










either to their concentrations being lower than the detection limit
or suboptimal ionization). A targeted metabolomics approach has
previously been used to analyze fosmidomycin action in Plasmo-
dium falciparum, in which a second potential target of the drug,
IspD (the next enzyme in the pathway), was seen (34). No evi-
dence of a second target was seen in our assay, although the lack of
coverage of the pathway means that inhibition of IspD would not
have been detected.

(iii) CHIR-090. After treatment with CHIR-090, an inhibitor
of LpxC in lipid A biosynthesis (35), there were increases of several
lipids annotated through IDEOM and decreases in others (see
Data Set S2 in the supplemental material). Since the chromatog-
raphy method used for the primary analysis was not able to ade-
quately separate lipids, a secondary analysis was performed using
a C30 column. This method provided better lipid separation and
annotation, and analysis through LipidSearch revealed a large in-
crease in lysophosphatidylethanolamine (LPE) and lysophos-

phatidylglycerol species (LPG) (Fig. 4b; see Data Set S7 in the
supplemental material). The reaction preceding LpxC in lipid A
biosynthesis is a reversible acyl transfer from acyl-ACP to UDP-
N-acetylglucosamine (36). This enzyme has been shown to have
an equilibrium constant that favors the reverse direction, i.e., the
formation of acyl-ACP, and therefore the metabolic backup of the
LxpC substrate could result in the production of more acyl-ACP,
which may alter the flux of other lipid metabolites (37). The exact
target of CHIR-090 was not identified using metabolomics, but
the area of metabolism affected (lipid metabolism) was pin-
pointed, which provides additional information to the radioactiv-
ity assay.

(iv) Drug modification. Modifications of AZ1 and CHIR-090
were not seen, but a metabolite consistent with the loss of an

FIG 3 The mode of action of AZ1 was detectable by metabolomics. ND; not
detected; TMK; thymidylate kinase. Black bars, no-drug control; white bars,
treated with AZ1.The y axis shows metabolite intensity, and the x axis shows
hours after drug addition. Error bars show standard deviations of the mean.
ND, not detected.

FIG 4 The modes of action of fosmidomycin (a) and CHIR-090 (b) were
detectable by metabolomics. ND, not detected; DXR, DXP reductoisomerase;
MEP, methylerythritol phosphate; ME, methylerythritol; ME2P, methyleryth-
ritol cyclodiphosphate. Black bars, no-drug control; white bars, drug treated.
The y axis shows metabolite intensity, and the x axis shows hours after drug
addition. Error bars show standard deviations of the mean.
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oxygen from fosmidomycin was seen in the fosmidomycin-
treated samples (Fig. 5a; see Data Set S2 in the supplemental ma-
terial). This deoxyfosmidomycin metabolite increased in the cell
sample in a time-dependent manner but not in the absence of cells
(Fig. 5b). Loss of oxygen could represent reduction of the hydrox-
amate group from fosmidomycin. Reduction of hydroxamate
drugs in vivo has been reported previously (38), although future
work is needed to ascertain the structure of this fosmidomycin
metabolite and whether it possesses inhibitory activity.

(v) Ceftazidime. Ceftazidime is a third-generation cephalo-
sporin which works by inhibiting the cross-linking of peptidogly-
can in the bacterial cell wall. Intact and cross-linked peptidoglycan
molecules are too large to be detected using a metabolomics plat-
form. Changes to the levels of metabolites earlier in cell wall bio-
synthesis were identified with a dose of 4� MIC (Fig. 6a), but
these changes were less pronounced than changes to other metab-
olites not involved in cell wall biosynthesis (see Data Set S1 in the
supplemental material). A higher dose of ceftazidime (8� MIC)
was also unable to induce pronounced changes to these metabo-
lites (Fig. 6b; see Fig. S1c and Data Set S5 in the supplemental
material). Turnover of peptidoglycan has been shown to increase
after beta-lactam antibiotic treatment in E. coli (39), and the small
increases in these metabolic intermediates may be an indication of
futile recycling of peptidoglycan in responses to cell wall disrup-
tion.

(vi) 2-(Cyclobutylmethoxy)-5=-deoxyadenosine. The path-
way inhibited by 2-(cyclobutylmethoxy)-5=-deoxyadenosine, a
DNA ligase inhibitor, could not be determined from the 4-h time
course, as large areas of metabolism were affected (see Data Set S2
in the supplemental material). The untargeted analysis did iden-
tify significant disruption in DNA metabolism, however, when a
shorter time course over 30 min was used, revealing large increases
in purines, pyrimidines, and related metabolites (see Data Set S4

in the supplemental material). A large increase (on the order of
500-fold) in mass consistent with 	-glutamylputrescine was also
detected after 2-(cyclobutylmethoxy)-5=-deoxyadenosine treat-
ment over 4 h. As polyamines are not well separated on a pHILIC
column, the samples were rerun on a HILIC column (see Data Set
S6 in the supplemental material), and the polyamine pathway was
analyzed in more detail. In addition to the large increase in 	-glu-
tamylputrescine, there were smaller increases in masses consistent
with diacetylspermine (8-fold) and diacetylspermidine (4.7-fold)
but not in other metabolites of the polyamine pathway. These
changes were not detected in untreated cells or in fosmidomycin-
treated cells. The reason for this increase in acetylated or other
modified polyamines is unknown, but polyamines have been
shown to be produced in the presence of bactericidal agents as a
response to oxidative stress (40).

