
compliance with the treatment schedule has led to the
reemergence of TB in the form of both multi-drug-resistant
and extensive drug-resistant (i.e,, MDR/XDR-TB) strains.'’~"*
In the quest to keep pace with TB antibiotic resistance, drug
discovery efforts have emphasized the identification of new
drug candidates that operate by novel mechanisms of action
(MoA)."* In this regard, we previously synthesized and
investigated 11 fatty acid analogues, 6 of which showed
minimum inhibitory concentration (MIC) values equivalent to
or better than the second-line TB drug bp-cycloserine
(DCS).">' The fatty acid motifs were based on frameworks
derived from decenoic acid (C,,), oleic acid, or elaidic acid
(both Cg). Several of these fatty acid analogues displayed low
micromolar MIC values against various Mtb strains, where 8-
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(ETH). In addition to its efficacy, DA-CB is an intriguing lead
compound because a strained cyclic alkene is present. This
feature enables selective addressing of DA-CB or any derived
biosynthetic intermediate via a “click” reaction,’’ %’ providing
a handle with which to decipher the location of the fatty acid
analogue or derived conjugates within the mycobacterial cell.

The versatility and pathogenicity of mycobacteria are
primarily due to the make-up of the cellular envelope and
their ability to survive and replicate intracellularly.' The thick
cell wall provides a protective layer against a host’s immune
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Figure 1. (A) PCA score plot generated from 1D '"H NMR data set using MVAPACK with three principal components. The PCA plot exhibits
group differentiation with R* = 0.755 and Q* = 0.640. Untargeted metabolomics of Msm cells (purple), cells treated with isoniazid (INH, red),
p-cycloserine (DCS, dark green), ethionamide (ETH, green), ciprofloxacin (magenta), streptomycin (blue), and DA-CB (yellow). Ellipsoids
represent a 95% confidence limit of the normal distribution of each cluster. (B) Dendrogram generated from the PCA score plot with each
Mabhalanobis distance p-value represented between the nodes shows DA-CB is closely clustered with ethionamide.

system, assists with antibacterial resistance, and increases
structural integrity.”' ~>* The cell wall structure also differ-
entiates mycobacteria from other prokaryotes. Accordingly,
drug candidates that target mycobacterial cell wall biosynthesis
are highly desirable.””*” Indeed, the most commonly used TB
drug treatments, INH and ETH, target the biosynthesis of
mycolic acids, structurally distinct fatty acids unique to
mycobacteria.”>~>* These compounds differ from common
fatty acids in their size (60—90 carbons), the presence of two
major branches, and the frequent fusion of cyclopropanes onto
the backbone. The biosynthesis of mycolic acids begins with
the formation of malonyl-CoA and acetyl-CoA, which are
further elongated by fatty acid synthetase type I (FAS-I).
Incorporation of double bonds is mediated by the activation of
desaturases and fatty acid type II synthetases (FAS-II). The
introduction of cyclopropanes by cyclopropane synthetase
forms alpha-meroacyl-ACP, the source of alpha-mycolic acid.”
Both Mycobacterium smegmatis (Msm) and Mtb can readily
take-up fatty acids and convert them into mycolic acids.””**
Morbidoni et al. (2012) discovered two unnatural fatty acids
containing carbon—carbon triple bonds, 2-hexadecynoic acid
and 2-octadecynoic acid, that are active against Msm.”’ The
modified fatty acids or derived species might destabilize the
organism by inhibiting the mycolic acid biosynthetic
machinery or by changing the integrity of the cell wall.'>*
At the outset of these studies, we hypothesized that DA-CB
might well function through a similar mechanism.

Proteomics is a valuable tool for identifying potential drug
candidates while also providing an initial understanding of
drug target interactions.”" Similarly, metabolomics has shown
enormous potential when applied to investigatin§ drug
mechanisms, disease processes, and drug discovery. 233 Ip
this regard, metabolomics has been used for rapidly elucidating
the MoA of novel drug candidates.”*™*” A specialized
subdivision of metabolomics, lipidomics has also been used
to elucidate the MoA of drugs; the broadened coverage of
biological pathways offered by lipidomics is of utmost

importance to determine potential alterations in the lipid-
rich mycobacterial cell wall.***® An example can be seen in the
recent use of lipidomics to elucidate the MoA for the anti-
trypanosomal drug miltefosine.*’
predicted to be affecting phospholipid metabolism due to its
lipid-similar structure, and lipidomics studies revealed that
miltefosine produces major alterations in phospholipid levels.
Simultaneously integrating lipidomics, metabolomics, and
proteomics is expected to improve the efficiency and accuracy
of MoA elucidation while also enhancing our understanding of

The drug was a priori

the overall biological response to an individual drug treat-
ment.*"* Simply, a multi-omics approach is capable of
measuring changes across a larger and more diverse set of
biomolecules, while providing a more complete and system-
wide picture of drug-induced cellular changes.”> This wider
span of coverage enables the construction of a unified and
consensus network that permits the identification of off-target
or secondary perturbations that commonly confound the
analysis of omics data sets.*”** A resulting network generated
from a combined proteomics, lipidomics, and metabolomics
data set facilitates the analysis of drug activities by enabling the
construction of predictive models of therapeutic efficacy and
the identification of the lethal protein target(s) — the cellular
target of a drug whose inhibition directly leads to cell death.

