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Reactive oxygen species (ROS)-mediated oxidative stress and DNA
damage have recently been recognized as contributing to the
efficacy of most bactericidal antibiotics, irrespective of their primary
macromolecular targets. Inhibitors of targets involved in both
combating oxidative stress as well as being required for in vivo
survival may exhibit powerful synergistic action. This study dem-
onstrates that the de novo arginine biosynthetic pathway in Myco-
bacterium tuberculosis (Mtb) is up-regulated in the early response
to the oxidative stress-elevating agent isoniazid or vitamin C. Argi-
nine deprivation rapidly sterilizes the Mtb de novo arginine biosyn-
thesis pathway mutants AargB and AargF without the emergence
of suppressor mutants in vitro as well as in vivo. Transcriptomic and
flow cytometry studies of arginine-deprived Mtb have indicated
accumulation of ROS and extensive DNA damage. Metabolomics
studies following arginine deprivation have revealed that these
cells experienced depletion of antioxidant thiols and accumulation
of the upstream metabolite substrate of ArgB or ArgF enzymes.
AargB and AargF were unable to scavenge host arginine and were
quickly cleared from both immunocompetent and immunocompro-
mised mice. In summary, our investigation revealed in vivo essen-
tiality of the de novo arginine biosynthesis pathway for Mtb and a
promising drug target space for combating tuberculosis.

L-arginine | reactive oxygen species | oxidative damage | Mycobacterium
tuberculosis | bactericidal auxotrophy

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb),
is a global health problem that causes 1.7 million deaths each
year. Long chemotherapy, misdiagnosis, and emergence of
multidrug-resistant strains mandate the need to identify novel
vulnerable Mtb metabolic pathways to develop more efficient
drugs to shorten chemotherapy (1). Moreover, systematic un-
derstanding of the adaptive mechanisms used by Mtb to develop
resistance to the existing mycobactericidals will help to identify
novel therapeutic approaches to prevent sensitive bacteria from
developing resistance during treatment (2).

Presently, in both Gram-positive and Gram-negative bacteria,
the role of reactive oxygen species (ROS) generated by metabolic
perturbations leading to oxidative damage is well understood.
Most of the bactericidal antibiotics that target Escherichia coli
induce lethality by a common mechanism despite having different
primary targets (3—7). This common response involves changes in
iron and redox metabolism and accumulation of ROS causing
oxidative damage of DNA, RNA, and proteins, ending in cell
death (7). ROS-mediated oxidative damage is also a recognized
rapid killing mechanism for Mth (8-13). The mycobactericidals
isoniazid (INH) and vitamin C have been shown to induce rapid
death of Mtb by ROS generation, leading to oxidative damage (8,
9, 13). Nonetheless, early adaptive responses of Mtb to INH- and
vitamin C-induced ROS have yet to be characterized.

Through transcriptional profiling, this study identifies the de
novo arginine biosynthesis pathway as one of the early adaptive
responses of Mtb to oxidative stress promoting mycobactericidals
vitamin C and INH. Since other studies in cancer cells,
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Burkholderia cenocepacia, and Leishmania donovani have shown
that arginine deprivation leads to ROS generation, oxidative
damage, and cell death (14-17), we have further investigated the
effect of arginine deprivation in Mtb. Using an integrated ap-
proach of genetics, transcriptomics, flow cytometry-based anal-
ysis, metabolomics, and animal models, our study demonstrates
the absolute essentiality of the de novo arginine biosynthesis
pathway for Mrb in the absence of pathway intermediates or
exogenous arginine. Disruption of the de novo arginine bio-
synthesis pathway leads to depletion of antioxidant thiols, accu-
mulation of upstream metabolite substrates of the deleted
enzymes (ArgB or ArgF) in the arginine biosynthetic pathway,
followed by ROS-mediated oxidative damage and rapid sterili-
zation of Mtb populations both in vitro and in vivo.