(vii) CCCP. Carbonyl cyanide m-chlorophenylhydrazone
(CCCP) had no measurable effect on the metabolome when the
background variation was taken into account (see Data Set S3 in
the supplemental material). CCCP inhibits oxidative phosphory-
lation by uncoupling the proton gradient in the electron transport
chain and would be predicted to have pleiotropic effects on cellu-
lar pathways. A direct effect from CCCP exposure would be alter-
ation of the adenylate energy charge (AEC); however, it is chal-
lenging to employ mass spectrometry-based measurements for
the calculation of AEC due to the differences in the ionizability of
the mono-, di-, and triphosphates. An additional explanation for

FIG 5 Fosmidomycin had a metabolite that appeared to be a cell-derived
alteration of the drug. (a) Extracted peaks of deoxyfosmidomycin (left) and
fosmidomycin (right). Black lines show the metabolite intensity at 2 h for each
replicate, red lines show the intensity at 4 h, and green lines show the intensity
in the 0-h control. (b) The ratio of deoxyfosmidomycin (fosmidomycin-O) to
fosmidomycin increases during incubation with the cells. Error bars show
standard deviations of the mean.

FIG 6 Changes to UDP-N-acetylmuramate and related peptides after ceftazi-
dime treatment. (A) Changes after treatment with 4� MIC ceftazidime; (B)
changes after treatment with 8�MIC ceftazidime. *, P value of �0.05; **, P
value of �0.001 (Student’s t test). “(s)” after the metabolite name indicates a
match (mass and retention time) to an authentic standard. Black bars, no-drug
control; white bars, treated with ceftazidime. Error bars show standard devia-
tions of the mean.
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the lack of perturbations seen with CCCP exposure is that the
disruption of membrane translocation of proteins does not pro-
duce a distinct metabolomic signature (41).

(viii) Triclosan. Treatment with triclosan, an inhibitor of
enoyl-acyl carrier protein reductase when bound with NAD�,
produced more than 100 detected metabolite features with signif-
icant (P � 0.05) changes of �5-fold (see Data Set S3 in the sup-
plemental material). Many of these changes related to an increase
in masses annotated as glycerophospholipids. There were also de-
creases in masses consistent with methylthioadenosine, S-adeno-
sylmethionine (matches authentic standard), and methylerythri-
tol cyclodiphosphate. S-Adenosylmethionine is present in both
the S-adenosylmethionine (SAM) cycle and in polyamine biosyn-
thesis. The metabolites of both of these pathways were analyzed,
and there was found to be a significant reduction in the majority of

metabolites in polyamine biosynthesis but not in the SAM cycle.
Glutathione biosynthesis was also severely affected by triclosan
treatment, which, together with the changes in polyamine metab-
olism, suggests that the cells are suffering from oxidative stress.
Polyamines interact electrostatically with negatively charged
biomolecules, such as DNA, RNA, lipids, and acidic proteins (42).
A lack of polyamines (putrescine, spermidine, and spermine) may
therefore make cell membranes and DNA more susceptible to
damage caused by oxidative stress. Adding a surplus (1 mM) of
methionine, arginine, ornithine, putrescine, S-adenosylmethio-
nine, glutathione, or cysteine did not rescue the cells from the
effects of triclosan (MIC data not shown). The actions of triclosan
on fatty acid metabolism may be compounded by an increase in
oxidative stress.

A multifactorial mode of action at high doses for triclosan has

FIG 7 AZ7 causes alterations in sulfur metabolism. (a) Changes in sulfur metabolites after AZ7 treatment; (b) isotopic distribution of m/z 545.0551; (c) structure
of AZ7; (d) fragments of m/z 545.0551. Error bars show standard deviations of the mean.
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been debated (43), and the polyamine changes seen here may re-
late to a membrane-destabilizing effect similar to those seen by
Villalaín and colleagues (44).

(ix) AZ7. AZ7 has an unknown mode of action, and the radio-
active precursor assay did not predict a specific area of inhibited
metabolism (Table 1). There were many annotated metabolites
altered after AZ7 treatment, including large increases in putative
homocysteine sulfinic acid, methylthioribose phosphate, and
dGMP (Fig. 7a). There were also several peaks present in only the
drug-treated samples that could not be identified by using any of
the databases incorporated into IDEOM. One of these peaks (neu-
tral mass, 545.0551; retention time, 8.24 min) had a chlorine iso-
tope pattern (Fig. 7b), indicating that it could be related to the
drug AZ7, which also contains chlorine (Fig. 7c). The predicted
formula of the peak m/z 545.0551 is C18H28O6N3ClS4.