Herein, we describe an investigation into the MoA of DA-
CB against Msm using a multi-omics approach that includes
proteomics, metabolomics, and lipidomics. DA-CB appears to
disrupt the pathway leading to the biosynthesis of mycolic
acids, an essential mycobacterial fatty acid for both Msm and
Mtb. Our results suggest that DA-CB and related molecules
have the potential for development as TB therapeutics.
Moreover, the clickable nature of DA-CB may be leveraged
to trace the cellular fate of the modified fatty acid or any
derived synthetic intermediate.”
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Scheme 1. Workflow of Multi-omics Sample Preparation and Data Acquisition Using Reversed-Phase Liquid Chromatography
Electrospray Ionization High-Resolution Mass Spectrometry (RPLC ESI HRMS*) from DA-CB-Treated Msm. Created with
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B RESULTS AND DISCUSSION

DA-CB Has a Similar MoA as ETH, a Mycolic Acid
Inhibitor. Compounds with a fatty acid skeleton, including
some functionalized synthetic analogues of natural fats, can be
incorporated into fatty acid biosynthetic pathways.*® The fatty
acid analogue of interest, DA-CB, has a MIC value for Mtb
strains lower than 100 M. This is similar to known inhibitors
of cell wall biosynthesis (e.g., DCS and INH) used to treat Mtb
infections. We have hypothesized that the Msm and Mtb
inhibition observed with DA-CB may result from interference
with cell wall biosynthesis or by alterations in the properties of
the cell wall following incorporation of the modified fatty acid.

Our investigation into the MoA for DA-CB began with a
comparison of the metabolic fingerprints of Msm after
treatment with DA-CB or other anti-tubercular drugs with a
known MoA, including known inhibitors of mycolic acid
synthesis. The specific anti-tubercular drugs used in the
metabolic fingerprint comparison included ciprofloxacin that
inhibits DNA gyrase and prevents DNA supercoiling; DCS
that prevents peptidoglycan biosynthesis; ETH and INH that
both disrupt mycolic acid formation by inhibiting the enoyl-
ACP reductase (InhA); and streptomycin that inhibits protein
synthesis by binding to the 30S ribosomal protein S12 and 16S
rRNA.*® To analyze these effects for DA-CB, we determined
the concentration of DA-CB that inhibited growth by 50%
(i.e., a sublethal drug dosage) under conditions equivalent to
our metabolomics studies and as previously described.*® After
these drug treatments, the Msm cells were lysed, and the
cellular metabolome extract was analyzed by NMR. Metabolic
fingerprints obtained from one-dimensional (1D) 'H NMR
data sets have been frequently employed to predict the general
in vivo MoA for drug leads.””*” Drugs with similar MoAs
would be expected to induce similar metabolic fingerprints and
would cluster together in the score plot from principal
components analysis (PCA). The PCA score plot followed
by a hierarchical clustering analysis showed a close relationship

between the DA-CB and ETH-induced Msm metabolomes
(Figure 1).

An OPLS model comparing only the DA-CB-treated or
untreated Msm metabolomes (Figure S1A) was used to create
a back-scaled loading plot (Figure S1B) to identify the key
metabolites that differentiated between the two groups.
Specifically, glutamate was significantly decreased in DA-CB-
treated cells while alanine, AMP, glucose-1-phosphate, lactate,
trehalose, and valine were increased. A follow-up two-
dimensional (2D) 'H—'*C heteronuclear single-quantum
coherence (HSQC) analysis of the '*C-carbon-labeled Msm
metabolomes identified over 40 metabolites derived from *C-
glucose that were significantly altered (false discover rate
(FDR)-corrected p-value < 0.05) due to a DA-CB treatment. A
heatmap (Figure S2A) and network map (Figure S2B)
summarize these results. Overall, the preliminary NMR
metabolomics analysis suggests that DA-CB causes an increase
in glycolysis and fatty acid metabolism and a reduction in
arginine and pyrimidine metabolism.

ETH is a second-line drug commonly used to treat TB. ETH
is structurally similar to INH, and both are inhibitors of
mycolic acid biosynthesis. Although they are both pro-drugs,
the pathway of activation for ETH is distinct from INH."
Specifically, ETH is activated by the mono-oxygenase EthA. In
contrast, INH is activated by the peroxidase KatG. Both
enzymes form a stable covalent adduct with nicotinamide
adenine dinucleotide (NAD)*° that inhibits InhA, which is
involved in mycolic acid biosynthesis.””*>*"**

As DA-CB may also inhibit mycolic acid biosynthesis, we
investigated the cellular processes that DA-CB alters by
employing a multi-omics approach to characterize the
metabolome, proteome, and lipidome of Msm. Statistical
analysis of these individual omics data sets showed a significant
alteration due to DA-CB. Msm cells were treated with DA-CB
or DMSO (as a control) and lysed, and the metabolome,
lipidome, and proteome were extracted for reversed-phase
ultra-high-pressure liquid chromatography mass spectrometry
in a data-independent acquisition mode (RP UHPLC-DIA-
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Figure 2. (A) PCA (R* = 0.535 and Q* = 0.391) with five principal components and (B) orthogonal projection to latent structures discriminant
analysis (OPLS-DA, R? = 0.990, Q* = 0.959, and p-value < 0.03) models generated from the LC—MS metabolomics data set. Msm cells were treated
with either 400 uM of DA-CB (green) or 10 uL of DMSO (control, red). Quality control (QC) pooled samples combine 4S5 uL from each DA-CB
and control sample. Ellipses represent a 95% confidence limit of the normal distribution of each cluster.