Results

Arginine Deprivation of Mth Leads to Rapid Sterilization. Previous
studies have shown that INH and vitamin C kill Mt in part by
inducing oxidative damage (8, 9). Therefore, to identify Mtb’s initial
transcriptional signatures as an adaptive response to these myco-
bactericidals, we performed RNA-Seq on Mtb cultures both un-
treated and treated with INH (1 pg/mL) or vitamin C (4 mM) for
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Tuberculosis results in over 1.7 million deaths annually; this
problem is worsened by the emergence of drug-resistant strains.
New drugs and a better understanding of the mechanisms of
existing interventions are needed to prevent the development of
drug resistance. Reactive oxygen species (ROS)-mediated lethality
by bactericidal drugs was observed in Mycobacterium tubercu-
losis (Mtb). Our studies demonstrate that arginine deprivation
sterilizes for Mtb in vitro and in the host. Using several comple-
mentary approaches, we show that arginine deprivation leads to
the depletion of thiols, accumulation of ROS, DNA damage, and
rapid Mtb death. We propose enzymes in the de novo arginine
biosynthesis pathway represent promising drug target candi-
dates to be inhibited to treat Mtb and its drug-resistant strains.
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4 h. Of the six genes up-regulated in response to both of the
treatments, four (argB, argC, argD, argl) are involved in the de novo
arginine biosynthesis (Fig. 14). This result suggests a role for the
arginine biosynthesis pathway in tolerating oxidative stress gener-
ated by these bactericidal agents. This prompted us to investigate
the role of this pathway in Mtb survival. The biosynthetic pathway
for de novo biosynthesis of L-arginine in Mtb consists of eight
catalytic steps performed by eight enzymes encoded by the genes
argA, argB-D, argF-H, and argJ. Using bioinformatics approaches
and the results of genetic screens (18), we determined that the gene
argB, which encodes an acetylglutamate kinase and the second
enzyme in the pathway (SI Appendix, Fig. S14), is essential to Mtb
and lacks a human homolog, thus fulfilling key drug-target criteria.
Ornithine carbamoyltransferase, encoded by argF, was additionally
chosen for study as it produces the important nonproteinogenic
amino acid citrulline (SI Appendix, Fig. S14). AargB and AargF
mutants, generated using specialized transduction in the clinical
isolate CDC1551 and in the laboratory strain H37Rv of Mtb (SI
Appendix, Tables S1-S3), were confirmed by PCR (SI Appendix,
Fig. S1B). Neither mutant grew in unsupplemented media (S7
Appendix, Fig. S1 C and D), but growth was restored completely by
the addition of 0.5-1 mM r-arginine or by genetic complementa-
tion (SI Appendix, Fig. S1 C-E and Tables S1 and S2). Supple-
mentation with the arginine pathway intermediates L-ornithine or
L-citrulline restored AargB growth in the absence of L-arginine (S/
Appendix, Fig. S24). We further tested whether arginine starvation
is bactericidal or bacteriostatic for Mtb CDC1551. Arginine dep-
rivation remarkably caused a greater than 4-log decrease in AargB
and AargF colony-forming units (cfu) within day 10, whereas when
other auxotrophs were deprived of their respective nutrients, the
effect was bacteriostasis (AleuCD, leucine; ApanCD, pantothenate)
or a more limited ~3-log decrease for a bactericidal auxotrophy
(AmetA, methionine) (SI Appendix, Fig. S2B). The rapid killing of
AargB and AargF was independent of strain background, as we
observed the same rapid death with AargB and AargF mutants of
H37Rv; no cfu were isolated for AargB, indicating complete ster-
ilization by day 20 or 40, depending on the initial number of Mtb
cells used, 10° or 107 cfu/mL, respectively (Fig. 1B and SI Appendix,
Fig. S2C). Similarly, no cfu were isolated for AargF after day 40 of
the arginine starvation (Fig. 1C). Addition of exogenous L-arginine
to the arginine-deprived cultures at day 40 was unable to rescue the
AargB mutant (SI Appendix, Fig. S2D), suggesting a lack of per-
sistent viable cell populations to resume growth. No suppressor
mutants were isolated after plating 10° cells of AargB or AargF in
three independent experiments. Thus, using two independent
mutants in the de novo arginine biosynthetic pathway, we found
that arginine deprivation leads to rapid sterilization of AargB and
AargF in vitro without the emergence of suppressor mutants.
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Fig. 1. Deprivation of L-arginine sterilizes pathogenic Mtb. (A) Venn dia-
gram showing up-regulation of de novo arginine biosynthesis in Mtb cells
treated with 1 ug/mL INH or 4 mM vitamin C (Vit C) for 4 h. Starvation-death
response of Mtb AargB (B) and AargF (C) +1 mM L-arginine. Aliquots were
plated on t-arginine-containing plates for cfu determination. The dotted
line represents the limit of detection. Data are representative of one of
three independent experiments. Error bars show mean + SD (n = 3).
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Transcriptional Profiling and Flow Cytometry Analysis of Arginine-
Deprived Mth Reveal Envelope and Oxidative Stresses, ROS Accumula-
tion, and DNA Fragmentation. We have demonstrated early up-
regulation of the de novo arginine biosynthesis pathway by Mtb
as an adaptive response to oxidative stress elevating the
mycobactericidals INH or vitamin C. Furthermore, argB or argF’
deletion leads to sterilization of Mtb under arginine deprivation.
Therefore, we conducted time-course transcriptomics and flow
cytometry studies on arginine-deprived AargB and AargF mutants
to investigate the mechanisms underlying their rapid death.