Fragmentation of this m/z 545 revealed several fragments coe-
luting with the parent ion (Fig. 7d). Some of the fragments were
predicted to contain chlorine, but analysis of the fragmentation
data with mzCloud (https://www.mzcloud.org/; August 2015)
produced no hits. Fragments m/z 126 and m/z 146 were also found
in another mass that had a chlorine isotope pattern at retention
time 6.94 min (Fig. 7d). This second mass (neutral mass,
925.1202) was also present in drug-treated cells but not in un-
treated cells or in the drug sample alone and had a predicted
formula of C29H48O13N10ClS3.

To determine whether the masses seen were specific to AZ7
treatment of E. coli, human embryonic kidney cells were treated
with the drug. m/z 545 was detected in HEK cells, but m/z 927 was
not. Other masses with a chlorine isotope pattern were, however,
found in HEK cells, suggesting that this conjugation of the chlo-
rine-containing drug to intracellular metabolites is not specific to
E. coli or to particular metabolites. In addition to its antibacterial
activity, compound AZ7 also weakly inhibited growth of mamma-
lian cells and may exert its effects through conjugation to sulfur-
containing intracellular compounds. Knowing the mode of action
of AZ7 may help to refine its structure to reduce toxicity.

Conclusions. The data presented here show that it is possible
to use untargeted metabolomics to identify drug mode of action
where drugs specifically target metabolic pathways. Metabolite ex-
traction is simple and rapid, and a pipeline can be set up to treat
cells with any compound, extract the metabolome, run the
metabolome on a mass spectrometer, and analyze the data in an
automated way. For some drugs, follow-up analysis may be re-
quired, either using different drug doses or treatment times or
using a different column and mass spectrometer to analyze a more
specific area of metabolism. Although 4� MIC appears to be a

good starting dose for high-throughput analyses, it may be too
high for some compounds inducing wide toxicity within the
metabolome [as was seen with 2-(cyclobutylmethoxy)-5=-deoxy-
adenosine]. The dose of 4� MIC appeared to be too low to mea-
sure effects on cell wall metabolites from ceftazidime treatment,
and a higher drug dose of 8� MIC was required. These kinds of
modifications to the drug dosing may be required if the effects on
internal metabolism are too great or too small, but 4� MIC re-
mains a good starting concentration for higher-throughput as-
says.

A drug dose of 4� MIC appeared to be adequate to reduce E.
coli growth over a 4-h time course for all seven drugs tested here.
Time points of 0, 2, and 4 h were sufficient for many of the drugs
under test, but a shorter treatment time was needed for 2-(cy-
clobutylmethoxy)-5=-deoxyadenosine, as the effects on metabo-
lism were too prominent at 2-h posttreatment. Effects on the un-
treated control were evident, highlighting the need for adequate
controls in these types of experiment. Other methods used to cat-
egorize drugs into classes based on their mode of action use sta-
tistical techniques to compare them to drugs of known classes.
The method presented here does not require comparison with
drugs of a known class and can produce much higher resolution
data, in one case identifying the exact enzyme inhibited. Data on
toxicity can also be gathered, as was the case with AZ7, where clues
potentially pointing to reasons why this compound has unaccept-
able levels of toxicity in mammalian cells were gathered.

Untargeted metabolomics techniques using a metabolite iden-
tification software package such as IDEOM (25) were able to iden-
tify the target pathway or area of metabolism affected by an un-
known drug in around 50% of cases (Table 3), but an adequate
level of literacy in biochemistry is required. When this technique is
combined with other, more pathway-specific analyses and knowl-
edge of the drug structure and drug analogues, then predicting the
mode of action of a drug will be greatly simplified. As data from
further metabolome studies of untreated and drug-treated bacte-
ria are generated and analyzed, databases can be constructed with
the metabolite changes seen when certain targets or areas of me-
tabolism are inhibited, adding further power to metabolomics-
based prediction of mode of action.
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TABLE 3 Summary of the performance of our metabolomics assay with the radioactivity-based assay

Compound Radioactivity assay Metabolomics MOA

1-[3-Fluoro-4-(5-methyl-2,4-dioxo-pyrimidin-1-yl)phenyl]-3-
[2-(trifluoromethyl)phenyl]urea (AZ1)

DNA Thymidylate kinase

2-(Cyclobutylmethoxy)-5=-deoxyadenosine Mixed DNA
Triclosan Fatty acid Not found
Fosmidomycin No inhibition MEP/DOXP pathway
CHIR-090 Mixed Acyl lipids
CCCP Mixed Not found
5-Chloro-2-(methylsulfonyl)-N-(1,3-thiazol-2-yl)-4-

pyrimidinecarboxamide (AZ7)
Mixed Drug conjugation to S-containing metabolites?

Ceftazidime Cell wall Not found without knowledge of MOA
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