MS). The RP UHPLC-DIA-MS lipidomics data acquisition
protocol was previously optimized to ensure complete
coverage of the mycobacterial lipidome, with a special
emphasis in the detection of mycolic acids.”” The lipidomics
and metabolomics data were processed and analyzed with
statistical software packages.”” The multi-omics protocol
employed to characterize the cellular impact of DA-CB is
summarized in Scheme 1.°

Metabolomics-ldentified Amino Acids, Purines, Pyr-
imidines, and Fatty Acyl Glycosides Were Altered by
DA-CB. The liquid chromatography—mass spectrometry
(LC—MS) metabolomics data yielded 8,074 spectral features.
The resulting unsupervised PCA model yielded a clear
separation between the control and DA-CB treatment groups
in the score plot (Figure 2A). The tight clustering of the
quality control samples in the center of the score plot is
significant, testifying to the high quality of the metabolomics
data set. A supervised OPLS model (Figure 2B) yielded a
similar level of group separation and identified features or
metabolites that differentiated the two groups. The OPLS
model was validated using a permutation test (n = 1000, p-
value < 0.03) and determined to be of high quality, given the
R* (0.990) and Q? (0.959) values (Table S1). Overall, the PCA
and OPLS models of the LC—MS metabolomics data set
clearly demonstrate statistically significant DA-CB-induced
perturbations in the global cellular metabolome of Msm.

The entire LC—MS data set was curated to only include
features with statistically significant group differences to
identify metabolic pathways potentially affected by DA-CB.
A total of 180 LC—MS features were deemed statistically
significant based on a VIP score >1.0, an FDR-corrected p-
value < 0.05, and a fold change >1.5. The exact mass, isotopic
pattern, and fragmentation pattern for these 180 features were
submitted to Progenesis QI metabolomics software to identify
26 putative metabolites altered by DA-CB (Table 1). An
enrichment analysis with MetaboAnalyst revealed that the top
five metabolic pathway changes were related to amino acids,
purine nucleosides, other nucleic acids, pyrimidine nucleosides,
and purine nucleotides (Figure 3A). Box plots summarizing the
relative concentration changes for the metabolites associated
with these pathways are shown in Figure 3B—G. The DA-CB

21160

treatment resulted in a general increase in the concentration of
acyl-CoA, amino acids, dipeptides, and purines. Conversely,
concentrations of uridine-diphosphate, methylthioadenosine,
and deoxyguanosine monophosphate were significantly
decreased. Encouragingly, the preliminary NMR metabolomics
analysis was also consistent with and support these LC—MS
metabolomics outcomes. NMR and MS metabolomics analyses
of the same biological samples detect distinct sets of
metabolites that have been previously shown to provide
complementary information.”

Lipidomics-ldentified DA-CB-Associated Alteration of
Wax Monoesters, Branched Chain Fatty Acids, and
Mycolic Acids. We characterized the lipidome changes to
further explore the impact of DA-CB on Msm metabolism,
especially given the predicted relationship between DA-CB and
the mycolic acid inhibitor ETH. We employed our previously
described LC—MS lipidomics protocol to maximize the
coverage of the Msm lipidome to include mycolic acids.*’
The same cellular extract samples were used for both the
metabolomics and lipidomics experiments. The LC—MS data
set was collected in both negative and positive ionization
modes, which yielded 6,033 and 5,281 spectral features,
respectively. Separate PCA and OPLS models were created
from the two LC—MS lipidomics data sets to maximize the
identification of all the lipids altered by DA-CB and to obtain a
complete picture of the impact of DA-CB on Msm. Simply, we
expected and observed different sets of lipids detected in the
negative and positive ionization modes. Combining both data
sets into a single statistical model would likely emphasize the
highly altered lipids with the potential loss of moderately
changing lipids, which was not advantageous. Both PCA
models showed a clear separation between the DA-CB
treatment and control groups and were statistically significant
as evident by average R* and Q* values of 0.745 and 0.644,
respectively (Figure 4, Table S1). Similarly, the OPLS models
were statistically valid as assessed by p-values < 0.01 from a
permutation test (n = 1000) and were of high quality based on
average R* and Q* values of 0.992 and 0.980, respectively
(Figure 4B, D and Table S1).

The lipidomics data set was key to the overall analysis of the
metabolic impact of DA-CB and its comparison to ETH.
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Figure 3. (A) Enrichment analysis using the 26 metabolites with statistically significant changes in Msm cells following DA-CB treatment.
Representative box plots for significantly altered metabolites corresponding to the following enriched pathways: (B) amino acids, (C) dipeptides,
(D) purine nucleosides, (E) purine nucleotides, (F) acyl-CoA, and (G) pyrimidine nucleosides. DA-CB indicates DA-CB-treated Msm cells and

control indicates only DMSO-treated Msm cells.