Transcriptomic microarrays analysis of arginine-deprived AargB
(81 Appendix, Fig. S3 A and B) indicated a more than twofold
increase in expression of genes for arginine biosynthesis (Fig. 24),
mycothiol, and the ergothioneine precursor histidine (S Appendix,
Fig. S3C). In contrast to the response of methionine-starved
AmetA, the only reported Mtb bactericidal amino acid auxotro-
phy, arginine-starved AargB at day 1, displayed induction of genes
involved in cell-envelope stress and remodeling (including genes
of the FAS II pathway); synthesis of mycolic acids, phospholipids,
and glycans; and maintenance of membrane integrity as seen
during INH treatment of Mtb (Fig. 24) (19). Mtb genes involved in
oxidative damage response, Fe-S cluster synthesis, as well as as-
sembly (Fig. 2B) and Fe-S cluster-dependent essential enzymes
(SI Appendix, Fig. S3D), were highly up-regulated (20). The bio-
energetically less efficient microaerobic respiration pathway (S/
Appendix, Fig. S3E) and the anaplerotic genes involved in an
antioxidant defense to antibiotic stress (Fig. 2C) were also highly
expressed (12, 21, 22). Increased ROS causes DNA damage, and
there was a consequent up-regulation of genes involved in DNA
repair (Fig. 2B) (3, 19). Increased expression of genes for arginine
biosynthesis, antioxidant defense, and DNA repair genes was also
observed in AargF (SI Appendix, Fig. S4 A-C), whereas the re-
spiratory genes nuoA-N were down-regulated in both AargB and
AargF (SI Appendix, Figs. S3F and S4D).

To extend our study of arginine-deprived AargB, we also per-
formed RNA-Seq analysis following 4 and 48 h of arginine starva-
tion. Consistent with the microarrays, genes involved in arginine
biosynthesis were four- to sixfold up-regulated within 4 h of star-
vation. Significantly expressed genes (two- to fivefold) at 4 h in-
cluded genes in cell-envelope remodeling (lipX, pks4) (23), sulfur
import (Rv1463), heme binding at the cell surface for iron import
PE22-PPE36 (24), and antioxidative response (ahpC and ahpD; Fig.
2D) (25). This was followed by a more than twofold enhanced ex-
pression of genes involved in the biosynthesis of thiols (mycothiol
and the precursor of ergothioneine, histidine) and anaplerotic genes
required for antioxidant defense against antibiotic stress at 48 h (S
Appendix, Fig. S3G). Genes involved in cell-envelope remodeling,
antioxidant stress response, and DNA damage (ung) were also
highly up-regulated at 48 h (Fig. 2 E-G). In contrast, at 4 and 48 h,
dosR-regulated genes involved in hypoxia, Rv1404-regulated genes
for a response against acid stress, and the rel4 regulon genes were
three- to fourfold down-regulated (Fig. 2D) (25).

Our transcriptomics data on arginine-deprived AargB and
AargF revealed signatures of oxidative stress, as seen in INH or
vitamin C treatment of Mtb (9, 19). Therefore, we measured the
accumulation of ROS in L-arginine-starved AargB and AargF by
flow cytometry using fluorescent dihydroethidium dye and DNA
damage using the terminal deoxynucleotidyl transferase-mediated
dUTP-fluorescein nick-end labeling assay (TUNEL). The gating
strategy used for both the assays is depicted in SI Appendix, Fig.
S5. At day 1, we observed an approximately twofold increase in
ROS in arginine-deprived AargB and AargF cultures compared
with the arginine-supplemented cultures. In arginine-deprived
AargB, from days 3-7, the ROS signal increased from approxi-
mately 6- to 20-fold over the nondeprived (Fig. 34). In AargF, a
slower increase of up to 12-fold at day 7 was observed (Fig. 34).
DNA damage in arginine-deprived cells correlated well with ROS
accumulation and increased ~25-fold (AargB) or ~12-fold
(AargF) compared with nondeprived cultures at day 7 (Fig. 3B).

