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Abstract

Iron-sulfur (Fe-S) cluster proteins carry out essential cellular functions in diverse organisms,
including the human pathogen Mycobacterium tuberculosis (Mtb). The mechanisms under-
lying Fe-S cluster biogenesis are poorly defined in Mtb. Here, we show that Mtb SufT
(Rv1466), a DUF59 domain-containing essential protein, is required for the Fe-S cluster
maturation. Mtb SufT homodimerizes and interacts with Fe-S cluster biogenesis proteins;
SufS and SufU. SufT also interacts with the 4Fe-4S cluster containing proteins; aconitase
and SufR. Importantly, a hyperactive cysteine in the DUF59 domain mediates interaction of
SufT with SufS, SufU, aconitase, and SufR. We efficiently repressed the expression of SufT
to generate a SufT knock-down strain in Mtb (SufT-KD) using CRISPR interference. Deplet-
ing SufT reduces aconitase’s enzymatic activity under standard growth conditions and in
response to oxidative stress and iron limitation. The SufT-KD strain exhibited defective
growth and an altered pool of tricarboxylic acid cycle intermediates, amino acids, and sulfur
metabolites. Using Seahorse Extracellular Flux analyzer, we demonstrated that SufT deple-
tion diminishes glycolytic rate and oxidative phosphorylation in Mtb. The SufT-KD strain
showed defective survival upon exposure to oxidative stress and nitric oxide. Lastly, SufT
depletion reduced the survival of Mtbin macrophages and attenuated the ability of Mtb to
persist in mice. Altogether, SufT assists in Fe-S cluster maturation and couples this process
to bioenergetics of Mtb for survival under low and high demand for Fe-S clusters.

Author summary

Mycobacterium tuberculosis (Mtb- causative agent of tuberculosis) exploits Fe-S cluster
containing proteins for respiration, metabolism, DNA repair, antibiotic resistance, and
persistence. Therefore, the mechanism(s) underlying the biosynthesis of Fe-S clusters is
important to understand the physiology of this human pathogen. Recent studies indicate
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that proteins containing DUF59 domains participate in Fe-S cluster assembly in few
organisms. However, the function of proteins-containing DUF59 domains is unknown in
Mtb. We show that Mtb expresses a DUF59 containing protein SufT that functions as an
auxiliary factor utilized in Fe-S cluster maturation. SufT physically interacts with other
accessory proteins (SufS and SufU), coordinating Fe-S cluster biogenesis in Mtb. We also
show that SufT is required to maintain the activity of Fe-S cluster proteins during normal
growth conditions and under environmental settings that enforce a high demand for Fe-S
clusters. Lastly, deficiency of SufT adversely affected Mtb’s respiration, metabolism,
growth inside macrophages, and ability to cause infection in mice.

Introduction

The production of reactive- oxygen (ROI) and -nitrogen intermediates (RNI) by phagocytes is
fundamental to resist microbial infections. Although ROI and RNI damage microbial DNA,
lipids, and proteins, Fe-S clusters are exceptionally susceptible cellular cofactors [1, 2]. Since
Fe-S cluster proteins are involved in multiple cellular processes (e.g., respiration, central
metabolism, DNA repair, gene regulation and RNA modification), microbes have evolved sen-
sitive strategies to repair damaged Fe-S clusters for survival [3]. Mycobacterium tuberculosis
(Mtb) (causative agent of tuberculosis [TB]) alleviates ROI and RNI in parts through Fe-S clus-
ter proteins involved in redox-sensing, gene regulation, and DNA repair for persistence [4-
10]. While these findings underscore the importance of Fe-S cluster proteins in ensuring stress
tolerance and survival of Mtb, very little is known about Fe-S cluster biogenesis in this human
pathogen. Filling this knowledge gap is critical to understand Mtb’s survival strategies and to
develop new therapeutic strategies.

The Mtb genome encodes an atypical Suf system (Rv1460-Rv1466; sufRBDCSUT) as the
only complete Fe-S cluster biogenesis machinery [11]. Iron (Fe) is vital for the survival and
persistence of Mtb [12]. Sequestration of Fe is a major component of nutritional immunity
that protects from Mtb infection in humans [13]. However, studies suggest that Mtb success-
fully competes, acquires, and transports Fe from the host cells for persistence [12]. The major-
ity of intracellular Fe (~80%) is assembled in the form of Fe-S clusters and heme in respiring
microbes [14]. These findings indicate that the growth and survival of Mtb is likely to rely on
the proper assembly of Fe-S clusters. Inadequate assembly of Fe-S clusters can result in meta-
bolic paralysis and cell death [2]. The suf operon is the only Fe-S cluster biogenesis system
present in Mtb [11]. All suf genes except Rv1460, which encodes a Fe-S cluster containing tran-
scription factor (sufR)[15, 16] are predicted to be essential for viability [17]. The suf genes were
upregulated under Fe-limitation, nitrosative stress, oxidative stress, and antibiotics [18-21],
underscoring the importance of Fe-S biogenesis in Mtb. Consistent with this, lack of SufR
compromised Mtb’s ability to tolerate antibiotics, redox-stress, Fe- limitation, and survival in
animals [16, 22].

Bioinformatic analysis predicted the function of suf genes in forming the Fe-S scaffold
(Rv1461-Rv1463 [sufBCD] and Rv1465 [sufU]) and catalyzing S-transfer reactions from L-cys-
teine to S-acceptor molecules (cysteine desulfurase; Rv1464 [sufS]). The last gene of the suf
operon (Rv1466 [sufT]) has no homology with any of the suf genes, except that it contains a
DUF59 domain [23]. A truncated version of Mtb SufT partially complemented the growth
phenotypes of the Staphylococcus aureus strain lacking a DUF59 containing SufT [24]. The S.
aureus SufT is essential for maturation of Fe-S proteins such as aconitase (Acn), isopropylma-
lateisomerase (LeuCD), and dihydroxy-acid dehydratase (IlvD) under conditions of
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heightened requirement for Fe-S cluster biogenesis [24]. S. aureus SufT is dispensable for Fe-S
maturation under standard growth conditions or repair of damaged Fe-S clusters [24]. Similar
to this, an initial report on SufT of Mycobacterium smegmatis (Msm- non-pathogenic and fast

grower) was dispensable under standard growth conditions, but essential during Fe-limitation
[25]. In contrast, Mtb SufT is predicted to be essential for viability under standard growth con-
ditions [17], suggesting that the function of SufT is distinct in Mtb as compared to S. aureus or
Msm.

In this study, we performed an in silico examination of Mtb SufT and identified the role of a
conserved cysteine residue in Fe-S cluster maturation. SufT participated in Fe-S cluster matura-
tion and repair by physically associating with other Suf proteins and Fe-S cluster acceptor pro-
teins in Mtb. We systematically depleted SufT and examined bacillary growth under ambient
conditions, upon exposure to redox stress, and inside macrophages and mice. Lastly, we assessed
the effect of SufT depletion on TCA cycle metabolites, amino acid metabolism, and bioenergetics
of Mtb. Our findings provide functional insights on how SufT contributes to Fe-S cluster matu-
ration and cellular homeostasis to promote survival of Mtb in vitro and in vivo.

Results
In silico analysis indicates the role of SufT in Fe-S cluster maturation

The function of a large majority of DUF59-containing proteins remains unknown [26] except
for a few DUF59 proteins involved in phenylacetic acid degradation and the maturation of
iron-sulfur (Fe-S) cluster-containing proteins [24, 27-29]. The DUF59 domain-containing
proteins display 9 modular structures (S1 to S9 modules in S1A Fig). The Mtb SufT DUF59
domain contains an extra N-terminal motif (S2 module in S1A Fig) that did not exhibit any
homology to previously defined domains (S1A and S1B Fig). The DUF59 domain contains a
conserved motif containing a hyperactive cysteine with heightened nucleophilicity (DPE-X26-
31-T-X2/3-C) [30]. Both of these features are preserved in Mtb SufT (S1B Fig). The Mtb SufT
NMR structure (PDB ID: 5IRD) shows a o/B-topology with five helices, and three-stranded,
mixed parallel/anti-parallel B-sheets (Fig 1). The sequence arrangement of the regular second-
ary structures is o1-02-p1-B2-03-B3-04- 0.5. We mapped the NMR structure of Mtb SufT
on to the structure of proteins containing DUF59 domain in Bacillus subtilis YitW, (PDB ID:
3LNO), Thermotoga maritima TM0487 (PDB ID: 1UWD), and Homo sapiens FAM96a (PDB
ID: 2M5H), and confirmed that the conserved D, E, T, and C residues are located commonly
on solvent-exposed loops (Fig 1). However, while DET-associated hydroxyl side chains posi-
tion towards one another to form a pocket with an average distance of ~ 5A between them in
SufT of B. anthracis, T. maritima, and H. sapiens, the same pocket in Mtb SufT exhibits an
average distance of 12-17A (Fig 1). Similar to B. anthracis and T. maritima DUF59, but not the
H. sapiens DUF59, the cysteine thiol (C62) clusters with the DET-associated hydroxyl group in
Mtb SufT (Fig 1). Moreover, the strict conservation of proline in position 63 is likely to have a
role in properly arranging C62 in the active site of Mtb SufT (Fig 1). The overall arrangement
of D, E, T, C, and P residues can therefore create an environment to bind a Fe ion or a Fe-§
cluster (Fig 1) [31], although, a well-recognized Fe-S cluster binding motif could not be identi-
fied. The structural feature of Mtb SufT, along with its organization within the suf operon, sug-
gests that SufT might have a role in Fe-S cluster maturation.

Mtb SufT interacts with Fe-S cluster biogenesis proteins; SufS and SufU

Our in silico analysis suggests the importance of C62 and D, E, and T residues in creating a
pocket for coordinating Fe or a Fe-S cluster in SufT. To examine this possibility, we purified
histidine-tagged wild type (WT) SufT, or alanine mutant of the hyperactive cysteine residue
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Fig 1. Three-dimensional structure of Rv1466 (SufT). Mtb SufT like other DUF59 proteins contains a small surface
of conserved homology. Ribbon diagrams are shown for the Bacillus anthracis YitW (PDB ID: 3LNO); Mtb SufT (PDB
ID: 5IRD); Thermotoga maritima TM0487 (PDB ID: IUWD); and Homo sapiens FAM96a (PDB ID: 2M5H). The side
chains of the conserved D, E, T, and C (red encircled) residues are highlighted. Oxygen, sulfur, and nitrogen atoms are
represented with red, yellow, and blue color, respectively. Distance in Angstrom (A) is represented between the side-
chain hydroxyl of the T, D, and E residues. A proline (P25 in Mtb) present in the motif as DPE (blue encircled) and the
consecutive proline (P63 in Mtb) next to the C residue are represented in the Mtb SufT structure.

https://doi.org/10.1371/journal.ppat.1010475.9001

(SufTcez4) from E. coli cultured in growth conditions optimized for the maximum insertion of
Fe or Fe-S clusters in vivo [16]. Purified SufT did not display the characteristic straw brown
color associated with Fe or Fe-S cluster binding proteins. Agreeing to this, UV-visible spectros-
copy did not reveal absorbance features associated with Fe (~ 420 nm) or Fe-S clusters (~ 340
nm [2Fe-2S], ~ 400 nm (3Fe-4S], ~ 420 nm [4Fe-4S]) (S2A Fig). Biochemical assays and
atomic force spectroscopy confirmed the absence of Fe in SufT/SufT s, or in bovine serum
albumin (BSA; negative control), but presence in catalase (Fe-containing hemeprotein; posi-
tive control) (S2B and S2C Fig). Our results suggest that Mtb SufT is unlikely to bind Fe or a
Fe-S cluster.