Overall, the PCA and OPLS models for the lipidomics data
sets demonstrated a significant DA-CB-induced perturbations
in the global cellular lipidome relative to the controls. The
LC—MS features with VIP scores >1.0, FDR p-values < 0.05,
and a fold change >1.5 were selected to identify the key lipids
that differentiated between the two groups. A total of 170
positive mode spectral features and 133 negative mode spectral
features incurred a statistically significant change due to DA-
CB. The exact mass, isotopic pattern, and fragmentation
pattern for these selected features were submitted to
Progenesis QI metabolomics software to identify a total of
48 lipids. An enrichment analysis with MetaboAnalyst revealed
that the top six (p-value < 0.001) lipidomic pathways,
indicated with the lipid classification names, were associated
with wax monoesters, branched chain fatty acids, mycolic acids,
and hydroxy, saturated, and unsaturated fatty acids (Figure SA
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and Table 2). The representative lipid box plots summarizing
the relative concentration changes for the lipids associated with
these pathways are shown in Figure SB—G. The nine wax
monoesters (lipid subclass) increased substantially relative to
the control following DA-CB treatment (Figure SB). Similarly,
the six branched fatty acids (Figure SC) and the saturated
(Figure SF) and unsaturated fatty acids (Figure SG) all
increased because of DA-CB. Conversely, the four mycolic
acids (keto-meromycolic acid [Cg, ], alpha-mycolic acid [Cyg,],
2-eicosyl-3-hydroxy-32-o0x0-33-methyl-nonatetracontanoic acid
[C), and corynomycolic acid [Cs,], Figure SD) and the
hydroxy fatty acids (Figure SE) decreased significantly
compared to controls following DA-CB treatment. While the
preliminary NMR metabolomics data set was limited to
aqueous metabolites, changes in precursor metabolites and
water-soluble fatty acids still indicated a general increase in

https://doi.org/10.1021/jacs.2c08238
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Figure 4. (A) PCA (R* = 0.745, Q* = 0.644) with five principal components and (B) orthogonal projection to latent structure discriminant analysis
(OPLS-DA, R? = 0.992, Q* = 0.980, and p-value < 0.01) models generated from the positive ionization mode LC—MS lipidomics data set. (C) PCA
(R*=0.726 and Q* = 0.613) and (D) OPLS-DA (R* = 0.996, Q* = 0.984, and p-value < 0.01) models generated from the negative ionization mode
LC—MS lipidomics data set. Msm cells were treated with either 400 uM of DA-CB (green) or 10 uL of DMSO (control, red). QC pooled samples
combine 45 yL from each DA-CB and control sample. Ellipses represent a 95% confidence limit of the normal distribution of each cluster.

branched chain fatty acids due to DA-CB treatment consistent
with these findings from the LC—MS lipidomics results.
Proteomics Identified the Pentose Phosphate Path-
way, the Biosynthesis of Unsaturated Fatty Acids, and
Pyrimidine Metabolism as Being Altered by DA-CB. A
total of 858 proteins were detected with at least one unique
peptide and a 1% FDR from a label-free untargeted LC—MS
proteomic profiling of Msm following DA-CB treatment. A
volcano plot for all the detected proteins is displayed in Figure
S3. Curation of the proteomics data set for significant changes
due to DA-CB identified 123 differentially expressed proteins
with fold change >1.2 and p-value < 0.0S, which included 53
proteins with an FDR-corrected p-value < 0.05 (Table S2).
The expression of 107 proteins decreased while that of 16
proteins increased due to the DA-CB treatment. A string
network of the differentially expressed proteins is displayed in
Figure S4. Interestingly, the upregulated proteins were
primarily associated with three pathways: alpha-linolenic acid
metabolism, geraniol degradation, and monobactam biosyn-
thesis. The downregulated proteins were mainly associated
with four pathways: pentose phosphate metabolism, biosyn-
thesis of unsaturated fatty acids, pyrimidine metabolism, and
alteration of ribosomal proteins. Importantly, a proteomic
profile identifies only the relative change in the expression level
of a protein and not a change in the activity of the protein.
While an up- or downregulation may suggest a corresponding
change in activity, the only definitive finding is a perturbation
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in the pathway in response to DA-CB. While it is also tempting
to interpret a correlated change between a protein and its
metabolite/lipid substrate as a change in protein activity, there
is still no direct experimental evidence that such an alteration
has occurred.

A biological process enrichment network map was created
using the 123 proteins with significantly altered expression
levels to understand the key metabolic pathways effected by
DA-CB (Figure 6A). The statistically significant (p-value <
0.05) Genome Ontology-Kyoto Encyclopedia of Genes and
Genomes (GO-KEGG) term clusters included proteins from
the ribosome, pentose phosphate pathway (PPP), biosynthesis
of unsaturated fatty acids, and pyrimidine metabolism (Figure
6B). The enriched biological processes (Figure 6C) also
agreed with the significant alterations (p-value < 0.05) in
pyrimidine and pyridine biosynthesis, pentose phosphate
shunt, and fatty acid metabolism. Furthermore, the genes
corresponding to the enriched GO-KEGG pathways were
identified. The metabolic pathways that were also enriched in
the metabolomics and lipidomics data sets are shown in bold
in Table 3. The altered metabolic pathways implicated by all
the three omics data sets are as follows: PPP, pyrimidine
metabolism, amino acid transport, biosynthesis of unsaturated
fatty acids, a-linolenic acid metabolism, fatty acid metabolism,
biosynthesis of amino acids, and pantothenate and coenzyme A
(CoA) biosynthesis. The proteins associated with PPP,
pyrimidine metabolism, and the biosynthesis of amino acids