To determine whether arginine deprivation enhances sensi-
tivity to external ROS-mediated oxidative stress and DNA

Tiwari et al.
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Fig. 2. Transcriptomic analysis of arginine-deprived Mtb AargB revealed sig-
natures of cell-envelope stress and oxidative damage. To compare time-course
changes in transcriptomic profiles of L-arginine-deprived H37Rv and AargB,
RNA was isolated from samples harvested at 0, 1, 3, and 6 d for microarrays (A-
C) and 0, 4, and 48 h for RNA-Seq (D-G). (A) Enhanced expression of genes
involved in arginine biosynthesis and cell-envelope maintenance. (B) Up-
regulation of genes associated with antioxidant defense, Fe-S cluster bio-
synthesis, and DNA repair. (C) Enhanced expression of anaplerotic genes
(containing Fe-S) involved in antioxidant defense during antibiotic treatment
(12). (D-G) RNA-Seq data of arginine-deprived Mtb AargB. (D) At 4 h of arginine
starvation, genes involved in arginine biosynthesis, cell-envelope remodeling,
antioxidative response, and heme and sulfur import were highly up-regulated.
Conversely, dosR-, Rv1401-, and relA- regulated genes were down-regulated.
(E-G) Up-regulation of genes involved in cell-envelope remodeling (E), Fe-S
cluster biogenesis assembly and antioxidative defense (F), and DNA repair (G)
at 48 h. Raw data for microarrays were deposited in the GEO database (ac-
cession no. GSE98821). All transcriptomic heat maps show log twofold changes.
Mean with SD is plotted; error bars represent the SD of three independent
biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed t test.

damage, we exposed day 1 arginine-starved AargB cells to 16 mM
H,O, for 4 h. An AmshA mutant deficient in mycothiol bio-
synthesis and hypersensitive to oxidative stress was used as a
control (26). Within 4 h, we found approximately fivefold more
ROS accumulation in AargB and AmshA than in H37Rv, al-
though a decrease in ROS signal at later time points (days 2-3)
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was possibly due to nonviability of cells (SI Appendix, Fig. S6A4).
ROS production correlated well with increased DNA double-
strand breaks. Within 4 h, H,O, caused approximately twofold
more DNA damage to AargB than to H37Rv (SI Appendix, Fig.
S6B). To assess whether arginine-deprived Mtb is more sensitive
to external ROS-mediated cell death, arginine-deprived AargB
and AargF were treated at day 1 with 16 mM H,0, for 4 h and
plated to determine cfu on arginine-containing plates. The
arginine-deprived mutants were highly sensitive and vulnerable
to oxidative damage, as indicated by the approximately fivefold
decreases in cfu within 4 h, but genetic complementation re-
stored H,O, sensitivity to H37Rv levels (SI Appendix, Fig. S6C).

To further test whether ROS has a role in the rapid killing of
arginine-deprived AargB, cultures were starved for arginine in an
hypoxic chamber containing 1% O, and 5% CO,. The killing
kinetics of arginine-starved AargB was reduced under hypoxic
conditions (SI Appendix, Fig. S6D), suggesting a role for oxygen
in the sterilization mechanism of arginine deprivation. Overall,
our transcriptomics and flow cytometry data showed that
arginine-deprived Mtb induces pleiotropic stress responses in-
volving cell-envelope stress and ROS accumulation leading to
DNA fragmentation and cell death.