The DUF59 containing protein (YHR112W) in yeast mediates transfer of Fe-S clusters to
acceptor/client proteins by physically interacting with the multiple proteins involved in Fe-S
cluster assembly [30]. Importantly, the highly conserved cysteine residue in YHR112W likely
regulates the formation of biologically active protein complexes with the Fe-S cluster biogene-
sis factors [30]. On this basis, we examined the interaction of SufTwt and SufT ¢, 4 with other
Suf proteins involved in Fe-S cluster biogenesis in Mtb. Previous studies have shown that Mtb
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SufT does not interact with other Suf proteins in the yeast-two-hybrid assays [11, 32]. While
surprising, these studies are consistent in that certain Mtb protein: protein interactions require
a natural host environment rather than a non-native host such as yeast [33]. Therefore, we
used a mycobacterial two-hybrid system (mycobacterial protein fragment complementation
assay [M-PFC]) to examine interacting partners of SufT [34]. The M-PFC system has been suc-
cessfully used to demonstrate interactions between Mtb proteins using Msm as a surrogate.
The M-PFC assay is based on the proximity-based reconstitution of murine dihydrofolate
reductase (mnDHFR) activity due to interaction between two proteins fused to mDHFR frag-
ments F [1, 2] and F [3]. The reconstitution of mDHEFR activity can be scored by detecting
growth on a medium containing trimethoprim (TRIM), a drug that preferentially targets bac-
terial DHFR (Fig 2A). We tested the interaction of Mtb SufT with SufU and SufS, both of
which are known to catalyze Fe-S cluster transfer to the client protein; the final step towards
Fe-S cluster maturation. We co-expressed SufTwr or SufT ce,4 with SufU or SufS fused to the
C-terminus of F [3] and F [1, 2] mDHER fragments in Msm (designated as SufT g3 or
SufTceza(r3) and SufS(g; o) or SufUg; 1), respectively. Additionally, the previously reported
yeast GCN4 interacting pair (GCN4g3)/GCN4 g, »)) was taken as a positive control [34]. Msm
co-expressing SufT (g3}, SufSig1 2, SufT(g3)/SufU g 23, SUfT (537/SufT (g1 2}, and GCN4 gy o)/
GCN4 g3 combinations grew on 7H11 plates containing HYG, KAN and TRIM, indicating
homodimerization of SufT and its interaction with SufS and SufU. In contrast, Msm co-
expressing SufT g3)/GCN4g; 2 did not show any growth on HYG/KAN/TRIM-containing
medium. Interestingly, the substitution of Cys by alanine completely disrupted SufT homodi-
merization and association with SufS and SufU (Fig 2B). The expression of SufT g;; and
SufTceaa[r3) Was comparable in Msm (S2D Fig), suggesting that mutation of the cysteine resi-
due resulted in the loss of interaction.

SufT physically associates with Fe-S cluster proteins aconitase and SufR

Having shown the interaction of SufT with SufS and SufU, we next asked if SufT directly asso-
ciates with the proteins requiring Fe-S clusters for their function. To test this, we co-expressed
SufT with 4Fe-4S cluster containing Mtb proteins Acn and SufR in Msm using the M-PFC vec-
tors. We also co-expressed ESAT6 and CFP10 as these proteins associate strongly in mycobac-
teria [35]. The growth on HYG/KAN/TRIM containing medium was readily detected in the
case of SufT g3/ Acnpy 23, SUfT (537/SufR 51 2}, and ESAT6(g; 5/ CFP10(g3), indicating interaction
of SufT with Acn and SufR. Msm co-expressing SufT g, with Acn or SufR did not grow on
HYG/KAN/TRIM plates (Fig 3A).

We further validated M-PFC findings by re-examining the interaction between SufT and
Acn in Mtb using in vivo pull-down assays. To do this, we utilized SufT-proficient (wtMib
H37Rv) and a SufT-deficient strain of Mtb. Since Mtb SufT is proposed to be essential for the
viability of Mtb [17], we generated a SufT-deficient strain using CRISPR-based RNA interfer-
ence (CRISPRi)[36]. In CRISPRi, dCas9 and small guide RNA (sgRNA) expression was induced
using anhydrotetracycline [ATc] from TetR-regulated promoter system. We first confirmed
that 24 to 48 h exposure to 200 ng/mL of ATc resulted in 30-40 fold induction of dCas9 in vec-
tor control of Mtb (control) (S3A Fig). The expression of dCas9 alone in control strain of Mtb
did not affect the growth under standard culture conditions (S3B Fig). Co-expression of dCas9
with the sufT-specific sgRNA in Mtb (SufT-KD) resulted in 10-60 fold down-regulation of sufT
transcript at 24 h and 48 h post-exposure to 200 ng/mL of ATc (Fig 3B). Using an anti-SufT
antibody, we confirmed an ~ 95% reduction in SufT levels at 48 h post-ATc treatment (Fig 3C).

We next performed immunoprecipitation of Acn from the cell-free lysate of the SufT-profi-
cient control strain or the SufT-deficient (SufT-KD) strain. We observed comparable levels of

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 5/27


https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

A. ORF “X"= SufS/ SufU/ SufT ORF “Y"= SufT/ SufTcga

oriE, oriM, hyg OREX attp, int, ahp —OREY

. L /7 \ ‘
el |\ el

Co-transformed
in Msm

S

Interacting Functional Non-interacting | Non-functional
proteins mDHFR proteins mDHFR
y
Growth on No growth on
TRIM TRIM
B.
TRIM (pug/ml)

e SUfT[F3]/GCN4[F1,2]
2:GCN4 5 /GCN4 gy 5
3: SUfT ceonrs/SufTe 5
4: SufTe3/SufT e g

5: SUfT cooars/SufUps
6: SUfT[F3]/ SufU[F1,2]

7: SUfT coonra/SufSs o
8: SufT g3/ SufSy 4

Fig 2. SufT interacts with SufS and SufU of SUF system. (A) Model illustrating the principle of M-PEC. Two
independent plasmid constructs for candidate proteins X and Y are shown in fusion to complementary mDHFR
fragments F [1, 2] and F [3], respectively. Co-transformation of XF [1, 2] and YF [3] fusions in Msm results in the
functional reconstitution of mDHEFR activity and subsequent growth on TRIM (0 and 25 pg/mL; concentration) plates,
whereas proteins that do not interact will not reconstitute F [1, 2] and F [3] and consequently no growth on TRIM
plates. Components of vectors, aph confers resistance to KAN; hyg confers resistance to HYG; hsp60p is the hsp60
promoter; oriM is the origin of replication for propagation in mycobacteria; oriE is the origin of replication for
propagation in E. coli; and int and attP are the integrase and phage attachment sites, respectively, from
mycobacteriophage L5. (B) M-PFC based demonstration of C62 dependent specific protein-protein interaction of SufT
with SufT, SufU and SufS. Msm as a host was co-transformed with plasmid construct expressing 1) SufT g3}/ GCN4 gy 5
(negative control), 2) GCN4g; 5/ GCN4 g3 (positive control), 3) SufT ceoar3)/SufT(g1,25 4) SufTp3)/SufTigy 5y, 5)
SufTcera(rs)/SufUrer 25, 6) SufT(g3)/SufU gs 25, 7) SufT cerarrs)/SufSigi,2) and 8) SufT (g3)/SufSg; ). M-PFC experiments
were repeated thrice, one representative image is shown here.

https://doi.org/10.1371/journal.ppat.1010475.9002

Acn in control and the SufT-KD strain (Fig 3D, upper panel). The proteins pulled down from the
lysate using the anti-SufT antibody were separated and probed with the Anti-Acn antibody by
immunoblotting. A strong signal was obtained in the case of the control strain, whereas the signal
intensity was markedly reduced (~4 fold) in the SufT-KD strain (Fig 3D lower panel). A similar
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Fig 3. SufT interacts with 4Fe-4S cluster containing proteins- SufR and Aconitase. (A) M-PFC based
demonstration of specific protein-protein interaction of SufT with Acn and SufR (4Fe-4S proteins), but not with
SufTCGzA. Construct 1) SufT[Fg,]/Acn[Fl,z]) 2) SuchszA[Fg,]/Acn[Fl,z]) 3) SufT[H]/SufR[Fl,z], 4) SufTCszA[B]/SufR[FLz]) 5)
CFT10(g1,2)/ESAT6 g3 (positive control), and 6) empty vectors expressing [F3] and [F1,2] only (negative controls)
were co-transformed in Msm and growth was scored on TRIM containing 7H11 plates. (B) The Mtb strain expressing
pRH2502 (ATc inducible dCas9- vector control) and SufT specific gRNA in pRH2521 vectors (SufT-KD) was exposed
to ATc (200 ng/mL) for 24 h and 48 h and the expression of sufT was monitored by RT-qPCR. (C) The SufT-KD strain
was treated with 200 ng/mL of ATc and intracellular levels of SufT was determined at the indicated time points by
immunoblotting using anti-SufT. Image density was analyzed with Image] software. Aconitase (Acn; 102 KDa) is used
as loading control. (D) (top panel) Western blot of SufT and Acn from SufT-KD and vector control (with (+) and
without (-) ATc) lysate. (lower panel) Immuno-precipitation of Acn from SufT KD (+ and — ATc) lysate with Anti-
SufT IgG as well as rabbit Isotype IgG (Iso) as negative control. All M-PFC and western blot experiments were
performed in triplicate, one representative image is shown here.

https://doi.org/10.1371/journal.ppat.1010475.9003

pull-down using a rabbit Isotype IgG antibody (IgG:Iso), yielded a low background signal of Acn
(Fig 3D lower panel), affirming our findings that SufT specifically interacts with Acn in Mtb. In
sum, our data suggest that SufT-mediated Fe-S cluster maturation requires direct interaction with
proteins involved in Fe-S cluster biogenesis and Fe-S cluster requiring client proteins.

SufT depletion reduces the activity of Fe-S cluster containing proteins

Next, we directly tested the role of Mtb SufT in Fe-S cluster maturation by measuring the activ-
ity of Acn, a known 4Fe-4S cluster-containing enzyme, in the SufT-KD strain. Acn activity
was reduced to ~ 50% in the SufT-KD strain upon treatment with various concentrations of
ATc for 72 h (Fig 4A). Under these conditions, the Acn levels remain unaltered; indicating
that the loss of activity may be related to reduced 4Fe-4S cluster assembly of Acn (Fig 4A). We
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https://doi.org/10.1371/journal.ppat.1010475.9004

have recently shown that Mtb SufR, in a 4Fe-4S cluster bound form, represses the expression
of suf operon [16]. Loss of 4Fe-4S cluster from SufR de-represses the suf operon [16]. Since
SufT interacts with SufR, we expect that SufT is required for maturation of 4Fe-4S cluster on
SufR to maintain its repressor activity. To examine this, we measured the expression of suf
operon in the SufT-KD strain. As expected, the expression of suf operon was induced in the
SufT-KD strain (Fig 4B), indicating that abnormal Fe-S cluster assembly on SufR upon SufT
depletion likely resulted in the de-repression of the suf operon. Mtb encodes a homolog of cys-
teine desulfurase IscS (Rv3025c) that can insert the Fe-S cluster in Mtb proteins independent
of the suf system [2, 37]. One possibility is that the depletion of SufT results in the reduced
transcription of IscS system, which thereby diminishes the occupancy of the 4Fe-4S cluster on
Acn and SufR. However, the transcription of iscS remained unaltered upon SufT depletion
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(Fig 4B). Lastly, the 4Fe-4S clusters of Acn and SufR are sensitive to ROS [38, 39]. However,
ROS in the SufT-KD strain remained comparable to the control strain (54 Fig). Also, the
expression of known antioxidant genes (sodA, katG, ahpC, and ahpD) was not affected in the
SufT-KD strain (Fig 4B), clearly suggesting that defective Acn and SufR activities are not a
consequence of Fe-S cluster damage due to heightened ROS. Based on the above results, we
conclude that Acn and SufR activities are likely reduced due to decreased occupancy of the
4Fe-4S cluster upon SufT depletion.

SufT repairs damaged Fe-S clusters in Mtb

Since respiration-linked ROS damages Fe-S clusters of Acn during aerobic growth [3, 24, 39],
the steady-state activity of Acn reflects the equilibrium between the inactive (Fe-S cluster dam-
aged) and active fraction of the enzyme [39]. The addition of ferrous ions (Fe[II]) shifts the
equilibrium towards active fraction, whereas Fe(II) chelator dipyridyl had an opposite effect
[40]. We asked if SufT is required to maintain the balance between the active and inactive frac-
tion of Acn in Mtb. Acn activity was monitored in the cell-free extract of aerobically growing
SufT-KD strain in the presence or absence of Fe(II). The addition of Fe(II) increased the activ-
ity of Acn in the control strain by 2-fold (Fig 4C), indicating that the enzyme is partially opera-
tional (50%) under steady-state conditions. Inclusion of Fe(II) increased the Acn activity by
3-fold in the SufT-KD strain, which amounted to Acn activity of only 30% upon under steady-
state conditions (Fig 4C). Furthermore, the addition of 500 uM of dipyridyl (DIP) further
decreased the steady-state activity of Acn by 22% and 40% in the control and the SufT-KD
strains as compared to untreated cells, respectively (Fig 4C). This is consistent with an equilib-
rium shift towards inactive Acn fraction (lesser 4Fe-4S cluster) in response to SufT depletion
under aerobic growing condition.