https://doi.org/10.1021/jacs.2c08238
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Figure S. (A) Enrichment analysis using the 48 lipids with statistically significant changes in Msm cells following a DA-CB treatment. (B—G)
Representative box plots for significantly altered lipids corresponding to the following enriched pathways: (B) wax monoesters, (C) branched chain
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(i.e., Tal, HisF, HisG, and GInA) were significantly decreased.
The proteins involved in the biosynthesis of fatty acids, a-
linolenic acid metabolism, fatty acid metabolism, fatty acid
degradation, and pantothenate and CoA biosynthesis were also
significantly decreased (Table 3). This decrease in proteins
associated with fatty acid metabolism could be in response to
the observed accumulation of various fatty acids, which has
been associated with cellular toxicity.>”>*

Integration of Metabolomics and Proteomics Data
Demonstrates that DA-CB-Altered Pathways Are Asso-
ciated with Nitrogen-Containing Metabolites. Both the
metabolomics and proteomics data sets revealed that
pyrimidine biosynthesis was affected by DA-CB treatment
(Figures 3A and 6B). The proteins involved in pyrimidine
metabolism pathway orotate phosphoribosyltransferase
(PyrE), thymidylate kinase (dTMP kinase, MSMEG_1873),
thioredoxin (Trx), and cytosine deaminase (MSMEG_4687)
were significantly decreased in cells treated with DA-CB
compared to controls (Table 3). PyrE plays a vital role in

pyrimidine biosynthesis since it synthesizes orotidine 5'-
monophosphate, which is a key precursor in the de novo
pyrimidine biosynthesis pathway.”> PyrE also catalyzes the
conversion of a-D-5-phosphoribosyl-1-pyrophosphate and
orotate into pyrophosphate and orotidine 5’-monophosphate,
respectively. The metabolomics data was also consistent with
the downregulation of PyrE since pyrimidine metabolites
downstream of PyrE were significantly decreased. For example,
uridine-diphosphate and UDP-GIcNAC were decreased in DA-
CB-treated cells (Table 1). Thus, a disruption in pyrimidine
biosynthesis may contribute to the MoA of DA-CB in arresting
Msm growth. Although the proteomics enrichment results did
not identify purine metabolism as the most impacted pathway,
the metabolomics data set did. DA-CB depleted methyl-
thioadenosine and deoxyguanosine and increased cyclic AMP
and deoxy guanosine-monophosphate. Proteins associated with
purine metabolism, such as ATP-synthase subunit (AtbB),
pyrophosphatase (RdgB), and phosphoribosylformylglycina-
mide cyclo-ligase (PurM), were downregulated in DA-CB-
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treated cells. Notably, AtpB is a key component of the proton
channel and an important antimycobacterial drug target.’®’
DA-CB downregulated AtpB 1.8-fold with a p-value < 0.05.
Additionally, the PPP was among the most altered pathways
identified in the proteomics data set. The PPP provides
precursors for the biosynthesis of nucleotides (i.e., purine and
pyrimidine metabolism) and amino acids.”® PPP proteins such
as 2-dehydro-3-deoxy-phosphogluconate aldolase (Eda), phos-
pho-gluconolactonase (Pgl), transaldolase (Tal), and glucose-
6-phosphate 1-dehydrogenase (Zwf) were downregulated in
the presence of DA-CB. The PPP is upstream of nucleotide
production, and the overall alteration in pyrimidines and
purines (i.e., nucleotide biosynthesis) could be due to the PPP
depletion associated with DA-CB.

Our metabolomics data revealed that amino acid metabolism
was the top enriched pathway in response to DA-CB treatment
(Figure 3A). The metabolites identified in this pathway that
included acetyl-arginine and ornithine were all increased with
the addition of DA-CB (Figure 3B). Some of the observed
amino acid changes were also correlated with a downregulation
in proteins related to the biosynthesis of amino acids, which
included Tal (which also has a role in PPP), imidazole glycerol
phosphate synthase subunit (HisF), ATP phosphoribosyl-
transferase (HisG), and glutamine synthase (GInA) (Table 3).
GInA is an essential Msm protein with a role as a global
nitrogen metabolism regulator.”” Nitrogen metabolism plays a
central role in all bacteria, and our proteomics data identified
the organo-nitrogen metabolic process as the third most
altered biological process following treatment with DA-CB
(Figure 6C). Proteins associated with ribosome, pyrimidine,
purine, and amino acid biosynthesis were all altered due to
DA-CB. Although major alterations of ribosomal proteins were
not inferred from the metabolomic or lipidomic results, some
of the affected ribosomal proteins are known to be cell wall
associated in Msm.”” The 30S and 50S ribosomal proteins
found in the cell wall (RpsR, RplP, and RpsM) were decreased
due to DA-CB treatment.