Metabolomic Studies of Arginine-Deprived Mtb Show the
Accumulation of Upstream Metabolites and Depletion of Antioxidant
Thiols. To investigate the upstream molecular events underly-
ing the ROS-mediated oxidative damage and cell death of
arginine-deprived AargB and AargF, we conducted time-course
metabolomics during arginine deprivation. Mutants and their
complemented strains were grown in L-arginine-supplemented
broth, washed, and then transferred to the arginine-free broth.
Cells were harvested at days 0, 1, 3, and 6, and extracted metab-
olites were subjected to ultra-performance liquid chromatography
mass spectrometry (UPLC-MS). Principal components analysis of
m/z retention time pairs showed changes in the AargB metab-
olome over time (Fig. 44), with substantial accumulation of the
ArgB substrate N-acetyl-L-glutamate (~100-fold, Fig. 4B). The
downstream metabolites, L-citrulline and L-arginine, decreased
~1,000-fold at day 1 and were later undetectable (Fig. 4B). At day
3, levels of ergothioneine and a compound with m/z 487.16
(consistent with mycothiol), which have roles in redox homeostasis
(27), were decreased ~20-fold, whereas the secondary messenger
cAMP accumulated by ~150-fold (Fig. 4C). In AargF, N-acetyl
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Fig. 3. Arginine deprivation leads to ROS accumulation and DNA damage.
AargB and AargF were grown in L-arginine-supplemented 7H9 medium,
washed, and transferred to L-arginine—deprived 7H9 medium. At the in-
dicated time points, cell pellets were collected and stained with (A)
dihydroethidium for ROS measurement or (B) TUNEL for measuring DNA
double-stranded breaks using flow cytometry. Results were compared with
nondeprived or untreated control samples. Mean + SD is plotted (n = 3).
***p < 0.001, **P < 0.01, *P < 0.05; Student'’s t test (two-tailed).
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ornithine levels increased, and vL-citrulline increased transiently
before returning to initial levels while L-arginosuccinate and L-
arginine were depleted below the detection limit after day 1 (S
Appendix, Fig. S4E). These results confirmed that arginine dep-
rivation of Mtb leads to accumulation of upstream metabolite
substrates of the deleted enzymes ArgB or ArgF and depletion of
L-arginine, L-citrulline, and antioxidant thiols.

Arginine Deprivation Sterilizes Mtb in Immunocompetent and
Immunocompromised Mice. Our previous results demonstrated
that arginine deprivation leads to the rapid death of Mtb in vitro.
Arginine concentration in mouse plasma is ~200 pM (28).
Therefore, to determine whether Mtb can acquire arginine or
pathway intermediates (ornithine and citrulline) in vivo, we
tested the growth of the arginine auxotrophs AargB and AargF in
immunocompetent C57BL/6 mice and in Severe Combined
Immune-Deficient (SCID) mice. Following low-dose aerosol
infection, both AargB and AargF were sterilized within 21 d in
lungs of C57BL/6 mice (Fig. 54 and B, Left) and were unable to
disseminate to the spleen (Fig. 5 4 and B, Right). Additionally,
there was no sign of inflammation in the lungs at 4 wk post-
infection (SI Appendix, Fig. S7A). In comparison, H37Rv and
complemented strains (AargB-c and AaggF—c) had increased
burdens by 3 wk postinfection, with 10*~10° cfu detected in lungs
and spleen and gross pathology showing granulomatous lung
disease (Fig. 5 A and B and SI Appendix, Fig. STA). The rapid
death phenotype of AargB and AargF was also observed in the
lungs (Fig. 5C, Upper Right) and spleens (Fig. 5C, Lower) of
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Fig. 4. Metabolomic analysis of arginine-deprived Mtb AargB. Time-course
changes in metabolic profiles of H37Rv, AargB, and AargB-c were compared
during 6 d of L-arginine deprivation. Samples were harvested at 0, 1, 3, and
6 d from three biologically independent replicates for extraction of metabolites.
Aqueous-phase metabolites were measured by UPLC-MS, and fold changes in
metabolite abundance were calculated relative to time 0. (4) Principal com-
ponent analysis showed changes in the overall metabolomic profile of AargB
over time during arginine deprivation. (B) Upstream metabolite N-acetyl glu-
tamate (NAG), the substrate for ArgB, accumulated while the downstream
metabolites L-citrulline and L-arginine were depleted. (C) Accumulation of
cAMP and depletion of antioxidant thiols (ergothioneine and a compound
with m/z 487.16, consistent with mycothiol). Error bars represent SD of three
biological replicates. Dashed lines represent the limit of detection.
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Fig. 5. Mtb arginine auxotrophic mutants are rapidly sterilized in immu-
nocompetent (C57BL/6) and immunocompromised (SCID) mice. Mice were
infected with low-dose aerosol (100 bacilli per animal) of strains AargB,
AargB-c AargF, AargF-c, and H37Rv. Lung and spleen burdens were de-
termined at days 1, 7, 21, 56, and 112 postinfection for C57BL/6 or at days 1,
28, and 84 postinfection for SCID. (A and B) The cfu in the lung (Left) and
spleen (Right) of C57BL/6 mice. (C) Survival of SCID mice (n = 6) after low-
dose aerosol infection (Left); cfu burden in lung and spleen (Upper Right and
Lower, n = 4). (D and E) Lung histopathology of SCID mice. (F) Survival of
SCID mice (n = 6) after high-dose (108 bacilli per animal) i.v. infection. One of
two independent experiments is shown. Data are mean + SD for n = 4 bi-
ological replicates. Dashed lines represent the limit of detection.