Transient exposure to H,O, converts the active [4Fe-4S]>" form of Acn to inactive [3Fe-
4S]™ form [39]. This can be repaired to the [4Fe-4S]?* active state by the cellular Fe-S cluster
biogenesis machinery upon mitigation of H,O, stress [24]. We exposed the cell-free lysate of
48 h ATCc treated control and SufT-KD strains to 450 pM of H,O, for 1 min and Acn activity
was measured. In both cases, Acn activity was reduced by 50% in comparison to untreated cell
lysates (Fig 4D). However, removal of H,O, by catalase fully restored the Acn activity in the
cell free lysates of control strain, but not in the lysate of SufT-KD strain (Fig 4D). Above find-
ings suggest that SufT is required to maintain the steady-state activity of Acn and repair H,0,
damaged Fe-S clusters in Mtb.

SufT depletion results in widespread metabolic realignment in Mtb

Since Fe-S cluster proteins are central to carbon metabolism, amino acid, and nucleotide bio-
synthesis [41], we assessed the influence of SufT depletion on these metabolites in Mtb. We uti-
lized targeted, quantitative liquid chromatography-mass spectrometry (LC-MS/MS) based
approaches (as described earlier [42] to analyze the steady-state amounts of amino acids,
nucleotides and tricarboxylic acid cycle intermediates, in SufT-KD strain with and without
ATec. Consistent with the reduced activity of Acn, the quantity of the Acn substrate (citrate)
was elevated, and the product (a-ketoglutarate) was decreased in the SufT-KD strain (Fig 5A).
Similarly, the substrate (fumarate) and the product (malate) of another 4Fe-4S cluster contain-
ing fumarase were increased and decreased, respectively (Fig 5A).

Accumulation of succinate indicates reduced activity of succinate dehydrogenase (SDH),
which could be due to impaired maturation of Fe-S cluster on SDH in the SufT-KD strain (Fig
5A). A Fe-S cluster enzyme, lipoate synthase, provides lipoic acid to activate the E2 subunits of
pyruvate dehydrogenase complex (PDHC) and H protein of the glycine cleavage system (GCS)
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https://doi.org/10.1371/journal.ppat.1010475.9005

[43]. Accumulation of glycine and pyruvate, which are the substrates of GCS and PDHC,
respectively, indicates impaired lipoate synthase activity upon SufT depletion (Fig 5A). Simi-
larly, valine and isoleucine that are catabolized by another lipoic-acid dependent enzyme
(branched-chain keto-acid dehydrogenase complex [BCKDC])[44] were accumulated in the
SufT-KD strain (Fig 5B). The depletion of TCA cycle intermediates, along with the abundance
of some amino acids (e.g., Arg, Lys, Ser, Thr, Prol, and Phe) (Fig 5B) suggest a compensatory
mechanism to balance cataplerosis (removal of TCA cycle intermediates) by anaplerosis in the
SufT-KD. Likewise, the sulfur-containing metabolites [e.g., cystathionine (CTH), SAH, and
SAM] were reduced, indicating disturbed sulfur metabolism in the SufT-KD. Due to relatively
unstable nature of cysteine and methionine, we only measured CTH, SAM, and SAH as repre-
sentative of sulfur amino acids. Further experiments are needed to fully understand the role of

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 10/27


https://doi.org/10.1371/journal.ppat.1010475.g005
https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS

Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

SufT in sulfur metabolism. Lastly, we observed glutamine accumulation along with a decrease
in the purine nucleotides in the SufT-KD strain (Fig 5A and 5B). This could be due to the
reduced activity of a 4Fe-4S cluster enzyme glutamine phosphoribosylpyrophosphateamido-
transferase (GPATase), which uses glutamine for de novo purine nucleotide biosynthesis [43,
45, 46]. Overall, data indicate that SufT is required for maintaining Fe-S homeostasis in Mtb in
order to support carbon, amino acid, and nucleotide metabolism.

SufT-depleted Mtb is bioenergetically deficient

A major realignment of central carbon metabolism upon SufT-depletion suggests altered bio-
energetics. We utilized extracellular flux (XF) analyzer to noninvasively track the oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) of the SufT-depleted strain.
ECAR is an indication of proton (H") translocation linked to glycolysis and TCA cycle, while
OCR is a reliable indicator of respiration due to oxidative phosphorylation (OXPHOS).

To quantify the basal and maximum rates of OCR and ECAR, we cultured Mtb in the XF
microchamber, exposed to glucose, and then to the uncoupler carbonyl cyanide m-chlorophe-
nyl hydrazine (CCCP) (Fig 6A). The addition of CCCP stimulates respiration to the maximal
capacity manageable by Mtb. The difference between basal and CCCP induced OCR provides
an estimate of the bioenergetics reserve, a capacity crucial for survival under redox stress [47].
Control and SufT-KD strains were grown in standard 7H9 media and treated with or without
ATc for 72 h to deplete SufT. For measuring OCR and ECAR, cultures were diluted, and an
equal number of SufT-KD and control cells (2x10° cells/well) adhered to XF cell culture plates
as described in Materials and Methods. In the presence of glucose, the SufT-KD strain had a
significantly lower OCR (57%) and ECAR (59%) than the control strain (Fig 6A and 6B). The
addition of CCCP (5 uM) stimulated OCR and ECAR in both the strains however, the increase
was significantly lower in the SufT-depleted strain (Fig 6A and 6B). The SufT-KD strain
showed a 31% reduction in bioenergetics reserves (Fig 6C), exposing a likely vulnerability to
redox stresses. By plotting the OCR and ECAR data, we generated a metabolic phenogram,
which clearly showed that the SufT-depleted strain is metabolically derailed (Fig 6D). In sum,
these data collectively implicate SufT in maintaining the bioenergetic homeostasis of Mtb.

Mtb SufT is required for growth and promotes survival under oxidative
stress, nitric oxide exposure, and inside macrophages

We first examined the phenotypic consequence of SufT depletion on growth of Mtb in liquid
broth cultures exposed to various concentrations of ATc over time. As shown in (Figs 7A and
S5A), increasing the concentration of ATc uniformly reduces the growth of the SufT-KD
strain. Interestingly, on the solid agar medium, addition of 200 ng/mL of ATc nearly elimi-
nated the growth of the SufT-KD colonies (Fig 7B). These results indicate the requirement of
SufT for promoting growth under aerobic growing conditions.

Oxidative and nitrosative stress damage Fe-S clusters and increase the demand for Fe-S bio-
genesis and repair. Importantly, the suf operon showed heightened expression in response to
hydrogen peroxide (H,0O,) and nitric oxide (NO) exposure (19, 20). On this basis, we tested
the requirement of SufT for adaptation of Mtb under H,O, and NO stress. Exposure to 10 mM
H,O, resulted in ~ 3-fold (p = 0.0017) decreased survival of the SufT-KD strain relative to
unstressed bacteria (Fig 7C). However, a significant effect of NO on bacterial survival (~
2.5-fold) (p = 0.0002) was only evident at ImM of DETA/NO (Fig 7D). We next assessed the
survival of SufT-KD inside macrophages. We infected PMA-differentiated THP-1 macro-
phages and resting RAW264.7 murine macrophages with the control and SufT-KD strains at
multiplicity of infection (MOI) 2 and monitored the survival over time. In these models,
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https://doi.org/10.1371/journal.ppat.1010475.9006

control and SufT-KD strains without the ATc inducer showed unrestrictive growth over time
(Fig 7E and 7F). In contrast, ATc pretreatment for 72 h, prevented the proliferation of
SufT-KD in THP-1 and RAW264.7 macrophages. Lastly, we treated RAW264.7 with the INOS
inhibitor 1400W [48] and examined the growth phenotype of the SufT-KD strain. The growth
inhibition exhibited by the SufT-KD strain was partially reversed upon treatment of
RAW264.7 with 1400W (S5B Fig). Taken together, these data suggest that SufT provides resis-
tance to oxidative and NO stress and is required for survival of Mtb inside macrophages.

SufT is required for growth and persistence of Mtb in mice

We next sought to determine the impact of SufT depletion on the growth and persistence of
Mtb in mice. The Tet-based regulatory system used in this study to deplete SufT has been
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https://doi.org/10.1371/journal.ppat.1010475.9007

successfully utilized to analyze the requirement of essential genes in Mtb during acute and
chronic phase of infection [49]. We infected BALB/c mice with the SufT-KD strain by aerosol.
As previously reported [49], we initiated SufT depletion at day 7 post-infection to assess acute
phase phenotype and for the chronic phase at day 21 post-infection by feeding doxycycline
(DOX), a tetracycline derivative frequently used for gene silencing in vivo [50]. Wt Mtb prolif-
erated for 21 days in mice followed by the onset of adaptive immunity resulting in the
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Fig 8. SufT is required in acute and chronic phase of infection in vivo. (A) BALB/c mice (n = 6) were aerosol
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21 and 42 and CFU load per lung was measured. (B) Gross pathology of lungs (upper panel) from SufT-KD -DOX and
+DOX infected BALB/c mice was shown after 42 days of infection. White arrows indicate distinct granulomas. (C)
Hematoxyline and eosin- stained lung sections after 42 days of infection. (D) Histo-pathological granuloma scoring of
lung sections from-DOX and + DOX infected BALB/c mice. Student’s t test (two tailed) was performed to determine
statistical significance as **p < 0.01 and ***p<0.001.

https://doi.org/10.1371/journal.ppat.1010475.9008

stabilization of bacterial load in the lungs. The SufT-KD strain multiplied at a rate comparable
to wt Mtb in the absence of DOX [49]. However, bacterial counts were reduced to 56-fold

(p =0.0073) at 21 days and 21-fold (p = 0.00079) at 42 days post-infection when SufT depletion
was initiated during the acute (day 7) and chronic (day 21) stage, respectively (Fig 8A). The
gross and histopathological changes in the lungs of the SufT-KD strain after 42 days of infec-
tion were comparable with the bacillary load observed (Fig 8B and 8C). The extent of pulmo-
nary tissue damage was significantly greater in the SufT-KD strain in DOX untreated animals
(score 5.6) relative to DOX treated animals (score 0.6) (Fig 8D). Since ATc¢/DOX addition sus-
tains dCas9 expression only for a few days [36], we feel that a relatively smaller effect of SufT
depletion on the survival and persistence of Mtb is likely due to decrease in dCas9 induction
and SufT depletion over time. Altogether, these results confirm that SufT is necessary for
Mtb’s survival during all stages of infection in mice.
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Discussion

The presence of a DUF59 domain on Mtb SufT and its physical linkage with other suf genes
strongly suggest a possible role in Fe-S cluster biogenesis. Here, we have presented exhaustive
genetic, biochemical, and animal studies to show that DUF59 containing Mtb SufT physically
interacts with Fe-S cluster biogenesis proteins and Fe-S cluster proteins to coordinate metabo-
lism, bioenergetics, growth, and stress survival in vitro and in vivo. The physiological deficien-
cies manifested by the SufT-depleted strain are indicative of defects in Fe-S cluster maturation,
as described for other DUF59 containing SufT homologs [24, 27, 51, 52]. For example, DUF59
domain-containing proteins from Arabidopsis thaliana (e.g., HCF101, AE7), humans
(Fam96a, Fam96c¢), S. aureus (SufT), and Saccharomyces cerevisiae (CIA2A and CIA2B) are
involved in the maturation of Fe-S clusters to control central metabolism, respiration, photo-
synthesis, and growth.