Integration of Lipidomics and Proteomics Data
Demonstrates DA-CB-Depleted Fatty Acids and Altered
Proteins Involved in Cell Wall Biosynthesis. Alterations in
fatty acid metabolism comprised the most common pathway
changes inferred from the proteomics and lipidomics data sets.
Evidence of an altered lipid metabolism was also present in the
metabolomics data set. The biosynthesis of unsaturated fatty
acids and fatty acid metabolism were among the most
impacted pathways in the proteomics data set. Fatty acid
biosynthesis and degradation were also in the enriched
pathways (Table 3). The top six enhanced pathways from
the lipidomics data set included five different classes of fatty
acids: branched chain fatty acids, hydroxy, unsaturated and
saturated fatty acids, and mycolic acids (Figure S). Fatty acid
biosynthesis is more complicated in mycobacteria and
corynebacteria compared to other bacterial species owing to
the presence of both the FAS type I and type II pathways.’' In
these pathways, fatty acids are synthesized by repeated cycles
of transacylation.®”

CoAs and acyl carrier proteins (ACPs), which are essential
for priming and extending the growing acyl chain, are the two
most important components in fatty acid biosynthesis.”"**
Indeed, our metabolomics and proteomics data showed
alterations in CoA metabolites and ACPs, which suggests
that DA-CB may be targeting FAS components. For example,
linoleoyl-CoA was increased (Figure 3F), and pantothenic acid
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Figure 6. (A) Cytoscape (https://cytoscape.org/) network generated from the 123 differentially expressed proteins in the proteomics data set and
using the Msm protein database. Nodes using a square symbol indicate altered pathways from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database, while nodes with a hexagon symbol indicate altered biological processes (BP). Summary of the (B) KEGG and (C) BP terms
that were significantly altered according to the network analysis of the proteomics data set.

was decreased (Table S1) in cells treated with DA-CB.
Pantothenic acid is the key precursor for the biosynthesis of
CoA. CoA is an essential cofactor involved in a myriad of
metabolic processes that includes phospholipid biosynthesis
and both the degradation and synthesis of fatty acids.”’ The
depletion in pantothenic acid could be attributed to alterations
in acyl-CoA metabolites (i.e., accumulation of linoleoyl-CoA).
ACPs are important for acyl chain elongation and fatty acid
biosynthesis and are downregulated in cells treated with DA-
CB. Acyl-CoA oxidase (MSMEG_4474), which is involved in
the utilization of fatty acids as carbon sources via beta
oxidation, was also downregulated due to DA-CB. In contrast,
two acyl-CoA dehydrogenases (FadES, MSMEG_4715) were
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significantly upregulated in cells treated with DA-CB. Acyl-
CoA dehydrogenases introduce unsaturation into the carbon
chains during lipid metabolism, which correlates with the
observed accumulation of unsaturated fatty acids in cells
treated with DA-CB. Recently, Chen et al. (2020) reported
that FadES from Mtb and Msm contributed to drug
resistance.”*

Our lipidomics data set showed a significantly lowered
production of mycolic acids (Figure SD and Table 2). This is
consistent with our prior observation (Figure 1) that a
treatment with either DA-CB or ETH was associated with
similar global metabolomics changes, which, in turn, suggests a
shared general MoA that includes disrupting mycolic acid
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Table 3. Top Protein Pathways and Associated Genes Altered by DA-CB Treatment”

pathway UNIPROT gene FDR-corrected
pathway name KEGG ID protein description names FC’ p-value p-value®
ribosomal proteins msm03010 308 ribosomal protein rpsK 0.55 241 x 1073 242 x 1072
30S ribosomal protein rpsR2 0.58 247 X 107 9.88 x 1072
50S ribosomal protein rplP 0.71 246 X 1072 9.88 x 1072
30S ribosomal protein rpsl 0.61  4.81x 107 3.81 x 1072
30S ribosomal protein rpsS 072 243 x 107 9.88 X 1072
30S ribosomal protein rpsM 074 291 X 1072 1.09 x 107"
pentose phosphate pathway msm00030  2-dehydro-3-deoxy-phosphogluconate eda 0.63 5.81 x 1073 425 X 1072
aldolase
6-phosphogluconolactonase pgl 0.6 1.05 X 1072 6.05 x 1072
transaldolase tal 0.71 1.57 X 1072 8.09 X 1072
glucose-6-phosphate 1-dehydrogenase zwf 0.54  3.67 x107° 3.22 x 1072
pyrimidine metabolism msm00240  orotate phosphoribosyltransferase pyre 0.57  3.87 X 1072 1.28 x 107"
dTMP kinase MSMEG_1873  0.65 157 x 107 8.09 x 107
thioredoxin trx 0.68  3.05x 107 1.09 x 107!
cytosine deaminase MSMEG_4687 0.72 3.70 x 1072 1.24 X 107!
biosy:lnthesis of unsaturated fatty MSM01040  short-chain dehydrogenase MSMEG_0779 0.65 2.11 x 1073 230 X 1072
acids
acyl-CoA oxidase MSMEG_4474 0.7 9.87 X 1073 595 x 1072
monobactam biosynthesis msm00261 dihydrodipicolinate reductase dapB 0.67 1.61 X 1072 8.09 X 1072
sulfate adenylyltransferase subunit cysD 1.36 2.70 X 1072 1.06 x 107"
geraniol degradation msm00281 enoyl-CoA hydratase MSMEG_1048 0.67 2.05 X 1072 9.19 X 1072
acyl-CoA dehydrogenase MSMEG_4715 139 446 X 1072 141 x 107!
acyl-coA-dehydrogenase fadES 1.87 224 x 107 2.38 x 107
alpha-linolenic acid metabolism msm00592  acyl-CoA oxidase MSMEG_4474 0.7 9.87 X 1073 595 x 1072
fatty acid metabolism msm01212  enoyl-CoA hydratase MSMEG_1048 0.67 2.05 X 1072 9.19 X 1072
short-chain dehydrogenase MSMEG_0779  0.65 211 X 107° 2.30 X 1072
acyl-CoA oxidase MSMEG_4474 0.7 9.87 x 107° 595 x 107
biosynthesis of amino acids msm01230  dihydrodipicolinate reductase dapB 0.67 1.61 X 1072 8.09 X 1072
transaldolase tal 0.71 1.57 X 1072 8.09 x 1072
imidazole glycerol phosphate synthase  hisF 0.54 191 x107° 2.15 x 1072
subunit hisF
ATP phosphoribosyltransferase hisG 0.57 314 x107° 1.66 x 1073
glutamine synthetase ginA 0.52 943 x 107°
pantothenate and CoA msm00770  holo-[acyl-carrier-protein] synthase acpS 0.69  3.06 X 107 1.09 X 107!
biosynthesis
fatty acid biosynthesis msm00061  short-chain dehydrogenase MSMEG_0779  0.65  2.11x107* 2.30x1072
fatty acid degradation msm00071 enoyl-CoA hydratase MSMEG_1048 0.67 2.05 X 1072 9.19 x 1072
acyl-CoA oxidase MSMEG_4474 0.7 9.87 x 107° 595 x 107
amino sugar and nucleotide sugar msm00520 polyphosphate glucokinase MSMEG_2760 0.34 1.30 X 107° 325 x 107*