aerosol-infected SCID mice, whereas H37Rv and complemented
strains grew unimpeded, causing 100% mortality by 7-8 wk
postinfection (Fig. 5C). There was no sign of disease pathology
or acid-fast bacilli (AFB) in the lungs of SCID mice infected with
AargB (Fig. 5D and SI Appendix, Fig. S7B and Table S4) or
AargF (Fig. 5E and SI Appendix, Fig. S7C and Table S4). Con-
versely, mouse lungs infected with H37Rv or complemented Mtb
strains exhibited severe lesions and tissue inflammatory infil-
trates, primarily granulomas that obscured normal pulmonary
architecture and that were often admixed with necrosis and as-
sociated with large numbers of AFB (Fig. 5 D and E, Upper; SI
Appendix, Fig. S7 B and C, Left; and SI Appendix, Table S4).
Interestingly, AargB is so severely attenuated that even after i.v.
infection with ~10° or 108 cfu, 100% of SCID mice were alive after
300 d, whereas those infected with H37Rv (10° cfu) died within
6 d (Fig. 5F and SI Appendix, Fig. S7D). Moreover, no mutant
colonies or suppressors were recovered from lungs or spleens of
SCID mice infected with AargB at 10° cfu (i.v.) even at 57 wk
postinfection (SI Appendix, Fig. STD). Together, these results es-
tablish that arginine deprivation causes rapid sterilization of Mtb
cells in vivo without the emergence of any suppressor mutants and
independently of the immune status of the host. These results
suggest that Mib is restricted to host niches where it cannot scav-
enge arginine or intermediates in the pathway, potentially due to
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restricted availability or defective recruitment of arginine transport
systems to the phagosome, thus leading to its rapid death.

Discussion

Shortening TB chemotherapy requires novel drugs that can
rapidly sterilize Mb. Our study provides compelling evidence
that the arginine biosynthetic pathway is an attractive target for
antitubercular drug development. Arginine deprivation leads to
ROS accumulation, DNA damage, and rapid sterilization of Mtb.

ROS-mediated oxidative damage is a potent killing mecha-
nism by bactericidal antibiotics for Gram-positive and Gram-
negative bacteria, as well as Mtb (3—-12). Our RNA-Seq data from
Mtb treated with INH or vitamin C at 4 h indicated early up-
regulation of de novo arginine biosynthesis. An increase in me-
tabolites in the arginine biosynthesis pathway of Mb at 24 h in
monotherapy with the mycobactericidals INH, rifampicin, or
streptomycin has been reported (12). Therefore, we investigated
the role of the de novo arginine biosynthesis pathway in Mtb.