However in contrast to the major requirement of other SufT homologs for de novo Fe-S
cluster assembly upon apo-protein [24, 27, 29, 51, 52], Mtb SufT seems to also protect Fe-S
clusters from leaching (e.g., dipyridyl) and reactivation of H,O,-damaged Fe-S clusters. While
the mechanism of SufT mediated protection, maturation, and regeneration of Fe-S clusters
needs further experimentation, data showing a direct interaction between SufT, SufU and SufS
suggest its function in the carriage and transfer of Fe-S clusters to the client proteins during
assembly. In line with this, DUF59 containing A. thaliana HCF101 binds 4Fe-4S cluster and
transfers the cluster to an acceptor apo-protein akin to an Fe-S cluster carrier [51]. However,
Mtb SufT contains only one strictly conserved cysteine, whereas Fe-S carriers generally contain
two or more cysteine residues for Fe-S cluster coordination [31]. Consistent with this, we
found that Mtb SufT does not bind Fe or Fe-S cluster, rather the conserved cysteine residue is
essential for establishing interaction of SufT with SufS, SufU, Acn, and SufR. A likely possibil-
ity is that the association of SufT with Acn and SufR might be required for the physical elimi-
nation of Fe-S cluster damaging agents (e.g., H>O,, dipyridyl, NO) from the Acn and SufR
active site.

In addition to the DUF59 domain-containing proteins, organisms encode multiple auxil-
iary factors for Fe-S cluster maturation under prevailing environmental conditions [53-56].
For example, both SufT and Nfu perform Fe-S maturation of Acn in S. aureus [24]. However,
Nfu is preferred under normal growth conditions, whereas SufT prevails under stress condi-
tions [24]. Homologs of accessory proteins performing Fe-S maturation have not been identi-
fied in Mtb, indicating a broader role for Mtb SufT in Fe-S cluster homeostasis under ambient
and stress conditions. Consistent with this premise, the SufT-depleted strain not only dis-
played defective growth in standard culture media but also showed poor survival under highly
oxidative or nitrosative conditions. In the absence of multiple auxiliary factors, Mtb likely
responds to a graded demand for Fe-S cluster biogenesis by regulating the expression of sufT
via the transcriptional regulator SufR [16]. Under standard growth conditions, SufR coordi-
nates a 4Fe-4S cluster and maintains the basal expression of the suf operon [15]. Stress condi-
tions (e.g., NO, ROS) damage the SufR Fe-S cluster resulting in a loss of repressor function and
an induction of the suf operon, including sufT [19].

The physiological role of SufT in Fe-S cluster maturation is supported by the metabolite
analysis, which shows impaired pool of TCA cycle intermediates, and accumulation of sub-
strates utilized by the lipoamide-requiring enzymes (PDH, BKC, GCS). The synthesis of lipoic
acid requires Mtb LipA, which utilizes two [4Fe-4S] clusters for catalysis [57]. Our data suggest
that multiple phenotypes associated with SufT-depletion could be a consequence of decreased
activities of the lipoate-requiring enzymes. Importantly, S. aureus SufT contributes to Fe-S
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maturation under conditions of high demand for lipoic acid [58]. Further experiments are
needed to confirm if SufT is involved in the maturation of 4Fe-4S clusters of LipA in Mtb.

Cysteine is the source of sulfur required for the Fe-S cluster formation. Mtb preferentially
utilizes methionine to generate cysteine via methionine cycle intermediates (SAM, SAH,
homocysteine, and cystathionine) using the reverse transsulfuration pathway [59]. Since the
accumulation of cysteine is toxic in Mtb [60], it is utilized to form mycothiol [61], and also
consumed by cysteine desulfurases (IscS and SufS) to release sulfane sulfur for Fe-S biogenesis
[37]. Since methionine and SAM are essential metabolites [62], they are regenerated from cys-
teine and homoserine via the transsulfuration and homoserine transacetylase pathways,
respectively [59, 62]. Other than methionine, inorganic sulfate can be assimilated to produce
cysteine by the action of a Fe-S cluster-dependent enzyme APS reductase (APSR) encoded by
cysH [60]. The balance between these pathways likely ensures the balance of methylation, anti-
oxidant, and Fe-S cluster homeostasis in Mtb [60, 62, 63]. Our data provide new insight into
this important metabolic branch point. Expectedly, the levels of TCA cycle metabolites and
amino acids linked to the activity of Fe-S cluster enzymes were altered upon SufT-depletion.
However, an unexpected finding was the diminished amounts of SAM, SAH, and cystathio-
nine in the SufT-depleted strain. This could well be a consequence of the unregulated induc-
tion of the suf operon upon SufT-depletion. Due to defective Fe-S maturation of the repressor
SufR, the SufT-KD strain constitutively overexpresses a cysteine desulfurase (sufS), which
release sulfur from cysteine for Fe-S biogenesis. This increase in sufS likely results in increased
utilization of cysteine for repairing Fe-S clusters upon SufT-depletion. A consequence of this
would be the net loss of SAM, SAH, and cystathionine, which also depend on the methionine
and cysteine pool via the methionine cycle and transsulfuration pathways. Moreover, defective
Fe-S maturation would have rendered the Fe-S cluster-dependent APSR pathway an unlikely
route to generate cysteine, further raising the dependency of the SufT-KD strain on the reverse
transsulfuration for cysteine formation. All of this could lead to an exhaustion of SAM, SAH,
and cystathionine in the SufT-KD strain. Because methionine and SAM are critical for host
infection and the virulence of Mtb [62], the malfunctioning of the SufT-KD strain in vitro and
in vivo is likely due to the collapse of multiple mechanisms associated with Fe-S cluster and
methionine metabolism. This observation is consistent with the fact that the activity of several
Fe-S cluster dependent enzymes are also contingent on SAM (e.g., lipA, methyltransferase)
[57, 64].

In summary, in this study, we used in vivo and in vitro approaches to define the role of
DUF59 containing SufT in the physiology and virulence of Mtb. We used a SufT-depleted
strain as a model system to examine the consequence of defective Fe-S metabolism on growth,
stress response, metabolome, bioenergetics, and pathogenesis. In doing so, we discovered a
previously unknown link between the Fe-S cluster and methionine metabolism in Mtb. The
study presented provides a framework for future studies examining the link between Fe-S
homeostasis and pathogenesis of human pathogens such as Mtb.

Materials and methods
Ethics statement

Animal experimentation. This study was carried out in strict accordance with the guide-
lines provided by the Committee for the Purpose of Control and Supervision on Experiments
on Animals (CPCSEA), Government of India. The protocol of animal experiment was
approved by animal ethical committee on the Ethics of Animal Experiments, Indian Institute
of Science (IISc), Bangalore, India (Approval number: CAF/Ethics/544/2017). All efforts were
made to minimize the suffering.
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Bacterial strains and culture conditions

The Mycobacterium tuberculosis H37Rv, and derived strains (control and SufT-KD) were
grown in Middlebrook 7H9 broth (Becton, Dickinson and Company, USA) medium supple-
mented with 0.2% glycerol, 0.5% BSA, 0.2% dextrose, and 0.085% NaCl (ADS) with 0.05%
Tween-80 as described previously [65]. ATc was added in secondary culture between ODgp
nm 0.1-0.2 at concentration of 200 ng/mL [36]. For culturing on solid medium, Mtb strains
were cultured on 7H11 agar medium (Becton, Dickinson and Company, USA) supplemented
with 1x OADC (Becton, Dickinson and Company, USA) and 0.2% glycerol. Whenever
required, antibiotics were added to the culture medium, at concentration of 25 pg/mL kana-
mycin (KAN) (Amresco, USA) and 50 pg/mL hygromycin (HYG) (Sigma-Aldrich, USA). E.
coli DH50. and BL21 strains were grown in LB medium (HIMEDIA, India) with antibiotic
concentration of 50 pg/mL KAN and 100 ug/mL HYG.

Strain and plasmid construction

For construction of SufT-KD strain, CRISPR interference (CRISPRi) technology was used as
described [36]. An inactive version of Streptococcus pyogenes cas9 having mutations D10A and
H820A (dcas9) was expressed by pRH2502 from a TetR-regulated uvtetO promoter. Gene spe-
cific small guide RNA (sgRNA) was expressed in pRH2521 vector under the control of a TetR-
regulated smyc promoter (Py,yc;tetO). To deplete sufT, gene specific sgRNAs were designed
for two regions between 98-127 bp and 171-191 bp of sufT ORF and cloned in pRH2521. The
SufT-KD secondary liquid culture in 7H9 was divided equally when ODgggp,, reached to 0.1-
0.2 and cultured in the presence or absence of ATc (200 ng/mL). Depletion of sufT was verified
by RT-qPCR. Based on the significant repression of sufT, we chose sgRNA targeting sufT
region between 98-127 bp for further study. All the experiments were performed with 72 h
ATc treated SufT-KD culture, unless otherwise mentioned.

Bioinformatic analysis

The DUF59 family protein sequence alignment of amino acid residues from the H. sapiens, S.
meliloti, S. aureus, B. anthracis, M. smegmatis, M. tuberculosis, and M. leprae were performed
with ClustalW and identity of Rv1466 with homologous sequence distribution was achieved by
BLASTYp. The three-dimensional structural model for Mycobacterium tuberculosis SufT (PDB
ID: 5IRD), Bacillus anthracis YitW (PDB ID: 3LNO), Thermotoga maritima TM0487 (PDB ID:
1UWD), and Homo sapiens FAM96a (PDB ID: 2M5H) were downloaded from RCSB PDB, a
protein structure database (www.rcsb.org)[66]. The structures were visualized and analyzed in
Pymol [The PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC]. The DPE TC
motif residues were highlighted and the distances between the selected residues were
calculated.

RNA isolation and RT-qPCR experiments

Total RNA extraction was conducted using the FastRNA Pro Blue Kit (MP Biomedicals, USA)
in accordance with the manufacturer’s instruction and further purified using RNeasy spin col-
umns (Qiagen, USA) as described in [67]. For RT-qPCR analysis, total RNA was extracted
from SufT-KD and control strains after 24 h and 48 h of ATc treatment. After DNase treat-
ment, total 600 ng of RNA was used for cDNA synthesis by using random hexamer oligonucle-
otide primer (iScript Select cDNA Synthesis Kit, BioRad, USA). Gene specific primers (S1
Table) and iQ SYBER Green Supermix (BioRad, USA) were used for RT-qPCR (StepOne Plus,
Thermo, USA). In order to obtain meticulous expression levels, PCR expression was
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normalized with Mtb 16S rRNA expression as endogenous control and StepOne software v2.3
(Thermo) was utilized for data analysis.

Aconitase assay

The Acn activity was measured by monitoring the disappearance of cis-aconitate at wavelength
(A) 240 nm in a UV spectrophotometer (Thermo Scientific Biomat 3S, USA) as described [68-
70]. One unit (U) of Acn activity is defined as 1 pmol cis-aconitate formed or converted per
minute. Reaction mixtures for Acn assay contained 25 mM Tris-HCI (pH 8.0), 100 mM NaCl,
and 50 pg Mtb cell lysates in 1 mL of reaction volume. Reaction was initiated by adding 0.15
mM cis-aconitate and monitored by following the disappearance of cis-aconitate at A 240 nm
after every 15 sec for 30 min [68, 69]. Absorbance at A 240 nm was plotted against time. Acn
activity was calculated from linear portion of the curve in initial 5 min. An extinction coeffi-
cient of 3,500 M 'cm™ was used to calculate the rates.

ROS measurement

Exponentially growing SufT-KD culture at an initial ODggg nm 0f 0.15 was divided in two and
was either treated with 200 ng/mL of ATc for 72 h or left untreated. The cells were harvested
by centrifugation at 4500xg for 5 min and re-suspended in 200 pL of growth medium. As per
manufacturer instructions, CellRox Deep Red (Invitrogen, Waltham, MA) was added to a final
concentration of 5 ug/mL and cells were agitated on a rocker (Biobee Tech, Bangalore, India)
for 30 min. After incubation, cells were washed to remove residual dye by centrifugation at
4500xg for 5 min. Cells were re-suspended in 300 pL phosphate-buffered saline (PBS), (pH
7.4) and then fixed by addition of 4% paraformaldehyde (PFA) for 1 h at room temperature.
Fluorescence was measured at a fixed emission (670 nm) after excitation with a red laser (640
nm) using a BD FACSVerse Flow cytometer (BD Biosciences, San Jose, CA).

Western blot and immune-precipitation

For western blot, whole cells lysate (30 p1g) was separated on 12% SDS-PAGE and then trans-
ferred onto a PVDF membrane (GE Healthcare, Piscataway, NJ, USA). Membrane was
blocked using 5% (w/v) non-fat dry milk and incubated for 3 h at room temperature with pri-
mary antibody (Acn and SufT at 1:10000 dilutions). After washing with 1XTBST (Tris-buffered
saline pH 7.5 with 0.05% Tween-20), membranes were incubated in goat anti-rabbit IgG HRP-
conjugated secondary antibody (1:10000 dilution) for 1 h. The autoradiography signals were
visualized using ECL advance Western blotting detection kit (BioRad, USA).