metabolism

“Bolded text identifies pathways that were also identified with the metabolomics data set (Table 1). PFC—fold change calculated using the average
of the integrated peak area from DA-CB treatments divided by the average of the integrated peak area from control samples. “FDR-corrected p-

value using the Benjamini—Hochberg method.

biosynthesis. The depletion in mycolic acid synthesis also
implicates FAS-I and FAS-IL. Importantly, the FAS-II pathway
is the committed step to mycolic acid biosynthesis. In total, our
multi-omics data provides strong evidence that DA-CB impacts
mycolic acid and cell wall biosynthesis through the inhibition
of specific enzyme(s) within the FAS pathways. Nataraj et al.
(2015) states that the vast majority of the genes involved in
mycolic acid biosynthesis are essential for viability and
virulence and therefore important targets for drug develop-
ment.”>% Indeed, changes in the structure or composition of
mycolic acids have been associated with a modification in cell
wall permeability and the attenuation of pathogenic
mycobacterial strains.’” Type I polyketide synthase (pks13)
and fatty acyl-AMP ligase (fadD32) are key proteins in the
synthesis of mycolic acids and were identified as essential
proteins for the viability of Msm and Mtb. The biosynthesis of
mycolic acids is catalyzed by proteins encoded by the fadD32-

pks13-accD4 cluster.””’® The observation that corynomycolic
acid and keto-meromycolic acid were both decreased suggests
that Pks13 may be important to the MoA of DA-CB.”"”* The
accumulation of lipid intermediates and the downregulation of
the corresponding enzymes as described above in detail further
implicates the involvement of the Pksl13 complex with the
MoA of DA-CB.

Last, our lipidomics identified wax monoesters as the most
altered lipid pathway (Figure SA). Wax monoesters are known
to be synthesized when mycobacteria are exposed to stress
(Figure 5B).”® Thus, our observed increase in wax monoesters
implies a stress response in Msm cells that is induced by a DA-
CB treatment and facilitated by the accumulation of FAS-I and
FAS-II metabolites that provide substrates for the stress
response. In addition, our proteomics data showed that the two
superoxide dismutase enzymes (SodA, MSMEG_6636) were
significantly downregulated in cells treated with DA-CB. The
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superoxide dismutases protect the cells against oxidative stress
by scavenging superoxide, which contributes to bacterial
pathogenicity.”* Overall, these results suggest that DA-CB
induces oxidative stress within mycobacteria, perhaps by
downregulating superoxide dismutases that protect cells
against oxidative stress.”

Multi-omics Results Show that DA-CB Effects Fatty
Acid Biosynthesis and Pyrimidine Biosynthesis. The
pathways common to the proteomics, metabolomics, and
lipidomics data sets were combined into a single consensus
integrated network (Figure 7). This integrated metabolic
pathway provides a clear overview of the system-wide impact
of DA-CB treatment on Msm and identifies FAS metabolism as
the focal point of DA-CB activity. The alteration in
panthothenate-CoA biosynthesis and pyrimidine metabolism
and the downregulation of ACP synthase (AcpS) further
support FAS metabolism as the target of DA-CB inhibition.
Panthothenate-CoA biosynthesis and pyrimidine metabolism
influence the fatty acyl-CoA pool, which supplies FAS-1, FAS-
I, and mycolic acid biosynthesis. AcpS is also an important
component of the FAS-I and FAS-II systems. Four (i.e., Rpsl,
SodA, SucB, and PyrE) other proteins colored red in Figure 7
have been previously identified as being encoded by essential
Msm genes (Table S4).7677