Arginine deprivation leads to a rapid sterilization of Mtb both
in vitro and in vivo. Furthermore, no suppressor mutants were
obtained when mice were challenged with AargB (10® cfu) or in
three independent experiments on Middlebrook 7H9 media
supplemented with oleic acid—albumin-dextrose—catalase
OADC and glycerol up to 6 mo. While suppressors of complete
gene deletions are very rare but could occur by biochemical
bypass as has been observed for diaminopimelate auxotroph
(29), these two sets of data suggest a multifactorial mechanism of
death. Several potential mechanisms are possible such as futile
cycling to generate precursors for arginine biosynthesis leading
to enhanced ROS generation as observed in arginine-deprived
cancer cells (14, 15). Our metabolomics studies showed an ac-
cumulation of N-acetyl glutamate and N-acetyl ornithine, an
upstream metabolite substrate for ArgB or ArgF (Fig. 4 and S
Appendix, Fig. S4E). These intermediates are derived from
L-glutamate, a precursor for L-arginine biosynthesis. This indicates
that arginine-deprived M) is undergoing futile cycles to generate
either L-glutamate from o-ketoglutarate or by glutamine. Both
conditions are accompanied by increased flux into the tri-
carboxylic acid cycle and oxidative phosphorylation followed by
ROS generation, DNA damage, and cell death. Another po-
tential explanation is altered protein synthesis and secretion due
to the indispensability of arginine for the twin-arginine transport
(TAT) secretion signal motif “RR.” TAT effectors are involved
in respiration, nutrition uptake, and envelope maintenance (30—
32). Defects in the TAT system are associated with cell death
and envelope and oxidative stress susceptibility in many bacterial
pathogens including Mtb (30, 31). Transcriptomics reveals that
arginine-deprived M) exhibited up-regulation of signatures of
envelope stress as seen during INH exposure (19) (Fig. 24).
Arginine is also the source of polyamines involved in scavenging
ROS and protects membranes from lipid peroxidation in plants,
bacteria, and parasites (16, 17, 33); similar mechanisms may be
involved in Mtb. At day 3 of arginine deprivation, an ~20-fold
decrease was observed in the antioxidant thiols, ergothioneine,
and a compound with an m/z 487.16, which corresponds to
mycothiol (Fig. 4C). However, we have not detected the poly-
amines putrescine and agmatine in any sample possibly due to
their lower abundance. We observed an ~150-fold increase in
accumulation of cAMP in arginine-deprived Mtb (Fig. 4C) in
contrast to the observed depletion of cAMP in wild-type cells
starved in PBS (34). The possibility of the accumulation of toxic
metabolites or loss of an arginine-dependent essential metabolite
contributing to killing was not ruled out, but we were unable to
identify such metabolites. We propose a model in which futile
cycles for generation of precursors for arginine biosynthesis,
envelope stress, defects in protein synthesis and secretion, de-
pleted thiols, or other undetermined factors initiate immediate
and extreme oxidative stress, causing oxidative damage leading
to multitargeted rapid Mtb death (SI Appendix, Fig. S8).

Much of Mtb’s success may stem from being self-sufficient as it
has conserved biosynthesis pathways for most of the essential
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nutrients. While several Mtb amino acid auxotrophs are attenu-
ated in vivo, only methionine deprivation has been reported to be
bactericidal (35-40). In our study, high doses of AargB (10°-10°
cells) or AargF (10° cells) delivered via the i.v. route revealed that
these arginine biosynthesis mutants were unable to replicate in
SCID mice and were rapidly sterilized (Fig. 5). These results were
somewhat unexpected, as Mtb has two arginine transporters (41)
and serum concentrations of arginine are substantial (28). The
inability of host-derived arginine to compensate for arginine
auxotrophy reflects either inaccessibility of arginine in Mtb niches
or inefficiency in expression, function, or translocation of import
systems in vivo. Additionally, our results contrast with those using
an Mtb argF mutant, which could acquire arginine, replicate in,
and kill SCID mice (42). However, the above-mentioned study
lacked an argF-complemented control strain, and the possibility of
contamination with the parental or single cross-over strain during
mouse infection cannot be ruled out.

This study underlines the critical sterilization role of the de
novo arginine biosynthesis pathway for the survival of Mtb under
arginine deprivation. This work suggests that the inhibitors against
enzymes in this pathway have potential to sterilize M and
therefore can prevent or kill persistent populations. An absence of
human homologs for many enzymes in the arginine biosynthetic
pathway and lack of detection of arginine or its metabolites in
NMR studies of lung granulomas of Mtb-infected guinea pigs (43)
further reinforce the de novo arginine biosynthesis pathway as an
excellent anti-TB drug target. These strains will provide a useful
tool for screening novel inhibitors against enzymes in the arginine
biosynthesis pathway using target-based approaches as whole-cell
screening or new approaches as fragment-based drug discovery
(44). Promising candidates that cocrystalize with enzymes in the
de novo arginine biosynthesis pathway and inhibit its enzymatic
activity could be tested for their potency and specificity in vitro
and in vivo against Mtb. These strains are also a valuable tool to
screen for compounds that act in synergy with arginine deprivation
to enhance ROS-mediated Mtb cell death. Additionally, further
insights into the common death mechanisms involved in arginine
deprivation and other Mb sterilization phenotypes will open av-
enues for drug screening to develop antibacterial strategies and
interventions against Mtb.

Methods
See SI Appendix, SI Methods, for method details.