Immunoprecipitation of Acn and SufT was performed by using protein A/G Mix magnetic
bead (Cat. No.- LSKMAGAGO2 Sigma Aldrich, USA) as per manufacturer’s protocol. Equal
amounts of cell free lysates (200 pg lysate of SufT-KD strain with and without ATc) were incu-
bated with anti-SufT IgG antibody at 4°C for 1 h. Further 25 pL of protein A/G Mix magnetic
beads were added and incubated with the antibody-lysates mix at 4°C for 4 h with continuous
mixing. The beads were washed thrice with PBST (PBS with 0.01% Tween-20) and eluted with
acidic glycine (pH 2.5) or boiled with gel loading 1X laemmli buffer directly as per require-
ment of experiments. The eluates were separated on 12% SDS-PAGE gel and probed with anti-
Acn IgG antibody.

Mycobacterial protein fragment complementation (M-PFC) assay

The M-PFC assay is based on the functional reconstitution of murine dihydrofolate reductase
(mDHEFR) enzyme activity mediated by interaction between two candidate proteins fused to
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mDHEFR fragments F [1, 2] and F [3]. The reconstitution of mDHFR activity can be scored by
detecting growth on 7H11 plate containing trimethoprim (TRIM) 0, 25 and 50 pg/mL, a drug
that preferentially targets bacterial DHFR. Two independent constructs were prepared: 1)
SufTywr or SufT 4,4 Were expressed in fusion with C-terminus of F [3] fragment mDHFR and
2) Acn, SufR, SufS, SufU, SufT, and GCN4 fused to the C-terminus of F [1, 2] mDHEFR frag-
ments respectively. Msm as a host was transformed with plasmid constructs expressing

SufT 531/ GCN4 (g 2) (negative control), GCN4(g; 21/ GCN4 g3 (positive control), SufT cera(r3)/
SufTy 2), SufT 31/ SufT (g1 2, SufT coza(rs)/SufU gy 2), SUfT(p3)/SufU gy 5y, SufT cezarrs)/
SufS[FLz], SufT[F3]/SufS[F1,2], SufT[F3]/AC1‘1[F1)2]) SufTC62A[F3]/ACIl[F1,2]) SufT[F3]/SufR[F1,2],
SufTceza(r3)/SufR (g1 25, CFT10(51 2)/ESAT6 g3 (positive control), and empty vector control
expressing [F3] and [F1,2] only (negative controls).

Purification of SufT and UV-vis spectroscopy

Mtb sufT (Rv1466) ORF was PCR-amplified using gene-specific oligonucleotides
(Rv1466_Ndel_FP and Rv1466_Xhol; S1 Table), digested with Ndel-XhoI, and ligated into
similarly digested His-tag-based expression vector, pET28a (TAKARA BIO, Clontech Labora-
tories, CA, USA) to generate pET28a-SufT construct. N-terminal histidine-tagged SufT was
overexpressed in E. coli BL21 ADE3 by 0.6 mM IPTG [Isopropyl B-D-1-thiogalactopyranoside;
MP Biomedicals, USA (16 h, 18°C)]. To facilitate Fe-S cluster formation, cultures were incu-
bated on ice for 18 min prior to induction and were supplemented with 300 uM ferric ammo-
nium citrate and 75 uM L-methionine (Amresco, USA) and purified as described [16]. Single
primer method of site directed mutagenesis approach was used to create cysteine to alanine
substitutions (C62A). After the PCR, Dpnl was used to digest the wild-type methylated tem-
plate plasmid. The reaction mixture containing the mutated sufT gene was used to transform
E. coli BL21ADE3. Primer sequences are enlisted in S1 Table. Resulting clones were verified by
sequencing, and the mutant SufTc¢,4 variants of the SufT\y1 were purified as described
earlier.

The UV-visible absorption spectroscopy of purified SufT protein was carried out in
Thermo scientific spectrophotometer (Thermo scientific, USA) at 25°C. Absorption spectra of
SufTyyt were recorded between A 200 nm- 800 nm in sodium phosphate buffer (20 mM and
pH 7.4).

Iron estimation

For Fe estimation, freshly purified SufT was saturated with FeSO,4 (300 uM) and desalted using
PD10 desalting column. Total Fe was quantified as described [71]. Total 100 uM and 0.1 mL of
purified desalted SufT protein was heated at 95°C for 30 min after treatment with 22% HNO;
(0.1 mL). Samples were cooled to ambient temperature followed by addition of 0.6 mL ammo-
nium acetate (7.5% w/v), 0.1 mL freshly prepared ascorbic acid (12.5% w/v) and 0.1 mL ferene
(10 mM). The concentration of Fe present in the protein was determined by measuring the
absorbance of the product, Fe-ferene complex at 593 nm, which was compared with a standard
curve prepared from dilutions of freshly prepared Fe(III) solution in the range of 0-200 uM.
Total Fe was also estimated by atomic absorption spectroscopy (AAS) performed on atomic
absorption spectrophotometer system (Shimadzu AA6880, Japan). AAS is a spectro-analytical
procedure for the quantitative determination of ionizing elements using the absorption spec-
tra. Total 200 uM of purified proteins of SufTy, SufTcs4, BSA (negative control) and catalase
(positive control) were saturated with 300 uM of FeSO, followed by desalting by PD10 column.
Protein samples were estimate as described earlier [72] with little modifications. Briefly, equal
volume of protein samples (100 pL) was cold digested with 10 mL of nitric acid overnight.
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Next day 10 mL of di-acid (mixture of nitric acid and perchloric acid in the ratio of 9:3 ratios)
was added and heat digested on sand hot plate. Digestion was confirmed by the sequential rais-
ing of red and white fumes. Precaution was taken to avoid charring of samples to get a final
colorless solution. The digested samples were adjusted to 25 mL, using double distilled water
and used for further iron analysis. Air compressor (4 psi) and gas (acetylene, 0.9 psi) were
adjusted for smooth flame. Once AAS is ready, standard curve from 0, 1, 2, 3, 4 and 5 ppm of
Fe (prepared from iron standard solution of 1000 mg/L of AAS grade, SRL) were generated fol-
lowed by measurement of Fe in protein samples.

Metabolite extraction and LC MS/MS based analysis

SufT-KD strain with and without ATc were grown in the standard 7H9 medium and har-
vested after 72 h of ATc treatment during the log phase (ODgponm 0f 0.8-1.4). Cells were
quenched for 5 min in 4 volumes of 60% methanol (maintained at -45°C) and then centrifuged
at 4800xg (-5°C). The pellet was re-suspended in 700 pL of 60% methanol (maintained at
-45°C) and then centrifuged at 4800xg (-5°C). The pellet obtained was re-suspended in 1 mL
of 75% ethanol and kept at 80°C for 3 min with intermittent vortexing at 1.5 min interval,
immediately followed by incubation on ice for 5 min and centrifugation at 17000xg for 15

min. The final supernatant was dried on a vacuum concentrator for 3-4 h and then stored at
-80°C till further analysis. Metabolites were resolved and analyzed, with appropriate multiple
reaction monitoring (MRM) methods, as described earlier [42]. At the time of metabolite mea-
surement, the extract was dissolved in a suitable solvent as described [42] and injected into the
Synergi Fusion-RP column on Agilent’s 1290 infinity series UHPLC system coupled to a tri-
ple-quadrupole type mass spectrometer (Sciex QTRAP 6500).

OCR and ECAR measurements

The SufT-KD strain grown for 72 h with or without ATc in standard 7H9 medium and equal
number of cells (2x10° CFU/well) were adhered to the bottom of a XF cell culture microplate
(Agilent technologies, USA), using Cell-Tak as a cell and tissue adhesive (Corning Cell-Tak).
OCR and ECAR were measured using Agilent XF Extracellular Flux Analyzer (Agilent, US).
Assays were carried out in unbuffered 7H9 media (pH 7.35) without glucose and ATc. Basal
OCR and ECAR were measured for initial 21 min. Further, freshly prepared 2 mg/mL glucose
as carbon source was added automatically in 7H9 unbuffered media, through port A and port
B of the cartridge plate. To achieve maximum rate of respiration three measurements points
were taken followed by 5 uM CCCP (Sigma-Aldrich, USA) treatment. Spare respiratory capac-
ity, was calculated from % OCR value, by subtracting third basal reading, before glucose addi-
tion (normalized as 100%) from first point after CCCP addition.

H,0, and NO stress

Control and SufT-KD strains were grown in standard 7H9 media and treated with or without
ATc for 72 h to deplete SufT. Cultures were diluted to an ODggg,m of 0.15 and exposed to 0.5
mM, ImM DETA-NO and 5mM and 10 mM H,O,. After 12 h cells were diluted appropriately
and plated on ADS-7H11 plates. Colonies were counted after 3-4 weeks of incubation at 37°C.

Cell line experiments

RAW264.7 murine macrophage cell line and PMA differentiated THP-1 cells were infected
with Control strain with ATc and SufT-KD strains with and without ATc. Infection was per-
formed at MOI 2 for 4 h, followed by washing thoroughly to remove extracellular bacteria with
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warm PBS and suspended in the DMEM/RPMI-1640 media, containing 10% FBS. For CFU
determination macrophages were lysed using 0.06% SDS and further serially diluted in 7H9
medium (0.05% Tween-80) and plated on OADC-7H11 at indicated time points. Colonies
were counted after 3-4 weeks of incubation at 37°C. For experiments with the iNOS inhibitor,
25 uM of 1400W was added to the media containing infected RAW264.7 after the 4 h of
phagocytosis and remained throughout incubation.

Animal experiments

For the chronic model of infection, 5-6 week old female BALB/c, mice (n = 6 per group) were
infected by aerosol with approximately 200 bacilli per mouse with the SufT-KD strain using a
Madison chamber by aerosol generation. Mice were divided in three groups, SufT-KD-DOX
(without doxycycline), SufT-KD+DOX Acute phase (doxycycline started after 7 days of infec-
tion) and SufT-KD+DOX chronic phase (doxycycline started after 21 days of infection). Doxy-
cycline was given in drinking water 1 mg/mL in 5% sucrose solution. Water bottles were light
protected and replaced twice a week. At indicated times post infection, mice were euthanized,
and the lungs were harvested for bacillary load, tissue histopathology analysis, and pathological
scoring as described [46]. The remaining tissue samples from each mouse were homogenized
and bacillary load was quantified by plating serial dilutions of tissue homogenates onto Mid-
dlebrook 7H11-OADC agar plates supplemented with lyophilized BBL MGIT PANTA antibi-
otic mixture (polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin, as
supplied by BD; USA). Colonies were observed and counted after 4 weeks of incubation at
37°C.

Statistical analysis

All data were graphed and analyzed with Prism v8.0 (GraphPad) unless otherwise stated. Sta-
tistical analyses were performed using Student’s t-tests (two-tailed). Where comparison of
multiple groups was made either multiple t test or two-way ANOVA with multiple compari-
sons was performed. Differences with a p value of < 0.05 were considered significant.

Supporting information

S1 Table. Details of primers used in this study.
(DOCX)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data
and statistical analysis for Fig panels 3B, 4A-D, 5A, 5B, 6A-D, 7A-F, 8A, and 8D.
(XLSX)

S1 Fig. Modular structure and sequence alignment of DUF59. (A) Nine modular structures
of DUF59 containing proteins, referred to as S1 to S9. Sign (+) and (-) indicate corresponding
SufT proteins that are within four ORFs of sufBC in the genome (associated) or encoded at dis-
tance of more than four ORFs in the genome (extraneous). N- and C-terminal motifs are indi-
cated with different colors, along with their homologous functional role and host organism.
The Mtb SufT (Rv1466) is a representative member of the S2 structure. (B) Alignment of the
diverse amino acid sequences of DUF59 domains from the H. sapiens, M. smegmatis, M. leprae,
M. tuberculosis, S. meliloti, S. aureus, and B. anthracis showing conserved putative site residues
(DPE-X26-31-T-X2/3-C). The green box indicates extended N-terminal sequence exclusively
found in Mycobacterium sp., yellow and red color indicates the locations of five a-helices and
three B-strands, respectively. A highly conserved and putative hyper reactive cysteine (C62) is
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star (*) marked.
(TIF)

S2 Fig. UV- vis spectroscopy and total iron detection of SufT. (A) Purified SufT was sub-
jected to UV-visible spectroscopy. Absence of characteristic peak at 340 nm or 420 nm indi-
cates that SufT is unlikely to be a Fe-S cluster containing protein. 100 pM of purified SufTyr
and SufT ce,4 proteins were saturated with Fe** in presence of FeSO, in vitro and total Fe was
measured by B) biochemical assay and (C) atomic absorption spectrophotometer. Bovine
serum albumin (BSA) and catalase were used as negative and positive control, respectively. (D)
Western blot of SufTyyrrs; and SufTceza(r3) expressed in host Msm for M-PFC experiments.
Aconitase (Acn) is used as a loading control. Experiment was repeated three times and a repre-
sentative image is shown.