To provide further support for our consensus integrated
network (Figure 7), a Spearman’s rank correlation coefficient
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was calculated between each of the 26 metabolites, 48 lipids,
and 123 proteins that were significantly altered by DA-CB. A
hierarchical clustered heatmap that summarizes the entire set
of pairwise correlation coefficients are shown in Figure SS. The
heatmap shows a strong positive or negative correlation
between all the significantly altered metabolites, lipids, and
proteins. A network map based on the Spearman’s rank
correlation coeflicients for the 61 metabolites, lipids, and
proteins depicted in Figure 7 is shown in Figure S6. The
network identified 51 tightly interconnected molecules
demonstrating a unified cellular response to the DA-CB
treatment and the accuracy of the consensus integrated
network. For example, alpha-mycolic acid is positively
correlated with all other mycolic acids and negatively
correlated with triacylglycerols [ie, TG(12:0,12:0,20:4)].
Corynomycolic acid is positively correlated with hydroxy-
triacontanoic acid (i.e, hydroxy fatty acids) and negatively
correlated with PE(18:0,18:4) (ie., diacyl-glycerophospho-
ethanolamie). UDP-GIcNAc and deoxythymidine diphosphate-
1-thamnose (i.e., pyrimidine nucleotides) are both negatively
correlated with hydroxy-tetracosanoic acid (i.e., hydroxy fatty
acid lipids) and muyristyl myristate (i.e,, a wax monoester).
Opverall, our multi-omics data provides complementary lines
of evidence that strongly implicates a FAS enzyme as the main
inhibitory target of DA-CB in mycolic acid biosynthesis.
Specifically, the terminal FAS-II Claisen condensation
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catalyzed by Pksl3 and the associated FadD32 protein
complex are potential candidates for the lethal target of DA-
CB. In this regard, DA-CB may function through a direct
enzyme inhibition or by the modification of the structure of a
lipid precursor. A further investigation into the roles that acyl-
CoA oxidase, FadES, ACP, and cell wall ribosomal proteins
(RpIP and RpsM) may contribute to the MoA of DA-CB
would enhance our understanding of anti-tubercular drugs that
target cell wall biosynthesis. AcpS is not an essential gene;
however, its downregulation affects transacylation and the
further synthesis of FAS-II metabolites such as hydroxy and
branched chain fatty acids that are important to mycolic acid
biosynthesis (Table $4).”°

B CONCLUSIONS

In summary, we report the elucidation of a probable MoA for
DA-CB, an antimycobacterial fatty acid analogue.'”'® A multi-
omics approach that combined lipidomics, metabolomics, and
proteomics provided numerous, reinforcing, and complemen-
tary results. Our integrated metabolomics, lipidomics, and
proteomics analysis identified alterations in the FAS-II system,
specifically in the terminal steps of mycolic acid biosynthesis.
We also observed contributing alterations in pyrimidine and
amino acids synthesis, and our integrated lipidomics and
proteomics analysis identified alterations in FAS, specifically in
mycolic acid biosynthesis. A consensus network (Figure 7)
integrated these multi-omics data sets and provided a system-
wide view of the cellular impact of DA-CB on the metabolome
of Msm. The similarity in the global metabolic perturbations
induced by both DA-CB and ETH, a known inhibitor of
mycolic acid biosynthesis, provides further support for our
proposed MoA.”””® However, the inhibited enzyme is different
from InhA, the target of ETH, since we observed an
overproduction (instead of a decrease) in hydroxy fatty acids
and branched chain fatty acids. This outcome also confirms
our original hypothesis that a fatty acid analogue such as DA-
CB could interrupt fatty acid synthesis or processing, which
would lead to mycobacterial cell death. Our proposed MoA is
expected to guide future investigations into the confirmation of
the precise lethal target(s) of DA-CB. Finding the lethal target
of a novel drug often requires intensive dedicated research. For
example, the discovery that D-Ala-D-Ala ligase was the lethal
target of DCS came 50 years after the introduction of the
drug.”> However, recent developments in omics analysis may
hasten this pace.

DA-CB also provides a unique opportunity to leverage click
chemistry and to identify target proteins. DA-CB was selected
from among a group of related analogues for further study
because of its efficacy and because we and others have shown
DA-CB and related cyclobutenes undergo rapid and
“biorthogonal” click modification in the form of inverse
electron demand Diels—Alder cycloadditions with biotinylated
1,2,4,5-tetrazines.”” The ability to specifically address DA-CB,
or any derived biosynthetic intermediates, will provide a
unique opportunity to study the localization and/or con-
jugation of the fatty acid analogues within mycobacteria by
using a pull-down assay or chemical cross-linking.'” As
described in the literature, labeling the fatty acid analogue
enables tracking of the altered pathways.’® The same approach
may be used for DA-CB, in order to track its incorporation
into the fatty acid biosynthetic FAS-I and FAS-II machinery via
a fatty acid CoA analogue. Furthermore, the future experiment
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of labeling DA-CB will enable us to determine its uptake to
understand lipid synthesis changes in Msm and Mtb.
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