Bacterial Strains and Culture Conditions. All of the primers, plasmids, cosmids,
and bacterial strains used in the study are listed in S/ Appendix, Tables S1-S3.
Mtb strains were grown at 37 °C in Middlebrook 7H9 liquid medium or 7H10
solid media supplemented with 10% OADC, 0.5% glycerol, and 0.05%
tyloxapol. For Mtb strains bearing antibiotic cassettes, hygromycin (75 pg/mL)
and/or kanamycin (20 pg/mL) were added wherever required. The L-arginine
(1 mM) was added to liquid or solid media as described above. For the time-
course starvation experiments, samples were grown in the presence of 1 mM
L-arginine to 0.5 ODggo, Washed with PBS tyloxapol (PBST), and switched to
arginine-free medium. Mtb mutants were constructed by specialized trans-
duction, unmarked and complemented as mentioned in S/ Appendlix.

RNA Isolation, Microarrays, and RNA-Seq. Samples were prepared in triplicate
from cultures of H37Rv, AargB, and AargF for microarray analysis at days O, 1,
3, and 6 and for RNA-Seq at 0, 4, and 48 h after starvation. RNA isolation,
cDNA preparation, and microarray analysis were performed as described
before (9). All of the data have been deposited at the National Center for
Biotechnology Information (https://www.ncbi.nlm.nih.gov/geo/) under ac-
cession number GSE98821. For RNA-seq, libraries were prepared and
checked for quality on a 2100 Bioanalyzer. Sequencing of 75-bp paired-end
reads was performed on the lllumina HiSEq. 4000 platform followed by
differential expression analyses, normalization of raw counts, and genera-
tion of heat maps. Details can be found in S/ Appendix.

Flow Cytometry-Based ROS Detection and DNA Fragmentation Assays. Mtb
strains were grown in 7H9 media with or without L-arginine to ODggo ~ 0.8.
Cultures were pelleted and washed five times with PBST and diluted to
ODggo ~ 0.2 in fresh media with or without L-arginine or H,0,. Aliquots were
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removed at indicated time points, and cells were washed twice in PBS and
stained with dihydroethidium for 30 min at 37 °C. Cells were analyzed im-
mediately on a BD FACS Calibur (BD Biosciences) with the following in-
strument settings: forward scatter (FSC), EO2 log gain; side scatter, 550V log;
fluorescence (FL1), 674V log; fluorescence (FL2), 628V log and threshold set on
SSC (236V). For each sample, 10,000 events were acquired. The analysis was
performed by using unlabeled and untreated/treated cells as negative con-
trols and gating intact cells. DNA strand breaks in Mtb strains undergoing
starvation or H,0, treatment were measured by TUNEL assay using the in situ
cell death detection kit (Roche). Additional details are given in S/ Appendix.

Metabolite Extraction and Mass Spectroscopy. Bacterial strains were grown in
L-arginine media to ODggp (~0.5-0.6), washed, and transferred to starvation
media. The 5-mL samples (ODgoo of 0.5) were quickly quenched in 10 mL
methanol at —20 °C. Samples were centrifuged at 3,300 x g/10 min/-9 °C.
Cell pellets were suspended in 1 mL extraction solvent [40% acetonitrile
(vol/vol), 40% methanol (vol/vol), and 20% water (vol/vol)] and transferred
to screw-cap tubes containing silica beads. Cells were lysed and processed,
and samples collected at various time points (days 0, 1, 3, and 6) were
analyzed using an Acquity UPLC system (Waters) coupled with a Synapt G2
quadrupole-time-of-flight hybrid mass spectrometer. Method details, me-
tabolite abundances, retention time, and m/z values can be found in S/
Appendix, S| Methods and Dataset S1.
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Animal Experiments and Pathology. All animal protocols used were approved by
the Animal Use and Care Committee of the Albert Einstein College of Medicine
(Bronx, NY). The 6- to 8-wk-old C57BL/6 and SCID mice (Jackson Laboratories)
were infected with Mtb and various mutants via the aerosol route using a 1 x
107 cfu/mL mycobacterial suspension in PBST and 0.004% antifoam. Infection
yielded ~100 bacilli per lung. To determine bacterial burden, four mice were
killed at various mentioned time points. Lungs and spleens were harvested and
plated to determine cfu. For SCID i.v. infections, strains grown to midlog phase
were washed and injected via tail vein (10° or 10% cfu/mouse). Lung tissues
were fixed in 10% (volivol) formalin for 48-72 h, followed by paraffin-
embedded sectioning and H&E or acid-fast staining. Five or six mice per
group were kept for survival experiments. All mice infected with Mtb were
maintained under appropriate conditions in an animal biosafety level 3 labo-
ratory. All experiments were repeated to confirm the reproducibility.
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