(TIF)

S3 Fig. Expression of dCas9 only does not affect level of SufT. (A) The Mtb strain expressing
pRH2502/pRH2521 vectors as vector control (control) was exposed to ATc (200 ng/mL) for 24
and 48 h and the expression of sufT and dCas9 was monitored by RT-qPCR. Experiment was
performed in triplicate. (B) Growth curve in CFU/mL of control strain with and without ATc
(200 ng/mL).

(TIF)

$4 Fig. Depletion of SufT does not change ROS level. Endogenous ROS was measured in the
SufT-KD strain after 72 h of treatment with and without ATc (200 ng/mL) by using CellRox
Deep Red dye staining. MFI indicates median fluorescence intensity. Cumene hydroperoxide
(CHP; 5 mM) treatment for 15 min was used as positive control. Experiment was performed
in triplicate with two independent experiments. ns: non-significant based on the Student’s t-
test.

(TIF)

S5 Fig. SufT-KD is defective for growth in culture medium. (A) CFU analysis of the
SufT-KD strain at the indicated concentrations of ATc. Experiment was performed in tripli-
cate with two independent experiments. Student’s t-test was applied to measure significance
(p**<0.01 and p***<0.001). Defective survival of the SufT-KD strain in RAW264.7 is partly
dependent on iNOS. (B) iNOS inhibitor partially rescued growth defect of the SufT-KD in
RAW264.7. RAW264.7 cells were infected with control+ATc, SufT-KD+ATc and SufT-K-
D-ATc at MOI 1:2, and further incubated with 25 pM of iNOS inhibitor 1400W (dotted lines)
or without 1400W (solid lines). CFU was performed at the indicated time points. Two biologi-
cal experiments were performed, and the student’s T test was applied to calculate p value
(p*<0.05, p**<0.01 and p***<0.001).

(TTF)

Acknowledgments

We are thankful to BSL3 facilities at CIDR, IISc Bangalore for conducting all experiments
related to Mtb. We thank Mass spectrometry facility at NCBS/inStem/CCAMP, Bangalore, for
the access to, and use of mass spectrometers.

Author Contributions
Conceptualization: Amit Singh.

Data curation: Chandrani Thakur, Nagasuma Chandra, Amit Singh.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 22/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010475.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010475.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010475.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010475.s007
https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS

Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

Formal analysis: Ruchika Annie O’Niel, Sabarinath P. S, Chandrani Thakur, Raghunatha
Reddy R. L., Nagasuma Chandra, Sunil Laxman, Amit Singh.

Funding acquisition: Amit Singh.

Investigation: Ashutosh Tripathi, Kushi Anand, Mayashree Das, Ruchika Annie O’Niel,
Sabarinath P. S, Raghunatha Reddy R. L., Raju S. Rajmani, Nagasuma Chandra, Sunil Lax-
man, Amit Singh.

Methodology: Ashutosh Tripathi, Mayashree Das, Ruchika Annie O’Niel, Sabarinath P. S,
Sunil Laxman.

Project administration: Amit Singh.

Resources: Amit Singh.

Supervision: Amit Singh.

Validation: Ashutosh Tripathi, Amit Singh.

Visualization: Ashutosh Tripathi, Amit Singh.

Writing - original draft: Ashutosh Tripathi, Amit Singh.
Writing - review & editing: Ashutosh Tripathi, Amit Singh.

References

1. Imlay JA. Iron-sulphur clusters and the problem with oxygen. Mol Microbiol. 2006; 59(4):1073-82.
https://doi.org/10.1111/j.1365-2958.2006.05028.x PMID: 16430685

2. Jang S, Imlay JA. Micromolar intracellular hydrogen peroxide disrupts metabolism by damaging iron-
sulfur enzymes. J Biol Chem. 2007 Jan; 282(2):929-37. https://doi.org/10.1074/jbc.M607646200
PMID: 17102132

3. Djaman O, Outten FW, Imlay JA. Repair of oxidized iron-sulfur clusters in Escherichia coli. J Biol Chem.
2004; 279(43):44590-9. https://doi.org/10.1074/jbc.M406487200 PMID: 15308657

4. Singh A, Guidry L, Narasimhulu K V., Mai D, Trombley J, Redding KE, et al. Mycobacterium tuberculo-
sis WhiB3 responds to O2 and nitric oxide via its [4Fe-4S] cluster and is essential for nutrient starvation
survival. Proc Natl Acad Sci U S A. 2007; 104(28):11562—7. https://doi.org/10.1073/pnas.0700490104
PMID: 17609386

5. Singh A, Crossman DK, Mai D, Guidry L, Voskuil MI, Renfrow MB, et al. Mycobacterium tuberculosis
WhiB3 Maintains redox homeostasis by regulating virulence lipid anabolism to modulate macrophage
response. PLoS Pathog. 2009; 5(8). https://doi.org/10.1371/journal.ppat. 1000545 PMID: 19680450

6. Chawla M, Parikh P, Saxena A, Munshi M, Mehta M, Mai D, et al. Mycobacterium tuberculosis WhiB4
regulates oxidative stress response to modulate survival and dissemination in vivo. Mol Microbiol. 2012;
85(6):1148-65. https://doi.org/10.1111/j.1365-2958.2012.08165.x PMID: 22780904

7. Mishra S, Shukla P, Bhaskar A, Anand K, Baloni P, Jha RK, et al. Efficacy of 3-lactam/B-lactamase
inhibitor combination is linked to WhiB4-mediated changes in redox physiology of Mycobacterium tuber-
culosis. Elife. 2017 May 26; 6:1-30. https://doi.org/10.7554/eLife.25624 PMID: 28548640

8. Mehta M, Rajmani RS, Singh A. Mycobacterium tuberculosis WhiB3 Responds to vacuolar pH-induced
changes in mycothiol redox potential to modulate phagosomal maturation and virulence. J Biol Chem.
2016 Feb; 291(6):2888—903. https://doi.org/10.1074/jbc.M115.684597 PMID: 26637353

9. Mehta M, Singh A. Mycobacterium tuberculosis WhiB3 maintains redox homeostasis and survival in
response to reactive oxygen and nitrogen species. Free Radic Biol Med. 2019; 131:50-8. https://doi.
org/10.1016/j.freeradbiomed.2018.11.032 PMID: 30500421

10. SangPB, Srinath T, Patil AG, Woo EJ, Varshney U. A unique uracil-DNA binding protein of the uracil
DNA glycosylase superfamily. Nucleic Acids Res. 2015; 43(17):8452—-63. https://doi.org/10.1093/nar/
gkv854 PMID: 26304551

11. Huet G, Daffé M, Saves I. Identification of the Mycobacterium tuberculosis SUF machinery as the exclu-
sive mycobacterial system of [Fe-S] cluster assembly: Evidence for its implication in the pathogen’s sur-
vival. J Bacteriol. 2005; 187(17):6137—46. https://doi.org/10.1128/JB.187.17.6137-6146.2005 PMID:
16109955

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 23/27


https://doi.org/10.1111/j.1365-2958.2006.05028.x
http://www.ncbi.nlm.nih.gov/pubmed/16430685
https://doi.org/10.1074/jbc.M607646200
http://www.ncbi.nlm.nih.gov/pubmed/17102132
https://doi.org/10.1074/jbc.M406487200
http://www.ncbi.nlm.nih.gov/pubmed/15308657
https://doi.org/10.1073/pnas.0700490104
http://www.ncbi.nlm.nih.gov/pubmed/17609386
https://doi.org/10.1371/journal.ppat.1000545
http://www.ncbi.nlm.nih.gov/pubmed/19680450
https://doi.org/10.1111/j.1365-2958.2012.08165.x
http://www.ncbi.nlm.nih.gov/pubmed/22780904
https://doi.org/10.7554/eLife.25624
http://www.ncbi.nlm.nih.gov/pubmed/28548640
https://doi.org/10.1074/jbc.M115.684597
http://www.ncbi.nlm.nih.gov/pubmed/26637353
https://doi.org/10.1016/j.freeradbiomed.2018.11.032
https://doi.org/10.1016/j.freeradbiomed.2018.11.032
http://www.ncbi.nlm.nih.gov/pubmed/30500421
https://doi.org/10.1093/nar/gkv854
https://doi.org/10.1093/nar/gkv854
http://www.ncbi.nlm.nih.gov/pubmed/26304551
https://doi.org/10.1128/JB.187.17.6137-6146.2005
http://www.ncbi.nlm.nih.gov/pubmed/16109955
https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS

Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Sritharan M. Iron homeostasis in Mycobacterium tuberculosis: Mechanistic insights into siderophore-
mediated Iron uptake. J Bacteriol. 2016; 198(18):2399-409. https://doi.org/10.1128/JB.00359-16
PMID: 27402628

Kochan I. The Role of Iron in Bacterial Infections, with Special Consideration of Host-Tubercle Bacillus
Interaction. Curr Top Microbiol Immunol. 1973; 60:1-30. https://doi.org/10.1007/978-3-642-65502-9_1
PMID: 4197776

Hudder BN, Morales JG, Stubna A, Miinck E, Hendrich MP, Lindahl PA. Electron paramagnetic reso-
nance and Méssbauer spectroscopy of intact mitochondria from respiring Saccharomyces cerevisiae. J
Biol Inorg Chem. 2007 Sep; 12(7):1029-53. https://doi.org/10.1007/s00775-007-0275-1 PMID:
17665226

Willemse D, Weber B, Masino L, Warren RM, Adinolfi S, Pastore A, et al. Rv1460, a SufR homologue,
is a repressor of the suf operon in Mycobacterium tuberculosis. PLoS One. 2018; 13(7):1-27. https://
doi.org/10.1371/journal.pone.0200145 PMID: 29979728

Anand K, Tripathi A, Shukla K, Malhotra N, Jamithireddy AK, Jha RK, et al. Mycobacterium tuberculosis
SufR responds to nitric oxide via its 4Fe—4S cluster and regulates Fe—S cluster biogenesis for persis-
tence in mice. Redox Biol. 2021; 46:102062. https://doi.org/10.1016/j.redox.2021.102062 PMID:
34392160

Sassetti CM, Boyd DH, Rubin EJ. Genes required for mycobacterial growth defined by high density
mutagenesis. Mol Microbiol. 2003 Apr; 48(1):77-84. https://doi.org/10.1046/j.1365-2958.2003.03425.x
PMID: 12657046

Kurthkoti K, Amin H, Marakalala MJ, Ghanny S, Subbian S, Sakatos A, et al. The capacity of mycobac-
terium tuberculosis to survive iron starvation might enable it to persist in iron- deprived microenviron-
ments of human granulomas. MBio. 2017; 8(4):1-17. https://doi.org/10.1128/mBio.01092-17 PMID:
28811344

Voskuil MI, Bartek IL, Visconti K, Schoolnik GK. The response of Mycobacterium tuberculosis to reac-
tive oxygen and nitrogen species. Front Microbiol. 2011; 2(MAY):105. https://doi.org/10.3389/fmicb.
2011.00105 PMID: 21734908

Cortes T, Schubert OT, Banaei-Esfahani A, Collins BC, Aebersold R, Young DB. Delayed effects of
transcriptional responses in Mycobacterium tuberculosis exposed to nitric oxide suggest other mecha-
nisms involved in survival. Sci Rep. 2017; 7(1):1-9. https://doi.org/10.1038/s41598-016-0028-x PMID:
28127051

Kapopoulou A, Lew JM, Cole ST. The MycoBrowser portal: A comprehensive and manually annotated
resource for mycobacterial genomes. Tuberculosis. 2011 Jan; 91(1):8-13. https://doi.org/10.1016/j.
tube.2010.09.006 PMID: 20980200

Pandey M, Talwar S, Bose S, Pandey AK. Iron homeostasis in Mycobacterium tuberculosis is essential
for persistence. Sci Rep. 2018; 8(1):1-9. https://doi.org/10.1038/s41598-017-17765-5 PMID:
29311619

Das M, Dewan A, Shee S, Singh A. The multifaceted bacterial cysteine desulfurases: From metabolism
to pathogenesis. Antioxidants. 2021; 10(7). https://doi.org/10.3390/antiox10070997 PMID: 34201508

Mashruwala AA, Bhatt S, Poudel S, Boyd ES, Boyd JM. The DUF59 Containing Protein SufT Is Involved
in the Maturation of Iron-Sulfur (FeS) Proteins during Conditions of High FeS Cofactor Demand in
Staphylococcus aureus. PLoS Genet. 2016; 12(8):1-39. https://doi.org/10.1371/journal.pgen.1006233
PMID: 27517714

Tamuhla T, Joubert L, Willemse D, Williams MJ. SufT is required for growth of Mycobacterium smegma-
tis under iron limiting conditions. Microbiology. 2020 Mar 1; 166(3):296—305. https://doi.org/10.1099/
mic.0.000881 PMID: 31860439

Mashruwala AA, Boyd JM. Investigating the role(s) of SufT and the domain of unknown function 59
(DUF59) in the maturation of iron—sulfur proteins. Curr Genet. 2018; 64(1):9-16. https://doi.org/10.
1007/s00294-017-0716-5 PMID: 28589301

Luo D, Bernard DG, Balk J, Hai H, Cui X. The DUF59 family gene AE7 Acts in the Cytosolic Iron-Sulfur
cluster assembly pathway to maintain nuclear genome integrity in Arabidopsis. Plant Cell. 2012; 24
(10):4135-48. https://doi.org/10.1105/tpc.112.102608 PMID: 23104832

Olivera ER, Minambres B, Garcia B, Muiiiz C, Moreno MA, Ferrandez A, et al. Molecular characteriza-
tion of the phenylacetic acid eatabolic pathway in Pseudomonas putida U: The phenylacetyl-CoA cata-
bolon. Proc Natl Acad Sci U S A. 1998 May 26; 95(11):6419-24. https://doi.org/10.1073/pnas.95.11.
6419 PMID: 9600981

Stehling O, Mascarenhas J, Vashisht AA, Sheftel AD, Niggemeyer B, Rosser R, et al. Human CIA2A-
FAM96A and CIA2B-FAMO96B Integrate Iron Homeostasis and Maturation of Different Subsets of Cyto-
solic-Nuclear Iron-Sulfur Proteins. Cell Metab. 2013 Aug; 18(2):187-98. https://doi.org/10.1016/j.cmet.
2013.06.015 PMID: 23891004

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 24/27


https://doi.org/10.1128/JB.00359-16
http://www.ncbi.nlm.nih.gov/pubmed/27402628
https://doi.org/10.1007/978-3-642-65502-9%5F1
http://www.ncbi.nlm.nih.gov/pubmed/4197776
https://doi.org/10.1007/s00775-007-0275-1
http://www.ncbi.nlm.nih.gov/pubmed/17665226
https://doi.org/10.1371/journal.pone.0200145
https://doi.org/10.1371/journal.pone.0200145
http://www.ncbi.nlm.nih.gov/pubmed/29979728
https://doi.org/10.1016/j.redox.2021.102062
http://www.ncbi.nlm.nih.gov/pubmed/34392160
https://doi.org/10.1046/j.1365-2958.2003.03425.x
http://www.ncbi.nlm.nih.gov/pubmed/12657046
https://doi.org/10.1128/mBio.01092-17
http://www.ncbi.nlm.nih.gov/pubmed/28811344
https://doi.org/10.3389/fmicb.2011.00105
https://doi.org/10.3389/fmicb.2011.00105
http://www.ncbi.nlm.nih.gov/pubmed/21734908
https://doi.org/10.1038/s41598-016-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/28127051
https://doi.org/10.1016/j.tube.2010.09.006
https://doi.org/10.1016/j.tube.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20980200
https://doi.org/10.1038/s41598-017-17765-5
http://www.ncbi.nlm.nih.gov/pubmed/29311619
https://doi.org/10.3390/antiox10070997
http://www.ncbi.nlm.nih.gov/pubmed/34201508
https://doi.org/10.1371/journal.pgen.1006233
http://www.ncbi.nlm.nih.gov/pubmed/27517714
https://doi.org/10.1099/mic.0.000881
https://doi.org/10.1099/mic.0.000881
http://www.ncbi.nlm.nih.gov/pubmed/31860439
https://doi.org/10.1007/s00294-017-0716-5
https://doi.org/10.1007/s00294-017-0716-5
http://www.ncbi.nlm.nih.gov/pubmed/28589301
https://doi.org/10.1105/tpc.112.102608
http://www.ncbi.nlm.nih.gov/pubmed/23104832
https://doi.org/10.1073/pnas.95.11.6419
https://doi.org/10.1073/pnas.95.11.6419
http://www.ncbi.nlm.nih.gov/pubmed/9600981
https://doi.org/10.1016/j.cmet.2013.06.015
https://doi.org/10.1016/j.cmet.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23891004
https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS

Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Weerapana E, Wang C, Simon GM, Richter F, Khare S, Dillon MBD, et al. Quantitative reactivity profil-
ing predicts functional cysteines in proteomes. Nature. 2010 Dec 17; 468(7325):790-7. https://doi.org/
10.1038/nature09472 PMID: 21085121

Peti W, Herrmann T, Zagnitko O, Grzechnik SK, Withrich K. NMR structure of the conserved hypotheti-
cal protein TM0979 from Thermotoga maritima. Proteins Struct Funct Genet. 2005; 59(2):387-90.
https://doi.org/10.1002/prot.20352 PMID: 15723348

Huet G, Castaing JP, Fournier D, Daffé M, Saves |. Protein splicing of SufB is crucial for the functionality
of the Mycobacterium tuberculosis SUF machinery. J Bacteriol. 2006; 188(9):3412—4. https://doi.org/
10.1128/JB.188.9.3412-3414.2006 PMID: 16621837

Pearce MJ, Mintseris J, Ferreyra J, Gygi SP, Darwin KH. Ubiquitin-Like Protein Involved in the Protea-
some Pathway of Mycobacterium tuberculosis. Science (80-). 2008 Nov 14; 322(5904):1104—7. https://
doi.org/10.1126/science.1163885 PMID: 18832610

Singh A, Mai D, Kumar A, Steyn AJC. Dissecting virulence pathways of Mycobacterium tuberculosis
through protein-protein association. Proc Natl Acad Sci U S A. 2006; 103(30):11346-51. https://doi.org/
10.1073/pnas.0602817103 PMID: 16844784

Renshaw PS, Panagiotidou P, Whelan A, Gordon SV., Hewinson RG, Williamson RA, et al. Conclusive
Evidence That the Major T-cell Antigens of theMycobacterium tuberculosis Complex ESAT-6 and CFP-
10 Form a Tight, 1:1 Complex and Characterization of the Structural Properties of ESAT-6, CFP-10,
and the ESAT-6-CFP-10 Complex. J Biol Chem. 2002 Jun 14; 277(24):21598-603. https://doi.org/10.
1074/jbc.M201625200 PMID: 11940590

Singh AK, Carette X, Potluri LP, Sharp JD, Xu R, Prisic S, et al. Investigating essential gene function in
Mycobacterium tuberculosis using an efficient CRISPR interference system. Nucleic Acids Res. 2016;
44(18). https://doi.org/10.1093/nar/gkw625 PMID: 27407107

Rybniker J, Pojer F, Marienhagen J, Kolly GS, Chen JM, Van Gumpel E, et al. The cysteine desulfurase
IscS of Mycobacterium tuberculosis is involved in iron-sulfur cluster biogenesis and oxidative stress
defence. Biochem J. 2014; 459(3):467-78. https://doi.org/10.1042/BJ20130732 PMID: 24548275

Imlay JA. The molecular mechanisms and physiological consequences of oxidative stress: Lessons
from a model bacterium. Nat Rev Microbiol. 2013; 11(7):443-54. https://doi.org/10.1038/nrmicro3032
PMID: 23712352

Gardner PR, Fridovich I. Superoxide sensitivity of the Escherichia coli aconitase. J Biol Chem. 1991;
266(29):19328-33. PMID: 1655783

Banerjee S, Nandyala AK, Raviprasad P, Ahmed N, Hasnain SE. Iron-dependent RNA-binding activity
of Mycobacterium tuberculosis aconitase. J Bacteriol. 2007; 189(11):4046-52. https://doi.org/10.1128/
JB.00026-07 PMID: 17384188

Saini V, Farhana A, Glasgow JN, Steyn AJ. Iron sulfur cluster proteins and microbial regulation: implica-
tions for understanding tuberculosis. Curr Opin Chem Biol. 2012 Apr; 16(1-2):45-53. https://doi.org/10.
1016/j.cbpa.2012.03.004 PMID: 22483328

Walvekar A, Rashida Z, Maddali H, Laxman S. A versatile LC-MS/MS approach for comprehensive,
quantitative analysis of central metabolic pathways. Wellcome Open Res. 2018 Sep 20; 3:122. https://
doi.org/10.12688/wellcomeopenres.14832.1 PMID: 30345389

Crooks DR, Maio N, Lane AN, Jarnik M, Higashi RM, Haller RG, et al. Acute loss of iron—sulfur clusters
results in metabolic reprogramming and generation of lipid droplets in mammalian cells. J Biol Chem.
2018;293(21):8297-311. https://doi.org/10.1074/jbc.RA118.001885 PMID: 29523684

Taylor NL, Heazlewood JL, Day DA, Millar AH. Lipoic Acid-Dependent Oxidative Catabolism of a-Keto
Acids in Mitochondria Provides Evidence for Branched-Chain Amino Acid Catabolism in Arabidopsis.
Plant Physiol. 2004; 134(2):838—48. https://doi.org/10.1104/pp.103.035675 PMID: 14764908

Kim JH, Krahn JM, Tomchick DR, Smith JL, Zalkin H. Structure and function of the glutamine phosphor-
ibosylpyrophosphate amidotransferase glutamine site and communication with the phosphoribosylpyro-
phosphate site. J Biol Chem. 1996; 271(26):15549-57. https://doi.org/10.1074/jbc.271.26.15549 PMID:
8663035

Alderwick LJ, Lloyd GS, Lloyd AJ, Lovering AL, Eggeling L, Besra GS. Biochemical characterization of
the Mycobacterium tuberculosis phosphoribosyl-1-pyrophosphate synthetase. Glycobiology. 2011; 21
(4):410-25. https://doi.org/10.1093/glycob/cwq173 PMID: 21045009

Lamprecht DA, Finin PM, Rahman MA, Cumming BM, Russell SL, Jonnala SR, et al. Turning the respi-
ratory flexibility of Mycobacterium tuberculosis against itself. Nat Commun. 2016 Nov 10; 7(1):12393.

Braverman J, Stanley SA. Nitric Oxide Modulates Macrophage Responses to Mycobacterium tubercu-
losis Infection through Activation of HIF-1a and Repression of NF-kB. J Immunol. 2017 Sep 1; 199
(5):1805-16. https://doi.org/10.4049/jimmunol.1700515 PMID: 28754681

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 25/27


https://doi.org/10.1038/nature09472
https://doi.org/10.1038/nature09472
http://www.ncbi.nlm.nih.gov/pubmed/21085121
https://doi.org/10.1002/prot.20352
http://www.ncbi.nlm.nih.gov/pubmed/15723348
https://doi.org/10.1128/JB.188.9.3412-3414.2006
https://doi.org/10.1128/JB.188.9.3412-3414.2006
http://www.ncbi.nlm.nih.gov/pubmed/16621837
https://doi.org/10.1126/science.1163885
https://doi.org/10.1126/science.1163885
http://www.ncbi.nlm.nih.gov/pubmed/18832610
https://doi.org/10.1073/pnas.0602817103
https://doi.org/10.1073/pnas.0602817103
http://www.ncbi.nlm.nih.gov/pubmed/16844784
https://doi.org/10.1074/jbc.M201625200
https://doi.org/10.1074/jbc.M201625200
http://www.ncbi.nlm.nih.gov/pubmed/11940590
https://doi.org/10.1093/nar/gkw625
http://www.ncbi.nlm.nih.gov/pubmed/27407107
https://doi.org/10.1042/BJ20130732
http://www.ncbi.nlm.nih.gov/pubmed/24548275
https://doi.org/10.1038/nrmicro3032
http://www.ncbi.nlm.nih.gov/pubmed/23712352
http://www.ncbi.nlm.nih.gov/pubmed/1655783
https://doi.org/10.1128/JB.00026-07
https://doi.org/10.1128/JB.00026-07
http://www.ncbi.nlm.nih.gov/pubmed/17384188
https://doi.org/10.1016/j.cbpa.2012.03.004
https://doi.org/10.1016/j.cbpa.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22483328
https://doi.org/10.12688/wellcomeopenres.14832.1
https://doi.org/10.12688/wellcomeopenres.14832.1
http://www.ncbi.nlm.nih.gov/pubmed/30345389
https://doi.org/10.1074/jbc.RA118.001885
http://www.ncbi.nlm.nih.gov/pubmed/29523684
https://doi.org/10.1104/pp.103.035675
http://www.ncbi.nlm.nih.gov/pubmed/14764908
https://doi.org/10.1074/jbc.271.26.15549
http://www.ncbi.nlm.nih.gov/pubmed/8663035
https://doi.org/10.1093/glycob/cwq173
http://www.ncbi.nlm.nih.gov/pubmed/21045009
https://doi.org/10.4049/jimmunol.1700515
http://www.ncbi.nlm.nih.gov/pubmed/28754681
https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS

Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Gandotra S, Schnappinger D, Monteleone M, Hillen W, Ehrt S. In vivo gene silencing identifies the
Mycobacterium tuberculosis proteasome as essential for the bacteria to persist in mice. Nat Med. 2007
Dec 2; 13(12):1515-20. https://doi.org/10.1038/nm1683 PMID: 18059281

Gossen M, Bujard H. Tight control of gene expression in mammalian cells by tetracycline-responsive
promoters. Proc Natl Acad Sci U S A. 1992; 89(12):5547-51. https://doi.org/10.1073/pnas.89.12.5547
PMID: 1319065

Schwenker S, Netz DJA, Frazzon J, Pierik AJ, Bill E, Gross J, et al. Chloroplast HCF101 is a scaffold
protein for [4Fe-4S] cluster assembly. Biochem J. 2010; 425(1):207—14.

Sasaki S, Minamisawa K, Mitsui H. A Sinorhizobium meliloti RpoHregulated gene is involved in iron-sul-
fur protein metabolism and effective plant symbiosis under intrinsic iron limitation. J Bacteriol. 2016; 198
(17):2297-306. https://doi.org/10.1128/JB.00287-16 PMID: 27297881

Mashruwala AA, Pang YY, Rosario-Cruz Z, Chahal HK, Benson MA, Mike LA, et al. Nfu facilitates the
maturation of iron-sulfur proteins and participates in virulence in Staphylococcus aureus. Mol Microbiol.
2015; 95(3):383-409. https://doi.org/10.1111/mmi.12860 PMID: 25388433

Wu G, Li L. Biochemical characterization of iron-sulfur cluster assembly in the scaffold IscU of Escheri-
chia coli. Biochem. 2012; 77(2):135—42. https://doi.org/10.1134/S0006297912020034 PMID: 22348472

McCarthy EL, Rankin AN, Dill ZR, Booker SJ. The A-type domain in Escherichia coli NfuA is required
for regenerating the auxiliary [4Fe— 4S] cluster in Escherichia coli lipoyl synthase. J Biol Chem. 2019;
294(5):1609-17. https://doi.org/10.1074/jbc.RA118.006171 PMID: 30538130

Couturier J, Przybyla-Toscano J, Roret T, Didierjean C, Rouhier N. The roles of glutaredoxins ligating
Fe-S clusters: Sensing, transfer or repair functions? Biochim Biophys Acta—Mol Cell Res. 2015; 1853
(6):1513-27. https://doi.org/10.1016/j.bbamcr.2014.09.018 PMID: 25264274

Lanz ND, Lee KH, Horstmann AK, Pandelia ME, Cicchillo RM, Krebs C, et al. Characterization of Lipoyl
Synthase from Mycobacterium tuberculosis. Biochemistry. 2016 Mar 8; 55(9):1372—83. https://doi.org/
10.1021/acs.biochem.5b01216 PMID: 26841001

Mashruwala AA, Roberts CA, Bhatt S, May KL, Carroll RK, Shaw LN, et al. Staphylococcus aureus
SufT: an essential iron-sulphur cluster assembly factor in cells experiencing a high-demand for lipoic
acid. Mol Microbiol. 2016 Dec; 102(6):1099—119. https://doi.org/10.1111/mmi.13539 PMID: 27671355

Wheeler PR, Coldham NG, Keating L, Gordon S V., Wooff EE, Parish T, et al. Functional demonstration
of reverse transsulfuration in the Mycobacterium tuberculosis complex reveals that methionine is the
preferred sulfur source for pathogenic mycobacteria. J Biol Chem. 2005; 280(9):8069—-78. https://doi.
org/10.1074/jbc.M412540200 PMID: 15576367

Palde PB, Bhaskar A, Pedr6 Rosa LE, Madoux F, Chase P, Gupta V, et al. First-in-Class Inhibitors of
Sulfur Metabolism with Bactericidal Activity against Non-Replicating M. tuberculosis. ACS Chem Biol.
2016; 11(1):172-84. https://doi.org/10.1021/acschembio.5b00517 PMID: 26524379

Newton GL, Ta P, Fahey RC. A mycothiol synthase mutant of Mycobacterium smegmatis produces
novel thiols and has an altered thiol redox status. J Bacteriol. 2005; 187(21):7309—-16. https://doi.org/
10.1128/JB.187.21.7309-7316.2005 PMID: 16237013

Berney M, Berney-Meyer L, Wong KW, Chen B, Chen M, Kim J, et al. Essential roles of methionine and
S-adenosylmethionine in the autarkic lifestyle of Mycobacterium tuberculosis. Proc Natl Acad Sci U S
A. 2015; 112(32):10008-13. https://doi.org/10.1073/pnas. 1513033112 PMID: 26221021

Van Laer K, Buts L, Foloppe N, Vertommen D, Van Belle K, Wahni K, et al. Mycoredoxin-1 is one of the
missing links in the oxidative stress defence mechanism of Mycobacteria. Mol Microbiol. 2012; 86
(4):787-804. https://doi.org/10.1111/mmi.12030 PMID: 22970802

Lee S, Kang J, Kim J. Structural and biochemical characterization of Rv0187, an O-methyltransferase
from Mycobacterium tuberculosis. Sci Rep. 2019; 9(1):1—12. https://doi.org/10.1038/s41598-018-
37186-2 PMID: 30626917

Mishra R, Kohli S, Malhotra N, Bandyopadhyay P, Mehta M, Munshi MH, et al. Targeting redox hetero-
geneity to counteract drug tolerance in replicating Mycobacterium tuberculosis. Sci Transl Med. 2019;
11(518). https://doi.org/10.1126/scitranslmed.aaw6635 PMID: 31723039

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein Data Bank.
Nucleic Acids Res. 2000; 28(1):235—42. hitps://doi.org/10.1093/nar/28.1.235 PMID: 10592235

Bhaskar A, Chawla M, Mehta M, Parikh P, Chandra P, Bhave D, et al. Reengineering Redox Sensitive
GFP to Measure Mycothiol Redox Potential of Mycobacterium tuberculosis during Infection. Sassetti
CM, editor. PLoS Pathog. 2014 Jan 30; 10(1):e1003902. https://doi.org/10.1371/journal.ppat.1003902
PMID: 24497832

Tian J, Bryk R, ltoh M, Suematsu M, Nathan C. Variant tricarboxylic acid cycle in Mycobacterium tuber-
culosis: Identification of a-ketoglutarate decarboxylase. Proc Natl Acad Sci U S A. 2005; 102
(30):10670-5. https://doi.org/10.1073/pnas.0501605102 PMID: 16027371

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 26/27


https://doi.org/10.1038/nm1683
http://www.ncbi.nlm.nih.gov/pubmed/18059281
https://doi.org/10.1073/pnas.89.12.5547
http://www.ncbi.nlm.nih.gov/pubmed/1319065
https://doi.org/10.1128/JB.00287-16
http://www.ncbi.nlm.nih.gov/pubmed/27297881
https://doi.org/10.1111/mmi.12860
http://www.ncbi.nlm.nih.gov/pubmed/25388433
https://doi.org/10.1134/S0006297912020034
http://www.ncbi.nlm.nih.gov/pubmed/22348472
https://doi.org/10.1074/jbc.RA118.006171
http://www.ncbi.nlm.nih.gov/pubmed/30538130
https://doi.org/10.1016/j.bbamcr.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25264274
https://doi.org/10.1021/acs.biochem.5b01216
https://doi.org/10.1021/acs.biochem.5b01216
http://www.ncbi.nlm.nih.gov/pubmed/26841001
https://doi.org/10.1111/mmi.13539
http://www.ncbi.nlm.nih.gov/pubmed/27671355
https://doi.org/10.1074/jbc.M412540200
https://doi.org/10.1074/jbc.M412540200
http://www.ncbi.nlm.nih.gov/pubmed/15576367
https://doi.org/10.1021/acschembio.5b00517
http://www.ncbi.nlm.nih.gov/pubmed/26524379
https://doi.org/10.1128/JB.187.21.7309-7316.2005
https://doi.org/10.1128/JB.187.21.7309-7316.2005
http://www.ncbi.nlm.nih.gov/pubmed/16237013
https://doi.org/10.1073/pnas.1513033112
http://www.ncbi.nlm.nih.gov/pubmed/26221021
https://doi.org/10.1111/mmi.12030
http://www.ncbi.nlm.nih.gov/pubmed/22970802
https://doi.org/10.1038/s41598-018-37186-2
https://doi.org/10.1038/s41598-018-37186-2
http://www.ncbi.nlm.nih.gov/pubmed/30626917
https://doi.org/10.1126/scitranslmed.aaw6635
http://www.ncbi.nlm.nih.gov/pubmed/31723039
https://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
https://doi.org/10.1371/journal.ppat.1003902
http://www.ncbi.nlm.nih.gov/pubmed/24497832
https://doi.org/10.1073/pnas.0501605102
http://www.ncbi.nlm.nih.gov/pubmed/16027371
https://doi.org/10.1371/journal.ppat.1010475

PLOS PATHOGENS Fe-S cluster maturation is essential for maintaining redox homeostasis and bioenergetics in Mtb

69. Racker E. Spectrophotometric measurements of the enzymatic formation of fumaric and cis-aconitic
acids. Biochim Biophys Acta. 1950 Jan; 4:211—4. https://doi.org/10.1016/0006-3002(50)90026-6 PMID:
15403927

70. Baumgart M, Bott M. Biochemical characterisation of aconitase from Corynebacterium glutamicum. J
Biotechnol. 2011; 154(2—3):163-70. https://doi.org/10.1016/j.jbiotec.2010.07.002 PMID: 20647021

71. Crack JC, Green J, Thomson AJ, Le Brun NE. Techniques for the Production, Isolation, and Analysis of
Iron—Sulfur Proteins. In: Language, Society and Power An Introduction. 2014. p. 33—48.

72. Rodrl’guez-AIvarez M, Paz S, Hardisson A, Gonzalez-Weller D, Rubio C, Gutiérrez AJ. Assessment of
Toxic Metals (Al, Cd, Pb) and Trace Elements (B, Ba, Co, Cr, Cu, Fe, Mn, Mo, Li, Zn, Ni, Sr, V) in the
Common Kestrel (Falco tinnunculus) from the Canary Islands (Spain). Biol Trace Elem Res. 2021 Oct
21;1-1.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1010475  April 15, 2022 27/27


https://doi.org/10.1016/0006-3002%2850%2990026-6
http://www.ncbi.nlm.nih.gov/pubmed/15403927
https://doi.org/10.1016/j.jbiotec.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20647021
https://doi.org/10.1371/journal.ppat.1010475

